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Cell-Specific RNA Quantification in Human SN DA Neurons
from Heterogeneous Post-mortem Midbrain Samples
by UV-Laser Microdissection and RT-qPCR

Johanna Duda, Michael Fauler, Jan Grundemann, and Birgit Liss

Abstract

Cell specificity of gene expression analysis is from particular relevance when the abundance of target cells is
not homogeneous in the compared tissue samples, like it is the case, e.g., when comparing brain tissues
from controls and in neurodegenerative disease states. While single-cell gene expression profiling is already
a methodological challenge per se, it becomes even more prone to artifacts when analyzing individual cells
from human post-mortem samples. Not only because human samples can never be matched as precisely as
those from animal models, but also, because the RNA-quality that can be obtained from human samples
usually displays a high range of variability. Here, we detail our most actual method for combining contact-
free UV-laser microdissection (UV-LMD) with reverse transcription and quantitative PCR (RT-qPCR) that
addresses all these issues. We specifically optimized our protocols to quantify and compare mRNA as well as
miRNA levels in human neurons from post-mortem brain tissue. As human post-mortem tissue samples are
never perfectly matched (e.g., in respect to distinct donor ages and RNA integrity numbers RIN), we
refined data analysis by applying a linear mixed effects model to RT-qPCR data, which allows dissecting and
subtracting linear contributions of distinct confounders on detected gene expression levels (i.e., RIN, age).
All these issues were considered for comparative gene expression analysis in dopamine (DA) midbrain
neurons of the Substantia nigra (SN) from controls and Parkinson’s disease (PD) specimens, as the
preferential degeneration of SN DA neurons in the pathological hallmark of PD. By utilizing the here-
described protocol we identified that a variety of genes—encoding for ion channels, dopamine metabolism
proteins, and PARK gene products—display a transcriptional dysregulation in remaining human SN DA
neurons from PD brains compared to those of controls. We show that the linear mixed effects model allows
further stratification of RT-qPCR data, as it indicated that differential gene expression of some genes was
rather correlated with different ages of the analyzed human brain samples than with the disease state.
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Introduction

Quantitative real-time PCR of reverse transcribed RNA
(RT-gqPCR) is still a gold standard for gene expression analysis of
desired target genes [1, 2]. Also for global comparison of gene
expression, e.g., via RNA-Seq and related techniques, single-cell
resolution is a desired goal [3-7]. Transcriptional cell-to-cell varia-
tions—depending on cell cycle, epigenetics or unknown, poten-
tially stochastic events—as well as disease-related variations might
be masked if probes are not sampled on the level of identified
individual cells [8, 9]. Furthermore, not only the differential
expression of target genes might vary between control and disease
samples, but also the composition of the tissue itself. In neurode-
generative diseases for instance, high levels of cellular heterogene-
ity, selective neuron loss, and disease-related changes in
non-neuronal cells will contribute to an altered composition of
the diseased brain tissue compared with that in control brains
[10-12]. This will confound conclusions about specific gene
expression changes in the cell type of interest.

The second most common neurodegenerative disease, Parkin-
son’s disease (PD), provides a concrete example: one of the key
pathological hallmarks of PD brains and its animal models is the
substantial loss of dopamine containing (DA) midbrain neurons
within the Substantia nigra pars compacta (SN) [13-16]. In PD,
clinical motor symptoms manifest only when already about 75% of
these DA midbrain neurons—the most prominent cell type within
the SN—are lost [ 17, 18]. This massive loss of SN DA neurons will
confound mRNA expression analysis of PD midbrain tissue when
compared to tissue samples from control non-PD brains, simply
because the number of SN DA neurons in PD and control midbrain
tissue samples varies immensely. Furthermore, gene expression
analysis at the level of PD midbrain tissue will be distorted by the
altered numbers and functional states of non-neuronal cells like
microglia, astrocytes, and local T-cells, known to change in PD
[19]. And finally the midbrain contains different types of DA
neurons that are affected differentially by degeneration in PD:
while SN DA neurons are highly vulnerable to PD-stressors, neigh-
boring DA midbrain neurons in the ventral tegmental arear remain
largely resistant [20]. All these factors could explain the large
number of different and even contrary findings of tissue-based
gene expression studies in PD brains; e.g., for a-synuclein
[reviewed in [21]]—a gene that can cause familial forms of PD
when mutated (PARKI1) or duplicated/triplicated (PARK4)
[22-25]. Cell-specific quantification of gene expression with
single-cell resolution overcomes these tissue-related limitations of
gene expression data from pathological tissues and controls, since it
enables the unbiased detection of cell-specific transcriptional dys-
regulation [26, 27].
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Single-cell next-generation sequencing is a powerful tool to
compare large numbers of single cells and to identify candidate
genes, which show a dysregulated expression profile in disease
conditions [28, 29]. However the large numbers of sample cells
that are necessary for robust biologically meaningful results might
not always be attainable. Likewise, isolated vital neurons might not
be available, especially when only post-mortesn human tissue is
accessible. Therefore, the controlled isolation of desired cells with
a subsequent specific analysis of identified target genes provides an
alternative robust and specific experimental approach. Contact-free
UV-laser microdissection (UV-LMD) is an ideal dissection method
to isolate rare cell types from fixed post-mortem tissues (Fig. 1). In
combination with reverse transcription and subsequent quantitative
PCR (RT-qPCR)-based mRNA analysis of homogeneous cell pools
and individual cells, provides such a candidate gene-based approach
[30-37]. Here, we describe our most actual and detailed protocols
for combining UV-LMD with RT-qPCR. We have specifically tai-
lored and optimized these protocols to quantify and compare
mRNA as well as miRNA levels in human SN DA neurons from
post-mortem midbrain tissue samples of PD patients and unaffected
controls, utilizing either a random primer-based reverse transcrip-
tion strategy, or an oligo-dT primer-based approach, followed by
qPCR (Fig. 2). Non-optimally matched samples (e.g., distinct

human control B human PD

Fig. 1 UV-laser microdissection (UV-LMD) of individual neuromelanin-positive SN DA neurons of human
control (a) and Parkinson’s disease, PD (b) cresylviolet-stained tissue sections. Upper row: individual neurons
before (left) and after UV-LMD (right). Scale bars: 20 pm. Lower row: overview of the horizontal midbrain
section containing the Substantia nigra after UV-LMD of 15 individual SN DA neurons. Please note the higher
integrity of the PD tissue (presumably due to well-described reactive gliosis). Scale bars: 500 pm. Inserts:
inspection of the reaction tube cap for validation of successful collection of all laser microdissected SN DA
neurons. Scale bars: 400 pm
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Fig. 2 Flowchart illustrating the general experimental procedure for UV-laser microdissection (UV-LMD) and
RT-gPCR-based mRNA and miRNA gene expression analysis of individual human SN DA neurons from post-
mortem midbrains of PD patients and controls. For details, please see the text. RIN = RNA integrity number

donor ages) and different, non-optimal RNA integrities (quantified
via the RNA integrity number, RIN [38]) of individual human
samples are a common problem for gene expression studies of
human tissue samples [39—45]. Consequently, we have not only
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refined our RT-qPCR protocols, but also our data analysis, by
applying an optimized linear mixed effects model to our human
SN DA neuron derived UV-LMD RT-qPCR data (Fig. 2). This
model allows dissecting linear contributions of distinct confoun-
ders on detected gene expression levels (i.e., distinct RINs of tissue
samples, distinct ages of donors, distinct post-mortem intervals,
PMIs). By comparing SN tissue-based and SN DA neuron-specific
RT-qPCR results from human PD and control brains, we demon-
strate that detected tissue-based gene expression differences most
likely will not reflect the differential gene expression of SN DA
neurons from PD and control brains [46].

With the here-detailed protocols, we identified that a variety of
specific genes—coding, e.g., for ion channels, for dopamine syn-
thesis, reuptake and packaging proteins, and for PARK gene pro-
ducts—display a transcriptional dysregulation in remaining human
SN DA neurons from PD brains compared with those of controls
[34, 37,46-51]. These findings contribute to a better understand-
ing of the SN DA neuron-specific pathophysiological process in
PD. The identified cell-specific transcriptional dysregulations in
human SN DA neurons in PD were not correlated with a respective
downregulation of the miRNA miR-133b [46], as suggested by
human SN tissue-based approaches [52]. We further illustrate that
the application of our linear mixed effects algorithm allows further
stratification of human SN DA neuron-derived RT-qPCR data, as it
strongly suggests that differential gene expression of some genes
(e.g., the vesicular monoamine transporter) VMAT?2 is likely rather
correlated with different ages of the individual analyzed human
brains than with their disease state, while significantly lower
mRNA levels of the transcription factor NURRI in SN DA neurons
from PD brains became evident after data stratification for distinct
donor-ages and RIN of brain-samples (Fig. 3). In summary, we
provide here our most actual step-by-step protocols for compara-
tive single-cell gene expression profiling of human post-mortem PD
and control brains, by combining UV-laser microdissection and
RT-qPCR techniques that are specifically tailored for quantification
of mRNA and miRNA levels in SN DA neurons from post-mortem
human midbrains. However, most considerations and approaches
are also applicable for non-candidate-gene-driven expression
profiling approaches, like single-cell RNA-Seq after global
RNA/cDNA amplification.

Analyzing cell-specific mRNA/miRNA levels in human post-
mortem PD and control brains provides a particular challenge
(in contrast, e.g., to analyzing perfectly matched mouse brain
cohorts), due to two inevitable reasons:

1. Inevitably, the human brain samples will not be perfectly
matched. Besides age, gender, and disease state, each human
individual has its own genetic background and its own specific
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Fig. 3 Elevated mRNA levels of dopamine release genes but not of miR-133b in SNCA-overexpressing SN DA
neurons in sporadic PD. (a) Levels of miR-133b and mRNAs for genes involved in DA neuron development/
maintenance (NURR1, PITX3) and dopamine synthesis, reuptake and vesicular packaging (TH, DAT, VMAT2),
determined via RT-qPCR at the level of midbrain tissue from PD brains and controls. Tissue RT-qPCR data are
normalized to a geometrical mean of p-actin, ENO2 (neuron-specific enolase) and the transcription initiation
factor TIF-1A, and are given normalized to control brain levels. Note significantly lower expression of
miR-133b and significantly higher levels of only TH in PD SN tissue compared to controls. (b/c) RT-qPCR
analysis of genes as in (a), but at the cell-specific level of individual SN DA neurons, without (b) and after (c)
linear mixed effects model data analysis and adjustment of data for RIN and age effects (data are given
normalized to controls). (b) Note that miR-133b levels are not altered in SN DA neurons from PD compared to
controls. These results identify the miR-133b downregulation in (a) and as described in [52] as a tissue-
artifact, caused rather by the loss of SN DA neurons in SN-tissue in PD. These data emphasize the importance
of cell-specificity when comparing gene expression in Substantia nigra from PD and control brains, with
variations in the number of SN DA target cells due to disease state. (c) Note that mathematical adjustment of
cell-specific data for age and RIN effects of NURR1 expression (linear mixed effects model) suggests a
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life-long environmental and medical history [53-55]. Even if
the provided human samples might appear well matched, they
will always have a higher intrinsic heterogeneity than, e.g.,
respective mouse cohorts.

2. Most likely, the human brain samples will display differential
degrees of RNA-degradation, depending on the circumstances
of death and post-mortem brain removal [39—41]. In most
cases, the experimenter cannot control this. It is nevertheless
particularly important to avoid further degradation of RNA
due to sample handling and experimental procedures.

We evolved two strategies to address these issues. First, given
that our human brain samples displayed variable RIN values [56],
we empirically tested that both our utilized RT-qPCR protocols
were not affected by different RNA qualities, by using differently
degraded RNA as RT-qPCR templates (Fig. 4). We utilized the
same amounts of the same RNA as RT-qPCR templates, however
with different RNA-integrities (RIN between 5.9 and 9.9, covering
the range of RIN values of the human brain samples that were
available to us). RT-qPCR analysis showed similar results for all
the samples, unaffected by different RIN values for both RT-qPCR
protocols (mouse LDH-2 assay). More importantly, both
RT-qPCR protocols resulted in similar differential expression
values for the PARKI /4-gene product a-synuclein for individual
human SN DA neurons between PD and control brains, cither if
reverse transcribed with the random hexamer protocol or with the
miScript oligo-dT primer-based protocol. Note that the first set of
experiments and the respective third set were carried out 3 years
apart (storage and re-use of human midbrain sections at —80 °C
within that time). For further details see [46].

Second, to minimize the bias resulting from non-optimal
matched tissue cohorts, we developed a model-based mathematical
strategy for data analysis and stratification. After implementing a
linear mixed effects model [57, 58], we dissect and subtract

A
Y

Fig. 3 (continued) downregulation of NURR1 mRNA in PD (masked by a model-suggested linear mRNA
upregulation with age). Furthermore, the cell-specific elevated mRNA levels of VMAT2 in SN DA neurons in
PD are not preserved after model adjustment for RIN and age effects, as VMAT2 mRNA levels of different
brains are well represented by a linear age dependence, rather than by disease state. Note that model results
were not reliable for PITX3 data, as the algorithm did not converge well, likely due to low numbers of samples
with positive RT-qPCR results. These data highlight the power (and limitations) of the linear mixed effects
model analysis of the RT-qPCR data, as the analyzed human PD and control samples were not perfectly age
matched (compare Fig. 3a). Bar graphs represent normalized expression as mean + S.E.M., asterisks indicate
significant differences (***t-test, p-value <0.0001; **** p-value <0.00001); all data adapted from [46], for
details see the text and there. CTR control (white bars), PD Parkinson’s disease (grey bars), TH tyrosine
hydroxylase, DAT dopamine transporter, VIMAT2 vesicular monoamine transporter 2, ENO2 neuron specific
enolase 2, NURR1 nuclear receptor related 1 protein, Pitx3 pituitary homeobox 3
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Fig. 4 Experimental evaluation of robustness and reproducibility of two different RT-qPCR protocols for mRNA/
miRNA quantification in human SN DA neurons from post-mortem PD and control brains. (a, b) Sensitivity and
reproducibility of two different, optimized RT-gPCR protocols (a: random hexamer primer-based protocol; b:
oligo-dT primer-based miScript protocol) is independent of integrity levels of RNA used as templates for CDNA
synthesis (RIN range: 9.9-5.7 of mouse cDNA, covering the RIN-spectrum of the respective human samples of
this study, compare ¢; qPCR assay: mLdh-2). cDNA samples with different RINs were generated by thermal
degradation of the same mouse midbrain tissue derived RNA for 0—72 min at 70 °C. Results of RIN 9.9
standard curves were used for the calculation of relative expression levels of mLdh-2 at different RIN values
(range: 9.9-5.9). Regression lines with confidence bands show no significant dependence of gene expression
levels from RIN values at all dilutions. (¢) Characterization and comparison of the distinct human post-mortem
brain samples, analyzed in this study. Partial correlations between two given parameters were controlled by
the other four parameters in each calculation. Shape of ellipses and color define strength of correlation (red:
positive correlation, right leaning ellipse; blue: negative correlation, left leaning ellipse). Asterisk indicates
significance; p = 0.75. Note the particularly strong and significant correlation between RNA quality (given as
RNA integrity number RIN) and disease state (control CTR vs. Parkinson’s disease, PD), due to significant
difference of RIN values between control brains (CTR, n = 8) and PD brains (n = 5). RIN RNA integrity number,
PMI post-mortem interval, miRNA microRNA. (d) Using the oligo-dT primer-based miScript RT-qPCR protocol,
similar degrees of significantly elevated alpha-synuclein (SNCA) mRNA levels were detected in remaining
human SN DA neurons from PD brains compared to those of controls, as with the random hexamer based
RT-gPCR protocol. Random 1 data adapted from [48], random 2 as well as miScript data adapted from [46], for
details see the text and there. Bar graphs (mean 4= S.E.M.) show normalized SNCA expression levels of three
individual human SN DA sample sets from control brains (random 1, miScript 5: n = 5 brains; random 2: n=8
brains) and PD brains (n = 5). Asterisks (***) indicate significant difference (t-test, p-value <0.0001)
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possible linear influences of distinct confounders on RT-qPCR
data—in our case distinct age—and RIN-values of individual
brains, but the model is also applicable, e.g., to distinct post-mortem
intervals (PMI) or tissue pH-values [46, 59].

2 Materials

2.1 Handling,
Fixation, and Staining
of Human Brain Tissue

2.2 UV-Laser
Microdissection

. To prevent RNase contamination, human brain tissue speci-

mens are stored in heat-sterilized tinfoil and RNase-ExitusPlus
(AppliChem) treated parafilm-sealed boxes at —80 °C.

. Molecular biology grade, certified RNase-free H,O and etha-

nol are used. Primer/reagent solutions as well as mastermixes
are prepared with RNase-free H,O supplied by 5 PRIME.

. Microtome blades (Feather, Type R35) are rinsed two times for

30 s in 75% ethanol and whipped with RNase-ExitusPlus and
RNAse-free isopropanol (Sigma) (see Note 1).

. Ethanol dilution series (2x 75%, 95%, 100% absolute (Sigma)

and one tube Ethanol anhydrous (Alfa Aesar, see below)) are
freshly prepared with RNAse-free H,O (Qiagen) on each
experimental day and stored in 50 ml Falcon tubes at room
temperature. One tube of 75% ethanol is kept at —20 °C.
Ethanol anhydrous stock (90% cthanol, 5% methanol, 5% iso-
propanol, AlfaAesar) is stored with molecular sieve (Merck,
pore size: 0.3 nm, 25 g/1) to avoid rehydration.

. 1% Cresyl Violet (CV) acetate staining dye (Sigma) is diluted in

100% ethanol (Sigma), stored in a tinfoil covered and parafilm
sealed Falcon tube, and incubated for at least 1 week before
use, as CV dissolves non-optimal in ethanol.

. A RNase-free drying box with Silica gel with moisture indicator

(Merck) is used.

. pH values of human post-mortem midbrain tissue samples are

analyzed with a pH Optica micro system and a pH MicroTip
Fiber Optic sensor, 140 pm OD (both WPI).

. RNA integrity number (RIN) analysis, a measure for RNA

degradation [56], is performed with the Agilent 2100 Bioana-
lyzer system. For mRNA integrity analysis the Agilent RNA
6000 Nano Chip Kit, and for analysis of small RNA amounts
and % miRNAs the Agilent Small RNA Chip-Kit are used.

. A contact-free UV-laser microdissection (UV-LMD) micro-

scope is needed (this protocol was successfully tested with
both, the Zeiss PALM UV-LMD setup and the Leica
UV-LMD6000 and UV-LMD7000 setups; currently we only
use the UV-LMD7000). Heat-sterilization (180 °C, 2 h) of all
UV-LMD microscope parts that are in contact with the tissue
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2.3 Cell-Lysis 1.

and Reverse
Transcription

2.3.1 Preparation of Cap-
Mix for Combined Cell Lysis
and cDNA Synthesis

slides (i.e., slide holder) or reaction tubes (i.e., cap/tube
holder, forceps) prevents RNase contamination (se¢ Note 1).

PEN-membrane slides (MicroDissect, 2.0 pm) for mounting of
tissue sections and laser microdissection are treated with UV-C
light for 20 min.

. RNase-free thin-walled 0.5 ml PCR reaction tubes with flat cap

(Axygen PCR thin-wall, clear, 0.5 ml) are UV-C treated with
an open cap for 45 min, before using them for cell collection,
combined cell lysis and c¢cDNA synthesis, and cDNA
precipitation.

Cell lysis and ¢cDNA synthesis are performed in the same buffer
(Cap-Mix) containing 0.5% NP-40 (Roche, light sensitive,
stored as 10% stock in aliquots in the dark at +4 °C), 5 U
SUPERase-In (Thermo Fisher Scientific, stored in aliquots at
—20 °C), 0.5 mM dNTPs (GE Healthcare, stored as 20 mM
stock at —20 °C), 5 pM random hexamer primers (Roche,
stored as 1 mM stock aliquots at —20 °C), 500 ng poly-inosine
(Sigma, stored as 1 pg/pl stock at —20 °C), 2 mM Tris-HCI
pH 7.4 (Sigma, 100 mM stock stored at —20 °C), 10 mM DTT
(Thermo Fisher Scientific, stored as 100 mM stock at —20 °C)
in 1x first-strand buffer (Thermo Fisher Scientific, 5x stock:
250 mM Tris-HCI, 375 mM KCl, 15 mM MgCl,, pH 8.3,
stored in aliquots at —20 °C) at a final volume of 4.7 pl per
reaction.

. Cap-Mix sufficient for the number of samples that are collected

(plus positive and negative controls) is freshly prepared on each
experimental day (see Note 2) and stored on ice in a light-
protected, RNase-free 0.5 ml single sealed reaction tube
(Eppendorf biopure, tube shaft and lid covered with tube
labels). All the components are carefully added, mixed by finger
flipping and quickly centrifuged. SUPERase-In is added
directly from —20 °C to the reaction mix. Poly-inosine,
NP-40, and SUPERase-In are viscous and special care has to
be taken during pipetting to avoid air bubbles or volume
errors. If bubbles have formed, the mix is centrifuged briefly
until all bubbles disappear (see Notes 3 and 4).

60 U (=0.3 pl) SuperScript II Reverse Transcriptase (Thermo
Fisher Scientific, stored in aliquots at —20 °C) are added to
each reaction after lysis (se¢e Subheading 3.3). The enzyme
aliquots are stored in a benchtop freezer (Techne) at —20 °C
during the experiment to avoid “freeze-thaw-cycles.”
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2.3.2 Preparation

of Lysis Mix and miScript
Buffer Mix for Cell Lysis
with Subsequent miScript
Reverse Transcription

24 cDNA
Precipitation

2.5 Quantitative
Real-Time PCR

1.

Cell lysis is performed in the msR NA lysis mix containing 0.5%
NP-40 (Roche, light sensitive, stored as 10% stock in aliquots
in the dark at +4 °C; final concentration after reverse transcrip-
tion 0.25%), 10 U SUPERase-In (Thermo Fisher Scientific,
stored in aliquots at —20 °C), 500 ng poly-inosine (Sigma,
stored as 1 pg/pl stock at —20 °C) at a final volume of 5 pl
per reaction.

miRNA lysis mix sufficient for the number of samples that are
collected (plus positive and negative controls) is freshly
prepared on each experimental day as described above.

Parallel reverse transcription of mRNA and miRNA is per-
formed by adding 4.5 pl of the miScript buffer mix (2 pl 5x
miScript RT buffer, miScript Reverse Transcription Kit, Qia-
gen, and 2.5 pl RNase-free H,O (5 PRIME)) and by the
addition of 0.5 pl miScript RT mix (containing polyadenylase
and reverse transcriptase, miScript Reverse Transcription Kit,
Qiagen) in a final volume of 10 pl per reaction.

Depending on the subsequent processing of the cDNA, a purifica-
tion step via ethanol precipitation is recommended [60].

1.

c¢DNA precipitation should be performed in a reaction tube,
which is suited for longer high-speed centrifugation. As cDNA
precipitation of UV-LMD samples should best be performed in
the same tube after reverse transcription, employing a reaction
tube that is tested and established for both, UV-LMD and
c¢DNA precipitation is strongly recommended.

. ¢cDNA precipitation is performed with precipitation-mix con-

taining 1 pg glycogen (stored as 1 pg/pl stock-solution at
—20°C, Thermo Fisher Scientific), 350 ng PolydC (stored as
1 pg/pl stock-solution at —20°C, Midland) and 1,/10 volume
sodium acetate (NaAc, i.e., 1.2 pl of 3 M stock-solution, pH
5.5, stored at room temperature, Thermo Fisher Scientific)
added to 4.8 ul H,O (5 PRIME) in a total volume of 7.3 pl.

. cDNA precipitation mix, sufficient for the number of samples,

plus positive and negative controls is freshly prepared on each
experimental day. All the components are carefully added,
mixed by vortexing, and quickly centrifuged. As precipitation
control, serial cDNA dilutions for generation of a qPCR stan-
dard curve are precipitated and analyzed in respect to the
respective non-precipitated cDNA standard curve.

. Certified RNase-free ethanol is used for cDNA precipitation.

. cDNA for the generation of standard curves (serial dilutions

over four magnitudes, e.g., 30-0.03 ng) to assess assay perfor-
mance is needed, e.g., human tissue SN cDNA (1 pg/pl,
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2.5.1 TaqMan PCR
Reaction Contents

2.5.2 SYBRgreen PCR
Reaction Contents (for
miRNA Amplification)

2.6 Linear Mixed

derived from Human Brain, Substantia Nigra Total RNA,
Clontech/TaKaRa).

2. A GeneAmp 7900HT real-time qPCR system (Applied Biosys-
tems) or comparable instrument and 96-well PCR plates
(Thermo Fisher Scientific) with optical adhesive film covers
(Thermo Fisher Scientific) are needed.

1. 2x QuantiTect Probe qPCR Master Mix (Qiagen).

2. 20x TagMan PrimerProbe Assay (Life Technologies, for
details see Notes 5 and 10).

1. 2x QuantiTect SBYR Green PCR Master Mix (Qiagen).

2. 10x miScript Universal Primer (sequence: company proper-
ties, Qiagen).

3. 10x miScript Assay (in 1x Tris-EDTA, pH 8, Qiagen, see
Note 10).

1. R project software for statistical computing (R-Development-

Effects Model Core-Team, 2012), Version 2.15.1 or later.
2. R-package ASReml-R (VTN International Ltd., Hemel Hemp-
stead, UK).
3 Methods

3.1 Storage,
Cryosectioning,

and Staining of Human
Brain Tissue

To guarantee successful UV-LMD and subsequent gene expression
analysis of small cell pools and individual cells, it is essential to work
in a strictly RNase-free regime. For details on RNase-free working
conditions, see Note 1. The protocol described below was used to
quantify mRNA/miRNA levels in neuromelanin-positive SN DA
neurons from human post-mortem midbrain tissue blocks, provided
by the German BrainBank. An overview of the experimental pro-
cedures is illustrated in Fig. 1.

1. On the experimental day, human brain tissue is transferred
(on dry ice) from —80 °C to the quick-freeze panel of a pre-
cooled cryostat (—35 °C) and glued with tissue freezing
medium (Leica) on a specimen holder (se¢ Note 6). After an
equilibration period of 20 min at —35 °C, the cryostat is set to
the cutting temperature (for our specimens —19 °C), and
additionally equilibrated for 45 min, before 12 pm horizontal
midbrain sections including the SN are cut. Chippings from the
trimming procedure are collected for RNA quality and tissue
pH analysis (see Fig. 1 and Note 7).

2. The brain sections are mounted on UV-C treated
PEN-membrane slides and allowed to thaw briefly. Once
thawed, the slide is transferred to the Falcon tube with 75%
ethanol at —20 °C and fixed for 2 min.
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3.2 UV-Laser
Microdissection

of Individual Neurons
from Human Brain
Samples

3.

The slide is removed with a sterile forceps, and 0.25 ml 1%
cresyl violet staining solution is applied directly on the slide via
a sterile filter syringe (0.1 pm; Whatman), incubated for 1 min,
then dipped briefly in 75%, 95% and 100% ethanol absolute and
finally incubated for 1 min in ethanol anhydrous.

. The fixed and stained slides, each containing several brain

sections, are stored in a drying chamber containing silica gel
for at least 45 min before UV-LMD.

. Alternatively, after drying, the slides are long-term stored at

—80 °C in storage jars, containing silica gel (see Fig. 1 and Note 8).

. For human brain pH value analysis, tissue chippings (see Note 7)

are homogenized in 4 °C cold H,O (10 pl per mg tissue) with a
sterile 1 ml syringe and a 21-gauge needle. The MicroTip fiber
optic pH sensor is calibrated at 4 °C. Measurements are per-
formed on ice or room temperature.

. RIN values as well as amounts of small RNAs and % of miRNA

are determined from RNA, isolated from human brain tissue
chippings (see Fig. 1 and Note 7) via the RNeasy MINI kit
(Qiagen), eluted in an volume of 30 pl H,O (5 PRIME). 1.5 pl
of eluted RNA is mixed with 5 pl of fluorescence marker and
run on an Agilent RNA 6000 Nano Chip or the Agilent Small
RNA Chip, respectively.

. All workspaces are cleaned to ensure RNase-free working con-

ditions (se¢ Note 1).

. Slides with tissue sections are placed on the sterile slide holder

and transferred to the UV-LMD microscope. Tissue quality
and staining are inspected under low and high magnifications,
and only sections that allow clear identification of individual
cells are further processed (see Fig. 2). For the identification of
individual human SN DA neurons, their brown-black neuro-
melanin content is very helpful.

. Laser-settings need to be optimized for each individual section.

. After the brain region of interest is identified (in our case SN),

an UV-C treated thin-walled PCR reaction tube is placed in the
cap holder and transferred to the microscope. The reaction
tube cap is inspected with the cap-control tunction to exclude
rarely occurring contaminations with dust particles. Individual
SN DA neurons are cut and harvested into the cap of the
reaction tube. It is highly recommended to visually control
that all laser microdissected neurons were successfully har-
vested (cap-control function, see Fig. 2).



348 Johanna Duda et al.

3.3 Lysis and cDNA
Synthesis of Individual
Laser Microdissected
Neurons from Human
Brain Samples

with Random Hexamer
Primers

3.4 CGombined Lysis
and cDNA Synthesis
with Oligo-dT-Primers
(miScript)

For each set of single-cell experiments, suitable positive controls
(e.g., cDNA; derived from commercially obtained human SN tissue
RNA, see Subheading 2.5.1) and negative controls (no UV-LMD
harvested cells in cap) are processed in parallel.

1.

If the cap-control is positive, the cap holder is removed and
4.7 pl Cap-Mix are added to the cap immediately. Any direct
contact between the cap and the pipette tip must be avoided.

. The reaction tube is carefully removed from the cap holder and

the tube is closed upside down to ensure that the Cap-Mix
remains in the cap.

. The reaction tube is placed upside down on the cap in a pre-

heated (72 °C) thermoblock (ThermoStat, Eppendorf) and
incubated for 2 min for cell lysis (se¢ Note 9).

. Afterwards the tube is transferred onto an ice-cold metal block,

upside-down, and allowed to cool for 5 s.

. The Cap-Mixis then spun down at 11,200 x gwith a benchtop

centrifuge (MiniSpin plus, Eppendorf) for 1 min at room
temperature and transferred onto an ice-cold metal block to
cool down for 1 min.

. 0.3 pl SuperScript II are added directly to the Cap-Mix in the

bottom of the tube.

. The tube is transterred to a preheated (38 °C) thermomixer

(Eppendorf, 350 rpm for 10 s every 10 min) and random
hexamer-based cDNA synthesis is carried out overnight. For
overnight incubation, after 2 h at 38 °C, all the samples are
spun down briefly, and are transferred to a preheated thermo-
box (ThermoStat, Eppendorf) for final overnight cDNA syn-
thesis (39 °C). After cDNA synthesis, the samples are stored at
—20 °C until further processing.

. If the cap-control is positive, the cap holder is removed and 5 pl

miRNA lysis Mix is added to the cap immediately. Any direct
contact between the cap and the pipette tip must be avoided.

. The reaction tube is carefully removed from the cap holder and

the tube is closed upside down to ensure that the miRNA lysis
Mix remains in the cap.

. The reaction tube is placed upside down on the cap in a pre-

heated (72 °C) thermobox (ThermoStat, Eppendorf), and
incubated for 2 min for cell lysis (see Note 9).

. Afterwards the tube is transferred onto an ice-cold metal block,

upside-down, and allowed to cool for 1 min.

. The miRNA lysis Mix is then spun down at 11,200 x g with a

benchtop centrifuge (MiniSpin plus, Eppendorf) for 1 min at
room temperature.
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3.5 cDNA
Precipitation

3.6 Quantitative
Real-Time PCR of UV-
LMD cDNA Samples
for mRNA and miRNA
Quantification

6. 4.5 pl miScript buffer mix and 0.5 pl miScript RT max are added

directly to the miRNA lysis Mixin the bottom of the tube after
spinning.

. The tube is transferred to a preheated (38 °C) thermomixer

(Eppendorf, 350 rpm for 10 s every 10 min) and poly-
adenylation and cDNA synthesis are carried out for at least
2 h or overnight. After cDNA synthesis, the samples are stored
at —20 °C until further processing.

. 7.3 pl of the precipitation-mix are added directly to each 5 pl

c¢DNA reaction into the cDNA reaction tube. The samples are
vortexed thoroughly and briefly centrifuged.

. About 3 volumes of 100% ethanol (40 pl, Applichem) are

added. The samples are vortexed thoroughly and briefly
centrifuged.

. The samples are precipitated overnight at —20 °C.
4. Reaction tubes are centrifuged at 0 °C at 16,100 rcf for 2 h.

. The supernatant of each sample is discarded via pipetting.

Physical contact with the cDNA pellet is carefully avoided.

. 100 pl of 80% ethanol (Applichem) are added (pellet should

not be resuspended or vortexed), the samples are centrifuged
for 15 min at 0 °C and the supernatant is again carefully
discarded via pipetting.

. cDNA pellets are dried in opened reaction tubes at 45 °C for

10 min in a ThermoMixer (Eppendorf).

. The desired volume of H>,O (5 PRIME) is added. Contact of

the cDNA pellet with the pipet tip is avoided. Tubes are closed,
shortly centrifuged and incubated for 2 h at 45 °C in a Ther-
moMixer (Eppendorf) with interval shaking (550 rpm for 10 s
every 10 min) to dissolve ¢cDNA pellets. Samples are spun
down at least each 40 min (three times).

. The following procedures are carried out in a UV-C treated

sterile workbench.

. Best, precipitated cDNA is used (see Subheading 3.4). If cDNA

is NOT precipitated, it has to be diluted at least tenfold to
avoid inhibitory effects of the RT-reaction on the qPCR
[60]. In this case, each single-cell cDNA sample is diluted by
adding 50 pl (random hexamer samples) or 45 pl (miScript
samples) molecular biology grade H,O (5 PRIME).

. Tubes are stored in ice-cold metal blocks.

. A serial dilution of a cDNA standard (see above Subheading

2.5.1) is run in parallel with each experiment (see Subheading
2.5),asa PCR positive control, and for standard curve generation
to assess assay performance and to calculate the cDNA amount of
the UV-LMD samples in respect to the standard curve.
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3.7 TaqMan PCR (for
mRNA qPCR
Amplification)

3.8 SYBRgreen PCR
(for miRNA qPCR
Amplification)

3.9 Data Analysis

1.

1.

1.

A mastermix for each individual gene of interest for all the
samples for quantitative real-time PCR in 20 pl reactions is
prepared by mixing 10 pl 2x QuantiTect Probe qPCR Master
Mix, 1 pl 20x primer/probe mix (for gene of interest, for
details Notes 5 and 10) and 4 pl H,O (depending on the
c¢DNA volume used) for each UV-LMD sample (volumes are
multiplied by the number of samples + controls + 1).

. 15 pl of respective mastermix is added to the bottom of a

MicroAmp 96-well reaction plate. 5 pl of cDNA (adjust
volumes accordingly if cDNA in more or less volume is used)
is added to the mastermix and the plate is sealed with an optical
adbesive cover. After 2 min centrifugation (1027 rcf, at 4 °C)
the plate is transferred to a real-time PCR system (e.g.,
HT7900, Applied Biosystems) and the qPCR reaction is run
using the following cycling conditions (specific for our Taq-
Man assays): 2 min at 50 °C, 15 min at 95 °C, and subsequently
50 cycles of 0:15 min at 94 °C and 1 min at 60 °C each.

A mastermix for each individual gene of interest for all samples
for quantitative real-time PCR in 25 pl reactions is prepared by
mixing 12.5 pl 2x QuantiTect SYBRgreen qPCR Master Mix,
2.5 pl 10x miScript Universal primer mix, 2.5 pl 10x miScript
primer assay (for gene of interest, e.g., miR-133b, for details
Note 10) and 2.5 pl H,O for each UV-LMD sample/PCR-
reaction (volumes are multiplied by the number of
samples + controls + 1).

. 20 pl of mastermix is added to the bottom of a MicroAmp

96-well reaction plate. 5 pl of cDNA (adjust volumes accord-
ingly if cDNA in more or less volume is used) is added to the
mastermix and the plate is sealed with an optical adhesive film.
After 2 min centrifugation (1027 rcf, at 4 °C) the plate is
transferred to a real-time PCR system (i.e., HT7900, Applied
Biosystems) and the qPCR reaction is run using the following
cycling conditions (specific for miScript assays, Qiagen):
15 min at 95 °C and subsequently 50 cycles, 0:15 min at
94 °C, 0:30 min at 55 °C, 0:30 min at 70 °C, and 0:30 min
at 73 °C (fourth segment), followed by a melting curve
(0:15 min at 95 °C, 0:15 min at 60 °C, subsequent continuous
increase of 1 °C every 0:15 min under the detection of the
fluorescence signal up to 95 °C).

For SYBRgreen PCR, the first step is a melting curve analysis,
to ensure PCR-product specificity, as well as correct read-out
temperature (fourth segment). Afterwards, data analysis of
TagMan as well as of SyberGreen qPCR are identical.

. Fluorescence amplification plots are analyzed first without nor-

malization to the internal fluorescence standard dye ROX (car-
boxy-X-rhodamine, as passive reference dye), to evaluate
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3.10 Linear Mixed
Effects Model

absolute fluorescence signals, background noise levels, and
possible confounders.

3. TagMan probe or SYBRgreen fluorescence signals are normal-
ized to the ROX-signals, and the baseline for normalization is
set (usually cycles 3-15).

4. It must be ensured that all negative controls did not result in
any detectable qPCR signal.

5. The detection threshold is set in the exponential phase of the
qPCR amplification plot (illustrated in Fig. 1). To quantify the
expression of a respective gene via qPCR for a set of samples,
the same threshold value is used for all the samples and for the
standards (run in parallel). Threshold cycle (C,) values of each
sample as well as slope and Y-intercept of the standard curve
can be read out from the sequence detection software (e.g.,
SDS2.4, Applied Biosystems).

6. The average cDNA amount per cell in relation to the utilized
c¢DNA standard curve is calculated according to:

S { ( Ci— l,‘intcrccpt ) /Slopc]

No.s ® cDNA fraction

c¢DNA amount per cell =

S corresponds to the serial dilution factor of the standard curve
(e.g., 10 for serial dilution in steps of 10), No,ys to the number of
harvested neurons per sample and cDNA fraction to the fraction of
the UV-LMD c¢DNA sample used as template in the real-time PCR
reaction, e.g., 5/55. The unit-magnitude corresponds to the
respective standard utilized, which defines the unit at the Yiycercept
(e.g., pg-equivalents of standard cDNA, derived from SN-tissue/
cell). For better comparison, expression data can be further normal-
ized to those of control brains (mean controls = 1; compare Figs. 3
and 4d). Alternatively, an absolute standard curve with quantified
numbers of RNA or cDNA molecules as templates can be gener-
ated, and data are analyzed as described above [61, 62].

RT-qPCR data can be further analyzed and corrected for con-
founding eftects, like distinct RINs and ages of human brains, by
applying a linear mixed effects model (Figs. 3¢ and 4¢). Our mod-
eling approach assumes a log-linear dependency of RT-qPCR data
from age- and RNA-values. Since this is likely to be a simplification,
it is mandatory to analyze the goodness-of-fit and applicability of
the modeling approach (e.g., R? values, proportional change in
variance, PCV, and Bayesian information criterion, BIC; for details
see [46] supplementary material).

Fitting and correction for confounding variables (like age- and
RIN-values) and subsequent statistical analysis of adjusted data is
carried out on log-transformed expression data, which show a more



352

Johanna Duda et al.

symmetric distribution closer to Gaussian. Back-transformation of
adjusted data is then done on this assumption of a log-normal distri-
bution. Uncertainties of the regression are considered in the standard
errors of means by applying rules of uncertainty and error propagation
[63]. From the resulting parameter values (in log-transformed scale)
differences in mRNA-levels between control and PD groups are tested
for statistical significance by Student’s #test (Welch-Test). The gen-
eral model-based analysis procedure is as follows:

1. Logarithmic transformation of RT-qPCR data.

f :logR(E, Var) — N(,u,az) defined by f(Y;j) :=1InY;;

R: normal distribution

T ;: data vector of measured values for gene 7 and brain 5
E, Var: mean and variance of data (original scale)

,6°: mean and variance of log-transformed data

2. Fitting of the linear mixed effects model with ASReml-R.

J J

In ¥, = 4770 4 e 4 p NN (ﬂ? - 7?,/) +ei

RIN
pRIN — pRIN |\ RIN

Y ;: data vector of measured values for gene 7 and brain j

pE/rP B, BRI fixed effects for group (control or PD), age

arlld RIN of gene

0 y?’ jintercept of gene zand its random contribution for brain ;
y RN random effect for RIN dependence of gene 7

biRI N: total RIN dependence of gene i
e; ;- residuals (fitted values—mesured values) of each individual
gene 7 and brain j

xSPD | 8¢ RIN group (control, PD), age and RIN value of

A IR R
brain j

(independent variables y = f{x))

. Adjustment of each RT-qPCR value for confounders (age,

RIN).
In ¥ =InYij + B0 + (B + 7SN AN 1oy

with Ax;.’ge = Hage — X ;gc and Ax]RIN = XRIN — xJRIN

Y; i+ RIN and age adjusted expression values for gene 7 and
brain
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j data vector of measured values for gene 7 and brain j

ﬂ»c/ b B, BRI fixed effects for group (control or PD), age
and RIN of gene 7

Xage: mean of age values

xrin: mean of RIN values

C/ b 5w N group membership (control or PD), age and
RIN Value ofJ brain

yIN: random effect for RIN dependence of gene ¢

¢; ;- residuals on single sample level for each gene 7 and brain j

4. Computation of standard errors for each brain’s expression
values by applying rules of uncertainty propagation.

2 2
0;; = \/(U?gch;gC) + (Gt.RINAx]P‘IN>
RIN

with Ax;-‘gc = Fyge — X ;gc and Ax]RIN = XRIN — ¥,

0, ;: standard error of adjustment
;% standard error of age effect ;% for gene 7

o }IN: standard error of RIN effect (ﬂRIN +vy tRIN) for gene ¢

5. Determination of parameters (mean and standard errors) of
normal distributions of adjusted values and their adjusted
errors.

Z i/i,j
Nir’

> (0:)°

N,

ﬁz}k = E?,k = Var(i/,‘,j) +

for data of brains j belonging to group ke{C, PD}

Y; ;: RIN and age -adjusted expression values for gene 7 and
brain j

H; : mean of adjusted log-transformed expression values in
group k gene ¢

67 ,: variance of adjusted log-transformed expression values in
group k for gene

N; ;: number of observations in group % for gene 7

Var(): variance of data

0, standard error of adjustment

6. Test for differences between control and PD groups by apply-
ing Student’s #test (Welch-Test).

ﬁi,PD _ﬁi,C

[~ 2, ~ 2
S€;,pD” 1 S€;,C

t-test statistic : ¢ =
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2
~ 2, ~ 2
(Sei,PD +sei,c>

2 ~ 2

and degrees of freedom : df =

S€i,PD s¢i,c
Niprp—1 ' Nic-1

with squared standard error of means:

~ 2 ~2 ~ 2 ~2
s¢i,pp” = 0; pp/Nipp and s¢;c” =0; ¢/ Nic

Hic /pp Mean of adjusted log-transformed expression values for
gene ¢ from C or PD

o; 26 /pp: Variance of adjusted log-transformed expression values
for gene 7 in C or PD
N; ¢ /pp: number of observations for gene 7in C or PD group

. Back-transformation from log-transformed to original scale by

the computation of mean values and variances from parameter
values of normal distributions in the transformed space.

PRpe) — 2 52
Ei = ortonl? Var; , = (60*5" - 1)32”"”‘”%’?
> > >

with ke{C, PD}

E i #: mean of adjusted data in original scale (pg cDNA /cell)
Hip : mean of adjusted log-transformed expression values in
group k for gene ¢

67, variance of adjusted log-transformed expression values in
gliqup k for gene ¢

Var, ;: variance of adjusted data in original scale

. To assess goodness-of-fit, R* values as well as proportional

change in variance (PCV) are determined at the brain level, as
suggested in [58, 64].

MSPE;

R; =1 — ———— with mean squared prediction error MSPE;

MSPE, ;
Var( )—l—Va( )

i

MSPE,, ;; MSPE of a reference model, e.g., the empty model of
gene ¢

Var (e;): variance of residuals for gene z

n;: number of samples from each brain for gene 7 (7;=10)
Var(y?): variance of random effects for gene

and
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2 2 0
o o} [ o7 + Var(y?)
marg, ¢ 0} + Var (%) + Var(e;)’ cond, aj% + Var(y?) + Var(e;)

Rfmrg’ ;» marginal R?, variance explained by fixed effects only.
R4, + conditional R?, variance explained by fixed and random

effects.
GJZC ; variance calculated from the fixed effect components of the
mixed effects model.

and PCV:

Var (y?)

PCV;=1— — i/
Var (chf i)

Var (y?ef i): variance of random effects of reference model, e.g.,
the émpty model.

9. In addition, a relative adjustment error can be computed as

o= 2/ Y
3 N1

0;;: standard error of adjustment
T ;: data vector of mesured values for gene 7 and brain ;

Y; ; : data vector of measured values for gene 7 and brain
N, : number of observations for gene ¢

The different R?, PCV, and error values allow an evaluation of
the model fit and the adjustment quality. R? coefficients could be
regarded as a measure of variance explained by different aspects of
the model, with values closer to one meaning better explanatory
power. R?is closest to the coefficient of determination from standard
linear regression, but should, according to [58], be supplemented
by so-called marginal (marg) and conditional (cond) R? values, if a
mixed effects model is evaluated. Since we are interested in the
influence of fixed effects, Rfmrg ; is of special importance. The
conditional coefficient R?_, ; additionally accounts for the influ-
ence of random effects. The difference between R2_, ; and Rfmrg ;
gives insight to which extent inter-individual differences that are
not explained by fixed effects are captured by the model through
random effects. High PCV values express how well certain fixed
effects are able to reduce the contribution of random effects to the
explanatory power of the model. The relative adjustment error &;
gives the mean of the summed standard errors from adjustment in
relation to the expression value for each gene 7. Small values indi-

cate low uncertainties by the adjustment procedure.
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4 Notes

1. Ribonuclease contamination is a major concern for successful

c¢DNA synthesis of single-laser microdissected cells or small cell
pools. The ubiquitous RNase A is a highly stable and active
ribonuclease, which is present on human skin as well as in the
specimens, and can easily contaminate any lab environment.
Thus, creating and maintaining an RNase-free work environ-
ment and RNase-free solutions is essential for performing suc-
cessful reverse transcriptase reactions. Therefore, we strongly
recommend: Always wear gloves when handling chemicals and
sections /samples containing RNA. Change gloves frequently
especially after touching potential sources of RNase contami-
nation such as doorknobs, pens, pencils, and human skin.
Always use certified RNase-free tubes, pipette tips and chemi-
cals for all steps involved in the experiments (e.g., ethanol/
staining solutions and jars for the preparation of tissue sections
tor UV-LMD). Keep chemicals tightly sealed. Keep all the
tubes containing RNA tightly sealed during the incubation
steps. Treat UV-LMD (membrane-) slides for 20 min with
UVC-light (e.g., in a sterile hood). Heat sterilize all metal
(forceps, spatulas, LMD cap holder, LMD slide holder), glass-
ware and any other equipment that gets in contact with slides
or reaction tubes during UV-LMD experiments at 220 °C
overnight. Clean pipettes, benches, and all other equipment
that cannot be heat sterilized with RNase decontamination
solutions, e.g., RNase-ExitusPlus (AppliChem) and/or RNa-
seZapWipes (Ambion). Clean the cryostat additionally with
isopropanol (Isopropanol, Sigma-Aldrich) to wipe off
RNaseZap.

2. Low retention filter tips should be used for all pipetting steps.

. We strongly recommend using chemicals from the same stocks

and lots for all experiments of a study.

. To avoid any RNase or DNA contamination, we recommend

preparing the Cap-Mix under a sterile fume hood.

. As RNA in human midbrain tissue is likely already partially

degraded, we recommend using qPCR amplicon sizes below
80 bp when working with human tissue.

. To reuse the specimen for several experiments, brains are fixed

on cork discs with tissue freezing medium. These cork discs can
be frozen quickly with a drop of water on the specimen holder
of the cryostat and easily be removed after the experiment and
stored again at —80 °C.

. Tissue chippings of the cryosectioning procedure are used to

assess overall RNA quality and tissue pH of each specimen.



Cell-Specific RNA Quantification in Human SN DA Neurons from Heterogeneous. .. 357

Transfer chippings into a liquid nitrogen precooled Falcon tube
with a cold forceps and store at —80 °C until further usage
(e.g., pH-determination, or RNA extraction and small RNA,
miRNA and RNA integrity number evaluation).

8. PEN-membrane slides with tissue sections can be stored in
50 ml Falcon tubes at —80 °C and reused for later experiments.
To ensure that the slides stay dry, silica gel is added to the
Falcon tube (Fig. 1). A small sieve is used to separate the silica
gel from the slide. For reuse, the slides are removed from
—80 °C and allowed to equilibrate at —20 °C (20 min),
+4 °C (20 min), and finally at room temperature (20 min)
before usage.

9. Our mild lysis protocols are optimized for single UV-laser
microdissected cells or small pools of individual cells from
ethanol-fixed tissue sections. Please note that they are neither
suited for lysis of larger microdissected tissue samples, nor for
lysis of single cells from PFA-fixed tissue sections.

10. Assay ID numbers for TagMan assays (Life Technologies) are:
SNCA: Hs00240906_ml, TH: Hs00165941_ml, DAT:
Hs00997374_m1, VMAT2: Hs00996839_ml, NURRI:
Hs00428691_ml1, LDH-2: Mm00493146_m1, PITX3: cus-
tom assay, forward primer: GCACGGCTGCAAGGG, reverse
primer: GGCTTCAGGTTCGTAGTCTTGAT;  probe:
FAM-ACCCTTCCTTGCCCAACTG-NFQ. Assay ID num-
ber for miR-133b SYBRGreen assay (Qiagen) is:
MS00007385.
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