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Introduction

The laser capture microdissection (LCM) technique was 
developed due to carry out molecular studies from spe-
cific cell populations located in complex tissue sections. 
The first LCM system consisted of an inverted microscope 
and an infrared laser. Additionally, a camera connected to 
a computer allowed for visualizing the process (Emmert-
Buck et al. 1996). This method was initially commercial-
ized by Arcturus as the PixCell system (Decarlo et al. 2011; 
Sluka et al. 2008). Afterwards, the LCM methodology 
was optimized and different LCM systems were commer-
cialized. The PALM Microbeam system (Zeiss), together 
with Arcturus system, is the most commonly used LCM 
systems. The major advantage of the PALM system is that 
there is no direct contact between the collection microtube 
and the sample. This system uses an ultraviolet laser that 
reaches the sample through the microscope objective and 
cuts and catapults the tissue to the microtube cap (Decarlo 
et al. 2011; Sluka et al. 2008).

Both LCM systems have been used for gene expres-
sion studies in different tissues, including the brain (Cheng 
et al. 2013; Elkahloun et al. 2016; Espina et al. 2006; Ker-
man et al. 2006; Kim et al. 2015). Although, combination 
of LCM with DNA analysis has been widely used (Cur-
ran et al. 2000; Fend and Raffeld 2000; Korabecna et al. 
2016; Li et al. 2017), its combination with RNA studies has 
technical problems, which lead to a restricted use (Espos-
ito 2007; Field et al. 2011). In addition, LCM protocols 
recommended by major LCM system manufacturers are 
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hardly reproducible, and each new user has to develop new 
experimental methodologies adapted for the specific LCM 
system and the type of tissue studied.

The yield (concentration per tissue quantity) and integ-
rity of the RNA obtained after the microdissection process 
are decisive for the subsequent use of this biomolecule in 
gene expression studies (Kerman et al. 2006). Since LCM 
and gene expression studies use low amounts of mate-
rial, special cautions are necessary to preserve RNA yield 
and integrity, which can be negatively affected by sample 
manipulation before (i.e., cutting, staining), during (i.e., 
microdissection protocol and capture success) and after 
(i.e., RNA extraction method) the LCM process (Decarlo 
et al. 2011). However, there is a lack of comparative studies 
to clarify the most appropriate methods for staining, LCM 
(section thickness, slide type, microdissected tissue quan-
tity, capture success), and RNA extraction to obtain enough 
amount of high-quality RNA for gene expression studies. 
In the present study, we will use substantia nigra (SN) tis-
sue sections to optimize these critical steps.

The SN is a dopaminergic nucleus located in the ven-
tral midbrain and involved in motor control and other brain 
functions. Degeneration of the nigral dopaminergic neu-
rons leads to motor deficits in Parkinson’s disease (PD). 
Previous human postmortem and animal studies demon-
strated the existence of cellular subpopulations within the 
SN showing a differential vulnerability to neurodegenera-
tion (Damier et al. 1999; Gonzalez-Hernandez et al. 2004, 
2010; Haber 2014). Dysregulation of the brain renin–angi-
otensin system activity and changes in the expression of 
the angiotensin type 1 (AT1) and type 2 (AT2) receptors 
have been associated with pathogenesis of PD and could 
explain the differential vulnerability of dopaminergic sub-
populations (Labandeira-Garcia et al. 2011, 2012, 2014). 
Therefore, LCM followed by PCR analysis could be an 
interesting approach to investigate this complex midbrain 
nucleus. Consistent with this, we used our optimized LCM 
method to analyze the expression of angiotensin AT1 and 
AT2 receptor mRNA, which are normally expressed at low 
levels in the healthy SN.

Materials and methods

Animals and ethical aspects

Twelve adult (10-week old) male Sprague–Dawley rats 
were included in the present study. The animals were 
housed in conditions of constant room temperature (21–
22 °C) and a 12 h light/12 h dark cycle and given free access 
to food and water. All experiments were performed accord-
ing to the European and Spanish Directives (2010/63/EU 
and RD/53/2013, respectively) for the protection of animals 

used for scientific purposes. The experimental design was 
approved by the corresponding Ethical Committee at the 
University of Santiago de Compostela.

Experimental design

In the first series of experiments, we evaluated (before the 
microdissection process) the effect of the tyrosine hydroxy-
lase (TH) immunostaining protocol (immunofluorescence 
or immunohistochemistry) and/or the duration of immu-
nostaining incubations on the yield and integrity of the 
RNA obtained from scraped SN tissue sections (n = 4–5 
per group).

In the second series of experiments, we examined the 
effect, before the microdissection process, of neutral red 
staining and the TH immunostaining on the yield and integ-
rity of the RNA obtained from scraped SN tissue sections 
(n = 4–5 per group).

In the third series of studies, we investigated the effect 
of tissue section thickness (10 or 20 µm) and/or slide type 
(glass or PEN membrane-coated) on the capture success 
of microdissected tissue and the RNA yield and integrity 
obtained after the LCM process (n = 4–5 per group).

In the fourth series of experiments, we investigated the 
effect of the microdissected tissue area (0.4 or 1 mm2) 
and/or the RNA extraction method (phase separation or 
column-based) on the RNA yield and integrity obtained 
after LCM (n = 4–5 per group). Finally, in the fifth series 
of experiments, we used the optimized staining, LCM, and 
RNA extraction conditions to determine the expression of 
AT1 and AT2 receptors and the dopaminergic markers TH, 
dopamine transporter (DAT), and dopamine receptor type 2 
(D2R) in the rat SN (n = 6).

Tissue preparation for laser microdissection

Animals were sacrificed by decapitation. Their brains were 
rapidly removed, immediately embedded in OCT, frozen 
in liquid nitrogen and stored at −80 °C until further pro-
cessing. Then, serial coronal sections (10 or 20 µm thick) 
containing the substantia nigra were cut at −20 °C using 
a cryostat (Thermo Scientific). The sections were mounted 
on glass slides (Marienfeld) or on slides covered with a 
polyethylene naftelato (PEN) membrane (PEN1.0, Zeiss). 
Slides were allowed for complete dehydration in the cry-
ostat chamber for 10 min. Then, slides were stored (for no 
longer than 1 week) at −80 °C inside sterile plastic con-
tainers with silica gel to prevent tissue hydration until fur-
ther processing. Previously, the glass and membrane slides 
had been treated to remove any RNAse contamination. 
Briefly, glass slides were successively exposed to ultravio-
let (UV) light (10–15 min) and high temperatures (2 h at 
220 °C). In contrast, membrane-covered slides were treated 
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with RNase AWAY (Thermo Fisher) for 5 min. After being 
washed with diethylpyrocarbonate (DEPC; Sigma) water 
(2 × 10 min), the slides were incubated for 2 h at 37 °C 
and, finally, they were exposed to UV light for 15 min.

Neutral red staining

Slides containing nigral tissue sections were stained with a 
rapid protocol for neutral red. Briefly, tissue sections were 
fixed in 70% ethanol for 30 s, hydrated in DEPC water and 
then stained with a 1% neutral red solution in DEPC water 
for 2 min. Sections were then dehydrated by quick dips in 
graded ethanol (50-70-96-100% in DEPC water). Then, tis-
sue sections were immersed in xylene for 4 min to achieve 
complete dehydration. Finally, sections were dried at room 
temperature for 3 min and immediately processed with the 
microdissection system. All steps were performed on ice. 
For each experimental day, all aqueous regents were freshly 
prepared with DEPC water (RNase free).

Immunofluorescence labeling for tyrosine hydroxylase 
(TH)

Slides containing nigral tissue sections were stained with 
three different protocols for TH immunofluorescence labe-
ling based on the duration of incubations: (i) an ordinary 
over night (o.n.) primary antibody incubation (i.e., 2-day 
total protocol duration) (ii) a shorter 1 h incubation (1-day 
total protocol duration), and (iii) a rapid 5-min incubation 
(20 min total duration protocol). Briefly, SN tissue sections 
were fixed in acetone for 40 s, hydrated in phosphate buffer 
saline (PBS) and, then, incubated with a mouse monoclo-
nal antibody against the dopaminergic marker TH (Sigma) 
diluted 1:5000 (i and ii) or 1:100 (iii). After being washed 
with PBS, tissue sections were incubated 2 h (i), 1 h (ii) 
or 5 min (iii) with a goat anti-mouse Cy3-conjugated sec-
ondary antibody (Chemicon) diluted 1:200 (i and ii) or 1:25 
(iii). Incubation of tissue sections with primary and sec-
ondary antibodies was performed in a moist chamber. SN 
containing sections were, then, dehydrated by quick dips 
in graded ethanol (50-70-96-100%). Then, tissue sections 
were immersed in xylene for 4 min to achieve complete 
dehydration. Finally, sections were allowed to dry at room 
temperature for 3 min and immediately processed with the 
microdissection system. All steps (except xylene immer-
sion) were performed on ice and all aqueous regents were 
freshly prepared with DEPC water (RNase free) for each 
experimental day.

Immunohistochemistry for tyrosine hydroxylase

Nigral tissue sections were stained with three different pro-
tocols for TH immunohistochemistry based on the duration 

of incubations: (i) an ordinary o.n. incubation, (ii) a 1 h 
incubation and (iii) a rapid protocol (i.e., 5 min incubation). 
Slides containing SN tissue sections were fixed in acetone 
for 40 s and, then, hydrated in PBS. Subsequently, tissue 
sections were incubated in a solution of hydrogen peroxide 
 (H2O2, 3%; Merck) for inhibition of endogen peroxidase 
activity and, then, incubated o.n. for (i), 1 h (ii) or 5 min 
(iii) with a mouse monoclonal antibody against TH diluted 
1:10000 (i and ii) or 1:200 (iii). After being washed with 
PBS, tissue sections were incubated for 1 h (i and ii), or 
5 min (iii) with a biotinylated horse anti-mouse second-
ary antibody (Vector laboratories) diluted 1:200 (i and ii) 
or 1:25 (iii). Tissue sections were then incubated with the 
avidin–biotin peroxidase complex (1:70; Vector Laborato-
ries) for 1 h (i and ii) or 5 min (iii). Staining for peroxidase 
was performed in PBS with 0.05% diaminobenzidine tet-
rahydrochloride (Sigma) and 0.04%  H2O2. All incubations 
of tissue sections were performed in a moist chamber. SN-
containing sections were, then, dehydrated by quick dips 
in graded ethanol (50-70-96-100%). Then, tissue sections 
were immersed in xylene for 4 min to achieve complete 
dehydration. Finally, sections were allowed to dry at room 
temperature for 3 min and immediately processed with the 
microdissection system. All steps (except peroxidise stain-
ing and xylene immersion) were performed on ice and all 
aqueous regents were freshly prepared with DEPC water 
(RNase free) for each experimental day.

Laser capture microdissection

Laser capture microdissection (LCM) was performed 
using a PALM MicroBeam system (Zeiss) consisting of 
an inverted microscope with a motorized stage, an ultra-
violet (UV) laser and an X-Cite 120 fluorescence illumina-
tor (EXFO). The microdissection process was visualized 
with an AxioCam Icc camera coupled to a computer and 
controlled by a Palm RoboSoftware. Specifically, the SN 
was visualized under bright-field (neutral red staining) or 
fluorescence (TH immunofluorescence) microscopy with a 
20× objective. An area of 0.4 or 1 mm2 was selected using 
the PALM RoboSoftware, and cut and catapulted by laser 
pulses into an adhesive microtube cap (Zeiss). The capture 
success of microdissected tissue was defined as the ability 
of the laser to dissect the cells of interest and catapult them 
to the microtube cap. The capture success was expressed as 
a percentage and was calculated by dividing the tissue area 
dissected by the tissue area previously marked with the 
software tool. Three classes of capture success were estab-
lished: good (+++), when a 100% of the selected tissue 
was microdissected; fair (++), when less than 100% of the 
marked tissue was microdissected; and bad (+), when less 
than 50% of the selected tissue was microdissected. The 
capture success was evaluated for each tissue section and 
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LCM protocol by checking the slide before and after the 
microdissection process. Furthermore, observation of the 
microtube cap after LCM was used to confirm the capture 
success.

RNA extraction

Total RNA extraction was performed using two different 
methods: a method based on phase separation (Trizol rea-
gent, Life Technologies) and a method based on separation 
by spin columns (RNeasy Micro kit, Qiagen).

RNA extraction based on phase separation (Trizol method)

After being collected into the microtube cap, the micro-
dissected tissue was immediately disrupted and homog-
enized by incubating microtubes upside down with 500 µl 
of Trizol reagent under agitation at room temperature (RT) 
for 30 min. Homogenized tissue was spun down by cen-
trifugation (12000 rpm, 5 min, 4 °C) and stored at −80 °C 
until resuming all samples RNA extraction. Then, 100 µl 
of chloroform (Sigma) was added to the Trizol containing 
lysates and the mixes were incubated for 2 min. Subse-
quently, microtubes were centrifugated at 12,000g and 4 °C 
for 15 min and the aqueous phase containing RNA was 
separated. Then, the RNA was precipitated by the addi-
tion of glycogen (0.6 µl, Roche) and isopropanol (250 µl, 
Sigma) to the aqueous phase, the incubation of the micro-
tubes for 10 min at room temperature and their centrifuga-
tion at 12,000g and 4 °C for 10 min. The precipitated RNA 
was, first, washed twice with 75% ethanol and, then, solu-
bilized in 14 µl of DEPC water.

RNA extraction based on spin columns (RNeasy Micro kit)

Microdissected tissue was disrupted and homogenized by 
incubating microtubes upside down with 350 µl of the lysis 
buffer RLT (Qiagen) containing β-mercaptoethanol for 
30 min under agitation at room temperature (RT). Homoge-
nized cells were spun down by centrifugation (12,000 rpm, 
5 min, 22 °C) and stored at −80 °C until resuming all sam-
ples RNA extraction. Then, 350 µl 70% ethanol was added 
to the lysate, the mix was centrifugated into an RNeasy 
MinElute spin column (15 s at 8000g) and the flow-through 
was discarded. Columns were then treated with DNAse I 
to remove genomic DNA and they were washed twice. 
Finally, RNA was eluted in 14 µl of RNAse-free water.

Measurement of RNA yield and integrity

The yield and integrity of total isolated RNA from micro-
dissected samples were measured using a 2100 Bioanalyzer 
(Agilent Technologies). Total RNA (1 µl per sample) was, 

first, denatured (70 °C, 2 min) and, then, loaded into a RNA 
600 Nano or Pico chip (Agilent Technologies) according 
to the manufacturer’s instructions. The RNA concentration 
of each sample was obtained with the 2100 Bioanalyzer. 
Then, concentration was divided by the tissue area value 
to calculate the RNA yield. Additionally, the RNA Integ-
rity Number (RIN) was calculated by the 2100 Bioanalyzer 
according to an algorithm from Agilent Technologies (Ker-
man et al. 2006; Schroeder et al. 2006). A RIN value was 
obtained for each sample on a scale of 1–10 as an indica-
tion of RNA quality. The RNA quality is considered excel-
lent for RIN ≥ 7, good for RIN ≥ 5 and poor for RIN < 5 
(Kerman et al. 2006; Schroeder et al. 2006). In addition, the 
RIN shows a strong correlation to the RT-PCR experiments 
and allows for a straightforward separation into acceptable 
and unacceptable RT-PCR results. The meaningful thresh-
old value for the RIN that separates positive from negative 
RT-PCR results is 5 (Schroeder et al. 2006).

Reverse transcription

All the RNA obtained for each sample was used for the 
reverse transcription. Initially RNA was denaturalized at 
65 °C for 10 min. Then, a reaction mix was added to RNA 
to a final reaction volume of 30 µl, and the samples were 
incubated for 1 h at 37 °C. The reaction was stopped in ice 
and the cDNA stored at −80 °C. Reaction mix contained 
the M-MLV reverse transcriptase (1.67 U/µl; Invitrogen) 
and its first-strand buffer (50 mM Tris–HCl pH 8.3, 75 mM 
KCl, 3 mM MgCl), a mixture of hexanucleotides as random 
primers (5 µg/ml, Invitrogen), a deoxynucleotide triphos-
phate mix (dNTPs; 0.3 mM; Invitrogen), the M-MLV sta-
bilizer DTT (6.6 mM; Invitrogen) and the RNAse OUT 
enzyme (1.33 U/µl; Invitrogen).

Real time polymerase chain reaction (RT‑PCR)

SYBR Green Master Mix (Bio-Rad) containing iTaq DNA 
polymerase, deoxynucleotides and  MgCl2 was used for 
RT-PCR. cDNA and the specific primer pairs (0.165 µM; 
Sigma) were added to the SYBR Green Master Mix at a 
final volume of 50 µl. PCR was performed using an iCy-
cler real time PCR platform (Bio-Rad). Initially, cDNA 
was denatured during 3 min at 95 °C. Then, DNA was 
amplified during 40 cycles including an annealing/exten-
sion step (60 °C, 30 s) and a denaturation step (95 °C, 
10 s). Finally, the temperature declined (0.5 °C per min) 
until reaching 65 °C. The PCR products were loaded into 
a 2% agarose gel with Syber Safe (Invitrogen), separated 
by electrophoresis and visualized with an UV detec-
tion system (Molecular Imager Chemidoc XRS Sys-
tem, BioRad). Primer sequences were as follows: for 
AT1, forward 5′-TTCAACCTCTACGCCAGTGTG-3′, 
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reverse 5′-GCCAAGCCAGCCATCAGC-3′; for AT2, for-
ward 5′-AACATCTGCTGAAGACCAATAG-3′, reverse 
5′-AGAAGGTCAGAACATGGAAGG-3′; for TH, for-
ward 5′-GGCTTCTCTGACCAGGTGTATCG-3′, reverse 
5′-GCAATCTCTTCCGCTGTGTATTCC-3′; for DAT, 
forward 5′-CGACTCTGTGAGGCATCTGTG-3′, reverse 
5′-GGAAGGAGAAGACGACGAAGC-3′; for D2R, for-
ward 5′-AGACGATGAGCCGCAGAAAG-3′, reverse 
5′-GCAGCCAGCAGATGATGAAC-3′;for GAPDH, for-
ward 5′-GCAAGTTCAACGGCACAGTCAAG-3′, reverse 
5′-ACATACTCAGCACCAGCATCACC-3′.

Statistical analysis

All data were obtained from at least three independent 
experiments and were expressed as mean values ± SEM. 
Comparisons of three or more groups were carried out by 
one-way ANOVA (for single variable analysis) followed 
by the Student–Newman–Keuls post hoc test or two-way 
ANOVA (for multiple variables analysis) followed by the 
Bonferroni post hoc test. The normality of populations and 
homogeneity of variances were tested before each ANOVA. 
Differences were considered statistically significant at 
p ≤ 0.05. Statistical analyses were carried out with Sig-
maStat 3.0 (Jandel Scientific, San Rafael, CA, USA).

Results

Effect of the TH immunostaining protocol and duration 
of antibody incubation on the RNA yield and integrity 
before LCM

Five tissue sections per animal containing the SN were 
processed for different TH immunofluorescence or immu-
nohistochemistry protocols based on the duration of immu-
nostaining incubations. Then, SN sections were scraped 
from the slides with the aid of a scalpel to determine the 
effect of these different immunostaining protocols on the 
RNA yield (concentration per section) and integrity (RIN) 
before LCM. Tissue sections without staining were used as 
controls. RNA from control tissue sections showed a yield 
of 36.8 ± 6.7 ng/µl per section and a RIN of 7.8 ± 0.1, 
indicative of an excellent RNA quality (Fig. 1a, b). Tissue 
sections processed for rapid (using a 5 min primary anti-
body incubation) immunofluorescence or immunohisto-
chemistry (immunoperoxidase) staining method showed 
similar RNA yield (37.6 ± 1.7 or 37.8 ± 13 ng/µl per sec-
tion, respectively) compared with control sections (Fig. 1a). 
Note, however, that the RNA yield obtained from sections 
processed for the rapid immunohistochemical method 
showed great variation, which was reflected by the high 

Fig. 1  The RNA obtained from 
SN sections processed for rapid 
TH immunofluorescence (IF) or 
immunohistochemistry (IHQ) 
showed similar yield compared 
with control sections (a). How-
ever, longer IF or IHQ protocols 
decreased RNA yield compared 
with the control group (a). With 
regard to the RNA integrity 
(b), only rapid TH IF, but not 
rapid IHQ or longer protocols, 
allowed for preserving the RIN 
value at control levels. The 
comparison of different duration 
IF protocols is highlighted in c 
and d, and shows that the short-
ened IF protocol led to the best 
RNA yield and integrity, which 
were similar to controls



304 Histochem Cell Biol (2017) 148:299–311

1 3

standard error of the mean. The differences among data 
were apparently due to the high degradation of the RNA 
from some samples. Regarding the RNA integrity, only the 
RNA from sections processed for TH immunohistochem-
istry (RIN = 5.7 ± 1.2), but not for immunofluorescence 
(RIN = 6.9 ± 0.2), showed a significantly (p < 0.05) lower 
RIN compared with the control group (Fig. 1b). However, 
the RIN value obtained after both rapid immunostaining 
protocols remained above 5; the minimum value required 
for RT-PCR studies (Schroeder et al. 2006).

By contrast, tissue sections processed for a 1-day (using 
a 1 h primary antibody incubation) immunofluorescence or 
immunohistochemistry methods showed a lower RNA yield 
(20.5 ± 6.7 ng/µl per section, p > 0.05 or 5.5 ± 1.7 ng/µl 
per section, p < 0.05, respectively) and lower RNA integ-
rity (RIN = 5.2 ± 1.1 or RIN = 1 ± 0, respectively, 
p < 0.05) compared with control sections (Fig. 1a, b). How-
ever, only the RNA integrity obtained from the immunoflu-
orescence-processed sections was acceptable for RT-PCR 
studies, whereas the RNA obtained from sections pro-
cessed from the immunohistochemistry method was totally 
degraded. Similarly, an ordinary (using an o.n. primary 
antibody incubation) immunofluorescence or immunohis-
tochemistry method decreased the RNA yield (15.7 ± 3.4 
or 7.5 ± 1 ng/µl per section, respectively; p < 0.05) and 
integrity (RIN = 4.9 ± 1 or RIN = 1 ± 0, respectively; 

p < 0.05) compared with the control group (Fig. 1a, b). 
These RIN values indicated that the RNA integrity obtained 
after ordinary immunostaining methods are not acceptable 
for further RT-PCR studies. All together, our results showed 
that TH immunofluorescence staining preserves the RNA 
yield and integrity better than TH immunohistochemistry 
(immunoperoxidase) method in spite of whatever incuba-
tion times used. Additionally, when we compared different 
immunofluorescence protocols we confirmed that rapid, but 
not 1-day or ordinary, TH immunofluorescence staining 
allowed for obtaining similar RNA yield and integrity than 
the control group (Fig. 1c, d).

Effect of neutral red staining or rapid TH 
immunofluorescence on the RNA yield and integrity 
before LCM

Five tissue sections per animal containing the SN were pro-
cessed for neutral red staining or rapid TH immunofluores-
cence (Fig. 2a, b). Then, the RNA obtained from scraped 
tissue sections was analyzed for the assessment of RNA 
yield and integrity (RIN). Compared with control (with-
out staining) sections, tissue sections stained with neu-
tral red showed similar RNA yield (42.1 ± 7.2 ng/µl per 
section, p > 0.05) but significantly lower RNA integrity 
(RIN = 6.3 ± 0.5; p < 0.05) (Fig. 2c, d). However, the RIN 

Fig. 2  Microphotographs show-
ing rat substantia nigra (SN) 
sections processed with neutral 
red staining (a) or immunofluo-
rescence (IF) against tyrosine 
hydroxylase (TH) (b). Neutral 
red staining and rapid TH-IF did 
not modify the RNA yield com-
pared with control (unstained) 
sections (c). RNA from tissue 
sections processed for neutral 
red, but not for TH-IF, showed a 
decrease in integrity compared 
with RNA from control sections 
(d). However, the RIN value of 
the stained sections was higher 
than 5 showing a good quality 
of the RNA. The RNA yield 
was determined by dividing 
the concentration of RNA (ng/
µl) per area  (mm2). The RNA 
integrity number (RIN) ranged 
from 1 to 10. Data represent 
mean ± standard error of 
the means (SEM). *p ≤ 0.05 
compared with the control 
group. One-way ANOVA and 
Bonferroni post hoc test. SNc 
substantia nigra pars compacta, 
SNr substantia nigra pars reticu-
lata. Scale bars 150 µm
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value obtained by neutral red stained sections remained 
above 5; the minimum value required for RT-PCR studies 
(Schroeder et al. 2006). In contrast, rapid TH immunofluo-
rescence did not affect the RNA yield (33.7 ± 4.7 ng/µl per 
section, p > 0.05) and integrity (RIN = 6.9 ± 0.2, p > 0.05) 
compared with unstained tissue sections (Fig. 2c, d). Taken 
together, these data showed that both neutral red staining 
and rapid TH immunofluorescence can be used for LCM 
and gene expression studies. However, TH immunolabeling 
preserved better RNA integrity and it is a specific dopamin-
ergic marker allowing for a more precise delimitation of the 
SN region compared with neutral red (Fig. 2a, b).

Effect of section thickness and slide type on tissue 
capture success and RNA yield, and integrity 
after LCM

Midbrain tissue sections with two different thicknesses (10 
or 20 µm) and mounted onto two different slides (glass or 
PEN-membrane coated) were used to determine the best 
tissue preparation conditions for LCM. Tissue sections 
were stained with neutral red and the SN (1 mm2) was 
microdissected. The capture success was assessed for each 
tissue section and LCM protocol as a percentage, and was 
calculated by dividing the dissected tissue area (after LCM 
process) by the selected tissue area (before LCM process). 
The collection microtube cap was checked after the LCM 
process to confirm the capture success (Table 1; Fig. 3a–f). 
Additionally, the RNA yield and the RIN were also calcu-
lated (Fig. 3g, h).

Ten micrometers-thick sections mounted on glass or 
PEN membrane-coated slides led to bad capture success 
(Table 1), since less than 50% of the selected tissue was 
dissected and catapulted. Observation of the collection 
microtube cap after LCM confirmed the bad capture suc-
cess obtained (Fig. 3a). Regarding the RNA, 10 µm-thick 
sections showed a yield of 235.2 ± 37.1 pg/µl per  mm2 
(glass slides) or 105.7 ± 15.2 pg/µl per  mm2 (PEN mem-
brane-coated slides), and a RIN value of 1.7 ± 0.7 or 1.0, 
respectively, indicating that the RNA was totally degraded 
(Fig. 3g, h). These results showed that 10 µm-thick sec-
tions, regardless of the type of slide used, do not lead to the 
good tissue capture and RNA quality required for LCM and 
RT-PCR studies.

In contrast, a good capture success was obtained when 
20 µm- thick sections mounted on glass slides were micro-
dissected (Table 1). All the selected tissue was dissected 
and catapulted from the slides after the microdissection 
process (Fig. 3b–d). The RNA obtained from these tissue 
sections showed a yield of 456.2 ± 55.4 pg/µl per  mm2 and 
a RIN value of 6.3 ± 0.6 (Fig. 3g, h). Both results were 
significantly higher compared with those obtained from 
10 µm-thick sections mounted on glass slides (p < 0.05). 

These data suggested that 20 µm-thick sections mounted on 
glass slides could enable to obtain RNA with the quality 
necessary to combine LCM with RT-PCR analysis.

However, the slide type used appeared to be critical 
since 20 µm-thick sections mounted on PEN membrane-
coated slides showed a fair tissue capture success after 
LCM (Table 1), since less than the 100% of the selected 
tissue was dissected and catapulted (Fig. 3e, f). In addi-
tion, the RNA yield obtained after laser microdissec-
tion of 20 µm-thick SN sections mounted on membrane 
slides (65 ± 10.4 pg/µl per  mm2) was significantly lower 
compared with the yield recovered using tissue sections 
(20 µm thick) mounted on glass slides (p < 0.05) (Fig. 3g). 
However, in spite of the low yield, the RNA obtained 
using membrane-coated slides showed a good quality 
(RIN = 6.3 ± 0.8), similar to that found when using glass 
slides (Fig. 3h), and it was compatible with gene expression 
studies. In summary, the results showed that 20 µm-thick 
sections mounted on glass slides allowed better tissue cap-
ture success and RNA yield compared with thinner sections 
(10 µm) or similar thick sections mounted on PEN mem-
brane coated slides.

Effect of microdissected tissue quantity and RNA 
extraction method on RNA yield and integrity 
after LCM

Serial SN tissue sections were processed for rapid TH 
immunofluorescence and they were used to determine the 
optimal amount of microdissected tissue, and the most 
accurate RNA extraction method necessary for combined 
LCM and gene expression studies (Fig. 4a, b). A total area 
of 0.4 or 1 mm2 of the SN was microdissected, and the 
RNA was extracted by the Trizol method (based on phase 
separation) or the Qiagen RNeasy Micro kit (based on sepa-
ration by columns). Then, the RNA yield and RIN were cal-
culated. After laser microdissection of 0.4 mm2, the RNA 
obtained by the phase separation method showed a yield of 
87.2 ± 31.1 pg/µl per  mm2 and a RIN value of 1.9 ± 0.9, 
indicating that RNA was totally degraded (Fig. 4c, d). 

Table 1  Capture success of the microdissected process using sub-
stantia nigra tissue sections with different thicknesses (10 or 20 µm) 
and mounted onto different slides (glass or PEN-membrane coated)

The capture success was calculated as the percentage of selected tis-
sue that was dissected by the laser: good (+++), 100%; fair (++),< 
100%; and bad (+), <50%

Section thickness (µm) Slide type Capture success

10 Glass +
10 Membrane coated +
20 Glass +++
20 Membrane coated ++
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By contrast, the RNA extracted using the column-based 
method showed a similar yield (96.1 ± 7.4, p > 0.05), but 
a RINvalue was significantly higher (6.6 ± 0.5, p < 0.05) 
compared with the RNA obtained by the phase separa-
tion method (Fig. 4c, d). These results suggest the use of 

the column-based method to extract RNA with the qual-
ity required for RT-PCR studies of small microdissected 
areas. After laser microdissection of 1 mm2 of tissue area, 
the RNA obtained using the phase separation method 
showed a yield of 287.3 ± 56.5 pg/µl per  mm2, which was 

Fig. 3  Images of SN tissue 
dissected and catapulted to the 
microtube cap after LCM (a, 
b) and showing the differences 
between a bad (a) and good (b) 
capture success. Microphoto-
graphs of rat substantia nigra 
(SN; 20 µm thick) sections 
mounted on glass slides (c, d) 
or PEN membrane coated slides 
(e, f) and stained with neutral 
red. Comparison between 
images obtained before (c, e) 
and after (d, f) laser microdis-
section showed that glass slides 
allowed a better tissue capture 
success compared with mem-
brane coated slides. The RNA 
obtained from 20 µm-thick 
tissue sections mounted on glass 
slides showed a greater yield 
compared with 10 µm-thick 
tissue sections mounted on glass 
slides (hash) and 20 µm-thick 
tissue sections mounted on 
PEN membrane-coated slides 
(asterisk) (g). The RNA 
obtained from 20 µm-thick 
tissue sections mounted on 
glass slides showed a higher 
RIN compared with RNA from 
10 µm-thick tissue sections 
mounted on glass slides (hash), 
but similar to 20 µm-thick tis-
sue sections mounted on PEN 
membrane-coated slides (h). 
The RNA yield was determined 
by dividing the concentration 
of RNA (pg/µl) per area  (mm2). 
The RNA integrity number 
(RIN) ranged from 1 to 10. 
Data represent mean ± stand-
ard error of the means (SEM). 
*p ≤ 0.05 compared with glass 
slide. #p ≤ 0.05 compared with 
10 µm-thick. Two-way ANOVA 
and Bonferroni post hoc test. 
SNc substantia nigra pars com-
pacta, SNr substantia nigra pars 
reticulata. Scale bars 150 µm
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slightly, but not significantly (p > 0.05), higher compared 
with the yield obtained from 0.4 mm2 microdissected areas 
(Fig. 4c). Additionally, the RNA integrity showed a RIN 
value of 6.4 ± 0.7, which was significantly higher com-
pared with the RIN of RNA from 0.4 mm2 microdissected 
areas (Fig. 4d), and was appropriated for subsequent gene 
expression studies (Schroeder et al. 2006).

The RNA obtained using the column-based method 
showed a significantly higher yield (512 ± 64 pg/µl per 
 mm2, p < 0.05) compared with the RNA yield obtained 
from the same microdissected area using the phase sepa-
ration method (Fig. 4c). In addition, the RIN value 
(6.5 ± 0.6) was similar to the value showed by 1 mm2 
microdissected areas that were processed using the phase 
separation method (Fig. 4d). Finally, RNA obtained from 
tissue areas of 1 mm2 using the column-based method 
showed a higher yield, but similar integrity, compared 
with 0.4 mm2 of SN tissue area. Taken together, these data 

indicate that a column-based method is more suitable com-
pared with the phase separation method to extract RNA 
from small and large microdissected tissue regions. How-
ever, a phase separation method may be used for obtain-
ing RNA with the minimum quality required for gene 
expression studies when using large microdissected tissue 
regions.

Optimized laser capture microdissection protocol 
combined with RT‑PCR for gene expression analysis 
in the substantia nigra

Two genes of the renin–angiotensin system and three genes 
specifically expressed by dopaminergic neurons were 
used to evaluate the success of combining LCM and RT-
PCR for gene expression studies. The gene GAPDH was 
used as housekeeping. Firstly, we assessed the expres-
sion of these genes in ventral mesencephalic homogenates 

Fig. 4  Microphotographs showing rat substantia nigra (SN) sec-
tions processed for TH immunofluorescence before (a) and after 
(b) laser microdissection process. RNA obtained from 1 mm2 tissue 
areas using a column-based method showed a higher yield compared 
with RNA from 0.4 mm2 tissue areas processed by the same method 
(hash) or from 1 mm2 tissue areas processed by a phase separation 
method (asterisk) (c). RNA obtained from 0.4 mm2 tissue areas by 
a column-based method showed a higher RIN compared with RNA 
obtained from 0.4 mm2 tissue areas and processed by a phase sep-
aration method (asterisk). Additionally, the RNA obtained from 

1 mm2 tissue areas by a phase separation method showed a higher 
RIN compared with RNA from 0.4 mm2 tissue areas processed by a 
phase separation method (hash) (d). The RNA yield was determined 
by dividing the concentration of RNA (pg/µl) per area  (mm2). The 
RNA integrity number (RIN) ranged from 1 to 10. Data represent 
mean ± standard error of the means (SEM). *p ≤ 0.05 compared 
with phase separation method. #p ≤ 0.05 compared with 0.4 mm2. 
Two-way ANOVA and Student–Newman–Keuls post hoc test. SNc 
substantia nigra pars compacta, SNr substantia nigra pars reticulata. 
Scale bars 150 µm
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(positive control) by RT-PCR analysis. We found that 
all these genes were expressed in the homogenates and 
they showed the following threshold cycle (Ct) values: 
25.9 ± 0.7 (AT1 receptor), 24.5 ± 1.4 (AT2 receptor), 
22 ± 0.05 (D2R), 19.5 ± 0.04 (DAT), 20.4 ± 0.1 (TH), 
and 15 ± 0.05 (GAPDH). The Ct value is inversely pro-
portional to the level of gene expression, and it has been 
shown that genes with Ct values >7 Ct points larger than 
the Ct for the housekeeping gene are expressed at too low 
levels (Amisten 2016). Based on Amisten´s classification, 
AT1 and AT2 receptors were scarcely expressed in the ven-
tral mesencephalic homogenates, whereas D2R, DAT and 
TH were, as expected, abundantly expressed.

Subsequently, all these genes were used to assess how 
our optimized LCM protocol works with transcripts show-
ing low (i.e., AT1 and AT2 receptors) or high (i.e., TH, DAT 
and D2R) expression. As conclusion of the above-men-
tioned results, the optimized protocol for LCM consisted 
of tissue sections 20 µm-thick mounted on glass slides 
and processed for rapid TH immunofluorescence (Fig. 5a, 
b). A total tissue area of 1 mm2 was microdissected using 
the PALM MicroBeam system and the RNA was extracted 
using a column-based method. The RT-PCR analysis con-
firmed that all of the genes studied were expressed in the 
healthy rat SN after LCM (Fig. 5c). The Ct values for each 
gene were: 35.9 ± 0.4 (AT1 receptor), 32.1 ± 0.3 (AT2 
receptor), 27.2 ± 0.5 (D2R), 22 ± 0.3 (DAT), 23 ± 0.4 
(TH), and 21.8 ± 0.4 (GAPDH). In addition, the expression 
of these genes was confirmed by loading the PCR products 
on agarose gels (Fig. 5c).

Discussion

In the present study, we developed a LCM protocol to 
obtain enough high-quality RNA for subsequent gene 
expression analysis. Although our study used SN tissue 
sections, the suggested LCM protocol could be applied to 
study other brain regions. RNA is a very labile biomole-
cule that is easily degraded during manipulation. Therefore, 
since LCM and gene expression studies work with low 
amounts of material, special cautions must be taken to pre-
serve RNA yield and integrity, which are decisive for PCR 
analysis. The RNA yield and/or integrity, and thus gene 
expression studies, can be affected negatively by tissue 
manipulation, LCM process and RNA extraction. The pre-
sent study has optimized these three critical steps, particu-
larly for the PALM LCM system. Our results showed that 
the optimal LCM protocol required the use of 20 µm-thick 
tissue sections mounted on glass slides and processed 
for rapid TH immunofluorescence. Additionally, a total 
microdissected tissue area of 1 mm2 and a column-based 
RNA extraction method led to the highest RNA yield and 

integrity. Using this optimized LCM protocol, we demon-
strated the expression of two genes expressed at low lev-
els in the healthy rat SN (i.e., AT1 and AT2 receptors). The 
present LCM protocol could be used to study the expres-
sion of numerous (either scarcely or abundantly expressed) 
genes in the different brain regions of mammals under both 
physiological and pathological conditions.

Effect of tissue staining on RNA yield and integrity 
before LCM

Tissue preparation before LCM, and particularly tissue 
staining, is a critical step for RNA preservation since 
it can be degraded by endogenous and environmental 
RNases. Therefore, during tissue manipulation all the 
reagents, materials and surfaces need to be decontami-
nated with RNase inhibitors (Esposito 2007; Field et al. 
2011). In addition, some fixatives, that are required for 
tissue preservation, can interact with RNA affecting its 
stability. For these reasons, it is preferable to use fro-
zen unfixed tissues (Curran et al. 2000; Decarlo et al. 
2011; Kerman et al. 2006; Murray 2007), although 
paraffin-embedded tissue has also been used (Fedoro-
wicz et al. 2009; Watanabe et al. 2015). When neces-
sary, chemical fixatives like ethanol or acetone are used 
at low incubation times (Eltoum et al. 2002; Hernandez 
and Lloreta 2006). The use of conventional stains or 

Fig. 5  Microphotographs from rat substantia nigra (SN) sections 
processed for TH immunofluorescence before the laser microdissec-
tion process (a, b). The area of interest is selected using the PALM 
RoboSoftware before microdissecction (b). Expression of AT1 and 
AT2 receptors, the dopaminergic markers D2R, TH, and DAT and the 
control gene GAPDH in the microdissected rat SN (1 mm2) as deter-
mined by RT-PCR and agarose gel electrophoresis (c). Rat ventral 
mesencephalic homogenates were used as positive control (C+), and 
RT-PCR mixes (without tissue samples) were used as negative control 
(C−). Scale bars 150 µm
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immunohistochemical techniques can identify specific 
cell populations. However, the protocols for these stain-
ing methods must be shortened to prevent RNA modi-
fication and/or degradation (Brown and Smith 2009; 
Decarlo et al. 2011; Murray 2007; Tangrea et al. 2011, 
Wang et al. 2006).

Our results showed that both neutral red staining and 
a rapid TH immunofluorescence method did not affect 
the RNA yield compared with unstained sections. In 
addition, only neutral red staining, but not TH immu-
nolabeling, slightly decreased the RNA integrity com-
pared with control sections. However, the RNA integrity 
obtained after both types of tissue staining was suffi-
ciently good and compatible with subsequent RT-PCR 
studies (Schroeder et al. 2006). These results are consist-
ent with previous studies that used general stains, such 
as neutral red, cresyl violet or hematoxyilin–eosin in 
kidney and brain tissue sections (Kerman et al. 2006; Yee 
et al. 2014). These authors showed a mildly decreased 
RNA integrity after tissue staining that allowed gene 
expression analysis.

However, when a precise delimitation of the tissue 
region or a subpopulation of cells is required, a general 
stain method must be replaced by immunohistochemical 
techniques. In the present study, we have demonstrated 
that combining immunohistochemistry and LCM requires 
shortened protocols to prevent RNA degradation. In addi-
tion, we have also observed that the immunofluorescence 
method preserve the RNA yield and integrity better than 
enzymatic immunohistochemical method. This result 
could be explained because immunofluorescence meth-
ods usually require less tissue manipulation compared 
with enzymatic immunohistochemical methods. Interest-
ingly, we have developed a shortened immunofluores-
cence method for the dopaminergic marker TH. Our data 
showed that a rapid TH immunofluorescence preserves 
RNA integrity better than neutral red staining, and can 
also be used for combining LCM with gene expression 
studies. Moreover, since TH immunofluorescence delim-
ites more precisely the borders of the SN, it will be more 
appropriate than neutral red for LCM studies in the SN.

Regarding the RNA yield, our results showed that it 
was not affected by either neutral red or rapid TH immu-
nofluorescence. This is consistent with previous results 
obtained in hippocampus tissue sections (Vincent et al. 
2002). However, Kerman et al. (2006) observed higher 
RNA yield using neutral red-or cresyl violet-stained tis-
sue sections compared with using unstained sections. 
Since RNA concentration measurements do not take into 
account the integrity of RNA, the presence of fragmented 
RNA may lead to confusion. For that reason, both RNA 
yield and integrity have to be analyzed when a LCM pro-
tocol is being optimized.

Effect of tissue preparation conditions on tissue capture 
success and RNA yield and integrity after LCM

During the LCM process, the capture success depends on 
the tissue section thickness and the slide type (Curran et al. 
2000; Decarlo et al. 2011; Espina et al. 2006). However, 
the effect of these parameters on RNA yield and integrity 
had not been studied previously. Our results showed that 
10 µm-thick tissue sections, regardless of the slide type 
used (glass or PEN membrane-coated), are not adequate 
to capture microdissected tissue. The RNA yield was too 
low, and the RNA was totally degraded and not adequate 
for subsequent RT-PCR analysis. However, the capture 
success and RNA yield were higher using 20 µm-thick tis-
sue sections than using 10 µm sections. This result could 
be explained by the lesser adhesion to the slide showed by 
20 µm-thick tissue sections compared with 10 µm sections. 
Therefore, thicker tissue sections could facilitate tissue cat-
apulting by the UV laser of the PALM system.

There is a previous study using the Arcturus LCM sys-
tem that determined the effect of tissue thickness on the 
capture success (Espina et al. 2006), although RNA yield 
and integrity were not analyzed. In particular, Espina et al. 
(2006) described that 5 µm or thinner tissue sections did not 
allow for obtaining the tissue quantity required for further 
studies. Additionally, they showed that 15 µm or thicker 
tissue sections were not adequate for microdissection. The 
discrepancies with the present study could be explained 
by the LCM system and the laser type used. Whereas the 
Arcturus system possesses a low-energy infrared laser, the 
PALM system uses a high energy UV laser (Sluka et al. 
2008), which can catapult thicker tissue sections compared 
with an infrared laser. In summary, this is the first study 
showing the effect of section thickness on RNA yield and 
integrity of microdissected tissue. Our results open the door 
to new studies using other tissues and microdissection sys-
tems. Our data suggest that the capture success is directly 
related to the yield and integrity of the obtained RNA.

Regarding the slide type, the PALM system can use 
glass or PEN membrane-coated slides (Lu and Szeto 
2011). It has been claimed that membrane-coated slides 
make it possible to capture greater tissue areas with lower 
laser intensity and time compared with glass slides (Kum-
mari et al. 2015; Sluka et al. 2008). However, our results 
showed that LCM of 20 µm-thick tissue sections mounted 
on glass slides led to higher capture success and RNA 
yield compared with those from sections mounted on PEN 
membrane-coated slides. However, RNA integrity was 
similar in glass and membrane slides and compatible with 
gene expression studies. The higher capture success and 
RNA yield obtained with glass slides compared with PEN-
membrane slides could be due to the increase in adhesion 
between tissue and PEN-membrane slides.
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Effect of microdissected tissue quantity and RNA 
extraction method on RNA yield and integrity 
after LCM

In LCM studies, two different type of extraction methods 
have been used to preserve the RNA yield and integrity: a 
phase separation method (i.e., Trizol) (Sluka et al. 2008) or 
a column-based method (i.e., RNeasy Micro kit) (Brown 
et al. 2013). We have found that for a small (0.4 mm2) 
microdissected area, the RNA extraction method based 
on columns, but not the phase separation method, led to a 
good RNA quality compatible with subsequent RT-PCR 
studies. This RNA extraction method preserves the RNA 
integrity of low amounts of RNA obtained from small tis-
sue areas. However, additional studies are necessary to 
process smaller tissue regions or individual isolated cells. 
Regarding larger microdissected areas (1 mm2), the integ-
rity of the RNA extracted by a column-based or a phas-
eseparation method was similar and enough for further 
gene expression studies. However, the column-based RNA 
extraction method led to higher yield compared with the 
phase separation method. The present results indicate that 
column-based RNA extraction methods are more appropri-
ate than phase separation methods for RNA extraction from 
either small or large microdissected areas. However, phase 
separation methods are widely used for preparation of total 
homogenates of tissues, and may be used for LCM studies 
of large microdissected tissue areas.

Optimized laser capture microdissection protocol 
combined with RT‑PCR for gene expression analysis 
in the substantia nigra

In the present study, we showed that AT1 and AT2 recep-
tors are expressed at low levels in ventral mesencephalic 
homogenates from young control rats. This result is in 
agreement with the previous results obtained at our labo-
ratory using molecular biology techniques (Villar–Cheda 
et al. 2010, 2012). These results were confirmed using 
immunohistochemical studies that showed the localiza-
tion of AT1 and AT2 receptors within the SN of rats, mon-
keys, and humans (Garrido-Gil et al. 2013; Joglar et al. 
2009; Rodriguez–Pallares et al. 2008). These receptors 
are expressed at low levels in healthy young brains and 
increase in pathological conditions such as those contribut-
ing to the development of Parkinson’s disease (for review 
see Labandeira-Garcia et al. 2011, 2012, 2014). Their 
low expression in control animals is a handicap for stud-
ies using a low amount of tissue such as LCM methods. 
For this reason, the optimization of the LCM protocol is 
critical. Interestingly, the present validated LCM protocol 
combined with RT-PCR confirmed that AT1 and AT2 recep-
tors are expressed in the healthy rat SN. In addition, we 

have demonstrated that our LCM and RT-PCR combined 
protocol is also appropriate for transcripts that are highly 
expressed, such as the dopaminergic markers TH, DAT, 
and D2R. The present methodology is particularly inter-
esting. Firstly, because LCM plus RT-PCR studies prevent 
the problems associated with the use of possible unspecific 
antibodies during immunohistochemical analysis. Sec-
ondly, because LCM plus RT-PCR analysis allows for the 
study of an isolated tissue region of interest, while tissue 
homogenates commonly used for biochemical studies usu-
ally include unwanted adjacent structures.
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