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1. Introduction

Formalin-fixation (FF) is the standard and in some cases the only method for histological

tissue preparation when long-term preservation is necessary. For this reason, FF samples are

more widely available compared to frozen samples, and are often associated with more

extensive clinical records and follow-up information (Yost et al. 2012). Although less

optimal for immunohistochemistry assays compared to frozen samples, FF avoids the

formation of ice crystals within the cells that usually affect cellular morphology and tissue

architecture (Bedewi and Miller 2013) and is thus advantageous for the visualization and

identification of specific cell types. Identification of specific cell types is crucial in genetic

studies, since different cells have distinct genetic signatures, which becomes in particular

important when analyzing complex tissues, such as the nervous system (Muotri and Gage

2006).
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A challenging problem with long-term FF samples, however, is the extraction of sufficient

amounts of intact genetic material, including messenger RNA, because of its rapid

degradation over time (van Maldegem et al. 2008). In contrast, small RNAs have a higher

chance of surviving in long-term FF samples, and represent an alternative for genetic

analysis associated with specific cell types (Culpin et al. 2013). These small molecules, such

as micro RNAs (miRNAs), play an important role as postranscriptional repressors of gene

activity, that tends to be tissue- and cell-type specific, especially in the nervous system

(Smirnova et al. 2005; Mattick and Makunin 2006; Xu et al. 2011). Compromised miRNA

profiles exist in several neurologic disorders, including Alzheimer’s, Parkinson’s,

Huntington’s disease, and certain types of dementia(Gascon and Gao 2012; Hsu et al. 2012).

Thus, the challenge is to use the availability of FF samples to analyze the genetic

architecture of specific cell types, focusing on their miRNA profiles. Although laser-capture

microdissection (LCM) and RNA extraction are common techniques, they have not

successfully been used together on long-term FF samples to target a specific cell type.

Messenger RNA and miRNA from FF samples were previously extracted from cells, but the

population comprised highly heterogeneous cell types (Li et al. 2013a), even when the

analysis focuses on long-term FF tissue (Ribeiro-Silva et al. 2007). Morphologic and genetic

analysis have been applied to specific cell types using LCM, but the cells were collected

from newly FF samples (Jin et al. 2003), and so RNA degradation over time did not apply.

Here, we describe a method for extracting small RNAs from samples that were stored in

formalin for several years. To demonstrate the applicability of the method, we used two

samples from different parts of postmortem brain tissue. One sample (S1)comes from the

cortex of a brain stored in formalin for over 21 years, in which wealso targeted neocortical

pyramidal neurons, representing the most common morphological type of neuron in the

cortex. For this sample, we then used LCM to collect pyramidal neurons specifically from

supragranular cortical layers (layers II/III). Another sample (S2) corresponds to a mixed

population of cortical and subcortical cells from the brain previously stored in formalin for

over 6.5 years and then paraffin embedded for more 20 years. For both samples, we

extracted small RNAs for high throughput sequencing (HTS) and bioinformatics analysis for

small RNA detection, including several miRNAs. Our strategy is the first proof-of-principle

demonstration that LCM coupled with HTS can be applied to long-term FF brain samples to

analyze molecular aspects of neuronal identity.

2. Materials and methods

2.1. FF samples

Two brain samples from long-term FF tissue were utilized. One sample (S1) was comprised

of a series of cortical sections obtained from the brain of a 31 year-old male fixed in

formalin for 21 years.The postmortem interval for fixation was 28.5 hoursfor the S1 sample.

Prior to sectioning, small (3 × 3 × 3 mm) blocks of tissue from S1 wascryoprotected by

immersion in a series of sucrose solutions in phosphate buffer (10%, 20%, and 30%). The

blocks were sectioned at a thickness of 10μm in a cryostat, and sections were placed onto

glass slides (Fig. 1A). The second sample (S2) consisted of a series of cortical and

subcortical sections obtained from a brain of a 16.5 year-old malepreviously stored in
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formalin for over 6.5 years and then paraffin embedded for more 20 years. S2 was preserved

by immersion in a solution of 4% formalin no more than 24 hours after the individual’s

death. The brain was embedded in paraffin, sectioned at 20μm in the coronal plane, and then

stored at room temperature.

Additional information for sample characterization becomes necessary for studies focusing

on comparing different sources of material. Here, our aim is to demonstrate that it is feasible

to rescue small RNA from long-term fixed samples.The use of brain tissue subjects used in

this research were approved by UC San Diego, Environment, Health and Safety

(authorization number R1050), and covers inherently subject permission/authority.

2.2. Neuroanatomical identification and laser-capture microdissection

For the cortical S1 sample, sections of FF tissue were stained with a 0.25% concentration of

thionin for the visualization of cells, and dehydrated in xylenes. The staining allowed for

identification of the typical six-layered cellular organization of the cortex (layers I to VI;

Fig. 1A). We were thus able to target individual cells based on their layer affiliation, and we

focused specifically on supragranular cortical layers (layers II/III). Supragranular layers

were easily distinguishable in the sections; they are bordered superiorly by an acellular layer

I and inferiorly by a thin granular layer IV.

Layers II/III included pyramidal neurons and glia cells. Pyramidal neurons were

distinguished from glia based on their larger size, the presence of a large nucleus with a

distinct nucleolus, and an ovoid/pyramidal-shaped soma (Sherwood et al. 2006; Barger et al.

2012). Under microscopic guidance, individual pyramidal neurons from S1 were thus

identified and captured using the ArcturusPixcellI LCM system for LCM

(ArcturusBioscience Inc., Mountain View, CA), under 20x magnification.The optimal

section thickness for cell capture was 10 microns and the minimal spot size was focused to

7.5 microns. Pyramidal neurons were collected in cryovials in preparation for RNA

extraction (Fig. 1B). We manually selected and laser-capturedeach of the 5,000 layer II/III

cortical pyramidal neurons. They were collected across seven individual tissue sections,

representing an average of 714 collected neurons per section. Although based on a specific

cellular morphology, laser capture microdissection can collect cell fragments that are over

the desired cells to be collected, reducing but not compromising the purity of the dissected

material.

For the S2, a paraffin-embedded 20μm thick tissue section was dissected along the midline

and one hemisphere from the section in its entirety - including cortex and subcortical

structures, containing all neuronal morphotypes as well as glial cells - was submitted for

RNA extraction and further analyses. S2 was not subjected to LCM.

2.3. Small RNA extraction and isolation for HTS

Pyramidal neurons collected from S1 and mixed population from S2were subjected to

standard procedures to minimize the exposure to high RNAse activity and purified for RNA

extraction (Fig. 1B). Both samples were then processed for total RNA extraction using

Recoverall Total Nucleic Acid Isolation for FFPE (Ambion, Life Technology, USA)
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according to the manufacturer’s protocol. The initial paraffin removal step was omitted in

S1, since the sample was FF, but not paraffin-embedded.

To generate the small RNA libraries from cells of both S1 and S2 samples, isolation of small

RNA was performed by cutting out gel bands between 90 and 110 nt markers.

Quantification after cloning was performed using Envision Multilabel Reader 2013 from

PerkinElmer (Santa Clara, CA). Small RNA cloning was performed using Illumina’s Digital

Gene Expression kit (v1.5). In this procedure, a 3′ PCR adapter sequence is first ligated to

RNA, followed by ligation of a 5′ PCR adapter containing a barcode sequence. This barcode

is used for multiplex sequencing both to reduce sequencing expense and to minimize library

contamination from other cloned libraries. The RNA is then reverse-transcribed and

amplified using 12 cycles of PCR. A short PCR extension time enriches for small PCR

products that include miRNAs. Small RNAs are isolated by size using a 7% acrylamide gel,

and multiplexed libraries are sequenced using Illumina GA2 sequencing machine. The

~5,000 collected pyramidal neuronsfrom S1and the mix population of cells S2 whereboth

subjected to Illumina HTS, generating a total of 3,070,659 and 8,943,171 short single reads

with a length of 36 nucleotides long, respectively.Read length of 36 nt is long enough to

recognize small molecules since they are normally 15-30 bases long (smallRNAs including

microRNAs), and sequencing beyond this point only sequences the adapters. PCR adapters

for amplification are removed by software and remaining sequence is sufficient for small

RNA identification. Similar approach for small RNA sequencing of 36 nt reads was used by

different analysis, including functional studies of Ago1 proteins of microRNA pathway

(Yamakawa et al. 2014), detection of small RNAs in Human Herpesvirus 6B (Tuddenham et

al. 2012) and different in expression of smallRNAs from human left and right atrial (Hsu et

al. 2012).

2.4. Bioinformatics analysis of HTS data for miRNA recovery

The sequenced small RNA libraries were analyzed using a suite of bioinformatics software

(Fig. 1C). For quality control, raw data were first filtered using the software NGS QC

Toolkit (Patel and Jain 2012). This step takes into consideration read quality and sequence

contamination with different types of artifacts, such as sequencing amplicons or fragments

that are too short. High quality reads were then mapped against the human reference genome

(UCSC Hg19) with a fast and accurate short-read mapping software, Bowtie2 (Langmead

and Salzberg 2012). The mapping step followed an incremental approach in which filtered

reads were mapped without any mismatches (m=0). Those unmapped reads were then

mapped back again, allowing one mismatch (m=1), and then two mismatches (m=2). This

strategy allowed us to handle base-modifications caused by the RNA degradation of fixed

samples, taking also into account those modifications caused by biological factors, or by

sample manipulation. Then, genomic coordinates for the read-mappings were referenced to

the known small RNAs from human ENSEMBL database, which contains several distinct

families of small non-conding RNAs, including piwi-interacting RNAs (piRNA), small

nucleolar RNAs (snoRNA) and miRNAs coordinates, also annotated in miRBase, the most

complete miRNA repository database. Statistical expression analysis was not performed.

Samples were based on long-term FF samples having a small concentration of RNA. The

limited small number of collected cells from S2 and the fact that both samples are long-term
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FF tissuesthat have high level of RNA degradation over time can interfere on wrongly

modulating transcriptome expression levels. Although it is possible to detect small RNAs,

quantification analysis is hard to be connected with cell transcriptome expression because

degradation levels of different FF samples are not homogeneous over the time.

3. Results

We successfully detected small RNA insequenced samples from ~5,000 pyramidal neurons

from S1 and mix population of cells S2, both stored in long-term FF postmortem brain

tissue. The quantification procedure (see Material and Methods section) for the amount of

isolated and cloned RNA revealed a total of 0.565 ng and 0.34 ng of extracted RNA for the

cells from samples S1 and S2, respectively.

For the small RNA HTS of sequenced samples having cells from S1 and S2, the

bioinformatics pipeline for data quality check revealed 18,539 and 970,178 high-quality

reads, respectively. This is a significantly reduced number of reads compared to sequencing

newly FF samples (Li et al. 2013). Mapping those high-quality reads against the human

reference genome (Fig. 2A – Genome alignment) yielded a total of 71% successfully

mapped reads for data from LCM cells of S1, and 44% of successfully mapped readsfromS2

data against the same genome (Fig. 2B – Genome alignment). According to our approach,

the mapped reads from cells of S1 and S2 distributed over the genome with different

numbers of absolute mismatches (m). Most of reads from LCM S1 sample have 0

mismatches (m=0), 61% on total, 1% have one exact mismatch (m=1) and the other 37%

mappings have 2 mismatches (m=2) (Fig. 2A – Alignment mismatches). Similarly, the

mapping of S2 data was distributed over the genome with most of reads having m=0, 65%

on total, 26% having m=1 and the other 9% mappings with m=2 (Fig. 2B - Alignment

mismatches). The computational approach was designed for only 1 and 2 mismatches for 36

nt sequenced libraries. Allowing more than two mismatches significantly increases the

number of repetitive alignments over different classes of smallRNAs and, consequently, the

number of detected false-positive molecules.

Annotation coordinates of the ENSEMBL database were then compared with those mapped

reads against the human reference genome, yielding a total of 1,326(Fig. 2A - ncRNA) and

3,476 (Fig. 2B - ncRNA) identified ncRNAs for pyramidal neurons from S1 and mixed

population of cells from S2, respectively. Within these mappings, considering up to 2

mismatches, in S1 cells we identified 29 annotated miRNA (Supplemental Table S1a), 83

piRNA (Supplemental Table S2a) and 1,505 other ncRNA (Supplemental Table

S3a).Formappings of S2 data over genome, applying exactly the same computational

approach, we identified 89 annotated miRNA (Supplemental Table S1b), 176 piRNA

(Supplemental Table S2b) and 3,219 other ncRNA (Supplemental Table S3b). Some of

these detected sRNA were found to be common in both pyramidal cells from S1 and mixed

cells from S2, such as 15 miRNA (Fig. 2D), 12 piRNA (Fig. 2E) and 584 other ncRNA (Fig.

2F).
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4. Discussion

A significant contribution of our methodology was to systematically uncover miRNAs and

other families of small RNAs using cutting-edge genomic and neuroanatomic techniques to

target a specific morphologic class of neurons, extracted from a specific laminar site.

Although RNA extraction has been performed to some degree on FF tissue, the most

common method for brain preservation, it is still challenging to isolate genetic material since

long-term fixation degrades messenger RNA over time. Small RNA, such as miRNA and

piRNA, however, does not degrade to the same degree as messenger RNA(Li et al. 2007;

Ravo et al. 2008).

In this study, we demonstrated theuse of LCM to collect cortical pyramidal neurons

specifically from supragranular cortical layers (layers II/II), and compared the results with a

sample of mixed populations of cells from cortical and subcortical postmortem brain tissues.

The application of LCM focused on pyramidal neurons since they are the most common

morphologic type of neuron in the cortex, they form the basic units of cortical

microcircuitry, and they often display morphologic modifications associated with neurologic

disorders (Gascon and Gao 2012). Similarly, deficiencies in miRNA activity are described

in several disorders and may represent a compromise in regulatory mechanisms underlying

the appearance of neuronal pathologies (Gascon and Gao 2012).

The cells from S1 and S2 samples were treated for RNA extraction and isolation, and we

successfully recovered miRNAs. This was accomplished by using HTS on isolated RNA, so

that we were able to manage the high degradation levels previously observed in long-term

FF samples (van Maldegem et al. 2008). In this way, we were able to rescue thousands of

high quality short RNA fragments. Our in silicoincremental approach based on the number

of mismatches specifically mapped the reads against different classes of small RNA. Some

of these transcripts includes miRNA molecules that were detected in both targeted

pyramidal neurons from S1 and mixed population of cells from S2 (Fig. 2C), such as the

brain-specific miRNA hsa-mir-9-3 (Liu et al. 2010) that is only expressed in the nervous

system; hsa-mir-206, which targets the BDNF gene that is involved in several neural

pathways, including the survival, growth, and maturation of neurons and synapses (Chen et

al. 2013); has-mir-342, which targets the EVL gene that is related to control processes

dependent on cell polarity such as axon outgrowth and guidance(Dent et al. 2011); and hsa-

mir-148b, which targets to NPTX2 gene that is involved in excitatory synapse formation

(Bjartmar et al. 2006).

Although we did not use of the most recent method for RNA library preparation, we were

also able to detect expression of a miRNA, hsa-mir-155, that was not previously described

to be expressed in neurons.It has only been shown that has-mir-155 is expressed by other

human nervous cells, including glial (Cardoso et al. 2012) and astrocytes (Tarassishin et al.

2011). To support the evidence that hsa-mir-155 is expressed by neurons since its expression

was detected in long-term FF samples that are prone to degradation, we analyzed and

independent smallRNA sequencing databank, generated with HTS of FAC-sorted

(fluorescence-activated cell sorted) neuronsobtained by the induced pluripotent stem cell

(iPS) technology(Marchetto et al. 2013).Applying a bioinformatics approach based on non-
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redundant sequence alignment (reads that align exclusively in one genome locus), we found

expression of hsa-mir-155 in two independent biological replicates ofiPS-derived neurons

(Fig. 3G). This miRNA can represent, although never previously reported for neurons, an

important candidate for studies related with neuron phenotype since one possible target for

hsa-mir-155 is the JARID2 gene, that is involved in regulating cell proliferation and neural

tube formation (Walters et al. 2013).

Additionally, some identified miRNAs we detected in cells from both S1 and S2 samples are

involved with genes that act in several cellular processes (Fig. 2C), such as hsa-mir-99a,

which targets the MTOR gene, regulating cell growth, cell proliferation, cell motility, cell

survival, protein synthesis, and transcription (Chen et al. 2013) and hsa-mir-25, which

targets the CALN1 gene, a brain-specific gene that is involved in calcium signaling

transduction by binding calcium ions inside cells (Wu et al. 2001). These detected miRNA

potentially target specific genes are directly involved with brain regulation and activity,

suggesting that even in long-term FF samples we can perform genetic studies of specific

populations of cells. However, some brain specific miRNAs, such as has-mir-124 and has-

mir-9(Xu et al. 2011), were not detected by our bioinformatics analysis. Thus, RNA

degradation in long-term FF samples could be a potential explanation and limitation of the

current technique. Although it was also reported that miRNA can be up to 10x more stable

than messenger RNAs (Gantier et al. 2011), it is still unclear how stability varies between

different miRNA molecules. Recent findings suggests that miRNA stability can be

modulated by miRNA expression level and several other cohorts of factors that include

miRNA targets, small RNA degradation pathways, nucleotide content, evolution, associated

disease, and environmental factors (Kai and Pasquinelli 2010; Li et al. 2013b).

These results from LCM pyramidal neurons of S1 and from a mixed population of cells from

S2 can be expanded to detect new classes of small RNA, or types of brain-specific miRNA

as we did show for the hsa-mir-155 in neurons. For the collected pyramidal neurons from S1

sample, for example, increasing the number of laser-captured neurons could further increase

the number of sequenced reads from the 18,539 high-quality reads that we obtained for

small RNA detection. Increasing the number of laser-captured neurons could also increase

the possibility of recovering sparser miRNAs, which might be more affected by the

degradation and low concentration of RNA. In the mixed population of cells from S2,

although more than 89% of sequenced readshave low-quality (removed after filtering step),

the higher amount of high-quality reads compared to cells from S1 sample,enabled us to

detect more molecules (2,615 ncRNA)that were not detected in data from S1 sample (Fig.

3G). Although in this study we focused specifically on pyramidal neurons when using LCM,

the method can also be used to study other cell types based on known anatomic criteria.

Furthermore, we can also take advantage of the wide availability of long-term FF samples

since they often have a more extensive clinical follow-up (Yost et al. 2012), opening a

possibility to examine genetic aspects of various pathologies for which fresh samples are not

available and cell morphology is necessary.

We plan to apply this approach to multiple comparisons involving various cell types and

cortical areas in our future experiments since our aim, as a proof-of-principle only, was to

demonstrate that it is possible to rescue small RNA from long-term fixed samples. Although
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it could be interesting to compare frozen fixed with fresh tissue samples, such direct

comparison is not feasible methodologically. FF tissues are stored in brain banks either

frozen or fixed and thus using samples from different brains or different parts of brain would

have challenges of its own due to variability.Although streamlining the technique involved

considerable effort, efficient application of our method is feasible using state of the art LCM

technology, and thus complimentary and even advantageous to other approaches. As a

proof-of-principle, we demonstrate that our method can even work for a mixed population of

cells from the brain, or for a small population of ~5,000 cells. However, by increasing the

number of collected cells and the number of analyzed samples we could increase the number

of detected microRNAs as well as the confidence of results. This could also allow for

correlation of the number of collected cells with the number of detectable microRNAs.

Taking into account that formalin-fixation has been a standard for decades and in some

cases is the only method for histological tissue preparation when long-term preservation is

necessary, our method has several potential applications even with a limited number of

detected smallRNAs. Studies of rare neurological disease, for example, can be performed to

detect small molecules when the tissue material is only available in formalin fixed material.

The method can be useful in conducting evolutionary studies, where few available

comparative specimens hinder the analyses of uniquely human regulatory aspects associated

with brain expansion. Our method can be further expanded for the analysis of other rare and

endemic disease, and promote additional analyses of FF pathological specimens which have

been kept in formalin for several decades.

5. Conclusion

Previous studies involving small RNA analysis at the nucleotide resolution using FF

samples were based on RNA extraction of highly heterogeneous populations of cells, as we

did for the mixed population of cells from S2 sample, or originated from freshly FF samples.

This is the first study to analyze a specific class of cells from long-term FF samples.

Extraction and analysis of small RNAs from a target population of neurons opens the

possibility for obtaining genetic information from the long-term FF specimens in which

mRNA and long non-coding RNA are unlikely to be rescued in sufficient amounts for

quantitative analyses. Additionally, our results reveal that the entireprocedure involving

LCM, small RNA extraction using HTS, and bioinformatics analysis can be applied to

samples of varying fixation times, even those over 21 years as we did for pyramidal cells

from S1 sample. Even with the use of such long-term fixed samples, we found, for the first

time, that hsa-mir-155 is expressed in analyzed samples from FF brain tissue. This evidence

of expression was used to design an in silico experiment to confirm that hsa-mir-155 is

expressed in neurons, supported by two biological replicates of sequenced small RNAsfrom

cultured neurons(Marchetto et al. 2013). This approach has the potential to contribute

substantially to the study of neuronal diversity in humans and other primates and to

understanding the molecular pathology underlying neurological diseases, revealing true the

molecular players in specific neuronal types.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highligths

• We detected microRNA from formalin fixed brain stored for over decades.

• Pyramidal shaped neurons can be collected by laser-capture microdissection.

• Sufficient smallRNA can be extracted from long-term laser-captured neurons.

• RNA from collected neurons can be subjected to smallRNA high throughput

sequencing.
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Figure 1. Laser-capture approach for pyramidal neurons isolation for miRNA extraction and
analysis
A, Sectioned postmortem brain tissue from a FF brain with the six cortical layers in a slide:

layer I, layer II, layer III, layer IV, layer V, layer VI. B, Laser-captured pyramidal neurons

in a cap, for RNA isolation and Illumina GA2 sequencing machine generating short

fragments (raw reads) of small RNA.C, Raw reads are filtered and then mapped against

human reference genome (Hg 19) considering zero mismatch (m=0), one mismatch (m=1)

and two mismatches (m=2), using the raw reads and then the unmapped set of reads having

at least one mismatch (m≥1) and two mismatches (m≥2), respectively. The final set of

unmapped reads is composed by those reads having at least three mismatches (m≥3)

compared to the reference genome.
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Figure 2. Small RNA profile from laser-captured neurons and mixed population of cells of FF
postmortem brain samples
A,Alignment characteristics of high quality reads from S1 sample: proportion of mapped

and unmapped high quality reads from S1 on human reference genome (Hg19); frequency

distribution of those genome mapped reads from S1 neurons considering different number of

mismatches: m=0, m=11 and m=2; mapped reads from S1 neurons overlapping genomic

coordinates of annotated ENSEMBL ncRNA transcripts; B,Alignment characteristics of

high quality reads from S2 sample: proportion of mapped and unmapped high quality reads

from S2 mixed population of cells on human reference genome (Hg19); frequency

distribution of those genome mapped reads from S2 mixed population of cells considering

different number of mismatches: m=0, m=11 and m=2; mapped reads from S2 mixed

population of cells overlapping genomic coordinates of annotated ENSEMBL ncRNA

transcripts. C, list of the fifteen common miRNA (miRNA code) to laser-captured S1

pyramidal neurons and S2 mixed population of cells. D, absolute number of common (15

miRNA) and specific miRNA molecules in cells from S1 (14 miRNA) and S2 (74 miRNA)

samples.E, Absolute number of common (12 piRNA) and specific piRNA molecules in cells

from S1 (71 piRNA) and S2 (164 piRNA) samples.F, Absolute number of common (584

ncRNA) and specific ncRNA molecules in cells from S1 (630 ncRNA) and S2 (2615

ncRNA) samples, not including those detected piRNA and miRNA molecules.G,

Representative view of human hsa-mir-155 miRNA transcript locus (in red) located at

chromosome 21 (positions 26946287-26946361 of human genome Hg19), band q21.3 (near

to band q21.2) and aligned reads from two samples, H_NE_1 (yellow) and H_NE_2 (blue),

downloaded from public databanks (GEO under accession number GSE47626),
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corresponding to sequenced small RNA data of human neurons, generated by induced

pluripotent stem cell technology (Marchetto et al. 2013).

Herai et al. Page 14

J Neurosci Methods. Author manuscript; available in PMC 2015 September 30.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript




