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Brain tissue from 1068 donors was analyzed for RNA quality as a function of postmortem interval (PMI) and
years in storage. Approximately 83% of the cortical and cerebellar samples had an RNA integrity number (RIN)
of 6 or greater, indicating their likely suitability for real-time quantitative polymerase chain reaction research.
The average RIN value was independent of the PMI, up to at least 36 hours. The RNA quality for specific
donated brains could not be predicted based on the PMI. Individual samples with a low PMI could have a poor
RIN value, while a sample with a PMI over 36 hours may have a high RIN value. The RIN values for control
brain donors, all of whom died suddenly and unexpectedly, were marginally higher than for individuals with
clinical brain disorders. Polymerase chain reaction (PCR) analysis of samples confirmed that RIN values were
more critical than PMI for determining suitability of tissue for molecular biological studies and samples should
be matched by their RIN values rather than PMI. Importantly, PCR analysis established that tissue stored up to
23 years at -80�C yielded high-quality RNA. These results confirm that postmortem human brain tissue
collected by brain and tissue banks over decades can serve as high quality material for the study of human
disorders.
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Introduction

Research utilizing animal models, particularly ge-
netic mouse models, provides insight into the mech-

anism of human diseases. Furthermore, the effects of many
external interventions can only be studied in animals due
to the ability to manipulate experimental conditions.
However, the unique characteristics of the human intellect
and human diseases require the study of the human brain
because research conclusions, and identification of po-
tential drugs developed for animal models, do not always
transfer to humans.1–3 Some researchers have expressed
the opinion that such criticism has been overstated, while
recognizing the importance of animal research.4 Promising
findings from animal studies need to be verified in hu-
mans. A significant number of studies can be performed on
living individuals. However, studies at the molecular level
in the human brain require either surgical or postmortem
tissue.

The suitability of postmortem human brains for research has
been analyzed with regard to a large number of potential var-
iables, such as manner of death, storage conditions of the body,
postmortem interval (PMI; the time between death and brain
processing),5–11 and length of time in storage.12 Additional
variables are different socioeconomic and nutritional status,
exposure to environmental toxins, as well as the co-mingling of
individuals of multiple genetic backgrounds. Nevertheless,
human postmortem tissue has been extensively studied, in-
cluding over 800 publications that are based on human tissue
donated to the University of Maryland Brain and Tissue Bank
(UMD-BTB, formerly the NICHD Brain and Tissue Bank for
Developmental Disorders; www.medschool.umaryland.edu/
btbank/Brain). This bank is a brain and tissue repository of
the NIH NeuroBioBank (https://neurobiobank.nih.gov).

Molecular biological studies from this tissue repository
have addressed many human diseases: X-linked adrenoleu-
kodystrophy,13 autism spectrum disorder,14–16 Alexander dis-
ease,17 amyotrophic lateral sclerosis,18 Angelman syndrome,19
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developing brain,20,21 diabetes,22 Down syndrome,23 epilep-
sy,24 Fragile X syndrome,25 Prader–Willi syndrome,26 Rett
syndrome,27 schizophrenia,28 Sturge-Weber syndrome,29 and
tuberous sclerosis.30 Postmortem human brain tissue has also
been used for detailed gene mapping.31

Families donate tissue to further research on diseases
affecting their family member; therefore, it is important to
demonstrate to both families and researchers that the stored
tissue retains its suitability for multiple types of research. In
this report, a cohort of 1068 donors to the UMD-BTB was
evaluated for RNA integrity number (RIN), pH, and gene
expression as a function of PMI, agonal conditions prior and
immediately after death, and years in storage. This study
demonstrated that high-quality RNA can be obtained from
tissue with a PMI up to 36 hours, but that the RNA quality
for a specific donated brain currently cannot be predicted. In
addition, frozen tissue stored for more than two decades at
-80�C retained very high quality of RNA and its value to
researchers who are studying human biology and diseases.

Materials and Methods

Donation of human tissue

All human tissue was collected by the UMD-BTB ac-
cording to legal provisions of the medical faculty of the
University of Maryland School of Medicine. The bank
functions under the supervision of two Internal Review
Boards (IRB): the IRB of the University of Maryland School
of Medicine and the IRB of the Department of Health and
Mental Hygiene of the State of Maryland. Consent was
obtained from the next of kin before tissue retrieval. The
majority of tissue donors resided in the United States and
Canada. Exclusion criteria for donation were contagious
infections, severe head trauma, and the use of ventilators
during the agonal period. The standard protocol was to fix half
the brain in phosphate-buffered formalin (10%) and section
and freeze the other half in an isopentane-dry ice mix (www
.medschool.umaryland.edu/btbank/Brain-Protocol-Methods/
Brain-Sectioning—Protocol-Method-2). A variety of systemic
tissue was also collected from some, but not all, donors.
The formalin-fixed tissue was stored in plastic containers at
room temperature. The frozen tissue was stored at -80�C in
heat-sealed plastic bags. The function of each freezer was
monitored continually. In case of freezer failure or loss of
electricity, staff are contacted by telephone and the event is
recorded. Each freezer had a backup system of liquid
carbon dioxide and emergency electrical generators.

Total RNA extraction

For gene expression studies, cases were selected from
control males with no known disorders. Real-time quanti-
tative polymerase chain reaction (RT-qPCR) was performed
on 12 samples for the RNA integrity (RIN) study, 15 sam-
ples for the PMI study, and 12 samples for the storage length
study. Approximately 60–80 mg of frozen tissue from the
prefrontal cortex and cerebellum was collected per case in
prechilled (dry ice) microcentrifuge tubes and immediately
stored at -80�C. To minimize RNA degradation, all mate-
rials and work surfaces were cleaned with RNaseZap
(Sigma-Aldrich, St. Louis, MO). Total RNA was extracted
using the Qiagen RNeasy Lipid Tissue kit (Qiagen, Hilden,
Germany). Frozen tissues were disrupted using the Bullet

Blender bead homogenizer (Next Advance, Averill Park,
NY). QIAzol Lysis Reagent (Qiagen) and 2.0 mm zirconium
oxide beads (Next Advance) were added to frozen tissue and
homogenized at a speed setting of 5 for 1 minute. The su-
pernatant was transferred to a fresh microcentrifuge tube
and incubated at room temperature for 5 minutes. Chloro-
form (200 mL) was added and the samples were shaken
vigorously for 15 seconds, then incubated for 3 minutes, and
centrifuged at 12,000 RPM at room temperature to separate
the homogenate into aqueous and organic phases. The upper
aqueous phase containing RNA (*600mLl) was removed
and 70% ethanol (600mL) was added to enhance the binding
conditions to the RNeasy spin column. The RNA sample
(600mL) was applied to a spin column and centrifuged at
8000 g for 15 seconds at room temperature. The flow-thru
was discarded. This step was repeated for the remaining
RNA sample. The sample was treated on-column with the
RNase-Free DNase set (Qiagen) to eliminate any residual
DNA in the sample. The column was rinsed with 500 mL
Qiagen buffer RPE, centrifuged 15 seconds at 800 g, and the
RNA was eluted with 100 mL of RNase-free water.

Determination of total RNA quantity, quality,
integrity, and pH

The concentration of RNA was measured with a Nano-
drop 2000 UV-VIS spectrophotometer (Thermo Scientific,
Wilmington, DE) and expressed as nanograms per microli-
ter. The integrity of the RNA samples was assessed by
sample preparation using Agilent RNA 6000 Nano Kits
(Agilent Technologies, Santa Clara, CA) and algorithmic
interpretation on the Agilent 2100 Bioanalyzerª (Agilent
Technologies). RNA samples were stained with an inter-
calating dye, separated by microcapillary electrophoresis
on gel-filled microfluidic chips, and detected by laser-
induced fluorescence creating an electropherogram.32 The
Bioanalyzer compares ribosomal RNA fragments (18S and
28S) of the sample electropherograms to a software algo-
rithm generating an RIN. The quality of ribosomal RNA,
as reflected by an RIN value, is utilized as an alternate
measurement of messenger RNA (mRNA) quality.32 The
pH was determined on a 10% (wt:vol) sample (200 mg) of
prefrontal cortex homogenized with a VWR pellet mixer in
2 mL Milli-Q water.

DNA extraction

The protocol from the DNeasy Blood and Tissue Kit
(Qiagen) was used to extract genomic DNA from frozen
cerebellum.33 Tissue lysis buffer (Qiagen) and 2.0 mm zir-
conium oxide beads (Next Advance) were added to the
sample and homogenized at a speed of 3 for 1 minute in the
Bullet Blender (Next Advance). Proteinase K (Qiagen) was
added to the supernatant and incubated for 2 hours at 56�C.
RNase A was added to the lysate. The lysate was added to
the spin column, and DNA was bound, washed, and eluted.
The concentration and the 260/280 ratio of DNA were
determined with a NanoDrop 2000 Spectrophotometer
(Thermo Scientific). DNA integrity was determined by gel
electrophoresis and ethidium bromide staining of DNA
isolated from brain tissue stored at -80�C for 0.5–1 and for
13–14 years.
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Complementary DNA synthesis and qRT-qPCR

A two-step protocol was used for reverse transcription
RT-qPCR. The Quantitect Reverse Transcription kit (Cat.
No. 205311; Qiagen) with genomic DNA elimination buffer
was used to synthesize complementary DNA (cDNA). For
each case, 2mg of total RNA was reverse transcribed in a
40 mL reaction volume. The final cDNA reaction was diluted
with an equal volume of RNase-free water (Qiagen). The
cDNAs were used as templates for RT-qPCR on Step-One
Plus Real-Time PCR System (Applied Biosystems, Darm-
stadt, Germany).

Ten genes were chosen to examine the effects of RIN,
PMI, and storage length on gene expression in postmortem
brain tissue. The genes were selected for their RNA half-
life: 4 hours (p21 protein-activated kinase 2 [PAK2], serpine
mRNA binding protein 1 [SERBP1], and tubulin, alpha
4a [TUBA4A]), 8 hours (aconitase 1, soluble [ACO1],
N-ethylmaleimide-sensitive factor attachment protein, al-
pha [NAPA], and peroxiredoxin 5 [PRDX5]), and stable
>48 hours (electron-transfer flavoprotein, beta polypeptide
[ETFB], glutathione S-transferase, mu 5 [GSTM5], ma-
lignant T cell amplified sequence 1 [MCTS1], and beta-
actin [ACTB]).34 The half-life calculation was based on the
degradation rate of existing transcripts after transcription
was blocked.34 A recent study demonstrated that many gene
transcriptions were increased after organism death.35 The
abundance of a transcript at a given time was determined by
its rates of synthesis and degradation.36 Assuming that the
postmortem transcription rate in each sample was relatively
constant, the degradation rate (half-life) was the major con-
tributing factor for transcript abundance. TaqMan Gene Ex-
pression Assays (Applied Biosystems) with specific primer/
probe mixtures were used for the following genes: PAK2;
SERBP1; TUBA4A; ACO1; NAPA; PRDX5; ETFB;
GSTM5; MCTS1; and ACTB. The amount of cDNA tem-
plate was optimized for each gene. All samples tested for
expression of a specific gene employed an equal amount of
cDNA template (Table 3)

The RT-PCR reactions were run in 96-well plates with a
total volume of 20 mL per reaction. Each reaction contained
10mL TaqMan Universal Master Mix II (2 · ) with uracil-N-
glycosylase (UNG), 1mL of TaqMan Gene Expression Assay
(20 · ), and the corresponding amount of cDNA (1.6–3.2mL)
and PCR-grade water (Roche Diagnostics, Indianapolis, IN).
RT-PCR reactions were prepared in triplicate for each of the
10 gene assays. Each plate contained nontemplate controls
and a primer/probe mixture for ACTB as a methodological
control. RT-PCR was run in the StepOnePlus (Applied
Biosystems) using the following thermocycler parameters:
2 minutes at 50�C, 10 minutes at 95�C, and then 40 cycles
of 15 seconds at 95�C and 1 minute at 60�C.

Statistical analysis

Correlations between two variables were tested by linear
regressions, where p-values represent whether the correla-
tion between variables reached significance and R2 values
illustrate fit of the data to the regression line. Differences
between multiple groups (comparison of multiple disease
conditions to controls; Table 1) were determined by analyses
of variance followed by a post hoc Bonferroni test. Differ-
ences between two groups (comparison of all conditions

together to controls; Table 2) were determined by t-tests.
Values were considered significant when p < 0.05. Star
symbols in figures represent levels of significance, *p < 0.05;
**p < 0.01; and ***p < 0.001.

Results

RNA quality and PMI

RIN values of all samples were determined in cortical
and cerebellar samples from 1068 donors (Fig. 1). Average
RIN values and standard deviation for the cortex and cere-
bellum tissue were, respectively, 6.9 – 1.24 and 7.1 – 1.4.
RIN values for cortex and cerebellum showed a correlation
of R2 = 0.46; p < 0.001. Pie charts in Figure 1A and B show
that over 80% of samples had RINs ‡6, an arbitrary point
used by some researchers to evaluate suitability of tissue for
molecular biological studies.33 A linear regression of data in
Figure 1 showed that, while there was a significant inverse
correlation between variables ( p < 0.001), the value of PMI
to predict RIN was very low (R2 = 0.013) in cortical tissue
(Fig. 1A). A similar finding was observed in the cerebellum
(Fig. 1B), where a linear regression showed that there was a
trend ( p = 0.06) for an inversion correlation between vari-
ables and the value of PMI to predict RIN was low
(R2 = 0.003). Figure 1C shows that the effect of PMI on RIN
was not evident, particularly before 36 hours.

RNA quality as a function of time in storage,
age of donor, and pH

The data for Figure 1 were analyzed with respect to the
number of years that the tissue had been stored at -80�C
before determination of RIN values, the age of donors, and
the pH of the brain tissue at the time of evaluation of RIN
values (Fig. 2).

Only a fraction of the data was explained by the tren-
dlines for Figure 2A–C due to variability of the results
(R2 = 0.01–0.03). Unexpectedly, RINs are significantly
positively correlated with years in storage for the cortical
tissue and the cerebellum. It is likely that this represents
variables such as the nature of the donors collected or site of
origin of the tissues.

RIN and agonal state

The agonal state, as defined by parameters prior and
immediately after death, has been implicated in the quality
of brain samples.5–11,34,37 These factors are not possible to
control, although the UMD-BTB excluded cases where the
donor had a respiratory infection or was on a ventilator.
Limited data on agonal state are known for cases collected
at sites other than the State of Maryland medical examiner.
The donors consented at the Office of the Chief Medical
Examiner (OCME) in Baltimore all died suddenly and
were placed in refrigeration when the body arrived at the
OCME. This allows a comparison of donors from the
former with donors with disorders who died under medical
or hospice care.

The cortical and cerebellar RIN values for Alzheimer’s
disease patients were consistently lower than the average
for all patient donors, even though the PMI for the same
patients was significantly shorter than for controls (Table 1).
A slightly higher average tissue pH for autism cases was
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unexpected since the RIN values were not statistically dif-
ferent. The average RIN values and pH of all cases with a
disorder were significantly different from controls. However,
the actual values did not vary by more than 0.7 RIN units.

RIN values of brain and systemic
tissue from the same donor

RIN values were analyzed relative to cerebellum using
multivariate regression (Table 2). Substantial differences in
RNA stability were observed depending on the tissue stud-
ied. The stability of RNA in brain is greater than in other
body tissue. Psoas muscle, heart, and testis had RIN values
*1 unit less than brain. The RNA extracted from liver,
lung, and kidney had reduced RIN values, while ileum and
spleen had significant RNA degradation.

Gene expression as a function of RIN values

The expression of 10 genes was studied by qPCR to de-
termine the effect of RIN, PMI, and years in storage. The
effect of mRNA turnover rate was assessed by inclusion of
three genes whose mRNA has a half-life of *4 hours, three
genes whose mRNA has a half-life of *8 hours, and four
genes that are considered stable (Table 3).34 The data are
expressed as the cycle of quantification (Cq), which indi-

cates the cycle number at which a significant number of
gene amplicons has been generated above the baseline. The
lower the Cq value, the greater the number of gene copies in
the sample. The Cq value of samples was an inverse func-
tion for RIN values below 7 (Fig. 3), such that samples with
a low Cq value have a higher RIN value. Although the
individual values show scatter, the curves level off as the
RIN values approached 7. This pattern is independent of
the mRNA half-life. Linear regressions showed significant
correlations between RIN and Cq value in all genes ana-
lyzed ( p < 0.05). To determine if the PMI had an effect
on the Cq value, samples were selected in which the RIN
values were held constant at 7.5. The Cq value remained
relatively constant for all 10 genes studied and no signifi-
cant correlations between PMI and Cq value were observed
for all genes analyzed (Fig. 4). These data suggest that if
tissue yielded RNA with a high RIN value, the PMI had no
effect. The same was found for samples with a constant
RIN value of 8.5 stored at -80�C for up to 23 years (Fig. 5).
With the exception of NAPA, there were no significant cor-
relations between years in storage and Cq value. Curiously,
for unknown reasons, the association between storage time
and NAPA was positive, showing higher expression (lower
Cq value) in samples with increased storage time. The sample
points at <1 year were consistently lower for nearly all the

FIG. 1. Effect of PMI and RIN in
human brain cortex (A) and cerebellum
(B) from 1068 donors. The number of
cases per interval in (C) 0–6 hours,
n = 108; 7–12 hours, n = 202; 13–
24 hours, n = 523; 25–36 hours, n = 183;
37–48, n = 41; >49 hours, n = 11. Aver-
age – SEM. PMI, postmortem interval;
RIN, RNA integrity number; SEM,
standard error of the mean.
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genes tested and may reflect an unrecognized characteristic
of that donor rather than an effect of shorter storage time.
These results indicate that the PMI and the number of years in
storage have no effect on the gene expression if the RIN is
acceptable for a given study.

DNA evaluation

DNA was extracted from brain sections stored either
0.5–1 or 13–14 years at -80�C (Fig. 6). Fragmentation of
DNA was not observed in either set of brain tissue.

FIG. 2. Effect of storage
time at -80�C, age of donor,
and pH on RIN values. The
n = 1068 for (A, B) and 789
for (C).

Table 1. Comparison of RNA Integrity Number Values of Control Cases Versus Disorders

That Had at Least 12 Cases

Case n PMI (hours) RIN (cortex) RIN (cerebellum) pH

ALD 35 14 – 9.1 7.3 – 1.1 6.9 – 1.4 5.8 – 0.3
Alzheimer’s disease 74 12.8 – 8.7a 6.2 – 1.2a 6.5 – 1.2a 5.8 – 0.6
ALS 34 17.1 – 9.7 6.7 – 0.9 6.9 – 1.3 5.8 – 0.5
Autism 60 21.7 – 10.5 6.7 – 1.1b 7.1 – 1.3 6.3 – 0.5a

Depression 22 18.9 – 7.4 7.3 – 0.9 7.4 – 1 6.1 – 0.5
Dystonia 20 20 – 11.8 6.4 – 1.5 6.8 – 1.1 6 – 0.5
Epilepsy 28 23.3 – 8.8 7 – 0.8 7.6 – 0.7 5.6 – 0.5
Parkinson’s disease 16 19.2 – 7.8 6.3 – 1.4 6.6 – 1.4 5.9 – 0.7
Prader–Willi syndrome 12 19.8 – 8 7.1 – 0.9 7.1 – 1.1 6 – 0.5
Controls 506 18.7 – 8.9 7.2 – 1.2a 7.5 – 1.2a 5.8 – 0.5a

All conditions, other than controls 562 18.4 – 11.4 6.7 – 1.3a 6.8 – 1.5a 5.9 – 0.6a

Alzheimer’s disease (PMI): af = 6, df = 9, p < 0.001, Bonferroni p < 0.001; Alzheimer’s disease (RIN cortex): af = 8.5, df = 9, p < 0.001,
Bonferroni p < 0.001; Alzheimer’s disease (RIN cerebellum): af = 7.9, df = 9, p < 0.001, Bonferroni p < 0.001; autism (RIN cortex): bf = 8.5,
df = 9, p < 0.001, Bonferroni p = 0.03; autism (pH): af = 4.5, df = 9, p < 0.001, Bonferroni p < 0.001; all conditions, other than controls (RIN
cortex), at = 7.4, df = 1065, Bonferroni p < 0.001; all conditions, other than controls (RIN cerebellum): at = 9.7, df = 1057, Bonferroni
p < 0.001; all conditions, other than controls (pH): at = 3.3, df = 763, Bonferroni p < 0.001.

ALD, adrenoleukodystrophy, X-linked; ALS, amyotrophic lateral sclerosis; PMI, postmortem interval; RIN, RNA integrity number.
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Discussion

The UMD-BTB (www.medschool.umaryland.edu/btbank/
Brain) is one of six brain banks of the NIH NeuroBioBank
(https://neurobiobank.nih.gov) that serve as a source of human
tissue for the research community. The six banks use stan-
dardized procedures for tissue processing, quality assess-
ment and storage. The University of Maryland bank has in
its inventory postmortem brain and systemic tissue from
over 3500 donors, representing several hundred clinical
disorders with special emphasis on developmental disorders.
This bank has shipped both formalin-fixed and frozen tissue
to more than 1000 researchers worldwide, who have pub-
lished about 800 scientific articles based on tissue received.
The intent of this study is to provide an assessment of fac-
tors affecting RNA quality, including PMI, agonal state,

types of clinical disorders, and length of time the specimens
are housed in ultralow freeze storage at -80�C.

A major variable in tissue collection is the time between
death and tissue recovery. Factors affecting the PMI are the
notification of the UMD-BTB by the donor families,
grieving time required by families, arrangement for tissue
recovery if prior arrangements had not been made, time
between death and refrigeration of the body, and the time
required for legal processes to occur, such as performance of
autopsies by medical examiners for cases under their juris-
dictions. The combination of these factors and medical
conditions of the patient in the hours to days before death,
referred to as the agonal state, are conditions beyond the
control of the tissue bank and studies have shown that these
factors affected the integrity of the RNA.3,6–11 The UMD-
BTB recovers tissue throughout the United States, Canada,
and several other English-speaking countries. The involve-
ment of many different pathologists makes it often difficult
to control these factors. It is extremely rare that brain and
systemic tissues can be recovered in less than 6 hours after
death. Although the goal has been to collect tissue with a
PMI of 24 hours or less, this arrangement is not always
possible. Furthermore, some of the cases are so infrequent
that declining a case based on extended intervals would
deprive the scientific community of access to tissue from
these rare disorders. The approach the UMD-BTB adopted
is to collect the tissue with longer PMIs and evaluate the
tissue on a case by case basis for tissue integrity, specifically
in regard to RNA quality.

The data in Figure 1 indicate that there is significant
variability of RIN values at all PMI periods. As reported by
others, shorter PMI values do not correlate with a high RIN
value.6,8,10,38 Indeed, neural tissue with a longer PMI may
have high RIN values, indicating the overall tissue integrity
even with longer death to freezing intervals. The data in this
article support the conclusion that with PMI values up to
36 hours, and perhaps even longer, the majority of donor

Table 2. Comparison of RNA Integrity Number

Values in Human Tissues

Tissue RIN (average – SD) n p

Cerebellum 8.3 – 0.6 15 n/a
Prefrontal cortex 7.8 – 0.5 15 0.34
Psoas muscle 7.2 – 0.9 15 0.009
Heart 7.1 – 0.7 15 0.003
Testis 7.2 – 0.8 15 0.007
Liver 5.4 – 1.3 15 <0.001
Lung 5.4 – 1.6 15 <0.001
Kidney 4.4 – 1.5 15 <0.001
Ileum 2.6 – 0.2 5 <0.001
Spleen 2.1 – 0.2 5 <0.001

RIN values were determined on RNA isolated from brain and
systemic tissue from a group of 15 donors. Only five cases included
ileum and spleen in addition to the other tissues. The p-values apply
to the difference in RIN values between the cited tissue and
cerebellum.

SD, standard deviation.

Table 3. Genes Tested by Polymerase Chain Reaction

Gene
symbol Gene name

RNA
half-life

RNA
(ng) Biological function Assay IDa

PAK2 p21 Protein-activated kinase 2 4 Hours 80 Protein amino acid phosphorylation Hs02559219_s1
SERBP1 Serpine mRNA binding protein 1 4 Hours 40 Regulation of mRNA stability Hs00967385_g1
TUBA4A Tublin, alpha 4a 4 Hours 40 Mitotic cell cycle Hs01081794_g1
ACO1 Aconitase 1, soluble 8 Hours 60 Tricarboxylic acid cycle Hs00158095_m1
NAPA N-ethylmaleimide-sensitive

factor attachment protein,
alpha

8 Hours 40 Intracellular protein function,
brain development

Hs00943303_m1

PRDX5 Peroxiredoxin 5 8 Hours 40 Inflammatory response
to oxidative stress

Hs00738905_g1

ETFB Electron-transfer flavoprotein,
beta polypeptide

Stable 40 Respiratory electron transport chain Hs01085511_m1

GSTM5 Glutathione S-transferase, mu5 Stable 80 Glutathione and xenobiotic
metabolism

Hs00757076_m1

MCTS1 Malignant T cell-amplified
sequence 1

Stable 60 Regulation of transcription Hs01585687_m1

ACTB Beta-actin Stable 40 Protein folding Hs01060665_g1
Cytoskeletal protein

TaqMan Gene Expression Assays (FAM-dye/MBG probe) examined in this study. The RNA half-life listed in the table was determined in
fibroblasts and B cells by chemically stopping degradation, which may not reflect the values in postmortem brain tissue.30 The amount of
RNA listed corresponds to the quantity used to form cDNA for determination of Cq value of each analyzed gene.

aPurchased from Applied Biosystems.
cDNA, complementary DNA; Cq, cycle of quantification; mRNA, messenger RNA.
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specimens banked at brain autopsy retain high-quality RNA.
However, it is important that the tissue for each case be
evaluated to determine RNA integrity. It has been reported that
brain samples with an RIN value >4 or 5 are suitable for RT-
qPCR studies.39,40 Eighty-three percent of the UMD-BTB
samples tested had an RIN value >6. Although RIN values
have been found to be useful in determining RNA quality, RIN
reflects ribosomal RNA integrity, which may not reflect the
integrity of specific mRNAs. Other methods have been pro-
posed that produce a more direct measure of mRNA quality.41

The establishment of a cohort of cases for a rare disorder
may take decades; therefore, the effect of storage time could
be a significant factor. In Figure 2A, the RIN value was
determined for tissue stored 23 years at -80�C. The RIN
values did not indicate deterioration of tissue integrity with
time. The slight upward slope of the regression line is as-
sumed to reflect a higher RIN value of the tissue collected at
that earlier time point. Analysis of 16 additional brain sam-
ples stored for 29–31 years, originally at -60�C and then at

-80�C, had an average RIN value of 6.2 – 0.7, range = 4.7–7.2
(data not shown). There is a small, but significant, decrease of
RIN values with the age of donor (Fig. 2B). However, an
R2 = 0.03 value would suggest that age is not a good predictor
of RIN. The pH of a sample has been used as a marker of
tissue integrity.6,33–36,38,42,43 Brain pH has a significant impact
on human postmortem hippocampal gene expression profiles.6

The data in Figure 2C do not indicate a direct relationship
between RIN and pH. Although unexpected, it may be either
due to the wide range of values observed for both RIN and pH
or due to variation in methodology such as excluding donors
expected to experience hypoxia before death.

Donors who serve as controls and do not have a clinical
brain disorder may experience a sudden event leading to their
death, in contrast to donors with a clinical brain disorder, who
may experience a more variable and protracted terminal
course. Data in Table 1 indicate that for the listed disorders,
there is a minimum, but significant, decrease in RIN, which
could affect interpretation of experimental results. A difference
in RIN values was observed between controls and Alzheimer’s
disease and Autism Spectrum Disorder donors, and between
controls and all disorders combined. These results suggest that
the disease conditions or differences in agonal states contribute

FIG. 3. Cq values as a function of RIN values for genes
with different turnover rates. Each point represents one
sample with the indicated RIN values measured in triplicate
for gene expression. Cq values were determined for genes
with reported different half lives based on transcription in-
hibition studies34, (A) 4 hours, (B) 8 hours, (C) stable. Cq,
cycle of quantification.

FIG. 4. Cq values as a function of PMI values for genes
with different turnover rates. Gene expression as a function
of PMI when the RIN value was kept constant at 7.5 for all
samples. Each point represents one sample with the indi-
cated RIN values measured in triplicate for gene expression.
Cq values were determined for genes with reported differ-
ent half lives based on transcription inhibition studies34, (A)
4 hours, (B) 8 hours, (C) stable.
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to the significant differences in RIN values, which could affect
experimental interpretations. Decreased RIN values for Alz-
heimer’s disease brain tissue have been reported.37

In addition to brain donations, the UMD-BTB also collects
systemic tissue and establishes fibroblast cultures from a por-
tion of the donors. Data in Table 2 indicate that the RIN values
vary greatly between brain and systemic tissues. RIN values
were determined for 15 cases that had a range of tissues col-
lected from the same donor (a smaller proportion of cases also
had ileum and spleen samples). Tissue from the brain had the
highest RIN values followed by psoas muscle, heart, and testis.
Liver, lung, and kidney had intermediate RIN values. Ileum
and spleen had lower RIN values, presumably due to release of
a greater quantity of hydrolases. In an earlier study, high-
quality RNA was recovered from muscle, brain, and heart, and
RNA with a lower RIN from liver, kidney, and spleen.44 The
data in Table 2 suggest that the collection procedures currently
used by the Bank are not optimized for obtaining samples from
the ileum and spleen with high RNA integrity.

We examined ten genes with different half-lives calculated
from transcription inhibition studies.34 However, transcrip-
tion does not cease after death, but continues after death.35

Therefore, Cq value numbers for all the genes obtained from
postmortem brain likely reflects the sum of the transcription
rate and the degradation rate (half-life). A given Cq value
number could theoretically apply at two different time points
postmortem: once as gene expression increases and then again
as the mRNA degrades for these genes. The transcription rate
for a given gene at a given time is relatively constant in each
sample from the same brain region. The degradation rate, in
other words, half-life, is a key contributor to the abundance of
the transcript. Thus, the selection of genes in a range of half-
lives ensures our analysis covers the spectrum of RNA turn-
over. In addition, most of the qPCR analyses in this study were
done beyond the transcription activation stage after death.35

The Cq values of the ten genes tested were an inverse
function of the RIN value (Fig. 3). A similar relationship
between Cq value and RIN has been reported using samples
with a lower RIN range.45 Although the individual values
show scatter in this study, the curves level off as the RIN
value approached 7, indicating that the number of gene
copies in the extracted RNA had reached a constant level at
an RIN value of 7 and higher. This pattern was independent
of the mRNA half-life of the gene studied. When RNA was
denatured in vitro to obtain RNA samples with RIN values
from 7.5 to 1.5, the denatured samples had a direct correlation
between RIN and RT-qPCR results.46 Amplification of tran-
scripts can occur despite variable degradation of RNA.45

When RNA was extracted from samples with increasing
PMI, but with a constant RIN value of 7.5, the Cq values
remained relatively constant for all 10 genes studied and no
significant correlations were observed (Fig. 4). These studies
indicated that RIN values were more important than PMI.
Consequently, researchers requesting tissue from a tissue
repository for RNA research should utilize data on RNA
quality rather than PMI in making their decision as to the
cases they request. The question regarding the stability of
RNA in brain samples that had been stored for a long time
was investigated in brain samples with a constant RIN value

FIG. 5. Cq values as a function of years at -80�C values
for genes with different turnover rates. Gene expression was
determined with samples with RIN values kept constant at 8.5
for all samples. This RIN value was selected because samples
with an RIN of 7.5 could not be found at each of the years in
storage. Each point represents one sample with the indicated
RIN values measured in triplicate for gene expression. Cq
values were determined for genes with reported different half
lives based on transcription inhibition studies34, (A) 4 hours,
(B) 8 hours, (C) stable.

FIG. 6. DNA gels. The isolated DNA was analyzed by gel
electrophoresis and ethidium bromide staining. Samples
numbered <1052 had been stored at -80�C for 13–14 years
and samples numbered over 5442 and above had been stored
for 0.5–1 year.
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of 8.0 and stored at -80�C for up to 23 years (Fig. 5). The
RT-qPCR results indicated that high-quality mRNA can be
obtained from tissue stored for many years at -80�C if the
RIN value indicates that the ribosomal RN is intact. It was not
feasible to determine if the results also pertained to samples
with low RIN values, which had been stored over this same
time period, since such samples were not available in the
bank. DNA from brain sections stored between 6 months and
14 years analyzed by gel electrophoresis and ethidium bro-
mide staining showed identical patterns (Fig. 6).

In conclusion, extensive efforts and funding have been
expended on establishing brain and tissue banks for the re-
tention of and research on postmortem human tissue. These
results for a large population of donated tissue, specifically
brain, indicate that RNA isolated from tissue obtained by the
UMD-BTB within the period of 4 to at least 36 hours post-
mortem have RIN values >6 and are suitable for RT-qPCR
studies.39,40 The quality of RNA was unchanged after 23
years of storage at -80�C. Although it is important to try to
minimize the PMI, it often is not possible when a bank has to
arrange for tissue collection at sites distal from the brain
bank. The authors suggest that researchers who obtain tissue
from a brain repository request tissue of similar RIN values
rather than matching PMI, and that the brain repositories
obtain RIN values for tissue in their collection. These results
provide support for outreach to families with rare disorders
with the recognition that proper storage of patient tissue with
detailed medical information in a brain and tissue bank pro-
vides the best assurance that the tissue is available to be
studied when a sufficient number of cases have been collected
or when new methodologies or research questions arise.
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