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geroscience throughout the USA. However, the ser-
vices of our Center are available to the entire research 
community studying aging and geroscience. The Okla-
homa Nathan Shock Center provides researchers with 
unique services through four research cores. The Mul-
tiplexing Protein Analysis Core uses the latest mass 
spectrometry technology to simultaneously measure 
the levels, synthesis, and turnover of hundreds of pro-
teins associated with pathways of importance to aging, 
e.g., metabolism, antioxidant defense system, proteo-
stasis, and mitochondria function. The Genomic Sci-
ences Core uses novel next-generation sequencing that 
allows investigators to study the effect of age, or anti-
aging manipulations, on DNA methylation, mitochon-
drial genome heteroplasmy, and the transcriptome of 
single cells. The Geroscience Redox Biology Core pro-
vides investigators with a comprehensive state-of-the-
art assessment of the oxidative stress status of a cell, 
e.g., measures of oxidative damage and redox couples, 
which are important in aging as well as many major 
age-related diseases as well as assays of mitochondrial 
function. The GeroInformatics Core provides inves-
tigators assistance with data analysis, which includes 
both statistical support as well as analysis of large data-
sets. The Core also has developed number of unique 
software packages to help with interpretation of results 
and discovery of new leads relevant to aging. In addi-
tion, the Geropathology Research Resource in the Pro-
gram Enhancement Core provides investigators with 
pathological assessments of mice using the recently 
developed Geropathology Grading Platform.

Abstract  The Oklahoma Shock Nathan Shock 
Center is designed to deliver unique, innovative ser-
vices that are not currently available at most institu-
tions. The focus of the Center is on geroscience and 
the development of careers of young investigators. 
Pilot grants are provided through the Research Devel-
opment Core to junior investigators studying aging/
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Introduction

The Oklahoma Nathan Shock Aging Center, which 
was initially funded in 2015, is a collaboration 
between the three major research institutions in 
Oklahoma City: The University of Oklahoma Health 
Sciences Center, the Oklahoma Medical Research 
Foundation, and the Oklahoma City VA Medical 
Center. The focus of our Shock Center is on gerosci-
ence because this is a growth area in aging and fits 
well with the emphasis on geroscience on our three 
campuses. The goal of our Center is to maximize 
our outreach to investigators throughout the USA 
in two ways. First, the Research Development Core 
directs a Pilot Grant Program that focuses on provid-
ing funds to junior investigators outside Oklahoma 
City. Second, the research cores in the Center provide 
unique research services that use frozen tissue/cells, 
which can be collected at the investigator’s institu-
tion and shipped to Oklahoma. The Oklahoma Shock 
Center has four research cores and a Geropathology 
Research Resource which are described below and 
can be viewed at https://​oklah​omana​thans​hockc​enter​
onagi​ng.​org/.

Multiplexing Protein Analysis Core

Measuring changes in protein abundance is a central 
part of aging and geroscience research because pro-
teins are key drivers of all processes that occur in a 
cell. Changes in protein abundance are usually meas-
ured with immunochemical methods such as Western 
blotting. While immunochemical methods can func-
tion well and have a rich history of excellent use, all 
have modest to severe limitations. Indeed, problems 
of unreliable and/or unproven specificity and lot-to-lot 
variability of antibodies have produced a backlash in 
the protein quantification field and a renewed empha-
sis on the need for greater rigor in protein quantifica-
tion methods [2]. The targeted methods used by the 
Multiplexing Protein Analysis Core (selected reac-
tion monitoring (SRM), parallel reaction monitoring 
(PRM), and high-resolution accurate mass (HRAM)) 

are mass spectrometry (MS) methods that are spe-
cific, precise, and have a wide dynamic range and 
high throughput. Further, we have perfected the abil-
ity to develop, optimize, and validate new assays for 
any protein from any animal. Studies that are other-
wise limited by the availability of antibodies can be 
conducted more quickly and at lower costs using MS 
methods. In addition, the specificity of analysis and 
documented validation steps inherent to the method 
development directly address the question of rigor in 
quantitative analysis of protein expression.

Figure  1 shows how targeted quantitative prot-
eomics works, using catalase from Drosophila as an 
example. The assay selectively targets peptides gen-
erated by trypsin digestion from the protein being 
measured. Because trypsin is highly purified with 
high specific activity, the digestion produces a quan-
titative conversion of all proteins in the sample to 
peptides. A subset of the peptides from any given 
protein is utilized as surrogates for the abundance of 
that protein. The Core uses two or three peptides per 
protein. Our example of a Drosophila protein demon-
strates that these assays can be developed for any pro-
tein from any animal, including invertebrates, which 
are used widely in aging research. While the major-
ity of our assays have been developed for mice, they 
are equally useful for rats due to the high homology 
between mouse and rat proteins. Similarly, analysis 
of the homology of the mouse peptides used in our 
assays shows they also function well for other animal 
models, e.g., naked mole rats. We have made a con-
tinuous effort to develop and validate new targeted 
assays for mouse proteins, giving us the current capa-
bility to measure approximately 500 proteins based 
on the detection of over 1200 peptides. We have also 
adapted these assays to rat and human samples. These 
assays are organized to interrogate specific biochemi-
cal pathways, e.g., TCA cycle, β-oxidation, glycoly-
sis, gluconeogenesis, and antioxidant and mitochon-
drial proteins. For a typical experiment, investigators 
prepare and submit tissue homogenates made using 
the methods familiar to their laboratory along with 
carefully measured protein concentrations. By meas-
uring multiple proteins involved in a pathway, which 
is possible with the panels developed by the Core, 
one has a better indication of how aging or an experi-
mental manipulation affects that pathway. An exam-
ple is shown in Fig.  2 where the expression of pro-
teins in glycolysis and the Krebs cycle are measured 
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in wild type and the -/- too high mice. The data gener-
ated by the Core clearly show that the knocking out 
Sod1 (Cu/Zn-superoxide dismutase) had no impact on 
glycolysis but increased the expression of almost all 
proteins involved in the TCA cycle.

The Multiplexing Protein Analysis Core also uses 
mass spectrometry to measure the turnover of indi-
vidual proteins using the stable isotope, D2O. The 
measurement of the synthesis rates of individual pro-
tein uses the same proteomic approaches employed in 
measuring protein abundance with additional deter-
mination of isotope incorporation for calculation of 
synthesis rates. By simultaneously measuring both 
protein content and protein synthesis rates, the rates 
of protein breakdown and turnover (half-life) can be 
calculated. The measurement of the synthesis and 
breakdown of specific proteins allows investigators to 
determine the mechanism responsible for changes in 
the abundance of a protein. In addition, the measure-
ment of these dynamic processes is important because 
the synthesis and breakdown of proteins are two of 

the primary regulatory mechanisms of proteostatic 
maintenance and even in the absence of changes in 
protein abundance, changes in turnover can occur that 
are indicative of a pro- or slowed-aging state.

Isotopic labeling is the favored approach for meas-
uring protein turnover and has been in use since the 
early twentieth century [76]. The concept of stable 
isotope labeling is relatively simple in that a precur-
sor pool (amino acids) is enriched with isotope that is 
incorporated into proteins so that the proteins become 
enriched as a product of time (giving a rate). In prac-
tice, isotope experiments are much more complicated 
and involve careful study design that requires knowl-
edge of assumptions and limitations inherent in the 
method used.

Because of limitations of classic analysis meth-
ods, traditional protein turnover measurements have 
assumed that a protein pool is homogeneous and 
constant over the experimental period [57]. How-
ever, within a tissue homogenate or subcellular frac-
tion, there are hundreds to thousands of individual 

Fig. 1   LC-tandem MS analysis of a whole homogenate from 
Drosophila. A The raw LC-tandem MS data showing the 
detection of the 3 peptides in scheduled time windows at char-
acteristic retention times. B and C The raw data are analyzed 
with the program Pinpoint, which finds and integrates the chro-
matographic peaks via the overlap of the selected reactions. 

Only 2 peptides are shown because of space. D The amount of 
each protein is determined by normalizing to a known amount 
of bovine serum albumin added to the sample as a non-endog-
enous internal standard. It is notable that the 50% decrease in 
catalase abundance expected in Drosophila heterozygous for 
catalase is observed
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Fig. 2   The ability of targeted quantitative proteomics to interro-
gate pathways. The levels of proteins involved in glycolysis, fatty 
acid metabolism, the Krebs cycle, and mitochondrial function 
are shown for  skeletal muscle from 10-month-old wild type and 

Sod1−/− mice. Red bars represent increased expression, blue bars 
represent  decreased expression, and black bars represent non-
significant changes in proteins in Sod1−/− mice compared to WT 
mice. Data were taken from Sataranatarajan et al. [58]
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proteins that are independently regulated. Dr. Miller’s 
group, along with other notable geroscience research-
ers, have taken advantage of long-term labeling pro-
cedures, such as those using D2O in water or labeled 
amino acids in food. Using long-term labeling, it is 
possible to measure the synthesis rates of individual 
proteins when combined with proteomic analysis. 
Figure 3 shows the value of this approach to explore 
mechanisms of proteostatic changes. These data are 
comparisons of rapamycin versus rapamycin plus met-
formin treatment in male and female mice. The skel-
etal muscle proteins are grouped by GO terms to 
demonstrate changes by subcellular compartment (A 
and B), within the mitochondrial proteome (C and 
D), and within mitochondrial complexes (E and F). It 
is important to note that D2O labeling has been used 
in many models important for the study of the basic 
biology of aging including cells, yeast, C. elegans, 
mice, rats, and humans.

The use of D2O for labeling experiments has 
advantages over other methods (e.g., labeled amino 
acids) making D2O the preferred tracer for pro-
teomic studies [24, 28, 38, 39, 44, 50, 56]. First, at 
the enrichments used for a typical labeling experi-
ment, D2O is biologically safe facilitating its use in 
various models, e.g., rodents and humans, without 
constraints. Second, compared to other labeling pro-
cedures, D2O is relatively inexpensive. Depending 
on complexity of study designs, experiments using 
yeast and C. elegans, are typically $100–$400, while 
labeling in rodents is < $1000. Third, perhaps more 
than any other tracer, D2O lends itself to long-term 
labeling. Therefore, experiments can be designed for 
up to weeks to months to capture proteins that turn 
over slowly. Fourth, D2O is easy to administer by 
adding to liquid media or regular drinking water thus 
expanding the number of model organisms amend-
able to labeling. Fifth, D2O labeling is sensitive, and 

Fig. 3   Feasibility of measuring protein synthesis rates of 
individual proteins in skeletal muscle. Normalized (Log2) 
fold change data are presented from control male and female 
HET3 mice treated with rapamycin (Rap) or rapamycin plus 
metformin (Rap + Met). These data were obtained using a 

time course approach with three mice for time point and five 
time points. Using GO terms, we separate by cellular compart-
ment (A and B), mitochondrial compartment (C and D) and 
mitochondrial complex (E and F). Note, there are differences 
between treatments and relative changes between sexes
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there are several software programs that facilitate its 
use proteomic analyses [24, 28, 44, 56]. Sixth, D2O is 
a “universal tracer” and with the appropriate planning 
can be used to capture additional dynamic events, 
such as synthesis of DNA and RNA without conduct-
ing additional experiments to measure the synthesis 
of these molecules.

A typical experiment using the Multiplexing Pro-
tein Analysis Core to measure protein synthesis 
begins with the investigator contacting the Core about 
the goals of his/her study. The Core advises the inves-
tigator on the appropriate study design and directs the 
investigator to where to purchase and how to adminis-
ter the D2O. The investigator will collect samples in a 
manner consistent with the study goals and the model 
organism, which can range from hours to weeks. The 
researcher will collect water samples (media, plasma, 
etc.) for determination of precursor enrichment. 
When an experiment is completed in its entirety, the 
researcher will mail frozen samples to the Core for 
analysis. The Core will finish any necessary sample 
processing and run both the precursor and product for 
calculation of synthetic rates.

Genomic Sciences Core

The goal of the Genomic Sciences Core is to pro-
vide researchers in aging and geroscience with access 
to state-of-the-art genomic, epigenomic, and tran-
scriptomic analyses that are not typically provided 
by institutional cores but are central to biology of 
aging research. Specifically, the Core offers services 
in the analysis of, DNA modifications (methylation 
and hydroxymethylation), mitochondrial genomes, 
and single-cell transcriptomics. In coordination with 
the GeroInformatics Core, these services will take 
investigator submitted samples from data generation 
through analysis and interpretation. Epigenetic and 
mitochondrial variant analyses have been a part of 
molecular studies in aging and geroscience for some 
time. However, a significant evolution of the meth-
ods to perform these studies has been occurring with 
new levels of accuracy, throughput, and comprehen-
siveness now possible. These advancements offer 
the opportunity to resolve outstanding questions in 
the field such as the epigenomic contribution to age-
related gene expression dysregulation, how oxidative 

stress affects mitochondrial genomic stability, and the 
molecular profile of cellular senescence.

DNA methylation/hydroxymethylation

Epigenetics is regulation of gene expression at the 
genomic level without changes in DNA sequence. 
Histone and DNA modifications and genomic acces-
sibility are key epigenetic regulators of genomic 
structure and gene expression, and the dysregulation 
of epigenomic patterns and genomic organization is a 
hallmark of aging [4, 74]. However, epigenetic analy-
ses are challenging for individual investigators as they 
require specialized instrumentation and advanced bio-
informatic analyses of sequencing data. Epigenomic 
studies have therefore generally been limited to a few 
high throughput sequencing laboratories.

The Genomic Sciences Core services are designed 
to allow investigators with a wide variety of model 
species, experimental interventions, and organ sys-
tems to address epigenetic hypotheses in their stud-
ies. We have developed a suite of techniques to not 
only allow analysis of methylation but also hydroxy-
methylation at the whole genome (WG-ox/BS-Seq), 
genome-wide (ox/BOCS), and gene specific (ox/
BSAS) levels [36]. We developed the BSAS approach 
[35] and have the only BOCS capture probeset for the 
rat genome (Masser et al., 2016b). This combination 
of approaches allows investigators to tailor their DNA 
modification analyses to analyzing the portions of 
the genome needed to meet experimental goals with-
out sacrificing accuracy and precision. Even with the 
rapidly decreasing cost of sequencing, focusing on 
the specific parts of the genome needed for a study 
keeps costs down. The combination of hydroxym-
ethylation and non-CpG methylation analyses is a 
focus not often found in the field. Most studies only 
measure methylation of CpG regions [74]. Cytosines 
in CpH sites are also methylated, and because the 
number of CpH sites in the genome is much greater 
than CpG sites, methylation at CpH sites could poten-
tially play an important role in gene expression. The 
oxBS chemistry allows us to measure the distribution 
of both mC and hmC on across regions or on a base-
by-base basis, as shown in Fig. 4. The ability to dif-
ferentiate between mC and hmC is important because 
DNA hydroxymethylation is relatively high in the 
CNS [37], and is often differentially associated with 
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gene expression, as compared to mC when found in 
enhancers and gene bodies.

Mitochondrial heteroplasmy

A single mitochondrion contains multiple circular 
mitochondrial genomes (mtDNA), which encode 
critical electron transport chain subunits, as well as 
transfer and ribosomal RNAs. The mtDNA copy 
number varies by cell type, and normally all mtDNA 
copies are identical within a single mitochondrion, 
termed homoplasmy. Heteroplasmy occurs when a 
portion of the mtDNA within a mitochondrion/cell 
accumulates mutations or deletions. Accumulation 

of mitochondrial heteroplasmy and a reduction in 
mtDNA copy number with age are proposed to play 
a role in mitochondrial dysfunction [20, 63],therefore, 
quantitative measurements of mtDNA copy number 
and mutations/deletions are important to many aging 
studies.

The Genomics Sciences Core is using new next-
generation-sequencing methods [59] that allow inves-
tigators to determine the location and frequency of 
mitochondria mutations in any tissue and any ani-
mal model from invertebrates to rodents to humans. 
Our approach of targeting sequencing to mtDNA is 
through an amplification enrichment approach that 
allows for higher throughput and lower costs. Our 
digital PCR technology is unique in that it gives the 
absolute number of mtDNA genome copies per cell, 
as measured in relation to the number of nuclear 
genomes (Masser et  al., 2016a). An example of the 
power of this analysis in measuring mtDNAhetero-
plasmy is shown in Fig. 5. The heteroplasmy mtDNA 
was measured in skeletal muscle from young and 
old mice and from young Sod1−/− mice, which show 
accelerated aging and increased oxidative stress/dam-
age. The data in Fig. 5 show that not only the loca-
tion and frequency of mutated sites change with age 
but that loss of Sod1 accelerates the accumulation of 
heteroplasmy.

Single‑cell transcriptomics

While molecular studies of aging have explored gene 
expression with qPCR, microarrays, and RNAseq, 
these data have generally been at the tissue level and 
have not examined cell-to-cell heterogeneity. Recent 
advances in single cell RNAseq technology [65] 
allow researchers to measure the molecular pheno-
types of hundreds to thousands of individual cells 
from a sample. This technology opens the door to 
understanding cellular heterogeneity/subpopulations 
with aging [62]. A prime example of this need is cel-
lular senescence studies where only a small subpopu-
lation of individual cells are believed to senesce.

The Genomic Sciences Core’s approach to scR-
NAseq uses a combination of services that better 
suits the wide variety of needs of investigators. Many 
investigators are in a rush to use the new 10X Genom-
ics technology [78] resulting in technical issues and 
at times expensive and poor quality data [22, 82]. To 
provide a route for investigators new to single cell 

Fig. 4   Levels of methylation and hydroxymethylation in 
the genome of the hippocampus. DNA isolated from the hip-
pocampus from mice was analyzed for methylation of the tra-
ditional bisulfite sequencing and oxBOCS. A Data showing the 
5mC and 5hmC contend of DNA isolated from brain. Approxi-
mately 25% of the methylation that is normally identified as 
5mC is 5hmC. B Data showing a region of the genome where 
bisulfite sequencing gives an incorrect analysis of DNA modi-
fications on a base-by-base basis
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work, we offer a range of scRNAseq services in addi-
tion to 10X Genomics including droplet-based ddSeq 
[23] and SMART-Seq. These allow investigators to 
begin with smaller more tractable studies and also 
for more focused studies of lower number of cells 
or physiologically characterized cells that need tran-
scriptomic characterization at a greater depth. Com-
bining the experience of the Genomic Sciences Core 
in the intricacies of cell preparation and library gen-
eration with capabilities of the GeroInformatics Core 
to analyze the resultant datasets allows investigators 
to perform rigorous scRNAseq experiments.

Geroscience Redox Biology Core

The oxidative stress theory advanced by Denham 
Harman proposed that increased oxidative damage 
during aging is causally related to aging and lifes-
pan and has been a long-standing and intellectually 
appealing concept that has been tested in organisms 

ranging from yeast to humans. While many studies 
in a variety of animal models show that an increase 
in lifespan is correlated to an increased resistance to 
oxidative stress and reduced oxidative damage, sev-
eral studies show that oxidative stress plays a limited 
role in the lifespan of mice, suggesting that the role 
of oxidative stress in aging is not as simple as once 
believed [41, 47]. What is clear however is that redox 
status and oxidative stress/damage may contribute to 
the pathogenesis of a variety of age-related diseases 
including diabetes, neurodegenerative and cardiovas-
cular disease, and cancer, suggesting that the age-
related increase in oxidative stress/oxidative damage 
is an important contributing factor in the mechanism 
for why age is major risk factor in these diseases and 
a critical factor in the field of geroscience. Therefore, 
there is a continued need and demand to measure oxi-
dative stress and damage in tissues/cells. The Gero-
science Redox Biology Core provides investigators 
with assays needed to measure to oxidative stress, 
including live imaging of reactive oxygen species 

Fig. 5   Example of mtDNA 
heteroplasmy. Muscle tissue 
from young (8 months) 
wild type (WT, blue), old 
(27 months) WT (red), 
and young (8 months) 
Sod1−/− (KO, green) mice 
was analyzed for mtDNA 
mutations using next-gener-
ation-sequencing. Mutation 
locations and frequencies 
are shown in the circos 
plot for each group. More 
heteroplasmic sites were 
found in old WT and KO 
mice than young WT (inset, 
ANOVA, SNK *p < 0.05, 
n = 5–8 group)
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and imaging of structural and functional effects of 
changes in oxidative insults.

A key strength of the Geroscience Redox Biology 
Core is that we provide investigators with a com-
prehensive profile of the interrelated components of 
metabolism and oxidative homeostasis. The contri-
bution of free radical mediated processes cannot be 
accurately evaluated simply by measuring oxida-
tive damage. In fact, redox status reflects the bal-
ance between pro-oxidant production and antioxi-
dant capacity. Thus, the Geroscience Redox Biology 
Core takes into account the highly integrative nature 
of redox and energy dependent processes to gain 
molecular insight into underlying factors and func-
tional consequences. Measures of redox status can be 
coordinated with results from the Multiplex Protein 
Analysis Core, which can measure changes in levels 
of proteins involved in antioxidant systems, mito-
chondria function, and various metabolic pathways. 
Thus, this integrated approach allows an investigator 
to assess global networks that influence redox status, 
oxidative stress, and cellular homeostasis.

Redox status

The Geroscience Redox Biology Core offers the 
direct analyses of a panel of redox couples (GSH/
GSSG, NADP/NADPH, NAD/NADH) and oxidative 
damage to lipid and protein with a degree of specific-
ity and sensitivity not readily available within a sin-
gle laboratory or available through institutional cores. 
Coordinated measurements of critical redox couples 
provide insight into the source of oxidative stress and 
the cellular compartment(s) affected.

Redox couples

We have developed methods for analysis of redox 
couples as summarized below. A major advantage is 
that numerous interrelated metabolites can be ana-
lyzed with relatively small amounts of tissue. The 
types of samples amenable to analyses include flash 
frozen tissue, tissue homogenates, cells, and isolated 
organelles from invertebrates and vertebrates. Sam-
ples are extracted with 5% meta-phosphoric acid 
(GSH, GSSG) or 150  mM KOH (NADP+, NAD+, 
NADPH, NADH). Compounds are resolved by ion 
pairing reverse phase HPLC and quantified using 
electrochemical, fluorescence, or UV/VIS detection. 

Routine spiking of experimental samples with known 
quantities of standards is utilized to ensure accurate 
peak assignment. The limits of detection for each 
metabolite are in the nanomole range.

•	 GSH/GSSG ratio. Glutathione is the most abun-
dant thiol in animal cells making it a major anti-
oxidant in cells. The ratio of GSH to GSSG, 
therefore, provides a measure of redox status and 
antioxidant capacity  [51, 52]. GSH and GSSG are 
separated using a HPLC system is equipped with 
a boron-doped diamond electrode electrochemi-
cal cell and a reverse-phase column as previously 
described by Park et al. [46] with modifications.

•	 NADPH/NADP+ and NADH/NAD+ ratio. Regen-
eration of GSH and reduced thioredoxin requires 
oxidation of NADPH to NADP+. Thus, the rela-
tive levels of NADPH and NADP+ provide an 
additional index of antioxidant capacity of a cell. 
NADH is the primary carrier of electrons derived 
from the oxidation of glucose and fatty acids, 
and the relative ratio of NADH to NAD+ is inti-
mately linked to the redox couples GSH/GSSG 
and NADPH/NADP+. In addition, NADH and 
NADPH can be interconverted by the nicotina-
mide nucleotide transhydrogenase or NAD+- and 
NADP+-dependent isoforms of isocitrate dehydro-
genase. NAD+, NADH, NADP+, and NADPH are 
measured using an HPLC system as previously by 
Rindler et al. [53].

Oxidative damage

One consequence of changes in redox couples or 
oxidative stress is the occurrence of oxidative dam-
age to macromolecules, which is believed to play an 
important role in the physiological consequences of 
increased oxidative stress [45, 60]. Although there are 
various kits available to measure oxidative damage in 
tissues, these assays are neither specific for a specific 
type of damage nor sensitive enough to detect dam-
age occurring normally in vivo. The assays the Gero-
science Redox Biology Core provides are sensitive 
and reproducible in part because the data is collected 
for specific types of damage using methodologies and 
equipment not readily available in many labs. Fig-
ure 6 shows the ability of the assays described below 
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to detect lipid peroxidation and protein oxidation in 
liver tissue from young and old rats.

•	 Lipid peroxidation (F2-isoprostanes). 
F2-isoprostanes are formed in membranes as a 
result of free radical attack on arachidonic acid 
in membrane phospholipids. F2-isoprostanes are 
chemically stable end-products of lipid peroxida-
tion and reliable and sensitive markers of lipid 
peroxidation [40, 54, 55]. Because isoprostanes 
are produced in every tissue, plasma levels of free 
F2-isoprostanes provide a measure of endogenous 
production of F2-isoprostanes from all sites in the 
body, thus providing an excellent marker of whole-
body oxidative stress levels. Traditional measures 
of lipid peroxidation, e.g., TBARS or MDA, are 
unstable and, therefore, difficult to accurately 
measure. The discovery of F2-isoprostanes and 
neuroprostanes as a stable and sensitive marker 
of lipid peroxidation has been a major improve-
ment over other assays of lipid peroxidation. 
The sample preparation for the isoprostane assay 
is critical and in the case of isoprostanes is also 
very labor intensive. The isoprostane level can 

be measured in frozen samples of 100 mg of tis-
sue, 1  ml of plasma, or 300  μl of urine. Studies 
from the Gerosciences Redox Biology Core have 
previously shown that that F2-isoprostanes lev-
els increase with age in the plasma, and also in 
liver and kidney in F344 rats, and the changes in 
F2-isoprostanes levels in liver and kidney tissue 
can be directly correlated with oxidative damage 
to DNA [75]. Thus, F2-isoprostanes levels are an 
excellent biomarker of lipid peroxidation for aging 
studies. Details of the assay can be found in Ward 
et al. [75].

•	 Protein oxidation (carbonyls). Oxidative modifica-
tions to proteins can lead to mis-folded proteins 
that are prone to forming deleterious oligomers 
or aggregates that can alter cellular homeostasis 
and contribute to age-related pathologies and to 
the aging process itself. A predominant form of 
protein oxidative modification is the formation of 
carbonyl groups on specific amino acid residues, 
e.g., lysine, arginine, proline, and threonine. Car-
bonyl groups can also be formed by the reaction 
of amino acid residues with aldehydes (malondi-
aldehyde, 4-hydroxy-2-nonenal) and reactive car-
bonyl derivatives generated through the reaction 
of reducing sugars or their oxidation products with 
lysine residues of proteins. The majority of assays 
available to measure protein oxidation involve 
derivatization of the carbonyl group with dinitro-
phenylhydrazine (DNPH) leading to the formation 
of a stable dinitrophenyl hydrazine product. This 
product can be detected spectrophotometrically, 
by HPLC or using antibodies to DNP. However, 
these assays often suffer from high background 
(contamination from unreacted DNP) and low 
reproducibility. To circumvent the deficiencies 
in these assays, the Core uses a modified assay 
in which oxidized proteins are measured using a 
fluorescent-based assay to detect protein carbon-
yls [6]. This method is very sensitive and allows 
quantitative detection of proteins with even very 
low levels of protein carbonyls. Global changes in 
oxidized proteins are measured in tissue homogen-
ates treated with fluorescein-5-thiosemicarbazide 
(FTC) and subjected to electrophoresis on a 12% 
gel to resolve fluorescence-labeled proteins from 
FTC. Importantly, samples can also be analyzed 
by two-dimensional gel electrophoresis to iden-
tify carbonyl levels of individual proteins. The 

Fig. 6   Effect of age on the levels of oxidative damage in liver 
tissue. The levels of lipid peroxidation (isoprostanes) and pro-
tein oxidation (carbonyls) were measured in liver tissue from 
4- to 6-month-old (blue bars) and 22- to 24-month-old (red 
bars) rats. Data taken from Ward et  al. [75] and Chaudhuri 
et al. [6]
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detailed methods for this analysis can be found in 
Chaudhuri et al. [6] and Pierce et al. [49].

In vivo analysis of free radical production

The Geroscience Redox Biology Core also provides 
investigators with in vivo approaches to assess oxida-
tive stress, either directly or indirectly. Direct meas-
urements include in vivo free radical assessment, as 
well as determining oxygen use. Indirect measures 
include in vivo vascular and tissue structural altera-
tions (free radical–initiated or via inflammation) and 
metabolic evaluations (as a result of mitochondrial 
function or tissue response to free radicals and/or 
inflammation). These techniques allow investigators 
to directly detect cellular/tissue changes in  vivo and 
in situ, so that regional sites of free radical production 
can be pin-pointed to specific regions/cells in tissue 
samples.

The Geroscience Redox Biology Core uses the 
novel method developed by Dr. Towner for detect-
ing in vivo free radicals distributed within various 
tissues/organs as well as heterogeneously within 
specific tissues/organs [9, 66–71, 73]. The approach 
involves the use of immuno-spin trapping (IST) 
in conjunction with molecular-targeted magnetic 
resonance imaging (mt-MRI). This combined IST-
mt-MRI approach initially utilizes a spin-trapping 
agent, DMPO (5,5-dimethyl-1-pyrroline N-oxide), 
which traps free radicals in an oxidative-stress-
related disease model, and then administration of 
a mt-MRI probe, called an anti-DMPO probe, that 
uses an antibody against DMPO-radical adducts 
(anti-DMPO antibody) and a MRI contrast agent, 
resulting in targeted free radical adduct mt-MRI. 
This combined IST-mt-MRI approach has been 
used in several rodent disease models, including 
diabetes, ALS, gliomas, and septic encephalopa-
thy [9,66–71 , 73]. The contrast agent used in this 
approach includes an albumin-Gd-DTPA-biotin 
construct, where the anti-DMPO antibody is cova-
lently linked to cysteine residues of albumin, 
forming an anti-DMPO-adduct antibody-albumin-
Gd-DTPA-biotin entity. The Gd-DTPA moiety is 
the MRI signaling component, which increases MRI 
signal intensity (SI), or decreases T1 relaxation 
(MRI contrast parameter). Both of these parameters, 
MRI SI or T1 relaxation, can be used to assess the 

presence of the anti-DMPO probe. The biotin moi-
ety can be used for ex vivo validation of the pres-
ence of the anti-DMPO probe in tissues, by using 
streptavidin-fluorescence (e.g., Cy3) or streptavi-
din-HRP (horse radish peroxidase) to tag the biotin 
in the anti-DMPO probe. Figure 7 shows the meas-
urement of in vivo free radical levels in the skeletal 
muscle Sod1−/− mice, which develop skeletal mus-
cle atrophy [42]. Free radical levels were > twofold 
higher in Sod1−/− mice compared to wild-type, con-
trol mice.

Mitochondrial function

The Geroscience Redox Biology Core also provides 
investigators with services to measure mitochondrial 

Fig. 7   Measurement of free radical levels in vivo. Levels of 
free radicals were measured is skeletal muscle from wild type 
(WT), Sod−/− (KO), and SynTgSod−/− (SYN) mice. Free radical 
maps (red-false-coloring) (ii) overlaid on top of MR images for 
WT (A) and KO (B) mice are shown. The quantitative levels of 
free radicals (C), as measured by a percent change in T1 relax-
ation differences. Free radical levels were found to significantly 
increase in KO mice compared to WT or SynTgSod−/− (SYN) 
mice, which have Sod1 expressed in the neurons of Sod1−/− 
mice. Data taken from Ahn et al. [1]
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function (oxidant generation, ATP production, respi-
ration) in fresh tissue samples or isolated mitochon-
dria. This includes in  vitro analyses of mitochon-
drial function in isolated mitochondria, respirometry 
analysis in fresh tissue using the Oroborus respirom-
eter, as well as measurement of mitochondrial func-
tion in cells using the Seahorse XF24 Extracellular 
Flux Analyzer. While energy status can be measured 
on flash frozen tissues/cells, assays of mitochondria 
function must be performed with fresh tissue/cells 
or freshly isolated mitochondria. As a result, outside 
investigators can send cohorts of mice to the Core for 
all available analyses on live animals and tissues.

Alterations in mitochondrial function and 
increased mitochondrial generation of reactive oxy-
gen species have long been implicated in the reduced 
capacity in cellular function that occurs with aging. 
In fact, two of the most popular theories in aging 
research, the oxidative stress theory of aging and 
the mitochondrial theory of aging, are based on this 
concept. The Core has optimized an array of assays 
to measure various aspects of mitochondrial function, 
including ROS generation, mitochondrial respira-
tion, and ATP production. ATP production and H2O2 
release are measured in isolated mitochondria using 
a luciferase/luciferin-based system and the fluoro-
genic probe, Amplex Red respectively, as previously 
described [3, 34]. Mitochondrial respiratory function 
is assessed in isolated mitochondria and permeabi-
lized tissue using the Oroborus O2K high resolution 
respirometer which allows simultaneous analysis of 
mitochondrial respiration and ROS generation in tis-
sues, cells suspension, or isolated mitochondria [1]. 
The Core has the capability to measure oxygen con-
sumption rate (OCR) in cultured cells using the Sea-
horse Extracellular Flux Analyzer. Many laboratories 
have used this methodology to measure mitochondrial 
function in cells [7, 15]. The Seahorse Analyzer also 
contains a probe to measure acidification of the media 
and to measure the proton production rate or rate of 
extracellular acidification (ECAR) due to lactic acid 
production during glycolytic energy metabolism. 
By measuring OCR and ECAR simultaneously, one 
can get a more detailed picture of cellular energetic 
flux through these two pathways. This technique is a 
high throughput analysis that allows the Geroscience 
Redox Biology Core to measure the bioenergetic state 
and physiology of the cell without disruption of the 
cells.

GeroInformatics Core

Over the past decade, the number of data points per 
experiment that  scientists are capable of gathering 
has grown exponentially. The importance of iden-
tifying and understanding patterns within this data 
has become more and more common for all areas of 
science, including aging. Analysis and interpreta-
tion of experimental data are the cornerstone of sci-
entific progress; however, large-scale data provides 
unique challenges. NIH has called for increased rigor 
and reproducibility, which requires unbiased experi-
mental design, methodology, analysis, interpretation, 
and reporting of results. Although investigators often 
master specific statistical and analytical techniques 
required for the most commonly performed experi-
ments, they frequently have limited or no expertise in 
bioinformatics or statistics, which can be rate-limiting 
for their research. The GeroInformatics Core fills this 
gap by providing an established expertise in molecu-
lar biology and bioinformatics methods development. 
Especially important are the efforts of the Core to 
provide these services specifically for researchers in 
aging/geroscience and developing novel methods for 
interrogating and analyzing aging data bases.

Standard bioinformatic analyses

The GeroInformatics Core assists researchers with 
“standard” types of bioinformatics analyses for high-
throughput sequencing data, such as alignment and 
QC of RNA-seq data, identification of differentially 
expressed (DE) genes, enriched GO categories and 
KEGG pathways, and ingenuity pathway analysis 
for analyses such as identifying potential upstream 
regulators. Although these are capabilities present 
in bioinformatics cores at other institutions, they are 
nonetheless services that remain in high demand and 
are often a good starting point for further data explo-
ration. Besides receiving data from the other Cores 
in our Center for further analysis, we help outside 
investigators who have already gathered their own 
data. In addition, the Core is well-staffed to assist 
with statistical issues, such as pre-experimental sta-
tistical design of experiments to help investigators 
ensure that their experiment is sufficiently powered 
to detect the effects they are looking for, post-exper-
imental statistical analysis, and the generation of fig-
ures and tables for publications. An example of how 
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the GeroInformatics Core can assist investigators in 
analyzing their data is shown by our interaction with 
Dr. Kirkland who was searching for drugs (called 
“senolytics”) that can selectively kill senescent cells, 
in part by overcoming their resistance to apopto-
sis. Dr. Kirkland approached our Core to help him 
analyze the transcriptional data he generated after 
knocking down genes with siRNA. We conducted a 
multi-omics analysis of the subnetwork of genes that 
increase cellular susceptibility to apoptosis as shown 
in Fig. 8. HIF1A was identified as a gene highly inter-
connected with known senolytic targets [80]. HIF1A 
was subsequently validated in a later study to have 
senolytic activity [79].

Database searches

The GeroInformatics Core keeps up to date with 
widely used databases and software packages pub-
lished to help with analysis of the most common 
data types that researchers in aging work with, e.g., 
mRNA, miRNA, genomic, proteomic, and metabo-
lomics. In addition, the Core has developed several 
software packages, designed to condense, summarize, 
and identify patterns within large datasets. Briefly, 
the programs we have developed and how they 
can be helpful to investigators in the aging field are 
described below.

Fig. 8   Protein–protein 
interactions shared by 
known members of the 
BCL-2 family that can over-
come cellular senescence. 
The size of the node cor-
relates with the number of 
connections in the network. 
Yellow denotes known 
apoptotic proteins and the 
white nodes are highly con-
nected on multiple omics 
levels. The arrow points to 
the node for HIF1A. Data 
from Zhu et al. [80]

2195GeroScience (2021) 43:2183–2203



1 3

IRIDESCENT

The amount of scientific literature is vast (> 29 mil-
lion papers in MEDLINE) and growing exponentially 
(~ 6%/year). With almost all journals offering online 
access to publications and supplementary data, the 
size of the average publication is also growing rap-
idly. The concept behind implicit relationship iden-
tification by software compilation of an entity-based 
network from text (IRIDESCENT), which Dr. Wren 
developed, is to condense this growing knowledge 
into conceptual association networks. It searches for 
“entities” (e.g., genes, diseases, chemicals, pheno-
types, cell types, diseases) co-mentioned within pub-
lication abstracts and sentences, and weights them 
probabilistically on the basis of frequency and prox-
imity. Once this network is constructed, Fig. 9 illus-
trates examples of how IRIDESCENT can be used 
to assist researchers in the analysis of the literature. 
Commonalities (B) are identified and ranked given 
two entities of interest (A and C). Figure  9b shows 
how novel associations can be discovered by starting 

with a concept of interest (A), for which all known 
literature relationships to A are compiled (A–B), and 
then all known relationships to B are then compiled 
(B–C) and, importantly, each implied relationship (C) 
is ranked for how specific the bridging concepts are 
based upon their connectivity in the network. Com-
mercial recommendation systems (e.g., Netflix, Ama-
zon) use similar mathematics to infer customer inter-
est. Figure 9c shows an example of how upregulated 
genes in an RNAseq experiment are connected to 
two concepts of interest, cell adhesion and neutrophil 
adhesion (yellow), and to each other. Line width cor-
relates with literature abundance, and node size corre-
lates with the number of connections in this network. 
Blue nodes are genes associated with neutrophil 
adhesion, and white nodes are those only associated 
with a higher-level concept, cell adhesion. Therefore, 
IRIDESCENT allows experimental results to be both 
analyzed and visualized. These types of analyses help 
interpret observations, summarize how new experi-
mental data fits into known (published) relationships, 
and prioritize long lists of potential findings.

Fig. 9   Algorithmic 
analysis of the scientific 
literature. a Identifying 
which concepts/entities (B) 
connect two other concepts 
(A and C) in MEDLINE. 
b Identifying implied 
relationships by finding and 
assessing the strength of all 
A–B and B–C connections. 
c Visualizing how entities/
concepts are connected in 
the literature
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GAMMA

In 2019, ~ 53% of human transcripts (coding and non-
coding) had not been mentioned in PubMed abstracts, 
indicating that they are either uncharacterized or 
poorly characterized (i.e., these genes have not been 
a significant focus or finding of scientific studies to 
date). Furthermore, ~ 10% of known genes account for 
75% of gene name mentions in the literature, showing 
a strong scientific preference towards studying well-
characterized genes, such that the rate of character-
izing unannotated genes proceeds extremely slowly 
[11]. In fairness, when an investigator observes a 
well-characterized gene respond in their study, prior 
literature on it provides a wealth of potential hypoth-
eses for how it affects their experimental system. 
Conversely, uncharacterized or poorly characterized 
genes make hypothesis formation challenging.

In 2009, global microarray meta-analysis 
(GAMMA), a program developed by the GeroInfor-
matics Core, was developed to identify gene–gene 
correlations within NCBI’s publicly available GEO 
database [77]. Using a “guilt by association” approach 
for each transcript, it first identifies a set of the most 
highly correlated genes across all conditions and 
experiments analyzed. Then, statistically enriched 
commonalities for the correlated transcripts are iden-
tified using IRIDESCENT (and/or gene ontology), 
which then serves as the predicted functions, pheno-
types, and genetic networks for every transcript. For 
known genes, computational analysis shows highly 
significant overlap between functions of the corre-
lated genes and those of the known gene. The Ger-
oInformatics Core initiated a 4- to 5-year project to 
systematically test GAMMA’s predictions experi-
mentally, mostly via siRNA knockdowns in cell lines. 
We found that 48 out of 56 (86%) of the predicted 
phenotypes were validated experimentally, and this 
has resulted in 11 co-authored publications thus far, 
reporting the characterization of a formerly unknown 
genes [8, 10, 16–18, 32, 48, 70, 71]. Thus, GAMMA 
is now being used by investigators who have found 
an unknown or poorly known gene to be of interest 
in their research. Predicting phenotype, function, and 
pathway relevance, enables investigators to test spe-
cific hypotheses.

GenomeRunner.  Many studies focus on changes in 
the genome, regions that are usually not amenable to 

literature searches or to transcriptional analysis, for 
example, GWAS, ChIP-seq, and studies on methyla-
tion changes. To this end, the GeroInformatics Core 
developed the GenomeRunner program [12] and later 
deployed it as a freely available online web server 
[13]. GenomeRunner iteratively searches regions of 
interest for their overlap with genome track annota-
tions and experimental results available from UCSC’s 
Genome Browser. In a Nature Genetics paper report-
ing the GWAS SNP’s associated with Sjogren’s syn-
drome, GenomeRunner was instrumental in identify-
ing RFX5, an important transcription factor binding 
site enriched near the SNPs. We were able to show 
experimentally that several of the risk alleles signifi-
cantly altered RFX5-dependent transcription [30]. 
The GeroInformatics Core also uses GenomeRunner 
to identify common genomic features, such as histone 
modification marks, and surrounding regions that dis-
played sexual dimorphism during aging in their meth-
ylation patterns [37].

Transcriptional Module Detection

To enable greater reproducibility, we can analyze dif-
ferentially expressed (DE) transcripts from an inves-
tigator’s experiment by calculating how correlated 
the DE transcripts are in other, publicly available 
datasets. This system was used in a study on patients 
with an autoimmune syndrome, thrombotic thrombo-
cytic purpura (TTP), which have flares versus those 
that do not [14]. Because the initial GO enrichment 
analysis only returned ribosome-related hits, it was 
puzzling as to how ribosome production could cause 
flare-ups, and therefore, the Core analyzed their cor-
relations. The top 90 upregulated genes were all ribo-
some-related and highly correlated across other GEO 
microarray experiments. The bottom set of eight 
genes, however, are normally anti-correlated with the 
ribosomal genes in other experiments. Here, however, 
they are all upregulated in TTP and all significantly 
related to immune system activation. This result sug-
gested that these eight genes are the most immune-
relevant within the study and that their expression, 
plus increased ribosomal expression, is what charac-
terizes the pathogenesis of TTP flares [14].

ALE  Automated label extraction (ALE) is a program 
the GeroInformatics Core recently developed to iden-
tify reported ages, sexes, and tissue types within the 
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meta-data (author-written text regarding the experi-
mental conditions and samples) of experiments in 
GEO [19] with reasonable precision and recall when 
run on over 861,000 samples. This enables one to 
conduct a meta-analysis on how (or if) transcription 
might change with age and, presuming enough sam-
ples exist, the analysis can be broken down by tissue 
type and sex. For example, only one gene (CD248) 
was common between two studies on the effect of age 
on the transcriptome for blood from human subjects 
[21, 43]. The GeroInformatics Core conducted our 
own meta-analysis of GEO data (not including the 
samples in either study) and found most of the genes 
had high variance across studies, suggesting cohort-
dependency, except for CD248. We have used this 
meta-analytic approach to help investigators prioritize 
genes for further study on the transcriptional level and 
to identify potentially sex-dependent transcriptional 
changes.

Single cell transcriptomics

The ability to quantify transcripts that are present 
within a single cell (scRNAseq), like most new tech-
nologies, simultaneously creates exciting opportuni-
ties to answer new scientific questions but also pre-
sents challenges in data processing and analysis. This 
technology is especially important in aging research 
because changes in the relative proportion of cells 
in tissues or even appearance/disappearance of new 
cell populations with age (e.g., senescent cells, stem 
cells) could play an important role in tissue dysfunc-
tion, which would not be observed when using bulk 
RNAseq data. Currently, scRNAseq data is subjected 
to dimensionality reduction techniques, like princi-
ple component analysis (PCA), but more commonly 
t-stochastic neighbor embedding (t-SNE) to visualize 
clusters, and t-SNE has seen increased use since its 
introduction [33] because of its superior ability (rela-
tive to other algorithms) to find structure within high-
dimensional data. In addition, t-SNE is very helpful 
when one knows beforehand how many clusters to 
expect, but unfortunately less helpful when one does 
not. In any “discovery” type of experiment where lit-
tle or nothing is known, at least two very important 
questions remain unresolved: (1) for every cluster 
identified, what (if anything) could be said about its 
biological significance? (2) How could the biological 

differences (if any) between clusters be identified and 
evaluated statistically?

The GeroInformatics Core is currently working 
on two approaches to help with interpretive analysis 
of scRNAseq data. First, we are developing a tran-
scriptional similarity analysis for clusters — similar 
to existing approaches such as CMAP [29], LINCS 
[31], and ExpressionBLAST [81], which compare 
transcriptional profiles. Our analysis will do some-
thing similar, except using scRNAseq data. This 
analysis would enable a researcher to approximate 
what cell types a cluster might contain if the answer 
is not already known and similar expression patterns 
were found in another experiment. It would also help 
approximate if any potentially novel cell types are 
present, on the basis of having transcriptional profiles 
unlike those reported in prior data. Second, we are 
developing a cluster-specific gene ontology (GO) dif-
ferential enrichment analysis, which will use weighted 
centroids from each cluster as “representative” of the 
group and search for enriched GO categories by using 
the genes that best define the difference between the 
two clusters. If no significant enrichments are found 
between any clusters, it would suggest that the t-SNE 
parameters may not be optimal. If two nearby clusters 
have no difference, it suggests there is probably only 
one cluster instead of two. When cluster differences 
are reflected by significant ontology differences, it 
provides researchers with a means to both categorize 
the clusters (e.g., “inflamed” vs “non-inflamed” epi-
thelial cells) and engage in further hypothesis testing.

Geropathology Research Resource

It is widely acknowledged that pathological infor-
mation is an important component of animal stud-
ies focused on aging. Lifespan data without patho-
logical data limits insight into the aging process [5], 
which becomes critical when aging interventions 
are studied. It is difficult to conclude from survival 
data alone if changes in lifespan of an animal arise 
because aging has been altered by the experimental 
manipulation, e.g., are a broad spectrum of disease 
processes or pathological lesions modified, which is 
predicted if underlying mechanisms of aging have 
been altered. Currently, pathological analyses of 
aging rodents have focused on identifying the num-
ber of mice with specific pathological lesions and in 

2198 GeroScience (2021) 43:2183–2203



1 3

some cases scoring the severity of the lesions. How-
ever, the types of lesions that occur and the tissues in 
which they occur vary greatly from animal to animal 
making it difficult to statistically determine if a sig-
nificant change occurs in each lesion without a large 
number of animals per group. This problem is largely 
eliminated by the Geropathology Grading Platform 
(GGP), which was recently developed by the Gero-
pathology Grading Committee. This Committee was 
chaired by Dr.  Ladiges and composed of a group of 
board-certified veterinary pathologists, including Dr. 
Snider, the Leader of the Geropathology Research 
Resource. The Geropathology Grading Committee 
was part of the NIA-funded Geropathology Research 
Network, which had the goal of developing a grading 
system that would allow investigators to assess the 
pathological status of a wide range of tissues in old 
mice [25–27], and validating the grading system [64]. 
The Geropathology Grading Committee evaluated a 
large number of mice at various ages to identify the 
types of pathological lesions that changed with age 
and could be reliably used in the GGP. The GGP is 
based on a standardized set of guidelines to (1) detect 
the presence or absence of low-impact histopathologi-
cal lesions that occur with age and (2) determine the 
level of severity of high-impact lesions in tissues of 
aged mice. The GGP allows one to generate a numer-
ical score for each lesion in a tissue, which is then 
summed to give a score for the total lesions in the tis-
sue that are averaged for the mice in the cohort such 
that a composite lesion score for that tissue as well as 
a composite lesion score for the whole animal can be 
obtained. In other words, the composite lesion score 
gives one a numerical value for the burden of lesions, 
which can be compared to similar values from mice 
from other cohorts and be used to measure changes 
in pathological status with age or with an aging 
intervention.

Ladiges et  al. [25] demonstrated that the com-
posite lesion score for the heart, lung, kidney, and 
liver increased dramatically with age in two strains 
of mice. They also reported that rapamycin treat-
ment, which has been shown to increase the lifes-
pan of mice, reduced the composite lesion score 
in multiple tissues. In a project with faculty at the 
University of Oklahoma Health Sciences Center, 
Dr. Snider evaluated the pathological status of mice 
lacking Cu/Zn-superoxide dismutase (Sod1−/− mice) 
that show accelerated aging (Deepa et al., 2017). As 

shown in Fig. 10, the whole body composite lesion 
score was 2- to 3.5-fold higher for Sod1−/− mice 
compared wild type mice, demonstrating that the 
GGP predicted the accelerated aging phenotype 
observed in the Sod1−/− mice . These data also 
suggest that that GGP can be used to assess the 
health span of mice because the increase in the 
composite lesion score for the whole animal mir-
rors the decline in physiological functions that 
were observed in Sod1−/− mice. Thus, the GGP is 
potentially a new tool for evaluating the effect of an 
intervention on the pathological status of an animal, 
which can also give insight into the health span of 
the mice.

The Geropathology Research Resource provides 
investigators studying aging across the country with 
the geropathological analysis of mice using the newly 
developed GGP or standard pathology analyses. Dr. 

Fig. 10   Geropathology analysis of wild type and Sod1−/− 
mice. Whole body geropathology composite scores are shown 
for male and female wild type (blue bars) and Sod1−/− (red 
bars) mice at 9 to 10 months of age. Data taken from Snider 
et al. [61]
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Snider is an active member of the Geropathology 
Grading Committee and, therefore, is in a position to 
add new tissues to the pathological analysis when the 
Geropathology Grading Committee develops scoring 
system for these tissues. The pathological analysis of 
mice will be conducted as described by Snider et al. 
[61]. For example, the carcasses of the mice will be 
collected immediately after death by the investiga-
tors at their home institutions and the whole body 
immersion-fixed in 10% buffered neutral formalin. 
The carcasses in formalin will be shipped to the gero-
pathology resource where the tissues will be collected 
and processed on a fee for service basis, e.g., paraf-
fin embedded, sectioned via microtomy at 4 microns, 
stained with hematoxylin and eosin, and cover-
slipped. The slides will be labeled by mouse num-
ber and group number; however, identifying details 
of groups will be blinded to the scoring pathologists 
until the analysis is completed. It is also possible for 
investigators to provide the Geropathology Research 
Resource directly with slides from processed tissues.

Funding  The services described above are supported by 
the Oklahoma Nathan Shock Center P30 AG050911 grand 
and Senior Career Research Awards 1IK6BX005238 (AR) 
and IK6BX005234 (HVR) from the Department of Veterans 
Affairs.
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