LIFE SCIENCE APPLICATIONS UTILIZING RADIOCARBON TRACING
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ABSTRACT. Radiocarbon-based accelerator mass spectrometry (AMS) facilities at Uppsala University include a measure-
ment center for archaeological applications and a separate entity dedicated to life science research. This paper addresses the
latter, with the intention of giving a brief description of the biomedical activities at our laboratory, as well as presenting new
data. The ultra-small sample preparation method, which can be used down to a few pug C samples, is outlined and comple-
mented with new results. Furthermore, it is shown that the average secondary ion current performance for small samples can
be improved by increasing the distance between the cathode surface and the pressed graphite surface. Finally, data is pre-
sented for a new application: Amyloidoses are a group of diseases where the conformational changes in specific proteins’
structure lead to the formation of extracellular deposits that spread and increase in mass and eventually may lead to total organ
failure and death. The formation timeframe is unknown and yet it is an important clue for the elucidation of the mechanism.
We present results on bomb-peak dating of 4 different types of purified amyloid proteins from human postmortem heart and
spleen samples. The data indicates that the average measured age of the carbon originating from the systemic amyloid types
studied here correspond to a few years before the death of the subject. This suggests that a major part of the fibril formation
takes place during the last few years before death, rather than as an accumulation of amyloid deposits over decades.

INTRODUCTION

Since the introduction of biomedical applications of accelerator mass spectrometry (AMS) over 2
decades ago (Turteltaub et al. 1990), a number of new applications have been introduced using a
variety of rare isotopes. Due to the organic nature of living organisms, the radiocarbon-based appli-
cations have consistently been the most predominant type of biomedical AMS. Some applications
have been commercially successful, such as the microdosing concept (Lappin and Garner 2003)
addressing the pharmaceutical industry. The method facilitates administration of small, subpharma-
cological (micro-) doses of “C-labeled drug candidates directly to humans, minimizing toxicity
issues and yet providing pharmacokinetic data, i.e. how the drug is absorbed, distributed, metabo-
lized, and excreted in the human body. This line of research is pursued at our laboratory with routine
studies as well as contributions to specialized fields such as drug transport mechanism studies of the
blood-brain barrier (Sadiq et al. 2011) as well as studies of macromolecules (Salehpour et al. 2011).

Other applications provide fundamental data pertaining to human physiology and cell biology.
Examples of the latter are bomb-peak dating of postmortem human DNA, providing sought-after
information on whether specific human cells regenerate. The concept behind this type of research is
that the time dependence of the !4C level in the atmospheric CO, is well documented (CALIBomb,
http://calib.qub.ac.uk/CALIBomb/frameset.html), reflecting the elevated “C levels due to nuclear
weapons tests during the Cold War, and the subsequent decrease after the Limited Test Ban Treaty
(prohibiting all test detonations of nuclear weapons except underground). The “C levels are
inscribed in the DNA during the cell division process, using atmospheric carbon that entered the
food cycle through photosynthesis in plants. For cells that do not regenerate, the “C level in the
DNA will reflect the corresponding '“C level in the atmosphere at the time of birth. Many cells,
however, do regenerate and, moreover, mathematical models can be used to extract the regeneration
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rate (Bernard et al. 2010). Examples of published data are the human brain hippocampus (Spalding
2013), the human cardimyocytes in the heart (Bergmann et al. 2009), and the human fat cells, adi-
pocytes (Spalding et al. 2008). Also, a variety of tissues can be studied such as triglycerides from
human fat tissues (Arner et al. 2011) or the plaque from human carotid arteries (Hagg et al. 2011).
There are also forensic applications, such as the determination of the date of birth using bomb-peak
dating of teeth (Spalding et al. 2005; Alkass et al. 2009).

There are over 200 different types of cells in the human body, many with unknown regeneration
rates. With this in mind, in collaboration with the Karolinska Institute in Stockholm, we founded
The Human Regeneration Map Project (THRM, www.thrm.ki.se). THRM is a 10-yr project with the
purpose of measuring the regeneration of the various human cells, not only in health but also in com-
bination with various diseases.

For a number of applications, the availability of sample substance is limited, establishing the need
for analysis of small samples. In this paper, a brief description of the ultra-small sample preparation
utilized in our laboratory method is given, followed by some new data concerning the optimization
of the method. In the next section, data are provided for a new application involving bomb-peak dat-
ing of postmortem amyloid plaques.

THE AMS FACILITY AT UPPSALA UNIVERSITY

The AMS setup in Uppsala is currently based on a SMV Pelletron tandem accelerator (NEC Inc.,
Middleton, Wisconsin, USA) which has been in operation since 2001. The accelerator is injected
with 4 ion sources: 2 of which are used for AMS, 1 for labeled substances (>2 Modern), and the
other for low-activity samples such as archaeological or bomb-peak dating samples. Three sample
preparation laboratories operate in parallel, 1 exclusively for archaeological samples and 2 for bio-
medical applications. Two stable isotope ratio mass spectrometers (IRMS) are also in operation. In
an effort to expand the capacity and comply with the state-of-the-art instrumentation, a new AMS
machine will be delivered in the spring of 2014. The system is a MICADAS developed and manu-
factured by ETH Zurich, Switzerland (Synal et al. 2007).

Ultra-Small Samples

In many applications, the amount of sample available for analysis is limited. Furthermore, as AMS
is a destructive method, it further restricts the applicability of this method for irreplaceable samples.
Consequently, small-sample AMS, offering analysis in the few pg C range, is of considerable interest.

The standard sample preparation method used here has been published earlier (Salehpour et al.
2008, 2009), which pertains to large samples in the 1 mg C range. The ultra-small sample (USS)
method addresses sample sizes from about 500 pg C down to a few pg C and has also been described
in detail in Salehpour et al. (2013). Thus, only a brief description is given here.

Depending on the mass of the sample, 10-20 mg of pretreated CuO powder is added to the sample
in a prebaked quartz tube and is baked in a muffle furnace at 950 °C for about 3 hr. After cooling,
the quartz tube is cracked and the gas is introduced into a vacuum line. The gas then undergoes a
purification step, by freezing out the water content in a cold trap (-80 °C) and pumping away the
residual gases. The amount of CO, gas is measured using a calibrated volume and a pressure trans-
ducer. The gas subsequently is moved cryogenically and deposited in a graphitization reactor, which
is a sub-mL, prebaked borosilicate tube containing 10 mg zinc powder at the bottom and a smaller
vial placed within, containing iron powder (2 mg). The tube is then sealed and baked at 550 °C for
6 hr. Unlike the large samples (>50 pg C), where the graphite can easily be seen, samples in the 10-
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pg C range are not seen directly and only show a change of color in the iron catalyst. Throughout the
process, extreme care needs to be taken to avoid introduction of stray carbon into the sample. The
method has been shown to be highly reliable, with high graphitization yield and showing very low
fractionations (<0.1%o for samples below 500 pg C).

One important quantity in AMS measurement is the secondary ion current obtained from the sam-
ple. For a given analysis time, the higher the current, the better is the statistical ensemble and hence
the precision. There is a dependence of the extracted ion current on the mass of the sample as can be
seen in Figure 1. The data contains over 3600 data points for samples prepared using the USS prep-
aration method, updated since the last report (Salehpour et al. 2013). No data points have been
excluded even though a few samples should have been rejected as outliers due to low current. This
is to present the total scatter in the measurement that has been recorded so far. The updated data are
consistent with our previous data containing 1329 points (Salehpour et al. 2013). It is noted that the
current is more or less constant for mg samples down to about 100-pg C samples. Below this value,
the current is linearly dependent on the mass of the sample. As the precision is dependent on current
(proportional to the square root of the current), this implies that small samples inherently give rise
to lower precisions. As an example, a 10-pg C sample provides 10 times lower current compared to
a 1-mg sample and consequently has about 3 times lower precision.
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Figure 1 Measured secondary ion current of 12 MeV 13C3* as a function of the mass of the
samples for 3643 samples prepared using the USS method. The current values are averaged
over the first 5 min. No data have been excluded. The plot is shown on a log-log scale.

Samples are typically analyzed for a total of 20 min (4 x 5 min periods) during which time the sec-
ondary ion current decreases to a fraction of its original value. We have measured the amount of
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sample left after such measurements by recombusting the remaining carbon and measuring the CO,
pressure using a calibrated volume and a standard pressure transducer). Typically, over half of the
sample is left within the cathode as the cesium beam does not fully cover the whole sample volume.
Consequently, it would be analytically beneficial to have a higher current during the measurement
period.

The total integrated current has been shown by others (Santos et al. 2007) to increase with the
amount of iron catalyst up to 4-5 mg. This led to a more sustainable secondary ion current from the
sample during the measurement, compared to an initially higher current followed by a fast decrease
for samples using smaller catalyst amounts. We have tried this at our laboratory but have not been
able to observe the same improvements over smaller iron catalyst amounts. However, it should be
noted that we use the zinc reduction method, whereas Santos et al. use the hydrogen reduction
method, with a different chemistry and graphitization temperatures.

One possible method to increase the secondary current would be to change the ion source geometry
(Middleton 1989; Southon et al. 2007) in order to increase the ionization efficiency and ion trans-
mission over the sample surface. It has been reported that changing the sample surface geometry
within the ion source can greatly enhance the secondary ion current for small samples (Yokoyama
et al. 2010). Specifically, it was shown that by increasing the distance between the cathode surface
and the graphite surface (cathode depth) by using a different mechanical press, the secondary ion
current could be increased by a factor of 4. The explanation that was proposed was that the increased
cesium-induced plasma plume volume over the sample surface enhanced the probability of collision
and hence ionization.

We have performed similar measurements, where samples with a cathode depth of 0.5 mm (stan-
dard) were compared to samples with cathode depth of 1.5 mm. A total of 28 samples were prepared
with masses in the range of about 1-100 pg C and analyzed with AMS. The quantity of interest is
the secondary ion enhancement factor, i.e. the ratio K, of the average secondary '3C ions originating
from sample with cathode depths of 1.5 to that of standard samples (0.5 mm) of the same mass. Fig-
ure 2 shows the measured K values as a function of the mass of the sample.
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Even though high K values similar to Yokoyama et al.’s (2010) data have been observed for some
samples, it is noted that the data points are clustered around a value of about 2. Nevertheless, this is
a significant increase in secondary ion current. We have seen no detrimental effects on the pM val-
ues. Based on this encouraging data, we will proceed with more tests to find the optimized cathode
depth for our ion source.

Another important issue is the accuracy of the ultra-small sample measurement. As previously men-
tioned, the measured isotopic ratio depends on the mass of the sample, which needs to be corrected
for. Figure 3 shows the uncorrected isotopic ratio against the sample mass for 360 oxalic acid II sam-
ples collected during 70 consecutive AMS experiments, over a period of about 1 yr. No data points
have been excluded in order to display the total variation and scatter. In accordance with our previ-
ous measurements (Salehpour et al. 2013), the pM mass dependence is weak down to ~10 pg C. As
an example, a 10-pug C sample has typically a few percent lower pMC value compared to a mg sam-
ple. The mass dependence is due to the carbon background and can be corrected for as described in
Salehpour et al. (2013). The background carbon originating from #C-free origins (dead carbon) and
carbon from the laboratory atmosphere (Modern carbon) were determined as follows: Two series of
dead carbon samples and modern samples at various masses were prepared and measured with
AMS. Two methodologies were used to extract the average mass of the stray carbon: 1) The back-
ground carbon consisting of 2 components: Modern and dead carbon (Santos 2007) with values cor-
responding to 0.27 £ 0.13 pg C for Modern carbon and 0.13 = 0.1 pg C for the dead carbon compo-
nent. 2) Alternatively, an average value can be extracted for all the various carbon background
contributions (Hua et al. 2004), giving a value of 0.36 = 0.11 pg C at 71 pMC.
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Figure 3 Measured “C/!2C ratio (pM) as a function of the mass of Oxalic acid II
standards at different masses. The data was recorded over a period extending more
than one year and covering 70 AMS experiments, in total including 360 samples.
No data have been excluded.
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Even though the data is consistent, as can be seen in Figure 3, some scatter exists from one experi-
ment to another. This may originate from other phenomena such as fractionation effects during mea-
surements of small samples, which could vary from sample to sample. Nevertheless, the major
effect is the carbon background and consequently, carbon background correction is applied individ-
ually for every AMS experiment by measuring standard samples at varying masses, covering the
mass range of the samples of interest. As the carbon background values have been determined (aver-
age value of 0.36 £ 0.11 pg C at 71 pMC using the methodology of Hua et al. 2004), a least-square
fit is used to fit the data for OX-II standards in every run and to extract the corresponding back-
ground values as a means of fine-tuning the correction values.

LIFE SCIENCE APPLICATIONS

A range of AMS biomedical research activities are currently being pursued at our laboratory (Sale-
hpour 2013). Some new data are presented below, followed by a brief review of the ongoing activities.

Amyloid Protein Analysis

Systemic amyloidoses, a group of potentially lethal diseases, were long considered a mystery. They
manifest themselves in a variety of symptoms depending on which organs that are affected. The
damaging mechanism is the formation of highly insoluble protein fibrils that may physically impair
the function for an organ, often the heart or kidney. In addition, there are many conditions in which
amyloid is only present in a single tissue or organ, e.g. the brain (Alzheimer’s disease) and the pan-
creatic islets (type 2 diabetes). For a review, see Merlini and Westermark (2004).

There are over 30 known endogenous proteins that can undergo conformational structural changes
leading to amyloid formation. The proteins fold, align, and subsequently form fibrils with a typical
width of around 10 nm. Such fibrils can grow to tens of percent of the total weight of the organ until
total functional failure occurs. Certain specific protein fibrils or their misfolded precursors are, in
addition, toxic.

Like formation of infectious prions in spongioform encephalopathies (a known example being “mad
cow disease”), development of amyloid fibrils is a nucleation-dependent process. The first step, for-
mation of a nucleus for amyloid fibrils, is energetically unfavorable. On the other hand, elongation
into mature fibrils is faster but depends on sufficient concentration of protein and on possible con-
comitant degradation as well as on other, yet unknown mechanisms in amyloidogenesis (Luheshi
and Dobson 2009).

One key question in the field is the timespan over which the deposits are formed. In some cases,
such as Alzheimer’s disease, it is suspected that the process starts before the age of 30. One publi-
cation has addressed the bomb-peak dating of Alzheimer’s plaques (Lovell et al. 2002) although no
clear conclusions regarding the age of the plaque could be made from the study. We have access to
samples from deceased individuals due to various amyloidosis diseases at the Rudbeck Laboratory
at Uppsala University. In this study, we have included 3 different forms of systemic amyloidosis:
AA amyloidosis (1 case) associated with chronic inflammatory processes, in this case rheumatoid
arthritis; AL (immunoglobulin light chain) amyloidosis (4 cases), associated with plasma cell dys-
crasia; and ATTR (wild type transthyretin) amyloidosis (3 cases), associated with aging.

Postmortem samples of the heart or spleen were processed as follows. The amyloid material is thor-
oughly homogenized repeatedly in 0.15M sodium chloride solution followed by centrifugation after
which the supernatant is discarded. This procedure is repeated until soluble components have been
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removed. After homogenization in distilled water and centrifugation, the pellet material is lyo-
philized. This amyloid fibril concentrate is then dissolved in 6M guanidine HCL and undergoing
size-exclusion gel filtration in SM guanidine HCL. The purification process has been described else-
where (Westermark and Westermark 2005). The fraction containing the amyloid protein of interest
is then dialyzed using distilled water. Samples are then lyophilized and stored. The samples finally
undergo '“C AMS analysis where the average formation age of the protein is extracted using the
bomb-peak analysis. Figure 4 shows the principle behind the extraction of the average age of the
amyloid protein formation time. The Levin and Kromer (2004) data set (CALIBomb) for the North-
ern Hemisphere (bomb peak) complemented with tree-ring data (Stuiver and Quay 1981) are plotted
as a function of the calendar year. Superimposed are the measured A'“C values for 4 postmortem
samples from individuals who died as a result of amyloidosis of internal organs. In the same graph,
the year of death is also shown with a vertical dotted line. The difference between these 2 values is
the average formation time of the proteins. Table 1 contains the list of measured samples.
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Figure 4 The bomb peak, based on the Levin and Kromer (2004) data, where A'#C is
plotted as a function of the calendar year. Measurement for 4 postmortem purified
amyloid protein samples (A—D) in solid squares are superimposed on the bomb peak.
The corresponding year of death is also shown as a dotted line (a—d).

It is noted from the data in Table 1 that in spite of the variations in the year of birth and year of death,
the associated amyloid proteins have consistently an average formation age that is within a few
years from the date of death. This indicates that amyloidosis takes place within a few years prior to
death rather than a slow mechanism taking decades. This information could be of interest to the elu-
cidation of the mechanism behind amyloidogenesis and is consistent with a nucleation-dependent
mechanism. It is particularly interesting to note that deposits in the age-dependent form of senile
systemic amyloidosis, where wild-type transthyretin forms amyloid in the heart, is also of recent
date.
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Table 1 The list of analyzed amyloid samples, showing the Individual ID, the postmortem sample organ, the
type of amyloid fibril protein, year of birth and death. Also shown are the 8'3C and A'*C measured values
using stable isotope ratio mass spectrometry and AMS, respectively. The measured AMS values are cross-ref-
erenced in CALIBomb for the average formation date. The average formation time of the protein fibrils is then
calculated in years. Protein types are AA = Serum AA (Apo); AL = Immunoglobulin light chain; and TTR =
Transthyretin.

Year of Yearof &813C AWC AMS error Formation Formation

Individual ID Organ Protein  birth death  (%0) (%o0) (lo) date time (yr)
44447-896 Spleen AA 1911 1981 -24.3 250.6 3.8 1981.2 -0.2
44448Ua600 Heart AL 1933 1991 —23.2 148.6 3.9 1990.1 0.8
44449-700 Spleen AL 1914 1976 219 385.6 43 1974.7 1.3
44449:x-700 Spleen AL 1914 1976 -21.8 398.0 4.9 1974.2 1.8
44450-HjL  Heart TTRWT 1900 1974 —23.3 4082 43 1973.8 0.2
44451-109 Spleen AL 1921 1986 -24.3 213.7 3.8 1983.8 2.2
44452-272  Heart TTR WT 1891 1980 —242 323.6 3.9 1977.9 2.1
44453-210  Heart AL 1926 1992 —23.0 159.6 4.0 1989.1 2.8
44454-34 Heart TTR WT 1892 1984 —23.3 239.7 42 1982.1 1.9

SUMMARY AND CONCLUSIONS

A variety of '“C life science research activities are being pursued at Uppsala University, including
drug development studies and human cell regeneration rate measurements. Details of the ultra-small
sample preparation method for pg-size samples are outlined and new data is presented concerning
the current dependence on the cathode geometry. Moreover, new results are presented on bomb-
peak dating of purified proteins from human postmortem amyloid deposits. Finally, we have noted
a substantial increase in interest for various AMS applications within the biosciences during the last
few years. A new AMS system has been ordered and will subsequently be in operation in the sum-
mer of 2014 to address this challenge.
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