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Abstract
Multi-isotope imaging mass spectrometry (MIMS) is the quantitative imaging of stable isotope
labels in cells with a new type of secondary ion mass spectrometer (NanoSIMS). The power of the
methodology is attributable to (i) the immense advantage of using non-toxic stable isotope labels,
(ii) high resolution imaging that approaches the resolution of usual transmission electron
microscopy and (iii) the precise quantification of label down to 1 part-per-million and spanning
several orders of magnitude. Here we review the basic elements of MIMS and describe new
applications of MIMS to the quantitative study of metabolic processes including protein and
nucleic acid synthesis in model organisms ranging from microbes to humans.
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1. Introduction
Radiolabeled nucleotides [1] and halogenated nucleotide analogs [2] have been extensively
used to label and track nucleic acids during chromosome replication and cell division. These
approaches, however, are associated with pitfalls related to reagent toxicity [3,4] and the
fidelity of techniques used for label measurement. Indeed, numerous active controversies in
cell biology can be traced to limitations inherent to the use of label detection methods such
as autoradiography or immunofluorescence to answer questions of cell turnover and fate.

One such area of active debate is whether some stem cells non-randomly segregate
chromosomes during mitosis [5,6]. The resultant preservation of DNA template strands may
influence the genetic stability of the stem cell lineage or impact daughter cell fate by the
asymmetric inheritance of epigenetic gene-regulatory elements. The mere fact that the
debate over the existence of so-called “immortal DNA template strands” is unresolved after
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nearly four decades of investigation [7] illustrates the limitations of the methods used to test
the hypothesis.

Here we review a new approach to quantitatively study intracellular metabolic processes,
including DNA synthesis, a methodology that we call multi-isotope imaging mass
spectrometry (MIMS) [8]. MIMS is a synergy of two methods pioneered in the first half of
the last century: the vision of using stable isotope tracers (Figs. 1 and 2) to quantitatively
study metabolism as shown by Schoenheimer [9–12] and the extension by Leblond [13] to
use autoradiography with electron microscopy to visualize radiotracers intracellularly. With
MIMS, stable isotope tracers can be quantitatively imaged and measured in domains at least
10-fold smaller than a micron cubed. Here we summarize the important components of
MIMS, including (i) stable isotopes and their advantages as metabolic tracers, (ii) a new-
generation secondary ion mass spectrometer (Fig. 3) that emerged after crucial advances in
ion optics, and (iii) an evolving computational interface that enables efficient data analysis
[8]. We conclude by illustrating the power of the methodology, with particular emphasis on
the study of immortal strands and the immense potential for human translation.

2. Stable isotope tracers
Stable isotopes are ideal metabolic tracers, because they are easily detectable and
topographically mappable with high precision, they seamlessly integrate in the biochemical
and physiologic processes of cells and organisms, and there is extensive precedent of safety
in model organisms and humans (Fig. 2). Although radiolabels, fluorescent compounds, and
halogenated analogs have been invaluable tools for biological studies, they each have the
potential for toxicity and direct influence on the pathway under study. The toxicity of
radiolabels includes the induction of DNA damage and modification of cell cycle activity
[14]. The covalent attachment of a reporter, such as a fluorescent protein or halogen atoms,
may alter the structure and biochemical properties of the parent molecule, resulting in
cytotoxicity or cell cycle alterations [4,15–17].

In contrast to radioisotopes, stable isotopes do not decay and simply are isotopic variants
that differ in atomic mass due to an alternative number of neutrons [18,19]. Many elements
have more than one stable isotope form, but the term “stable isotope” often denotes the
heavier, less abundant variants. Stable isotopes exist in animate and inanimate matter in
constant ratios; therefore, incorporation of stable isotope tracers in a domain of interest is
detectable by a measurable change in the isotope ratio. Schoenheimer pointed to their
existence in equivalent ratios in both animate and inanimate matter as evidence that living
organisms must not distinguish the few molecules containing the heavier variant from those
containing the lighter variant [11].

Deuterium is the only stable isotope with evident toxicity when administered in high doses,
several orders of magnitude above “tracer” doses. Inhibitory effects on the growth of
organisms ranging from microbes to mammals generally emerge when >15% of all
hydrogen atoms comprising the animal have been replaced by deuterium, a substitution that
requires prolonged exposure to high concentration deuterium [20–23]. This effect is
generally attributed to an isotopic effect on the kinetics of biochemical reactions due to the
addition of a neutron, which results in the doubling of the atom’s atomic weight. Minor
isotopic effects may also exist for stable isotopes of the heavier elements, such as carbon
and nitrogen, for which an extra neutron has a smaller relative effect on the atomic weight.
While these isotopic effects may account for subtle changes in the kinetics of biochemical
reactions and minute naturally occurring differences in isotopic ratio can occur over
paleontological time [24,25], there is no evidence that such subtle isotopic effects impact the
global physiologic function of cells or organisms, even after replacement of a substantial
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fraction of organism-wide atoms with the heavier isotope. For example, replacing
approximately 20% of a rodent’s carbon atoms with 13C or 60% of oxygen atoms with 18O
incurs no discernable physiologic effect [26,27]. Most importantly, the safety of stable
isotopes, including “tracer” doses of deuterium, is born out by decades of animal and human
studies, in which no harmful signals have emerged, even from studies including the most
vulnerable research subjects, such as pregnant, neonatal, or critically ill patients [23,28,29]
(see table contained in Fig. 2).

3. NanoSIMS™
The fundamental concept of SIMS developed in the 1960s remains largely unchanged with
new generation NanoSIMS™ instruments (Fig. 3) [30,31]. The surface of a sample is
sputtered with an ion beam (e.g. cesium ions), triggering a cascade of atomic collisions and
resulting in the ejection of atoms, molecular fragments, and atomic clusters. A small fraction
of these emitted secondary particles are ionized, and it is this fraction that is transmitted and
shaped through an ion optical system to a mass spectrometer, where ions of a given mass are
counted. Images are generated after registering the counts of a given ionic particle to the
region on the sample from where the ions were sputtered. The fundamental goal of MIMS –
to quantitatively localize stable isotope tags in subcellular domains within a reasonable
amount of time – is now possible because of innovations in ion optics and particle
discrimination.

With NanoSIMS, image resolution is in part dictated by the statistical power of inter-pixel
comparisons, and therefore improved efficiency of ion capture and transport decreases the
size of the analyzed microvolume required to generate a statistically meaningful pixel on a
mass image. The immersion objective increases the fraction of ions collected by exerting an
electrostatic accelerating field in close proximity to the sample surface to collect projectile
ions with disparate energies and trajectories. The secondary ions, which are representative of
the sample composition, are shaped by ionic lenses and ultimately separated by mass charge
along the focal plane of the magnet. The ion optical system, contained in NanoSIMS
instruments, efficiently delivers up to 80% of all ions released from a sputtered
microvolume to the mass spectrometer [32]. This efficiency makes high resolution imaging
possible within a practical timeframe.

Secondary ions are delivered from the optical column to a mass spectrometer with high mass
resolution, a feature that broadens the range of potential analytes, including nitrogen. The
direct analysis of nitrogen is rendered inefficient by the low electron affinity of the native
atom, resulting in rare emission of nitrogen ions. Instead, the analysis requires resolution of
a surrogate molecule, such as CN, which is challenging due to the similar molecular weights
of 13C14N, 12C15N, and 12C14N1H all of which have a reported molecular weight of 27. The
mass spectrometer, however, can resolve the subtle differences in mass between these
molecules [8,33]. Indeed, the ability to analyze samples containing 15N-tagged tracers is
invaluable to biology, where many molecules of high relevance, such as proteins and nucleic
acids contain nitrogen.

It is the use of multiple detectors in parallel that makes possible the precise quantification of
stable isotope tracers [8]. With MIMS, stable isotope incorporation is measured by an
increase above natural occurrence of the stable isotope tag relative to its common variant.
Because both ionic species are measured simultaneously from the same sputtered
microvolume, the measured isotope ratio is unaffected by regional differences in ionization
or instrumental drift. This built-in control makes the isotope ratio measurements more
precise and efficient than if the two components of the isotope ratio were measured serially.
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4. Computation
An underappreciated aspect of imaging mass spectrometry is the analytic challenge posed by
large data files, which can routinely exceed one gigabyte. A number of software platforms
are available to analyze the massive quantities of data produced by NanoSIMS analyses
[34], some of which are freely available. At the National Resource for Imaging Mass
Spectrometry (NRIMS), we use a custom-built “plugin” to ImageJ, called OpenMIMS
(http://www.nrims.harvard.ed/software.php).

A central theme in software development for MIMS applications is to improve the efficiency
and sophistication of identification and analysis of regions of interest (ROI). NanoSIMS data
analyses generally entail manually outlining ROI, before extracting the quantitative data for
each ROI or group of ROI. The process of manual ROI selection and classification is often
the most time-consuming aspect of nanoSIMS experiments, while also introducing potential
for observer bias. Ongoing software development aims to facilitate reproducible drawing of
ROIs via interactive thresholding or semi-automated boundary detection [34,35]. Such
programs may still require some degree of qualitative “expert” validation of the auto-
generated ROIs, but can greatly accelerate experimental analysis.

While NanoSIMS images are most easily rendered in 2 dimensions, each pixel is
representative of a microvolume of matter, in which the vertical dimension is on the order of
a few atomic layers. Thus, the vertical resolution far exceeds the lateral resolution.
Accessing the vertical-resolving capabilities opens the possibility of using successively
sputtered planes for 3D reconstruction [36]. Further software development will enable
efficient selection and quantitation of volumetric ROI in 3D images.

Software innovation may also facilitate synergy between NanoSIMS analyses and other
commonly used methods of phenotypic or genetic characterization, such as detection of
proteins, nuclei acids, or genetic reporters by in situ hybridization or immunohistochemistry.
Although there is immense potential to directly measure probes or antibodies, as has been
established for electron microscopy with heavy-metal conjugated antibodies, there is also a
role for computational cross-talk between MIMS images and data derived in parallel with
other modalities. Such approaches have been used in the study of bacteria, where fluorescent
signals obtained with fluorescent in situ hybridization can be registered with NanoSIMS
images and used to generate ROI in a semi-automated manner [34]. Continued
improvements in automated interaction with other methodologic platforms holds the
potential to greatly accelerate the discovery process, while also removing operator bias from
the analysis process.

5. Applying MIMS to biology
One way to think of MIMS is that it merges the analytical and quantitative power of mass
spectrometry as envisioned by Schoenheimer [11] with imaging at a lateral resolution
equivalent to that of usual transmission electron microscopy, over exquisitely thin depth – a
few atomic layers – much smaller than the thinnest electron microscopy sections. The power
of MIMS relies on this dynamic interplay between the high-resolution qualitative imaging of
cells and tissues with the quantitative data that can be extracted for any region of interest
within an image.

5.1. Illuminating complex tissues with high-resolution mass images
Quantitative mass images are reconstructed into a gray-scale image in which the pixel
intensity is derived from the total number of counts of a given secondary ion within the area
represented by a given pixel (Fig. 4). We have found that mass images of unlabeled tissues
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often provide striking regional contrasts in mass intensity, illuminating complex tissue
architectures with clarity reminiscent of electron micrographs. CN− images provide an
excellent first-pass histologic view of biological tissues, often revealing striking subcellular
detail [37]. Nuclear borders are easily resolved and subnuclear structures, such as nucleoli
are often visible. Submicron cellular projections, including lamillapodia and the cilia of the
intestinal brush border are identifiable [8].

Regional differences in mass intensity can often be accounted for based on known
differences in elemental composition within different tissues or subcellular domains. A
bright 31P− signal is observed in nuclei in a pattern that resembles chromatin, and which is
attributable to the high phosphate content of DNA [38,39]. Similarly, cytoplasmic granules
often contain high relative concentrations of elements like sulfur or zinc, likely accounting
for the dramatic illumination of Paneth cell granules in the small intestine by 32S− images
[39]. Melanin granules in human hair are seen brightly in 32S− images due to variations in
sulfur-content [40].

5.2. Measuring stable isotopes in subcellular domains
The exceptional power of MIMS is the confluence of imaging at high resolution with
measurement of isotope incorporation in micro-domains (sub-micron cubed) of interest.
Experiments are designed so that stable isotopes have been incorporated in cells via a
metabolic or biosynthetic pathway of interest. Examples for which MIMS has already been
used include nitrogen fixation by bacteria [41–45], fatty acid transport by adipocytes [46],
protein synthesis by the hair cells of the inner ear [36], and DNA synthesis [39,47].

We recently applied MIMS in the small intestinal stem cell niche to test the “immortal
strand hypothesis” [7], which holds that with each round of stem cell division, chromosomes
containing older template strands are segregated to the daughter cell destined to remain a
stem cell. The resultant indefinite maintenance of a full complement of DNA template
strands was proposed to explain the phenomenon of the “label-retaining” stem cell, in which
DNA label remains undiluted despite ongoing cell division during label-free chase. With a
series of pulse-chase experiments with stable isotope (15N)-tagged thymidine, we showed
that dividing cells in the stem cell compartment of the small intestine randomly segregated
chromosomes and thus do not display evidence of “immortal strands”, at least under normal
homeostatic conditions [39].

This study showcased many of the key aspects of MIMS for in vivo biology. First, pulse-
chase experiments designed to detect “label-retaining” stem cells entailed label
administration for periods spanning in utero through post-natal development. Such extensive
labeling duration is made possible by the use of non-toxic stable isotope labels. Second, we
quantified the magnitude of label dilution in dividing cells, which showed that the degree of
label dilution was consistent with random distribution of labeled DNA strands. Our
conclusion that label was equally distributed to daughter cells in a pattern consistent with
random segregation was greatly strengthened by the precise measurement of label in
domains as small as the segregating chromosomes (Fig. 5) [39,48]. This study left
unanswered whether small intestinal stem cells are stimulated to undergo asymmetric
division after injury, as described in both the intestine [49,50] and skeletal muscle [51,52],
and it does not definitively exclude very subtle asymmetry of chromosomal segregation as
suggested in the large intestine [53]; however, it provides a template for quantitatively
studying DNA synthesis, chromosome fate, and cell turnover in a broad range of
experimental settings.
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5.3. Human translation
Methods of bulk tissue analyses of stable isotope tracers [10,54] and recent advances in
molecular imaging [55] allow the study of human metabolism and immune and
inflammatory processes on the tissue or organ level. Now MIMS opens the possibility of
studying such diverse biological processes on the cellular and subcellular level with stable
isotope tracers. We recently performed a proof-of-principle study, in which we identified
rare 15N-labeled lymphocytes in peripheral blood samples taken from a healthy human
volunteer after pulse-chase administration of intravenous 15N-thymidine [39].

A central issue with such translational human experiments is that they be conducted safely.
Though stable isotopes are inherently safe and tracer studies generally involve administering
naturally occurring molecules, most stable isotope tagged compounds are unavailable in
pharmaceutical grade. While specific quality control metrics vary amongst different
regulatory agencies, a series of quality control tests can facilitate safe label administration.
Thus, prior to administering 15N-thymidine to human subjects, we performed stability
testing of 15N-thymidine after suspension in 0.9% NaCl infusate, verifying that it was stable
in solution at room temperature over 14 days. In addition, sterility testing, endotoxin
screens, and the use of sterile packaging techniques ensure protection from complications,
such as bacterial infections or systemic inflammatory responses. We anticipate that our
experience with 15N-thymidine coupled with the decades of experience using other stable
isotope tagged compounds in human studies will provide a template to study cell turnover
and a range of metabolic processes on the cellular and subcellular level in humans with
MIMS.

6. Summary
MIMS combines the use of innocuous stable isotope tracers with the quantitative imaging
power of modern nanoSIMS instrumentation. MIMS has illuminated a wide range of cellular
processes including fatty acid transport and storage [46], protein synthesis [36], nitrogen
fixation [41], and DNA synthesis [39] in model organisms ranging from bacteria to humans.
The methodology has provided answers to controversial questions in cell biology, including
the mechanism of cytoskeletal turnover in inner ear hair cells [36], the regenerative potential
of mammalian cardiac myocytes [47], and the “immortal strand hypothesis” in the small
intestine [39]. Just as initial demonstrations of the power of MIMS to show nitrogen fixation
by bacteria [41] led to a proliferation of its use in the field of microbiology [56,57], we
anticipate heightened interest in the broader biomedical research community to
quantitatively image subcellular biochemical processes with MIMS in organisms ranging
from single microbes to humans.
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Fig. 1.
Stable isotopes as metabolic tracers. An immense advantage of stable isotope tracers is that
they do not decay and are natural in the environment. When delivered in enriched form as a
component of tracer molecules, they seamlessly incorporate into the metabolic pathway
under study, and they are detectable with mass spectrometers, including NanoSIMS. The
innocuous nature of stable isotopes has led to their widespread use as tracers in organisms
ranging from microbes to humans. Since Urey [18] discovered deuterium and Schoenheimer
[9–12] pioneered the use of stable isotopes as tracers to study metabolism, they have been
increasely used in human studies.

Steinhauser and Lechene Page 10

Semin Cell Dev Biol. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Precedent for administration of stable isotopes to humans. This figure and table illustrate the
extensive history of safe stable isotope administration to humans, including the most
vulnerable populations such as pregnant women, infants, and the severely ill. (A) These data
are derived from a Pubmed search with search term “stable isotope” then limited to “human”
studies. The search (4/10/2013) yielded 3507 references, which when parsed by year show a
dramatic increase in stable isotope use with time. (B) The references were then reviewed to
assess key pieces of data, including whether the study indeed administered stable isotopes to
humans, details regarding the subject population, and the isotope(s) administered. Patient
populations were defined as follows: infant < 12 mos, child = 1–18 yrs, elderly > 65 yrs,

Steinhauser and Lechene Page 11

Semin Cell Dev Biol. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



severely ill = occupying intensive care unit. These data certainly underestimate the
cumulative human experience, in part because the 13C–urea breath test is widely used in
clinical practice. While most of the low abundance stable isotope variants are heavier than
the most common form, selenium is an example of a trace mineral where the most common
form (80Se = 49.61%) is heavier than 3 other selenium stable isotopes. Note: total values are
often smaller than the sum of the column because many studies employed multiple stable
isotope tracers. For full list of references: http://nrims.partners.org/
HumanStableIsotopeReferences.xls. *Uncommonly used stable isotope tracers in human
studies included sulfur, nickel, chromium, molybdenum, and cadmium.
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Fig. 3.
Ion optics and the NanoSIMS instrument. In a NanoSIMS instrument, an ion optical system
directs a primary ion beam (Cs+) to bombard the sample surface. The sample is sputtered
with release of atoms and atomic clusters, of which a small fraction is ionized. This ionized
fraction (secondary ions), representative of the composition of the sample, is efficiently
collected by the immersion objective. The ion optical system shapes and transports
negatively charged secondary ions to the mass spectrometer, where 7 tunable detectors
simultaneously count 7 masses of interest.
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Fig. 4.
Mass images of the small intestinal crypt. The base of the small intestinal crypt is shown
(A) 12C14N mass image (surrogate for 14N). (B) 32S mass image shows intense signal in the
granules found in the apical cytoplasm of Paneth cells (white arrows). (C) 31P mass image
showing intense signal in the nuclei (white arrows). Tissue embedded in LR white;
sectioned to 0.5 µm. Image acquisition: raster size = 30 µm, 512 × 512 pixels, 0.750 ms/
pixel, 92 consecutive planes summed.
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Fig. 5.
MIMS images of mitotic cell in the small intestinal crypt. (A) Label administered to adult
mice for 2 wks, followed by BrdU for 24 h during 15N-thymidine-free chase. The “immortal
strand hypothesis” would predict complete replacement of 15N by BrdU, rather than the
dilution of 15N signal by approximately 50% with each division. There were no examples of
the complete replacement of 15N by BrdU, including in mitotic figures. Note: BrdU was
administered at the end of the experiment; BrdU is quantitatively imaged by directly
analyzing 81Br−. (B) Small intestine from mouse after sequential administration of 15N-
thymidine and BrdU (see A). Segregating chromosomes are visible showing BrdU (bottom
left) and 15N-label (bottom right) in both segregating chromosomal complements. Bottom
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right: Hue saturation intensity (HSI) image mapping the 15N/14N ratio. The rainbow scale
ranges from blue, where the ratio is equivalent to natural ratio (0.37%, expressed as 0%
above natural ratio), to red, where the ratio is several fold above natural ratio (240% above
natural ratio). Although this image (representative sampling of the larger 3-dimensional
mitotic nucleus) shows a slight imbalance in the 15N distribution, the frequency of signal
imbalance in mitotic figures was similar to that predicted by random chance (n = 232 mitotic
figures in late stages of mitosis). Image acquisition: raster size = 9 µm, resolution 512 × 512
pixels, 0.750 ms/pixel, 100 consecutive planes summed.
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