1duosnue Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

WEALTY 4
of %,

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Nature. Author manuscript; available in PMC 2012 July 26.

Published in final edited form as:
Nature. ; 481(7382): 516-519. doi:10.1038/nature10734.

Quantitating subcellular metabolism with multi-isotope imaging
mass spectrometry

Matthew L. Steinhauserl:2, Andrew Bailey3, Samuel E. Senyol:2, Christelle Guillermier245,
Todd S. Perlstein12, Alex P. Gould3, Richard T. Leel26 and Claude P. Lechene245

1Department of Medicine, Division of Cardiovascular Medicine, Brigham and Women’s Hospital
2Harvard Medical School

3Division of Physiology and Metabolism, Medical Research Council National Institute for Medical
Research, Mill Hill, London, NW7 1AA. U.K

4National Resource for Imaging Mass Spectroscopy
SDepartment of Medicine, Division of Genetics, Brigham and Women’s Hospital

SHarvard Stem Cell Institute

Abstract

Mass spectrometry with stable isotope labels has been seminal in discovering the dynamic state of
living matterl-2 but is limited to bulk tissues or cells. We developed multi-isotope imaging mass
spectrometry (MIMS) that allowed us to view and measure stable isotope incorporation with sub-
micron resolution34, Here we apply MIMS to diverse organisms, including Drosophila, mice, and
humans. We test the “immortal strand hypothesis,” which predicts that during asymmetric stem
cell division chromosomes containing older template DNA are segregated to the daughter destined
to remain a stem cell, thus insuring lifetime genetic stability. After labeling mice with 15N-
thymidine from gestation through post-natal week 8, we find no 1°N label retention by dividing
small intestinal crypt cells after 4wk chase. In adult mice administered 1°N-thymidine pulse-chase,
we find that proliferating crypt cells dilute label consistent with random strand segregation. We
demonstrate the broad utility of MIMS with proof-of-principle studies of lipid turnover in
Drosophila and translation to the human hematopoietic system. These studies show that MIMS
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provides high-resolution quantitation of stable isotope labels that cannot be obtained using other
techniques and that is broadly applicable to biological and medical research.

MIMS combines ion microscopy with secondary ion mass spectrometry (SIMS), stable
isotope reporters, and intensive computation (Supplemental Fig 1). MIMS allows imaging
and measuring stable isotope labels in cell domains smaller than one micron cubed. We
tested the potential of MIMS to quantitatively track DNA labeling with 1°N-thymidine in
vitro. In proliferating fibroblasts, we detected label incorporation within the nucleus by an
increase in the 15N/14N ratio above natural ratio (Fig 1a). The labeling pattern resembled
chromatin with either stable isotope-tagged thymidine or thymidine analogs (Fig 1b). We
measured dose-dependent incorporation of 1°N-thymidine over three orders of magnitude
(Fig 1d, Supplemental Fig 2). We also tracked fibroblast division after a 24-hour label-free
chase (Fig 1d,e, Supplemental Fig 3). Cells segregated into two populations, one
indistinguishable from control cells suggesting no division, the other with halving of label,
consistent with one division during chase.

We found similar results by tracking cell division in vivo in the small intestine (Fig 1f,qg,
Supplemental Figs 4-6). We measured dose-dependent 1°N-thymidine incorporation within
nuclei of actively dividing crypt cells (Fig 1g, Supplemental Fig 4), down to a dose of
0.1pg/g (Supplemental Fig 2). The cytoplasm was slightly above natural ratio, likely due to
low level soluble 15N-thymidine or mitochondrial incorporation (Supplemental Fig 2). We
measured halving of label with each division during label-free chase (Supplemental Fig 6).

We then tested the “immortal strand hypothesis,” a concept that emerged from
autoradiographic studies® and that predicted long-term label retaining cells in the small
intestinal crypt®7. It proposes that asymmetrically dividing stem cells also asymmetrically
segregate DNA, such that older template strands are retained by daughter cells that will
remain stem cells and newer strands are passed to daughters committed to differentiation
(Supplemental Fig 7)>6. Modern studies continue to argue both for89:10.11.12 of
against1314.15.16 the hypothesis, leading to the suggestion that definitive resolution of the
debate will require a new experimental approach®’.

Although prior evidence suggests a concentration of label-retaining cells in the +4 anatomic
position’:8, we searched for DNA label retention irrespective of anatomic position or
molecular identity. We labeled mice with 1°N-thymidine for the first 8 wks of life when
intestinal stem cells are proposed to form®. After a 4-wk chase, mice received
bromodeoxyuridine (BrdU) for 24h prior to sacrifice to identify proliferating cells(Fig 2a,
Supplemental Fig 8: Exp 1), specifically crypt base columnar (CBC) cells and transit
amplifying cells (TA) (Supplemental Fig 9), which cycle at a rate of one and two times per
24h, respectivelyl8 (Supplemental Fig 10). All crypt cell nuclei were highly labeled upon
completion of 1°N-thymidine; after a four-week chase, however, we found no label retention
by non-Paneth crypt cells (Fig 2b—f; n=3 mice, 136 crypts analysed). 1°N-labeling in
BrdU=/15N* Paneth and mesenchymal cells was equivalent to that measured at pulse
completion (Fig2b,c) suggesting quiescence during the chase (values above 15N/14N natural
ratio: Paneth pulse=107.8 +/- 5.0% s.e.m. n=51 vs Paneth pulse-chase=96.3+/-2.8% s.e.m.
n=218; mesenchymal pulse=92.0+/-5.0% s.e.m. n=89 vs mesenchymal pulse-chase=90.5+/
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-2.2% s.e.m. n=543). The number of randomly selected crypt sections was sufficient to
detect a frequency as low as one label-retaining stem cell per crypt irrespective of anatomic
location within the crypt. Because each anatomic level contains approximately 16
circumferentially arrayed cells8, a 2-dimensional analysis captures approximately 1/8th of
the cells at each anatomic position (one on each side of the crypt; Supplemental Fig 9a).
Therefore, assuming only 1 label-retaining stem cell per crypt we should have found 17
label-retaining cells in the 136 sampled crypts (1/8t of 136); we found 0 (binomial test
p<0.0001). The significance of this result held after lowering the expected frequency of
label-retaining cells by 25% to account for the development of new crypts, a process thought
to continue into adulthood?®. In three additional experiments, using shorter labeling periods
and including in utero development, we also found no label-retaining cells in the crypt other
than Paneth cells (Supplemental Fig 8, Exps 2-4).

To address the possibility that long-term thymidine exposure or frequent high dose
injections introduced pitfalls, we limited labeling to the previously reported peak time period
of label-retaining stem cell formation8 and reduced the dose by 50-fold compared to prior
experiments (Supplemental Fig 8, Exp 5). Potten and colleagues® observed approximately 6
label-retaining cells per intestinal circumference with a similar protocol; with about 90
crypts per circumference, this translates to 1 label-retaining cell per 15 sectioned crypts. We
analysed 330 crypts and observed 19 1°N*/BrdU~ Paneth cells (one per 17 crypt sections),
but no non-Paneth label-retaining cells (expected = 21; observed = 0; binomial test
p<0.0001) or doubly labeled (2°N*/BrdU™) cells irrespective of cellular identity. Thus, after
labeling during all potential periods of stem cell formation, spanning in utero through post-
natal development, we found no label-retaining stem cells in the small intestinal crypt other
than Paneth cells, which are largely quiescent. We conclude therefore that the phenomenon
of label retaining cells as described by others was most likely due either to reagent toxicity
or to insufficient resolution with the consequent misidentification of labeled post-mitotic
Paneth cell nuclei as label retaining +4 stem cells. MIMS minimizes these potential artifacts
due to its ability to detect non-radioactive isotopes and the high imaging resolution both
lateral and vertical. Although our data cannot directly exclude the migration of label-
retaining stem cells into the crypt under non-homeostatic conditions such as radiation
injury!l, prior examinations of crypt clones argue against contributions from either a resting
stem cell population or from stem cells originating outside the crypt20.

We also studied label release in adult mice after stem cell formation. These experiments are
particularly relevant given the recent suggestion that crypt stem cells exhibit monoclonal
drift over 8 months21:22. a model that is incompatible with lifetime survival of label-
retaining stem cells but that does not exclude the possibility of biased template strand
segregation. After administering 1°N-thymidine for 2 wks to label all proliferating crypt
cells, 1°N-thymidine was stopped and BrdU was administered for 24h to label cells dividing
during the 1°N-thymidine-free chase (Fig 3a). A consequence of the “immortal strand
hypothesis” would be that a stem cell would produce a daughter in which 15N label was
completely lost with the first division during chase (Supplemental Fig 7). We observed no
such BrdU*/15N~ crypt cells, even after extending the 1°N-thymidine-free chase to 48h (Fig
3b, Supplemental Fig 11). Proliferating (BrdU*) crypt cells (n=3mice; 563 cells analysed)
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diluted 15N-thymidine label (mean=71% above natural ratio) compared to undivided
(BrdU-) cells (129% above natural ratio) or cells analysed at the end of 1°N-thymidine pulse
(128% above natural ratio), as expected of cells undergoing random chromosomal
segregation (Fig 3c). We also analysed crypt cell nuclei in late mitosis, finding 1°N label and
BrdU in both sets of segregating chromosomes (Fig 3d, Supplemental Fig 12, n=232).
Together, these data result from an analysis of 625 crypts, in which we did not find a single
BrdU* nucleus or chromosomal complement that was not 15N-labeled, suggesting that
dividing cells in the crypt uniformly dilute labeled DNA in a pattern consistent with random
DNA strand segregation.

The broad applicability of MIMS is demonstrated by proof-of-principle studies in
Drosophila and humans. Drosophila provides a model system to study the genetics of lipid
metabolism, in vivo. Due to its small size, however, it is difficult to obtain sufficient material
from specific tissue/cell types for measurement with conventional mass spectrometry. A
previous study showed numerous lipid droplets in enterocytes within a segment of the
Drosophila larval intestine, the anterior midgut23. We therefore used MIMS to measure the
incorporation and turnover of diet-derived 13C-palmitate. Following larval exposure to
dietary 13C-palmitate, label is incorporated into enterocyte lipid droplets with a subcellular
pattern similar to that seen with a neutral lipid dye (compare Fig 4a with supplementary Fig.
13). Dietary 13C-palmitate pulses of varying periods indicate that the rate of 13C label
incorporation into lipid droplets is greater in anterior midgut enterocytes than in the
adipocytes of the fat body, the major lipid storage depot in Drosophila (Fig. 4a,b). Pulse-
chase experiments with dietary 13C-palmitate also demonstrate a reproducible exponential
decay (R2=0.9) of the 13C signal within enterocyte lipid droplets and provide an estimate for
the half-life of ~9 h (Fig. 4c,d). These results demonstrate the utility of MIMS for precise
measurement of in vivo lipid turnover at high resolution within individual Drosophila lipid
droplets.

In the first MIMS human experiment, we administered 1°N-thymidine to a healthy volunteer
by intravenous infusion for 48h. We performed MIMS analysis on peripheral white blood
cell (WBC) smears. We found no labeled WBC at the end of the infusion (3600 analysed).
After a 4-wk chase we found a few labeled WBC (Fig 4c: 4 of ~2000 cells analysed)
consistent with a lag time before release from the bone marrow (Chi-squared, p<0.01).
Radiolabeled thymidine has been administered to humans in numerous prior studies?4, but
these studies were conducted primarily on cancer patients. There is no known risk to using
stable isotopes®. Thus, this experiment now opens the door to studies of metabolism and
cell tracking in humans.

In conclusion, we provide direct evidence under physiological conditions against non-
random template strand segregation in the small intestine. Our approach encompasses all
potential stem cell populations in the crypt, those identifiable by known markers26:27:28 and
putative ones not identified by a specific marker. We have demonstrated the power of MIMS
to image and quantitate cell metabolism in three different contexts: mammalian intestinal
cell division, Drosophila lipid metabolism, and human lymphopoiesis. We anticipate that
the measuring and imaging power of MIMS will make it a major tool to study metabolism
and cell fate in animals and humans.
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METHODS SUMMARY

Data were acquired with the prototype (4 detectors) and a second-generation instrument
(NanoSIMS 50L, Cameca: 7 detectors). Quantitative mass images were analysed with
“Open MIMS” software, a plug-in to ImageJ (http://www.nrims.harvard.edu/software.php).
Stable isotopes were obtained from Cambridge Isotopes, Inc. (*°N-thymidine, 13C-
thymidine) and Sigma-Aldrich, Inc. (:3C-palmitate).

Full Methods and any associated references are available in the online version of the paper
at www.nature.com/nature.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MIM S quantitation of stable isotope-labeled thymidine incorporation by dividing cells

a. Dividing fibroblast labeled with °N-thymidine. The cell surface was sputtered to
reach the nuclei. Left: Differential interference contrast reflection microscopy.
Middle: MIMS 14N image revealing subcellular details including the nucleus
(white arrows) with nucleoli. Right: Hue saturation intensity (HSI) image mapping
the 1°N/14N ratio. The rainbow scale ranges from blue, set to natural ratio (0.37%,
expressed as 0% above natural ratio), to red, where the ratio is several fold above
natural ratio (700%=8x natural ratio). 15N labeling is concentrated in the nucleus.
Scale bars=10um.

b. Fibroblast nuclei after serial or parallel DNA labeling with °N-thymidine, 13C-
thymidine, BrdU (81Br), or 1dU (1271). Parallel labeling (top row): colocalization of
label confirmed by the merged image (far right). Sequential labeling (bottom row):
non-superimposable nuclear labeling. Scale bars=5um.

c. Concentration-dependent nuclear 15N-labeling in 1°N-thymidine treated fibroblasts.
Pixel-by-pixel quantitation of 1°N-incorporation. Data are derived from the mean of
intranuclear pixels. Sigmoidal dose response curve: R2=0.99.

d. Nuclei from 15N-thymidine-labeled human foreskin fibroblasts after 24hr chase
(cycle ~ 18 hr). Scale bars=5um.

€. One group labeled similarly to control cells (undivided), the other with labeling that
was approximately half that of control (divided).
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15N/14N HSI image of the small intestine. 1°N-thymidine labeling (one wk) of
nuclei extends from the crypts to the tips of the villi. Mosaic: 8 tiles, 80um each.
Scale bar=30um.

Sigmoidal dose response curve: 15N-thymidine labeling after single subcutaneous
injection (R?=0.99).
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Figure 2. No label-retaining stem cellsin the small intestinal crypt

a. 15N-thymidine administered from post-natal day 4 - week 8. After 4-wk chase,
BrdU was administered (500 pg i.p. Every 6 h) for 24 hrs before sacrifice (See
Supplemental Fig 8).

b. 14N: crypt structure and intense signal in intracytoplasmic Paneth granules at the
crypt base. 31P: intense intranuclear signal. 32S: intense signal within cytoplasmic
Paneth cell granules. 81Br: direct measure of BrdU incorporation. 1°N/14N
HSI: 15N-thymidine labeling within 15N+/BrdU- Paneth cells (large arrow) and
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mesenchymal cells (small arrows). No other cells reveal 1°N retention. Large arrow
head: recently formed (:*N~/BrdU*) Paneth cell. Small hatched arrow (middle left
side of the crypt): unlabeled Paneth cell, (:°N~/Br-). Scale bar=15um.

Continued analysis of the same crypt after narrowing the acquisition field.

High 1°N-signal in a BrdU~ Paneth cell (large arrow) and mesenchymal cells
closely associated with the crypt (small arrows). BrdU* CBC (hatched arrow) and
Paneth cell (arrow head) are 15N~ Scale bar=5um.

15N/14N HSI image of small intestinal crypt at the end of 15N-thymidine pulse. All
nuclei are labeled. Nuclei with lesser degrees of labeling likely represent cells born
during a period of lower circulating 15N-thymidine as expected given the different
labeling protocols (Supplemental Fig 8). Scale bar=20um.

Unlabeled mouse image. The entire crypt contains the natural abundance of 1°N.
Scale bar=10pm.

Mean % 15N cells at the completion of pulse and after pulse-chase (+ standard
error of CBC, TA, Paneth, and mesenchymal (Mes) cells (n=3 mice per group).
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Figure 3. Label-dilution in adult mice indicates random segregation of DNA strands

a. 1°N-thymidine administered for 2 wks to adult mice (osmotic mini-pump: 20ug/h),
then BrdU for 24h before sacrifice (See Supplemental Fig 8).

b. Dividing cells (BrdU™) dilute 1°N-thymidine label (small arrows) relative to
undivided cells (BrdU™) (large arrows). Note 2 CBC cells with elongated nuclei at
the crypt base. Scale bar=10pm.

c. Divided crypt cells (BrdU*), residing in CBC or +4-10 positions,
demonstrated 15N-dilution consistent with 1 or 2 rounds of division during the
chase (n = 3 mice per group).
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d. Mitotic crypt cell. Segregating chromosomes are visible in 1N and 31P
images. 1°N-label and BrdU were measured in both segregating chromosomal
complements consistent with symmetric chromosomal segregation. Scale bar=2pm.
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a.

Page 13

Drosophila anterior midgut enterocytes (gut, left panels) accumulate more 13C
from 24hr exposure to dietary 13C-palmitate than adipocytes (fat body cells; fb,
right panels). Lipid droplets (arrows) have low nitrogen content and so appear dark
in 14N images (top panels). The 13C/12C HSI images reveal 13C incorporation into

lipid droplets. Scale bars=10um.

Nature. Author manuscript; available in PMC 2012 July 26.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Steinhauser et al.

Page 14

Timecourse of 13C accumulation in Drosophila lipid droplets of anterior midgut
enterocytes (Gut) and adipocytes (Fat body) over 24hr of larval exposure to
dietary 13C-palmitate. Initial rates of 13C-incorporation in the lipid droplets were
9.7%/hr (Gut) and 1.16%/hr (Fat body) with the first timepoint after pulse taken at
1lhr.

Rapid lipid turnover in Drosophila anterior midgut enterocytes (gut) after larval
dietary 13C-palmitate pulse-chase. Upper panels show 14N images and lower panels
show corresponding 13C/12C HSI images, indicating strong 13C incorporation at the
end of the pulse (bottom left) and rapid elimination during a 4 hr chase (bottom
right). Scale bar=5pm.

13C tracer dilution in the lipid droplets of anterior midgut enterocytes during a
label-free chase fits an exponential decay curve (R2=0.90, half-life=9.1 h).

15N-thymidine administered for 48hrs: no labeled WBC were found. After a 4 wk
chase we found few labeled lymphocytes. Top: unlabeled polymorphonuclear
leukocyte (PMN) with multi-lobed nucleus. Bottom: 1°N-labeled lymphocyte after
chase. The round nucleus seen in the 31P image occupies the majority of the cell, as
is typical for lymphocytes. Scale bars=3um.
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