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N E U R O S C I E N C E

Following spatial A aggregation dynamics in evolving 
Alzheimer’s disease pathology by imaging stable 
isotope labeling kinetics
Wojciech Michno1,2, Katie M. Stringer1,2, Thomas Enzlein3, Melissa K. Passarelli4,5, 
Stephane Escrig4, Karina Vitanova2, Jack Wood2, Kaj Blennow1,6, Henrik Zetterberg1,6,7,8, 
Anders Meibom4,9, Carsten Hopf3, Frances A. Edwards2, Jörg Hanrieder1,7*

-Amyloid (A) plaque formation is the major pathological hallmark of Alzheimer’s disease (AD) and constitutes a 
potentially critical, early inducer driving AD pathogenesis as it precedes other pathological events and cognitive 
symptoms by decades. It is therefore critical to understand how A pathology is initiated and where and when 
distinct A species aggregate. Here, we used metabolic isotope labeling in APPNL-G-F knock-in mice together with 
mass spectrometry imaging to monitor the earliest seeds of A deposition through ongoing plaque development. 
This allowed visualizing A aggregation dynamics within single plaques across different brain regions. We show 
that formation of structurally distinct plaques is associated with differential A peptide deposition. Specifically, 
A1-42 is forming an initial core structure followed by radial outgrowth and late secretion and deposition of A1-38. 
These data describe a detailed picture of the earliest events of precipitating amyloid pathology at scales not 
previously possible.

INTRODUCTION
Alzheimer’s disease (AD) poses an immense societal challenge, par-
ticularly as there are still no disease-modifying treatments (1–3). 
The major hallmarks of AD are the progressive accumulation of 
-amyloid (A) peptide derived from amyloid precursor protein 
(APP) and intracellular deposition of hyperphosphorylated tau 
protein (4–6). Although the importance of progressive A plaque 
deposition in AD is long recognized, exactly how plaques develop 
over time and their relation to toxicity or homeostatic response of 
the surrounding neuronal network is not clear (2, 4, 7, 8). There-
fore, it is of great relevance to delineate the fate of different amyloid 
aggregates in evolving A pathology.

A major challenge in investigating A pathology at submicron 
levels is the need for appropriate imaging technologies that com-
bine the necessary spatial resolution, sensitivity, and specificity to 
probe these processes. The limited understanding of amyloidogenic 
protein aggregation in AD pathogenesis relates directly to the lack 
of effective imaging tools with high chemical, spatial, and longitudinal 
precision (9, 10).

Recent advances in using metabolic, in vivo labeling with stable 
isotopes (SIL), followed by mass spectrometry (MS) were demon-
strated to be powerful tools to measure SIL kinetics (SILK) and 

protein turnover such as SILAC (SIL by amino acids in cell cultures) 
(11, 12), SIL of mammals (13), and SILK (14). In particular, in the 
context of AD, pioneering studies have been demonstrating the 
potential of SIL for both mechanistic studies in AD mouse models 
(15, 16) as well as for clinical, in vivo applications in patients with 
AD (14, 17). In these SILK studies, intravenous infusions of 13C6-
Leu allowed A and tau turnover dynamics to be quantified in 
continuously collected cerebrospinal fluid (CSF) from patients with 
AD, revealing highly relevant insights into protein clearance impair-
ment associated with plaque pathology (14, 18–22). However, while 
these tools are very useful, they provide no or only very limited 
information about spatial isotope incorporation.

Emerging chemical imaging technologies such as imaging MS 
(IMS) (23) greatly increase the resolution of these events. The combi-
nation of isotope labeling of proteins with nanoscale secondary ion 
imaging (NanoSIMS) of these isotopes, termed multi-isotope imag-
ing (24), has made it possible for measuring spatial protein turnover 
kinetics in cells and tissues and most relevantly demonstrated isotope 
incorporation in plaques in a hospice study of patients with AD and 
in transgenic APP mice, also referred to as SILK-SIMS (24, 25).

While NanoSIMS imaging provides outstanding data on nano-
scopic isotope enrichment, one challenge of the technique is the 
limited molecular information retrievable, permitting analysis of 
intact peptides and proteins. This is something that can be achieved 
with matrix-assisted laser desorption/ionization MS–based IMS 
(MALDI-IMS), which has been successfully demonstrated for mon-
itoring spatial enrichment and metabolization of intraperitoneally 
injected, stable isotope–labeled drug candidates (26) or intranasally 
instilled and intraperitoneally injected stable isotope–labeled phos-
pholipids (27). Most importantly, MALDI-IMS allows for compre-
hensive, chemically specific A peptide imaging of A pathology in 
AD mouse models (10, 28) and in postmortem human AD brain 
tissue (29, 30).

We here set out to take advantage of these isotope labeling 
and imaging methods to follow A peptide–specific aggregation 
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dynamics in a recently developed knock-in mouse model of AD 
with familial APP mutations (31). We performed metabolic SILs of 
these mice combined with multimodal IMS, for spatial delineation 
of differential, stable isotope label incorporation in situ. Given that 
this imaging paradigm was implemented and applied in the context 
of AD pathology, this approach is herein, hence, referred to as im-
aging SILK (iSILK). The here described iSILK experiments allowed 
visualizing aggregation dynamics of different A peptides within 
single plaques and across different brain regions in evolving plaque 
pathology from early deposition to later plaque growth. Specifically, 
using a comprehensive setup of different labeling schemes, we 
found that A pathology in APPNL-G-F mice precipitates in the cor-
tex by forming small dense core deposits consisting of A1-42. Later 
events in early plaque pathology involve plaque growth upon ho-
mogenous A1-42 deposition, deposition in the hippocampus, and 
secretion and deposition of A1-38.

RESULTS
Stable isotopes can be metabolically incorporated in specific 
A peptides and accumulate into extracellular plaques upon 
amyloid pathology onset
A central issue in delineating AD pathogenesis is that amyloid 
plaque pathology starts to develop long before any cognitive symp-
toms occur. It is therefore of great relevance to delineate the fate of 
different A species in evolving plaque pathology, from early accu-
mulation and aggregation to deposition and maturation of extracel-
lular plaques. However, this is challenging as early A aggregation, 
plaque formation, and plaque growth are constantly changing over 
time (32, 33). We therefore set out to examine the A aggregation 
dynamics in APPNL-G-F mice. We aimed to delineate the initial 
events and sites of plaque onset in the brain by following amyloid 
aggregation. For this, we used an iSILK paradigm, based on meta-
bolic isotope labeling, followed by spatial delineation of isotope-
resolved aggregation kinetics using IMS.

We provided 15N-labeled protein diet to APPNL-G-F mice from 
ages 7 to 17 weeks (11-week PULSE period; Fig. 1A) to ensure that 
all APP is labeled prior and during initial A secretion, A deposi-
tion, and plaque onset, which, in the APPNL-G-F mouse model, takes 
place at around week 8 (31). Consequently, all the A that was 
secreted and accumulated during rising amyloid just before deposi-
tion should contain 15N label. A CHASE period was omitted to 
avoid interference of heterogeneously labeled A produced during 
the washout period.

We analyzed the stable isotope enrichment in brain tissue and 
plaques in these mice using a multimodal chemical imaging para-
digm (fig. S1), including MALDI-IMS (Fig. 1, B to E) and NanoSIMS 
(Fig. 1, F to I). The IMS experiments were complemented with fluo-
rescent, confocal microscopy using conformation-sensitive amy-
loid dyes [luminescent conjugated oligothiophenes (LCOs) (34); 
Fig. 1,  J  to M] and scanning transmission electron microscopy 
(STEM; Fig. 1, N to P). The A identity of deposits detected with 
MALDI-IMS and LCO microscopy was further validated using 
immunohistochemistry (fig. S2, A to G) and by off-tissue analysis 
using laser microdissection together with immunoprecipitation and 
MS (fig. S2, H to J) (29). This further allowed A sequence validation 
of the intact peptide signals detected in MALDI-IMS (fig. S3).

The results show that 15N-labeled amino acids are incorporated 
into APP and A and deposit within A plaques upon plaque 

formation (Fig. 1E). In detail, MALDI-IMS detected solely labeled 
15N–A1-42, but no unlabeled 14N–A1-42, demonstrating that 
PULSE feeding began early enough to capture all of the initial secre-
tion and deposition of A (Fig. 2, A to F). Here, 15N–A1-42 
showed distinct localization to amyloid plaques with characteristic 
accumulation at the plaque core (Fig. 1E). Similarly, NanoSIMS 
of these plaques revealed distinct plaque structures that showed 
characteristic enrichment of 15N label (15N; Fig. 1I and fig. S4, A 
to D). In contrast, no label was detected in control animals (fig. S4, 
E to H). NanoSIMS and complemental STEM show that isotope 
enrichment was highest at the compact, core structure in the 
plaques (Fig. 1, I and P, and fig. S4). Hyperspectral microscopy 
of these plaques using LCO-based, conformation-sensitive, amy-
loid staining (Fig. 1, J to M) (35) indicated that the core structure 
consisted of mature, A fibrils, while the periphery was charac-
terized by immature, prefibrillar A aggregation intermediates 
(fig. S5).

MALDI-IMS peptide data show that plaques in APPNL-G-F mice 
at 17 weeks contain predominantly A1-42 along with A1-38. The 
plaque-associated A species observed at the early age, 17 weeks, 
showed all 15N incorporation with varying degrees of 15N and 14N, 
while no unlabeled A was observed in 14N (Fig. 2, B to F). The 
absence of unlabeled A peptides in plaques of these labeled animals 
verifies that starting labeling at week <7 allows for in time, metabolic 
introduction of 15N to cover the plaque onset period from before 
A plaque deposition.

These results show that the general iSILK labeling and analysis 
paradigm proved suitable to generate metabolically labeled A that 
deposited in extracellular A plaques. The data show that initiation 
of 15N feeding right before the onset of A plaque pathology is 
sufficient to achieve 15N labeling of all the A peptides present in 
extracellular A plaques. Moreover, complementary structural 
imaging identified morphological heterogenous amyloid structures 
within the A plaques, i.e., plaque core and periphery (fig. S5). This 
allows correlation of individual, differentially labeled A peptides to 
different plaque structures such as core and periphery and which of 
these intrafeature structures evolve in what order during plaque 
formation.

Initial plaque formation in APPNL-G-F mice starts 
with formation of a dense core
AD pathology presents itself with a wide phenotypic heterogeneity 
among patients with AD, which, among others, manifests itself in 
the formation of morphological heterogeneous plaques, including 
diffuse and cored deposits (5, 36, 37). As diffuse plaques are also 
observed in amyloid-positive individuals without cognitive defects 
(29, 38), A deposition into cored plaques has been linked with neuro-
toxic pathology in a wide variety of familial AD (fAD) cases, as well 
as in sporadic AD (sAD) (36, 39, 40). The actual chain of events 
underlying heterogenous plaque pathology and formation of dif-
fuse and cored plaques, respectively, are still not fully understood. 
This can be addressed using iSILK, where spatial mapping of rela-
tive isotope accumulation across histological features allows de-
lineation of the degree of A deposition over time within different 
plaque structures.

A major observation for the first experiments showed differences 
in the degree of labeling of the detected A peptides across the 
plaque structure. MALDI-IMS showed that the relative intensity of 
total 15N–A1-42 signal was highest in the center of A plaques 
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Fig. 1. iSILK strategy to probe evolving plaque pathology using multimodal chemical imaging. (A) APPNL-G-F mice were fed 15N diet, leading to metabolic isotope 
incorporation into APP and release and deposition of labeled A peptide that is delineated with IMS. (B) MALDI-IMS uses a laser for analyte desorption and ionization and 
allows detection of intact A peptides at 10 m (C). (D) MALDI single ion images outline different A isotopologues across the brain at a single plaque level (E). Here, total 
15N–A1-42 [Σ mass/charge ratio (m/z) 4450 to 4465] localizes predominantly to the plaque core. (F) NanoSIMS uses a highly focused, high-energy, primary ion beam for 
analyte desorption and ionization, allowing imaging of polyatomic species at 50 nm with high sensitivity with up to 7 m/z channels in parallel (G and H). NanoSIMS allows 
quantification of stable isotope enrichment (15N/14N above natural 15N abundance) at nanoscopic structures such as single plaques, although without intact molecular 
information. (I) Here, predominant 15N enrichment is detected at the core. (J to P) IMS is complemented with light and electron microscopy (EM) for additional structural 
information. (J to M) Structural amyloid imaging with confocal laser scanning microscopy (CLSM) and hyperspectral detection. (J) Double LCO staining with tetrameric 
formyl thiophene acid (q-FTAA) and heptameric formyl thiophene acid (h-FTAA). q-FTAA binds preferentially to mature fibrils. h-FTAA recognizes both mature and immature, 
prefibrillar A. (K) The LCO probes have different emission properties that are delineated by CLSM using a spectral detector providing a continuous emission spectrum 
(32+2 channels) within each pixel (K), generating a lambda stack (L). Linear unmixing generates normalized emission profiles across single plaque and structural annotation 
based on the LCO emission profile (M). A characteristic blue shift is observed at the core indicating q-FTAA binding and mature, amyloid fibril content. (N) Scanning 
transmission EM (STEM) imaging on embedded tissues samples before NanoSIMS. STEM provides ultrahigh resolution at low nanometers (O), allowing visualization of 
fibrillar content in single plaques (P).
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[Fig. 1E, ion image: Σ mass/charge ratio (m/z) 4450 to 4465). Simi-
larly, the corresponding NanoSIMS data showed pronounced 15N 
enrichment (15N) to be associated with these core structures 
(Fig. 1I and fig. S4, A and D).

Assuming that 15N isotope enrichment signal at the plaque, as 
observed with NanoSIMS, originates almost exclusively from A and 
that the degree of enrichment corresponds to the degree of deposi-
tion, higher 15N enrichment at the core could be explained in two 

Fig. 2. SILK imaging of intraplaque heterogeneity identifies core formation to precede A plaque growth. (A to J) Labeling Scheme 1 with 11 weeks of 15N diet, 
starting week 7 without CHASE (A) to establish 15N incorporation before plaque pathology onset. (B) MALDI MS spectrum–microdissected plaques showing isotopologue 
pattern of A1-42 and 15N incorporation by comparison of the observed trace (red) and the isotope pattern predicted for unlabeled A1-42 (gray). (C to F) MALDI-IMS ion 
maps of A1-42 show no unlabeled A1-42 signal (C and D), while solely 15N-labeled A1-42 was observed with distinct plaque localization (E and F). Scale bars, 1000 m 
(C and E) and 75 m (D and F). (G and H) Ion maps of cortical plaques for least labeled A1-42 isotopologue (m/z 4450) (G) and maximally labeled A1-42 (m/z 4465) (H). 
(I and J) Bar plots for ion intensity of (G) (I) and (H) (J) showing significantly higher intensity of less-labeled A1-42 (G) in the core (I), while the maximally labeled A1-42 
(H) was not different between core and periphery (J). (K) Scheme 2. (L and M) Ion maps of cortical plaques for least labeled A1-42 (unlabeled; m/z 4440) (L) and maximal-
ly labeled A1-42 (m/z 4452) (M). (N and O) Bar plots for ion intensity of (L) (N) and (M) (O). Statistical analysis validates higher intensity of maximally labeled A1-42 (M) 
in the core (O), while the least labeled (in this case, nonlabeled) A1-42 (L) was not different between core and periphery (N). (P) Scheme 3. (Q and R) Ion maps of cortical 
plaques for least labeled A1-42 (unlabeled; m/z 4440) (Q) and maximally labeled A1-42 (m/z 4448) (R). Bar plots for ion intensity of (Q) (S) and (R) (T). Statistical analysis 
validates higher intensity of less-labeled A1-42 (Q) in the core (S), while the maximally labeled A1-42 (R) was not different between core and periphery (T). Bar plots 
(I, J, N, O, S, and T) indicate means ± SD. n = 3 animals, N = 10 plaques per animal; MALDI intensity scale (G, H, L, M, Q, and R), 0 to 100% relative (rel.) ion intensity (int.). 
Scale bars, 30 m (H, M, and R). NS, not significant.
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ways. On the one hand, more isotope enrichment at the core results 
from longer A deposition and, hence, earlier deposition at the 
core. On the other hand, more isotope enrichment at the core could 
indicate merely a more core-specific peptide deposition in general 
that can be different over time and take place at any time during the 
labeling period, something that cannot be differentiated by looking 
solely at the total 15N signal, detected by NanoSIMS. This highlights 
the need for using complementary techniques with specificity to-
ward the distinct A peptides, as well as the differentially labeled 
species of the same A peptide (isotopologues), something that is 
both warranted by MALDI-IMS.

Inspection of the MALDI-IMS peptide spectra for single-plaque 
region of interest (ROI) shows a characteristic isotope envelope for 
15N-labeled A species reflecting the degree of stable isotope incor-
poration and deposition (Fig. 2B and fig. S6, A to D). The genera-
tion of single ion images for various m/z species within the isotope 
envelope for A peptides allows spatial delineation of deposition 
patterns of differentially labeled isoforms of the same A peptide 
(fig. S6, D to G).

By monitoring A1-42 deposition in the first labeling experiment 
(Fig. 2, A to J, and fig. S6, C to G), we observed that less-labeled 
15N–A1-42 species was (m/z 4450) localized to the core as com-
pared to the more peripheral parts of the plaque (Fig. 2, G and I, and 
fig. S6F), while more label containing 15N–A1-42 species (m/z 4465) 
showed no significant localization to either the core or periphery and 
deposited evenly over the plaque region (Fig. 2, H and J, and fig. S6G). 
Since the less-labeled 15N–A1-42 must originate from earlier-secreted 
and likely earlier-deposited A1-42, deposition at the core suggests 
that core structure formation is an initial event in seeding plaque 
pathology in these mice. In contrast, the deposition pattern of later-
synthesized A1-42, as reflected in increased content of 15N, was more 
homogenous across the plaque.

Together, these data point toward plaque formation in APPNL-G-F 
being initiated by seeding as dense core and outward growth as a 
consequence of later, plaque-wide deposition across this initial seeded 
plaque structures. This consequently results in morphological het-
erogenous cored deposits with a diffuse, prefibrillar periphery.

The data from the first 11-week full-stop labeling scheme (Scheme 1 
and Fig. 2, A to J), without CHASE period, suggested that increased 
isotope deposition at the core of the plaque is a consequence of 
more extended deposition. We therefore hypothesized that plaque 
formation in APPNL-G-F mice is initiated by seeding as a dense core 
and plaque growth is a consequence of later, more homogenous 
deposition across seeded plaque structures.

To address this question, we performed more PULSE/CHASE 
labeling experiments to test and validate the findings on plaque for-
mation observed for Scheme 1. Specifically, we designed two schemes 
with a 4-week 15N PULSE period starting at either week 6, before 
plaque deposition (Scheme 2 and Fig. 2, K to O), or at week 10, 
during plaque deposition (Scheme 3 and Fig.  2,  P  to  T). Both 
schemes included a CHASE (i.e., washout) period allowing for 
unlabeled A to be introduced to further delineate consequential 
events within a shorter time scale upon a certain stimulus.

For Scheme 2, we supplied a 15N diet from weeks 6 to 10 fol-
lowed by a 7-week CHASE (Fig. 2, K to O). The aim was to ensure 
15N labeling of APP at an even earlier stage before plaque pathology 
onset, as determined in Scheme 1. Using a shorter PULSE and a 
CHASE period allowed us to delineate the fate of early synthesized 
A as compared to A secreted and deposited during the washout. 

This can be achieved by mapping spatial intensity patterns of highly 
labeled A species in comparison to their less and unlabeled iso-
forms as encoded in their isotope envelope pattern (fig. S6, H to L).

Our results show that the maximally labeled A 15N-1-42 species 
(m/z 4452) was localized to the plaque core (Fig. 2, M and O, and 
fig. S6L). Conversely, unlabeled A1-42 (m/z 4440), which was con-
sequently produced after washout, was found to show an even dis-
tribution pattern across the plaque area (Fig. 2, L and N, and fig. 
S6K). This is in line with the results obtained for Scheme 1, where 
early, less-labeled A 15N-1-42 was localized to the core, while later-
secreted, more-labeled A 15N-1-42 localized homogenously across 
the plaque (Fig. 2, G to J).

Together, this further strongly suggests that dense core forma-
tion represents the earliest seeding event in extracellular plaque 
deposition in the APPNL-G-F mice used in this study. This can be at-
tributed to the arctic mutation of APP increasing the aggregation 
propensity of full-length A1-42arc (41). This is well in line with im-
munohistochemical observations in APPNL-G-F mice (fig. S2, E to G) 
(31) and for transgenic APPArcSwe mice (42).

To further validate these results, we performed an additional 
labeling scheme (Scheme 3, Fig.  2,  P  to  T, and fig. S6, M to Q), 
where 15N diet was supplied at a later time point at week 10, than in 
Schemes 1 and 2. The aim was to dissect the initial plaque formation 
phase (weeks 8 to 10) from the following phase of early plaque growth 
(week 10 onward). We hypothesized that early-produced A will not 
contain any label and will deposit specifically at the core during pa-
thology onset, similar to the results obtained for Schemes 1 and 2.

The MALDI-IMS data for Scheme 3 shows a distinct, predomi-
nant localization of unlabeled, early-secreted A1-42 (m/z 4440) to 
the core in cortical deposits (Fig. 2, Q and S, and fig. S6P). Converse-
ly, later-synthesized, more-labeled 15N–A1-42 (m/z 4448) shows a 
homogenous distribution pattern across the plaque ROI (Fig.  2, 
R and T, and fig. S6Q). This further supports the findings of the 
previous schemes and verifies that A pathology in APPNL-G-F mice 
appears to be initiated through formation of small core seeds, followed 
by homogenous plaque-wide deposition during plaque growth (31).

Plaque pathology in APPNL-G-F evolves through initial 
deposition of A1-42 in the cortex, followed by deposition 
in the hippocampus
Along with intraplaque-specific, structural details on plaque growth 
in APPNL-G-F mice, iSILK allows us to identify deposition dynamics 
across different brain areas. This is of relevance to identify how 
plaque pathology spreads across the brain and, ultimately, to re-
solve the chain of mechanisms in how plaque formation affects vul-
nerable brain regions leading up to cognitive defects.

The aim was therefore to quantify the relative amounts of 
plaque-associated A1-42 across cortical and hippocampal depos-
its. We hypothesized that the deposited A1-42 species that consti-
tute the earliest isoforms for plaques in specific brain regions allow 
for relative comparison of where across these brain regions plaque 
pathology is precipitating first. For this, we isolated plaque ROI 
spectral data of hippocampal and cortical deposits (fig. S6, R to V). 
We compared the isotopologue signature of plaque-associated A1-42 
that encodes the degree of labeling, as indicated by the shift in m/z 
value (fig. S6, W to Z). For unbiased, quantitative comparison of 
label incorporation, we performed curve analytics of the isotope en-
velope for plaque-associated A1-42 signal that, in turn, encodes 
the degree of label incorporation. Here, to estimate the shift in m/z 
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value as caused by the 15N label and hence difference in label con-
tent, we compared the centroid of the isotope envelope (fig. S6, W 
to Z). On the basis of the labeling scheme, this shift in the isotopo-
logue signature indicates earlier or later deposition.

For Scheme 1, A1-42 that is no difference in label incorpora-
tion as compared to hippocampal plaques (Fig. 3, A and B) attribut-
ed to the large overlap of the two isotope distributions as further 
highlighted in the single ion images that do not allow to distinguish 
plaques with earlier- and later-labeled A1-42 (Fig.  3,  C  to  F). 
NanoSIMS imaging of cortical and hippocampal plaques showed a 
significantly higher degree of total 15N isotope enrichment for plaques 
in the cortex as compared to plaques in the hippocampus (fig. S7). 
This would suggest that plaques in the cortex are formed earlier as 
they can thereby accumulate more 15N over time.

Initial deposition of plaques in the cortex is further supported by 
the results obtained for Scheme 2. Here, using a short PULSE and 
inclusion of a CHASE period showed even more pronounced dif-
ferences in region-specific plaque label content. In this experiment, 
A1-42 in cortical plaques showed a 1.75-fold increase in label in-
corporation (175%, P < 0.05) as compared to hippocampal plaques 
(Fig. 3, G and H). This is in line with the assumption that in this 
labeling scheme, which started before plaque onset, early-deposited 
A1-42 contains more 15N label as compared to later A1-42 depos-
ited produced during the washout phase. This is further illustrated 
in the single ion maps generated of isotopologue signals (m/z) that 
correspond to the different centroid values (m/zcentr. = MA1-42 + m; 
Fig. 3, I to L), although discrimination is complicated as those ion maps 
show distribution of isotopologues that represent average incorporation 

Fig. 3. Single A plaque quantification identifies primary brain regions for plaque deposition. Comparative analysis of MALDI-IMS spectral data of whole plaque ROI 
from cortex and hippocampus for A1-42 isotopologue distributions. (A) The m/z value corresponds to the shift of the isotopologue signals compared to the unlabeled 
peptide signal. Centroid values (average m/z value) are calculated for the corresponding A1-42 isotopologue distribution curves of whole plaques in the cortex (Ctx) 
versus hippocampus (Hipp) that serve as a measure of average label incorporation into A1-42 in those regions. (B) For Scheme 1, statistical analysis of the centroid data 
shows no difference between cortical and hippocampal plaques. (C to F) Single ion images of the A1-42 peptide isotopologue signal m/z at MA1-42 + m/z for each re-
gion (MA1-42 = 4440; m/z = 4440 + m/z). Because of the overlap of isotopologue distributions, no difference is observed for Scheme 1. (G to N) For Scheme 2, comparison 
of signal from individual plaques in cortex and hippocampus revealed higher 15N–A1-42 signal being present in cortical plaques (H). (I to L) Single ion maps for Scheme 
2 show that although better separated, both isotope distributions are still overlapping at their respective centroids. When comparing isotopologue signal at the maximal-
ly labeled A1-42 detected in Scheme 2 [m/z 4452; m/z = 12; blue, dashed line (G)], plaques are detected in the cortex [(M), arrows] but not hippocampus (N). (O and 
P) For Scheme 3, cortical plaques showed significantly less isotope incorporation (75% less) as compared to hippocampal plaques (P). (Q to T) Single ion images verify 
that low-labeled (early) A1-42 (m/z 4443) is detected in the cortex (Q) but not in the hippocampus (S). Conversely, no higher labeled A1-42 is detected in the cortex (R) 
but solely detected in hippocampal deposits (T). Bar plots (B, H, and P) indicate means ± SD. n = 3 animals, N = 10 (Ctx) and N = 5 (Hipp) plaques per animal; MALDI intensity 
scale, 0 to 100% relative ion intensity. Scale bars, 75 m (F, L, and T).
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values and show a large overlap at the corresponding m/z value 
(Fig. 3, G and I to L). This is due to the isotope distribution pattern 
of different regional plaque types showing too much overlap. How-
ever, as the statistical analysis provide an unbiased overview of dif-
ferences in average label incorporation, visualizing the maximal 
m/z values detected for the corresponding isotope distributions can 
illustrate specific deposition patterns of those peptide species that 
are secreted and deposited very early. Single ion maps for the max-
imally labeled A1-42 isotopologues (m/zmax 4452; Fig. 3G, blue 
dashed line) show solely deposition in the cortex but not hippocam-
pus (Fig. 3, M and N), indicating that the cortex is the primary site 
of early plaque deposition in this mouse model.

Last, using a complimentary labeling Scheme 3 (Fig. 3, O to T), 
starting after plaque onset, we aimed to further verify these results 
and even achieve a pronounced separation of the differentially la-
beled species. In this scheme, early-formed plaques should contain 
greater amounts of early and, hence, unlabeled A1-42, leading to 
more distinct isotopologue patterns in between the regions that can 
be better discriminated. For Scheme 3, A1-42 in cortical plaques 
showed fourfold less label incorporation (25%, P < 0.01) as com-
pared to hippocampal plaques (Fig. 3, O and P). A1-42 single ion 
maps for the corresponding centroid values (m/zcentr. = MA1-42 + m), 
representing average isotope incorporation of the different plaque 
populations, show distinct differences in spatial deposition pattern 
(Fig.  3,  Q  to  T). Here, low-labeled, early, A1-42 (m/zcentr. 4443) 
peptides are solely observed in the cortex (Fig.  3Q), while later-
secreted more-labeled A1-42 peptides (m/zcentr. 4456) were exclu-
sively detected in the hippocampus (Fig. 3T), which further suggests 
that cortical plaques form earlier than hippocampal plaques.

To further validate these observations, we evaluated regional 
plaque load in a short time- course series of mice between 9 and 
11 weeks using fluorescent amyloid staining (fig. S8, A to C). At 
9 weeks, initial plaque deposition is observed primarily in the cortex, 
covering twice the area covered by the very few deposits observed in 
the hippocampus (fig. S8, D to F). Similarly, more pronounced deposi-
tion in cortical areas as compared to the hippocampus was observed 
with evolving pathology at 10 and 11 weeks (fig. S8, B and C).

Together, these data show that in these mice, plaque pathology 
precipitates primarily in cortical areas. The isotope labeling data 
further suggest that cortical plaques form earlier than hippocampal 
plaques. This is well in agreement with previous data described for 
APPNL-G-F mice and in transgenic mouse models carrying the Arctic 
and Swedish APP mutation (31, 41–43).

Formation and deposition of C-terminally truncated A1-38 
occur after initial plaque formation
The initiation and progression of amyloid plaque pathology have 
been suggested to be associated with secretion and aggregation of 
distinct A peptide truncations, where both C- and N-terminal 
truncations have been reported (39, 40, 44, 45). Given the young age 
of the mice used in this study, this posed an opportunity to investi-
gate what other terminally truncated species are associated with the 
initial A pathology in the APPNL-G-F mice. The MALDI-IMS data 
for all labeling schemes revealed the presence of A1-38 in plaques, 
however, at lower amounts than A1-42. This suggests that C-terminal 
processing and deposition are later events in early, developing plaque 
pathology. However, it is still under debate where and when forma-
tion and deposition of different A processing products take place. 
We hypothesized that iSILK can be used to delineate the chain of 

events during sequential A production and deposition, i.e., whether 
A1-38 production occurs either through processing of early-secreted, 
full-length A1-42 but through delayed deposition or whether this 
A1-38 secretion and deposition are time-linked processes that take 
place later.

We therefore compared the degree of labeling and the spatial 
deposition pattern of differentially labeled A1-38 isoforms across 
the different labeling schemes. For Scheme 1, we observed that the 
degree of 15N labeling for A1-38 deduced from the centroid values 
of the relative, isotope distribution curves was not statistically dif-
ferent to the degree of isotope incorporation observed for A1-42 
(Fig. 4, A and B). Ion maps for different labeled A1-38 correspond-
ing to the centroid values (average isotope incorporation) detected 
for both A1-38 and A1-42 displayed a similar spatial distribution 
pattern across the plaque (Fig. 4, C and D). While the isotope pat-
terns of A1-38 and A1-42 could not be discriminated using the 
long labeling approach in Scheme 1, results for Scheme 2 showed 
that A1-38 contained 43% less isotope as compared to A1-42 
(Fig. 4, E and F). This suggests that all A1-38 has been secreted and 
deposited, later than A1-42, during the washout period after initial 
plaque formation. However, similar to Scheme 1, no difference in 
spatial pattern was observed for the different A1-38 isotopologues 
with the different centroid values, as a consequence of too extensive 
overlap of the isotopologue curves (Fig. 4, G and H). The hypothesis 
that A1-38 secretion and deposition succeed that of A1-42 is 
however further supported by single ion images generated for m/z 
shifts corresponding to the maximal A1-42 label incorporation 
detected (Fig. 4, I and J). Here, only the corresponding A1-42 iso-
topologue is detected and localized to plaques (Fig.  4J), while no 
correspondingly labeled A1-38 species was detected (Fig. 4I).

For further validation, we performed two additional labeling 
experiments deduced from Scheme 2 with modified CHASE periods: 
Scheme 2b, 4 weeks, and Scheme 2c, 10 weeks (fig. S9). These data 
confirm differential degrees of label incorporation in A1-42 and 
A1-38, with A1-42 containing relatively more label. Further, sim-
ilar rates of label washout were observed for both peptides (fig. S9). 
Together, these additional experiments further support that A1-42 
is secreted and deposited before A1-38. Last, this was even more 
prominent in Scheme 3, with labeling starting at week 10 (Fig. 4, 
K to N). Here, A1-38 showed 400% more average label incorpora-
tion compared to A1-42 (Fig. 4L). This was further supported by 
the single ion maps of A1-38 isotopologues with isotope incorpo-
ration degrees that correspond to average labeling values observed 
for both A1-38 and A1-42 (Fig. 4, M and N). Here, the A1-38 
signal of the isotopologue species corresponding to average label 
incorporation observed for A1-38 showed characteristic plaque 
localization (Fig. 4M). In contrast, no signal was observed for the 
A1-38 isotopologue corresponding to the label incorporation observed 
for A1-42 (Fig. 4N). This further suggests that A1-38 secretion and 
deposition is taking place at a later point of time as compared to 
A1-42, which can be delineated with well-defined PULSE/CHASE 
experiments. Together, this validates that both production and deposi-
tion of A1-38 represent a downstream event that occurs only after the 
initial seeding and plaque formation through deposition of A1-42.

DISCUSSION
We used a novel chemical imaging paradigm, iSILK, based on meta-
bolic SILs followed by multimodal IMS, for delineating the early 
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events in developing plaque pathology in APPNL-G-F mice. We show 
that metabolically labeled A accumulate in plaques upon pathology 
onset and can be traced with multimodal IMS at cellular length scales.

To follow dynamic biochemical events in vivo is inherently chal-
lenging. Other approaches using fluorescent dyes and in vivo two-
photon imaging (TPI) provide intriguing data on in  vivo plaque 
aggregation dynamics (32, 46, 47). Similarly, clinical imaging methods 
such as positron emission tomography (PET) allow amyloid pathol-
ogy to be followed in vivo (48, 49). Moreover, elegant in vivo label-
ing techniques that allow ex vivo imaging have been presented (33). 
The main limitation of those approaches is the restricted molecular 

information about what amyloid peptides are involved, as well as 
where and when those species aggregate and deposit. A further lim-
iting factor is that those techniques rely on indirect detection, using 
distinct chemical probes that require acute, in vivo amyloid stain-
ing, which can first occur after the aggregates are formed. Further 
limitations of those tools are with respect to spatial resolution (PET) 
or restrictions to superficial cortical layers (TPI). Similarly, ex vivo 
time series that can be performed with more specific and better re-
solved techniques such as immunohistochemistry or IMS are limited 
to postmortem tissues. Further, this requires distinct, predefined 
time schemes that provide limited longitudinal information. This 

Fig. 4. Deposition of A1-38 peptide occurs after A1-42, as indicated by differences in 15N incorporation. (A) MALDI-IMS spectral data of cortical plaques show 
relative isotopologue distributions for A1-38 and A1-42. m/z indicates the shift of isotopologue signals compared to the m/z of the monoisotopic, unlabeled peptide. 
Centroid values for the curves fitted to the isotopologue distributions of A1-38 (green, CA1-38) and A1-42 (red line, CA1-42), indicating average label incorporation. (A to 
D) For Scheme 1, no significant difference in average isotope incorporation in between A1-38 and A1-42 was observed because of overlap of the relative isotopologue 
curves (B). (C and D) Single ion images of A1-38 (m/z 4058) + m/z for the different centroid values (m/z = CA1-38 and m/z = CA1-42), representing average, relative 
isotope incorporation observed for A1-38 and A1-42. No difference in ion distribution was observed for the different A1-38 isotopologues at m/z = CA1-42 and CA1-38. 
(E to J) For Scheme 2, A1-42 showed significantly higher label incorporation (+12) as compared to A1-38 (+4) (F). (G and H) Single ion images of A1-38 + m/z for the 
different centroid values show no difference in ion distribution due to broad overlap of the distribution curves (E). (I and J) Ion maps for the A1-38 isotopologue at max-
imum label incorporation as observed for A1-42 (m/z = 12) (E). The ion signal of maximally labeled A1-42 (m/z 4458) was found to localize to plaques (J), while no 
signal is detected for the corresponding A1-38 isotopologue (m/z 4070) (I). (K to N) In Scheme 3, A1-38 showed significantly higher incorporation (+12) compared to 
A1-42 (+3) (K and L). (M and N) Single ion images of A1-38 + m/z for the different centroid values. For m/z = CA1-38, A1-38 was found to localize to plaques (M), while 
no signal is detected for the A1-38 isotopologue at m/z = CA1-42 (K and N). Bar plots (B and F) indicate means ± SD. n = 3 animals, N = 10 plaques per animal; MALDI in-
tensity scale, 0 to 100% relative ion intensity. Scale bars, 30 m (D, H, J, and N).
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makes ex vivo time series studies inherently difficult to design to 
capture varied pathology onsets, such as genetically triggered plaque 
pathology, and, in addition, require extensive amounts of animals. 
In the context of studying plaque pathology, this would be even 
more challenging for other AD mouse models, such as APPNL-F 
knock-in mice or various transgenic models, with delayed plaque 
pathology onset, starting between 6 and 10 months (31, 42, 50, 51).

The introduction of SIL greatly increases the longitudinal reso-
lution for the study of biochemical events both in appropriate mod-
el systems (11, 13, 15) and in patients, although only in proximal 
fluids such as blood and CSF (14). This allows following pathogenic 
events over a long period of time that are otherwise hard to capture. 
While SIL-based protein analyses approaches provide comprehen-
sive insight in protein regulation, processing, and interaction dy-
namics, those tools provide limited spatial information (13, 52). In 
turn, NanoSIMS imaging methods for monitoring stable isotope 
enrichment in cells and tissues have only limited molecular infor-
mation (24, 25, 53). The main advantage of the here used MALDI-
IMS approach is maintained molecular specificity that facilitates to 
comprehensively follow intact peptides that further constitute the 
actual pathogenic player, in this case, A peptides.

The iSILK approach allowed us to visualize aggregation dynam-
ics of all individual A species within single plaques and across dif-
ferent brain regions. Using a comprehensive PULSE/CHASE labeling 
scheme setup, we found that A pathology in APPNL-G-F mice pre-
cipitates first in the cortex by formation as a small dense core, with 
deposits consisting of A1-42. Later events in early plaque pathology 
involve homogenous A1-42 deposition and plaque growth in the 
cortex followed by deposition in the hippocampus, and, eventually, 
secretion and deposition of A1-38. The data provide a longitudinal 
picture for the biochemical basis underlying development of heter-
ogenic, intraplaque morphology.

A limitation of MALDI-IMS, while providing intact peptide la-
beling data, is the restricted spatial resolution (10 m). This poses 
challenges for accurate correlation between MALDI-IMS–iSILK 
data and structural aspects of amyloid aggregation and plaque for-
mation. For further information about what amyloid aggregates are 
detected and can be correlated with labeled A peptide localization, 
we investigated adjacent tissue sections with conformation sensitive 
amyloid probes (LCO) (34, 35, 54). We show that in APPNL-G-F 
mouse model, plaque formation involves an initial deposition of a 
small, tetrameric formyl thiophene acid (q-FTAA)–positive core 
that consists exclusively of A1-42. In contrast, later deposited A is 
localized homogenously across the plaque to both plaque core and 
periphery interspersed with immature, prefibrillar A aggregation, 
as revealed by heptameric formyl thiophene acid (h-FTAA) staining.

While seeding of A pathology is considered a key event in early 
amyloid plaque formation, the mechanism of subsequent plaque 
growth and maturation is not well understood. fAD/sAD display 
structurally distinct plaque pathology, including both formation of 
diffuse and dense core deposits (29,  55). This is of relevance, as 
dense, cored plaques are specific to AD plaque pathology. Although 
cored plaques are observed in all patients with sAD and fAD, struc-
tural differences within the core fibrils have been identified that, in 
turn, were specific to the etiological subtypes of AD (55). Mor-
phological plaque heterogeneity has been suggested to depend on 
underlying A peptide composition, where the presence of the core 
has been associated with deposition of shorter A peptides and to 
represent a secondary mechanism in plaque maturation (29).

Along that line, protofibrillar and oligomeric A aggregates are 
considered the neurotoxic species that drive A pathology, and our 
observations that mature fibrils, as observed in the core structure, 
precede protofibrillar A species appears counter to both hypotheses 
on amyloid gain of toxicity and plaque formation dynamics pro-
posed for AD pathology in humans. There are two possible explana-
tions for this discrepancy. First, the limited spatial resolution and 
sensitivity of MALDI-IMS may prevent detection of small, pre-
fibrillar aggregates that might precede the detected core structures, 
captured by this method in humans. However, on this point, it is 
noteworthy that the hyperspectral, LCO microscopy experiments 
did not show any h-FTAA–positive, immature amyloid structures 
that were not correlated with the MALDI-IMS signal. While this 
suggest that the earliest seeds detected by conformation-sensitive 
LCO microscopy are also captured by MALDI-IMS, extensive ex 
situ structural characterization of the various aggregation interme-
diates at the nanoscale poses an exciting challenge that can be subject 
for follow-up studies. A second more straightforward explanation 
for the orthogonal observations on heterogenic plaque formation is 
that the genetic background of the APPNL-G-F model used in the 
present study may result in a different outcome from that seen in 
humans. Multiple mutations have previously been described to have 
an effect on plaque morphology (55). In APPNL-G-F mice, the arctic 
APP mutation leads to early formation of a pronounced plaque 
core. This is likely a consequence of rapid aggregation due to in-
creased aggregation propensity of A, which is in line with observa-
tions from transgenic mice (41, 42). In addition, the Swedish 
mutation leads to increased production of mainly A1-40 but also 
A1-42 (41, 42). The shift toward predominant production of A1-
42 as observed here is attributed to the Iberian APP mutation 
(I716F) that lies outside the A sequence near the -secretase 
cleavage site (31, 56). While the Aarc plaque phenotypics of the 
APPNL-G-F model are not representative for human AD pathology, 
these mice provide a suitable model system for studying A plaque 
pathology–associated mechanisms by showing exacerbated neuro
inflammation and accelerated age-related memory impairment as 
previously noted (31). We make use of the accelerated plaque pa-
thology in this mouse model as this allows us to follow plaque 
pathology onset in a reasonable time scheme, while still providing 
relevant pathobiochemical information about cored plaque mor-
photypes specific to both human sAD and fAD pathology. It has 
been reported that distinct structural features within the dense core 
fibrils can be specific for heterogenous plaque pathology among pa-
tients across different etiologies (55). Our iSILK data described here 
can therefore serve as a primer on how to study the effects of genet-
ic background on plaque polymorphism and heterogenous plaque 
pathology, respectively.

A further advantage of the iSILK approach includes the possibil-
ity to study deposition dynamics across brain regions and across 
different A species. Our experiments identified the cortex as pri-
mary site of deposition followed by deposition in subcortical areas, 
mainly the hippocampus, which is in line with previous observation 
in this mouse model (31). Further, our data indicate that the A1-38 
is the second main peptide present in the APPNL-G-F mice. Recently, 
MALDI-based three-dimensional reconstruction of amyloid plaques 
in aged APPNL-G-F mice suggested the presence of A1-42 in cores 
that were surrounded by A1-38 in most but not all plaques (28). 
SILK imaging provides strong evidence for a sequence of events that 
can explain the chemical phenotype of these plaques. This is further 
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in line with enzyme-linked immunosorbent assay results for these 
mice (31), where the other main peptide detected was the A1-38. 
Presence of shorter C- and N-terminally truncated peptides within 
single plaques has been suggested to represent intraplaque metabo-
lism of A1-42 toward shorter fragments, a process facilitated by 
enzymatic activity (57, 58). While this might still be the case for the 
N-terminally truncated fragments as shown by the similar distribu-
tion pattern of the Ax-40 and Ax-42 detected in human brain 
tissue (29), this is likely not the case for the C-terminally truncated 
peptides. Given that throughout Schemes 2 and 3, A1-38 showed 
different degrees of stable isotope incorporation as compared to A1-42, 
our data suggest that the generation of A1-38 represents an indepen-
dent event, probably through -secretase–mediated APP processing.

Together, the data presented here demonstrate that iSILK is an 
innovative approach to studying the A plaque formation dynamics 
over time in experimental AD. The refined methods for imaging 
metabolically labeled, endogenous peptides and proteins hold fur-
ther great potential for investigations on studying other genetic 
mouse models of AD pathology and delineate the effect of different 
mutations on developing amyloid pathology as well as genetic and 
pharmacological efforts to modify A aggregation propensity. This 
is relevant to developing strategies to target AD pathogenesis in 
time particular with respect to ongoing antibody-based drug trials 
that target A aggregation intermediates, where previous efforts 
have not been successful. The iSILK principles and technologies 
demonstrated here can furthermore be of great potential for study-
ing other disease mechanisms such as for studying tumor develop-
ment in experimental cancer research.

MATERIALS AND METHODS
Chemicals
MouseExpress (15N, 98%) mouse feed kit (15N/14N) was obtained from 
Cambridge Isotope Laboratories (Andover, MA, USA). All solvents 
used in the study were of high-performance liquid chromatography–
MS grade. Acetone (Ac), acetonitrile (ACN), absolute ethanol (EtOH), 
and methanol (MeOH) were obtained from Thermo Fisher Scientific 
(Hampton, NH, USA). Glacial acetic acid was purchased from VWR 
Chemicals (Radnor, PA, USA). Paraformaldehyde (PFA), glutar-
aldehyde, sodium cacodylate buffer, osmium tetroxide, and Agar 
100 resin were obtained from Agar Scientific (Stansted, Essex, 
UK). Formic acid (FA), trifluoroacetic acid (TFA), -cyano-4-
hydroxycinnamic acid (CHCA), and 2,5-dihydroxyacetophenone 
(2,5-DHAP) were obtained from Sigma-Aldrich (St. Louis, MO, USA). 
Tissue-Tek optimal cutting temperature compound was purchased 
from Sakura Finetek (AJ Alphen aan den Rijn, Netherlands). Indium 
tin oxide (ITO)–coated conductive glass slides and peptide calibration 
standard I were obtained from Bruker Daltonics (Bremen, Germany). 
PELCO copper grids were obtained from Ted Pella (Redding, CA, 
USA). The double-distilled H2O (ddH2O) was obtained from a Milli-Q 
purification system (Merck Millipore, Darmstadt, Germany). The 0.17 
polyethylene naphthalate (PEN) membrane slides and Adhesive Cap 
500 opaque tubes were purchased from Zeiss/P.A.L.M. Microlaser 
Technologies (Bernsried, Germany). Dako fluorescence mounting 
medium was obtained from Agilent (Santa Clara, CA, USA).

Animal experiment
All procedures and experiments on APP knock-in mice (NL-G-F) 
were performed at University College London with local ethical 

approval 6 May 2016 in agreement with guidelines of the Institu-
tional Animal Care and Use Committee and the Animals (Scientific 
Procedures) Act 1986. Male APP knock-in mice (APPNL-G-F) carrying 
humanized A sequence, along with Swedish mutation (KM670/671NL) 
on exon 16, as well as Arctic (E693G) and the Beyreuther/Iberian 
mutations (I716F) on exon 17, were used in the study. To study 
spatiotemporal A plaque metabolism, mice were fed MouseExpress 
(15N, 98%) mouse feed (PULSE) based on 15N following the differ-
ent labeling schemes:

Scheme 1. PULSE, 10 weeks (weeks 7 to 17), no CHASE (n = 3);
Scheme 2. PULSE, 4 weeks (weeks 6 to 10), CHASE, 7 weeks (n = 3);
Scheme 2b. PULSE, 4 weeks (weeks 6 to 10), CHASE, 4 weeks, 

(n = 3);
Scheme 2c. PULSE, 4 weeks (weeks 6 to 10), CHASE, 10 weeks 

(n = 3);
Scheme 3. PULSE, 4 weeks (weeks 10 to 14), CHASE, 4 weeks 

(n = 3).
Control animals (n = 3) for each scheme received 14N spirulina 

diet. The mice were euthanized after the CHASE period. Following 
brain isolation, one-half was snap-frozen in liquid N2-cooled isopen-
tane, while the other was immediately dissected into anatomical regions 
and immersion fixed in 4% PFA, and thereafter processed for EM.

In addition to the iSILK mouse experiments, a small, time-
course study on 8- to 10-week-old male, APPNL-G-F mice was per-
formed (n = 3 per time point; N = 2 tissue sections per mouse). 
These animals were euthanized via decapitation, the brain was rap-
idly extracted, and one hemisphere was drop-fixed into 4% PFA 
and was left overnight at 4°C. Hemispheres were then transferred into 
30% sucrose and 0.03% sodium azide in 0.01 M phosphate-buffered 
saline (PBS) for storage.

Tissue preparation
Frozen and PFA-fixed tissue preparation
One hemisphere was snap-frozen directly after isolation using liquid 
nitrogen (−150°C)–cooled isopentane (fig. S1). For MALDI-IMS 
(and LCO analysis) 12-m cryosections were collected from fresh 
frozen brain tissue on a cryostat microtome (Leica CM 1520, Leica 
Biosystems, Nussloch, Germany) at −18°C. For MALDI-IMS, the 
sections were thaw mounted on conductive ITO glass slides (Bruker 
Daltonics, Bremen, Germany). For LMPC (laser microdissection 
and pressure catapulting) , 12-m-thick fresh frozen sections were 
cut on and mounted on 0.17 PEN membrane slides. All tissues were 
stored at −80°C.

PFA-fixed tissue collected for time course plaque staining was 
sectioned transverse to the long axis of the hippocampus at 30 m 
using a frozen sledge microtome (Leica). Free-floating sections were 
collected and stored in 0.03% sodium azide in PBS at 4°C.

EM tissue preparation of PFA fixed tissue
For EM and NanoSIMS, following harvesting one brain hemisphere 
was immediately dissected into anatomical regions and immersion 
fixed in 4% PFA at 4°C (fig. S1). Tissue was then transferred to 
modify Karnovsky fixative, containing 2% PFA, and 2% glutaralde-
hyde in 0.1 M sodium cacodylate buffer, for 4 hours [1 hour at room 
temperature (RT), 3 hours at 4°C, on a rotor]. Further tissue pro-
cessing was performed using Automatic Microwave Tissue Processor 
(Leica EM AMW, Leica Microsystems, Wetzlar, Germany). Here, 
tissue was washed four times with 0.1 M sodium cacodylate buffer. 
Tissue was postfixed with 1% OsO4 and 1% KFe in 0.1 M sodium 
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cacodylate buffer for 45 min at RT. For additional contrasting, en 
bloc staining with 0.5% uranyl acetate in ddH2O was performed for 
45 min. Dehydration was performed with rising concentrations of 
EtOH (50, 70, 85, and 95% and two times with absolute EtOH) and 
two times with 100% Ac at RT, 10 min each. Samples were embed-
ded in Agar 100 resin, and the resin was polymerized for 24 hours at 
60°C. All samples within an isotopic labeling scheme were embedded 
using the same batch of resin, under the same conditions. Semithin 
tissue sections (350 nm, diamond knife) were obtained with an ultra-
microtome (Leica EM UC6, Leica Microsystems, Wetzlar, Germany). 
Here, first 350-m sections were collected on glass microscope 
slides and stained with toluidine blue for light microscopy, to iden-
tify A plaque–rich regions of the resin block and guide EM analy-
sis. The block was trimmed, and 350-nm-thick serial sections were 
cut and collected onto formvar-coated PELCO copper grids (fig. 
S4, I to N).

EM analysis
EM observations were carried out on a focused ion beam combined 
with a scanning electron microscope, FIB-SEM workstation through 
annular bright-field STEM analysis (GAIA3, Tescan, Brno-Kohoutovice, 
Czech Republic). The instrument was operated at 30.0 kV, with 
working distance of 5.3 mm, yielding a spot size of approximately 7 nm, 
and effective pixel size of approximately 20 nm at ×12,000 magnifi-
cation used for collection of single plaque images. Image treatment 
and analysis were performed in Fiji and Adobe Photoshop.

NanoSIMS data acquisition
Following STEM analysis of fixed samples, ion microprobe (NanoSIMS 
50L, Cameca, Gennevilliers, France) measurements were performed 
on the same copper grids. Sections were gold-coated before being 
transferred to the NanoSIMS.

NanoSIMS images were obtained by rasterizing a 16-keV Cs+ 
primary ion beam across the sample surface to generate negative 
secondary ions that were extracted and separated by a magnetic sec-
tor. For our study, the NanoSIMS was set up to measure the follow-
ing secondary ions species: 12C15N−, 12C14N−, 12C13C−, 12C12C−, 
19F−, and 32S−. The instrument was tuned to a minimum mass re-
solving power of >8000 (Cameca definition), enough to resolve iso-
baric interferences.

Before acquisition, the area of analysis was implanted with a 
high-current (~22 pA), defocused beam to remove the gold-coating, 
implant Cs+ ion into the surface of the sample and reach a sufficient 
amount of sputtered secondary ions. Images of surfaces (35 by 
35 m or 40 by 40 m) were then acquired using constant settings 
(current of 0.7 to 0.8 pA, spot size of about 150 nm, dwell time of 
5 ms, number of pixels of 256 by 256, and 10 layers).

To provide the isotopic composition of an unlabeled reference 
tissue, images were taken of isotopically unlabeled mice A plaques 
(prepared in an identical manner) at the start of each day of 
analysis. The mean 12C15N−/12C14N− ratio for the control images was 
0.00367794 ± 0.000028 2 (N = 5). A total of three A plaques 
(N = 3) per region (cortex/hippocampus) per labeled animal (n = 3) 
were analyzed. Similarly, three cortical A plaques (N = 3) were 
analyzed in each 14N spirulina-fed APPNL-G-F control mice (n = 3).

All the obtained data were dead time corrected and aligned 
before stacking, using the L’IMAGE software (L. Nittler, Carnegie 
Institution of Washington, DC, USA). ROIs were drawn around in-
dividual A plaques, using the contour lines on the 12C14N− image. 

These A plaque ROIs were used to quantify the mean enrichment 
of 15N in each region. The nitrogen isotope ratio images were 
obtained by taking the ratio between the cumulated 12C15N− and 
12C14N− images. The deviation (i.e., enrichment) from the natural 
abundant 15N determined in unlabeled control mice is reported in 
per mil using the following parameter

​​
Delta value ​​​ 15​ N =

​  
​ 
​(​​ ​(​​​​ 12​ ​C​​ 15​ ​N​​ −​ ​/​​ 12​ ​C​​ 14​ ​N​​ −​)​ measured​​ − ​(​​​​ 12​ ​C​​ 15​ ​N​​ −​ ​/​​ 12​ ​C​​ 14​ ​N​​ −​)​ reference​​​)​​

     ───────────────────────────────────    
​(​​​​ 12​ ​C​​ 15​ ​N​​ −​ ​/​​ 12​ ​C​​ 14​ ​N​​ −​)​ reference​​

 ​  × 1000
​​

Univariate comparisons between the groups were performed us-
ing paired, two-tailed t test (P < 0.05) (fig. S7).

Matrix deposition for MALDI-IMS
Before MALDI-IMS sections, fresh frozen tissue sections mounted 
on ITO glasses were thawed and dried in a desiccator for 15 min. A 
series of sequential washes of 100% EtOH (60 s), 70% EtOH (30 s), 
Carnoy’s fluid (6:3:1 EtOH/CHCl3/acetic acid) (110 s), 100% EtOH 
(15 s), H2O with 0.2% TFA (60 s), and 100% EtOH (15 s) was car-
ried out. For enhanced plaque extraction, tissues were subjected to 
FA vapor for 20 min. 2,5-DHAP was used as matrix compound and ap-
plied using an HTX TM-Sprayer (HTX Technologies LLC, Carrboro, 
NC, USA). A matrix solution of 2,5-DHAP (15 mg/ml) in 70% 
ACN/2% CH3COOH/2% TFA was sprayed onto the tissue sections 
using the following instrumental parameters: nitrogen flow (10 pounds 
per square inch), spray temperature (75°C), nozzle height (40 mm), eight 
passes with offsets and rotations, and spray velocity (1000 mm/min), 
and isocratic flow of 100 l/min using 70% ACN as pushing solvent.

MALDI-IMS data acquisition
MALDI-IMS experiments were performed on a rapifleX MALDI–
time-of-flight (TOF) instrument (Bruker Daltonics). Measurements 
were performed at 5-m spatial resolution, with the laser operating 
at a frequency of 10 kHz, a laser power of 90%, and 200 shots per 
pixel. Data were acquired in linear positive mode in the mass range 
of 2000 to 20,000 m/z (mass resolution of 500 at 4000 m/z). Pre-
acquisition calibration of the system was performed using a combi-
nation of peptide calibration standard I and synthetic A peptides 
(A1-38, A1-39, A1-40, A1-42, A1-43, A1-44, A1-45, A1-46, 
A1-47, and A1-48), to ensure calibration over the entire range of 
potential A species. Acquisition and subsequent processing were 
performed in flexImaging (version 5.0, Bruker Daltonics).

LCO staining and immunohistochemistry
Fluorescent plaque staining was performed using LCO to further 
investigate plaque pathology. For the time series in young APPNL-G-F 
mice, plaque staining was performed using the commercially avail-
able LCO derivative Amytracker 480 (Ebba Biotech AB, Stockholm, 
Sweden) to follow plaque pathology over time. PFA-fixed tissue 
sections (N = 2) from mice at 9 to 11 weeks (n = 3 animals) were 
initially washed once with PBS for 10 min, followed by labeling 
using for 30 min at RT in the dark and a subsequent wash in PBS for 
10  min. Sections nuclei were stained with 4′,6-diamidino-2-
phenylindole (DAPI; 1:10,000 in PBS) for 5 min, followed by a final 
wash in PBS for 10 min, and stored in the dark at 4°C overnight. 
Free-floating sections were mounted onto Superfrost Plus glass slides 
(Thermo Fisher Scientific) using Fluoromount-G medium (Southern-
Biotech, Birmingham, AL, USA) with coverslips placed over them.
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For plaque feature validation of the MALDI-IMS data, as well as 
for structural amyloid analysis, a double LCO stain strategy with 
two LCO, q-FTAA and h-FTAA, was used. Here, 12-m-thick fresh 
frozen tissue sections, adjacent to those used for MALDI-IMS, were 
analyzed. Before staining, the sections were thawed in a desiccator 
and fixed using absolute EtOH, 70% EtOH, and PBS for 10  min 
each. Tissues were double-stained with q-FTAA and h-FTAA (2.4 M 
q-FTAA and 0.77 M h-FTAA in PBS) similar to a previously de-
scribed protocol (58). Sections were incubated for 30 min at RT in 
the dark, rinsed with PBS, desiccated, mounted with Dako fluores-
cence mounting medium, and stored in dark at 4°C for a minimum 
of 24 hours before microscopy. For A immunolabeling, 6E10 anti-
body (1:500; Invitrogen, Life Technologies) was incubated over-
night at 4°C, followed by secondary antibody staining with Alexa 
Fluor 488 (1:1000; Invitrogen).

Fluorescent microscopy
Bright-field images of the toluidine blue–stained tissue and epifluo-
rescence LCO plaque images were acquired using a wide-field 
microscope (Axio Observer Z1, Zeiss, Jena, Germany). The images 
were acquired with a Plan-Apochromat 10×/0.3 differential inter-
ference contrast objective.

The hyperspectral imaging of double LCO–stained tissues was 
performed using an inverted laser scanning confocal microscope 
(ELYRA PS.1 SIM/PAL-M LSM780, Zeiss, Jena, Germany), equipped 
with a 32-channel GaAsP spectral detector, in parallel spectral de-
tection design, enabling simultaneous 32+2-channel spectral read-
out in lambda mode. The acquisition was performed using a 35-nW, 
458-nm argon laser, with the Plan-Apochromat 20×/0.8 objective. 
The continuous emission was acquired in the range of 405 to 
750 nm (58). Linear unmixing, a function within the Zen 2011 (Zeiss) 
software, was used to differentiate between the q-FTAA and h-FTAA 
fluorescent signals in the double-stained samples and distinguish 
between true LCO fluorescence spectrum and unwanted autofluo-
rescence, from, for instance, lipofuscin.

For time series plaque staining, whole hippocampal and cortical 
regions were imaged using a 20× objective on an epifluorescence 
EVOS FL auto cell imaging system microscope (Life Technologies, 
Carlsbad, CA, USA). LCO were detected at a wavelength of 488 nm 
and DAPI at a wavelength of 356 nm.

LMPC-based A plaques isolation and MS
Before laser microdissection, the tissue was double-stained with 
q-FTAA and h-FTAA similarly to double staining for LCO analysis 
(fig. S5), using ddH2O instead of PBS. The tissue was desiccated but 
not mounted. Microdissection was performed using an LMPC micro-
scope (PALM MicroBeam LMPC microscope, Zeiss/P.A.L.M. Micro-
laser Technologies, Bernsried, Germany) equipped with a 355-nm 
pulsed ultraviolet laser. The individual A plaques as visualized 
with LCO double-stain strategy were collected in Adhesive Cap 500 
opaque tubes and stored at −20°C before extraction. In total, an area 
of 50,000 m2 of amyloid-positive plaques was collected.

A immunoprecipitation
To the isolated amyloid plaques, 50 l of 70% FA, with 5 mM EDTA, 
was added. The samples were sonicated for 5 min and incubated for 
1 hour at 24°C. The samples were then neutralized to pH 7 using 
0.5 M tris buffer. A peptides were than purified through immuno-
precipitation using A-specific antibodies (antibodies 6E10 and 

4G8, Signet Laboratories), coupled to magnetic Dynabeads M-280 
Sheep Anti-Mouse (Invitrogen), as described previously (59). The 
supernatant was collected and dried through lyophilization.

MS analysis of immunoprecipitation plaque extracts
For MS, the samples were reconstituted in 5 l of 20% ACN/0.1% 
FA. For MALDI MS of peptide extracts, the samples were deposited 
onto a MALDI target using the seed layer preparation. Here, a matrix 
seed layer [CHCA (20 mg/ml), 90% Ac, 10% MeOH, and 0.005% 
TFA] was prespotted onto the target, followed by subsequent 
coapplication of 1 l of sample mixed with 1 l of second matrix 
solution [CHCA (15 mg/ml) and 50% ACN/0.1% TFA]. MALDI 
MS of plaque extracts analysis was performed on a ultrafleXtreme 
MALDI-TOF/TOF instrument (Bruker Daltonics) in reflector-pos-
itive mode. Data were collected in the mass range of 500 to 5500 m/z 
(5000 shots, laser frequency of 1000 Hz, laser focus: medium). Ex-
ternal calibration was performed by the deposition of a peptide 
calibrant mix 1 (Bruker Daltonics) spotted adjacent to the sam-
ple spots on the target. Further, to verify the identity of the observed 
peptides, a liquid chromatography–tandem MS (MS/MS) analysis, 
using alkaline mobile phase, of the brain was carried out using a Q 
Exactive quadrupole-orbitrap hybrid mass spectrometer equipped 
with a heated electrospray ionization source (HESI-II) (Thermo 
Scientific) and UltiMate 3000 binary pump, column oven, and au-
tosampler (Thermo Scientific), as previously described (60), but 
with the Q Exactive operated in data-dependent mode. Briefly, the 
resolution settings were 70,000, and target values were 1  ×  106 
both for MS and MS/MS acquisitions. Acquisitions were per-
formed with one microscan per acquisition. Precursor isolation 
width was 3 m/z units, and ions were fragmented by so-called 
higher-energy collision-induced dissociation at a normalized colli-
sion energy of 25.

MALDI-IMS data analysis
Plaque ROIs (whole plaque, core, and periphery) were annotated on 
the basis of the coaligned LCO fluorescent images acquired on con-
secutive sections. Total ion current normalized average spectra of 
the annotated ROIs were exported as *.csv file.

Isotope pattern analysis was performed in GraphPad Prism 
(version 7). Here, MALDI-IMS ROI spectral data were loaded into 
Prism, and average distribution curves were fitted to the individual 
peptide isotope signal pattern. The centroid was used as a measure 
for average isotope incorporation, allowing either signal comparisons 
of the corresponding isotopologue (m/z value) and for comparative 
analysis in between distinct ROI (plaque cortex versus plaque hippo-
campus) and peptides (A1-42 and A1-38). Univariate comparisons 
between the groups were performed using unpaired, two-tailed t test 
(P < 0.05) (fig. S6).

For individual peak statistics, ROI spectra data files were im-
ported into Origin (version 8.1, OriginLab, Northampton, MA, USA) 
for peak detection and peak width determination using the imple-
mented peak analyzer function. The determined peak widths that 
serve as bin borders for peak integration were exported as tab de-
limited text file. The bin borders were used for area under curve peak 
integration within each bin (peak-bin) of all individual ROI average 
spectra using an in-house developed R script (61). Data were 
log-transformed. Univariate comparisons of distinct isotopologue 
signals (m/z) between the intraplaque regions (core versus periphery) 
were performed using unpaired, two-tailed t test (P < 0.05).
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Electrospray ionization–MS/MS peptide identification
For electrospray ionization–MS/MS data analysis, MS and MS/MS 
spectra were deconvoluted using Mascot Distiller before submission 
to database search using the Mascot search engine (both Matrix 
Science), as described previously (62). The MS/MS spectra were 
searched toward a local database containing mutant human APP 
sequences using the following search parameters: precursor mass ± 
15 parts per million; fragment mass ± 0.05 Da; no enzyme; no fixed 
modifications; variable modifications including deamidated (NQ), 
Glu- > pyro-Glu (N-term E), oxidation (M); instrument default.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/25/eabg4855/DC1

View/request a protocol for this paper from Bio-protocol.
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