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Supplementary notes 
 
A. Development and optimization of the MASP strategy  
 
1. Robust and uniform micro-compartmentalization of tissue slice while precisely preserving 
spatial information, a critical step to achieve accurate protein mapping on whole-tissue level 
 
1.1 The development of a 3D-printed micro-scaffold for precise and robust tissue 
compartmentalization 
To achieve an accurate spatial mapping of proteins across the entire tissue slice, it is critical to 
precisely preserve the original spatial information when procuring the spatially specific micro-
specimens. Moreover, the strategy should reproducibly recover micro-specimens of a uniform size, 
with high throughput and minimal cross-contamination. Traditional tissue micro-sampling 
strategies such as punch- or needle-biopsy do not meet these important requirements. Our initial 
studies using needle biopsy for spatial tissue sampling found that it is very time-consuming and 
labor-intensive to obtain the numerous spatial specimens from a tissue slice; more importantly, 
sequential needle sampling across different locations severely distorted the spatial information. To 
overcome these issues, here we designed an arrays-style spatial micro-sampling device, referred 
to as a micro-scaffold, which contains precisely spaced micro-wells (shown in Fig. 1b and 
Supplementary Fig. 2a). The device facilitates the acquirement of spatially-resolved micro-
specimens with a one-strike cutting (i.e., compartmentalization) without distorting the spatial 
information, and each of the micro-specimens was evenly separated and sequestered inside the 
micro-wells of the device. In the example shown in Fig. 1b, the micro-scaffold contains 30 × 30 
micro-wells, each with a cross-sectional dimension of 400µm × 400µm. 
To minimize shift/distortion of the tissue slice during the compartmentalization process, each 
micro-well was designed with tapered edges. The narrower edges effectively and evenly 
immobilize the tissue slice upon the initial contact and further prevent horizontal motion of the 
tissue regions during the compartmentalization process, which precisely preserves spatial 
information (Fig. 1b in the zoomed panel). To fabricate the micro-scaffolds, we chose 3D printing 
for its flexibility in model design and the quick turnover for testing and optimization. A number 
of state-of-the-art 3D-printing technologies were carefully evaluated. In this study, the ideal 3D-
printing technique should carry an ultra-high printing resolution that is necessary to precisely 
construct the numerous micro-wells in the device, as well as a smooth inner surface to permit the 
complete and reproducible transfer of micro-specimens out of the wells after compartmentalization. 
Moreover, the fabricated device should carry excellent uniformity in all directions and the 3D-
printing technique should be easily implemented in-house, enabling rapid production, testing, and 
optimization of designs. Several categories of 3D printing techniques were assessed, including 
fused deposition modeling (FDM), powder bed fusion (such as Selective Laser Sintering (SLS), 
Selective Laser Melting (SLM)), and photopolymerization (such as Stereolithography (SLA), 
Digital Light Processing (DLP))1,2. Our initial tests found strategies such as FDM and SLS did not 
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yield sufficient resolution or robustness for the fabrication of micro-scaffolds. By comparison, the 
photopolymerization-based techniques, which employ ultraviolet (UV) light to solidify the liquid 
photocurable polymer, afford the highest printing resolution with excellent precision. SLA and 
DLP are the two most popular types of techniques in this category, and examples include Low 
Force Stereolithography (LFS), Advanced-DLP, and Projection Micro Stereolithography (PμSL). 
After careful evaluation of these techniques, we selected the Advanced-DLP on desktop 3D printer 
(D4Kpro, EnvisionTEC, Germany), owing to its ultra-high printing resolution (~ 25 µm at the X 
and Y axes, and 1 µm at Z-axis), high printing speed and reasonable cost. As to the photopolymer, 
we chose HTM140v2, which is capable of high-resolution printing and meanwhile affords 
excellent strength for compartmentalization. The combination of the ultra-high resolution 
Advanced-DLP and the optimal photopolymer enabled accurate and precise printing of the micro-
scaffold with exceptional accuracy and precision (Fig. 1b, Supplementary Fig. 2a), as well as 
smooth inner surface (one example is shown in Fig 1b), and thus laying a solid foundation for 
precise, robust spatial micro-compartmentalization of tissue slices.  

 
1.2 The optimization of the supporting matrix for robust and complete tissue 
compartmentalization 
In our pilot study, we found that to achieve complete separation of individual tissue micro-
specimens, it is important to push the micro-scaffold downward till it cuts beyond the tissue layer 
into a supporting matrix. An ideal supporting matrix should have sufficient elasticity so that under 
pressurization it can protrude into the micro-wells to facilitate effective shearing of tissue against 
the narrow edges, and then achieving separation of individual tissue micro-specimens 
(Supplementary Fig. 3). The material should be strong enough to sustain the pressure and 
meanwhile be rupture-resistant, so that it can be intactly retracted from the micro-scaffold after the 
compartmentalization, without leaving pieces inside the micro-wells. Moreover, the material 
should not contain proteins (i.e., causing contamination of the tissue proteome) or extractable 
polymers that can’t be removed by the µ-SEPOD (discussed later) approach which could be 
detrimental to LC-MS analysis. Here we evaluated several candidate materials, including starch-
based (e.g., Play-Doh), PVC-based (e.g., polymer clay), and silicon-based (e.g., 
Polydimethylsiloxane-PDMS) modeling materials. The results were summarized in 
Supplementary Table 1. Based on the results, we selected the PDMS because of its excellent 
strength and meanwhile optimal elasticity, and that no contamination proteins or detrimental 
polymers were introduced to the micro-specimens. 
 
1.3 The development of a pressurization module for reproducible and uniform 
compartmentalization and micro-sampling 
As discussed previously, a uniform and well-controlled pressurization across the entire tissue slice 
is an important prerequisite for robust and reproducible compartmentalization. To achieve this, we 
designed, fabricated, and optimized a 3D-printed pressurization-control module (Fig. 1c, 
Supplementary Fig. 2b-c), which includes a top and a bottom part that together encloses the stack 
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of micro-scaffold, a tissue slice, and the supporting matrix (upper-to-lower order). The regulated 
pressure (discussed below) is applied on the top part of the module, which transduces the pressure 
evenly to the micro-scaffold, facilitating uniform compartmentalization (Supplementary Video 
1). The design of the module was carefully optimized to ensure precise fitting, alignment, and 
leveling of components. The detailed parameters and photos of the products are shown 
in Supplementary Fig. 2b-c.  
 
1.4 Optimization of the micro-compartmentalization procedure 
In our pilot experiments, we observed that pre-freeze the tissue slice prior to the procedure is 
important to achieve reproducible compartmentalization. When pressing the micro-scaffold 
against a fresh brain tissue slice, the resulted micro-specimens are often of varied sizes, likely 
because of the variable stiffness and density among different anatomical regions3. To address this 
issue, we froze the tissue slice (-80℃, ~ 30 min) immediately after slicing, which was found to 
have yielded micro-specimens with uniform sizes and much-improved reproducibility. Compared 
to fresh tissue slices, pre-freezing the slice achieved much-improved reproducibility, robustness 
and uniformity in the size of micro-specimens, as well as more identifiable proteins 
(Supplementary Fig. 4). 
As to the compartmentalization procedure, the pressure and time for the two steps were optimized 
to maximize precision, reproducibility, and robustness, and the final conditions are shown in 
Methods. As shown in Fig. 1d, under the optimized conditions, the entire tissue slice 
was uniformly and completely compartmentalized without any left-over tissue while the spatial 
information was faithfully maintained. 

 
1.5 Efficient and reproducible recovery of micro-specimens with 3D-printed piston arrays 
under a well-regulated environment inside a procurement chamber 
The next critical step following the compartmentalization is an efficient and reproducible 
collection of micro-specimens from the micro-wells. Pilot studies showed that this step must be 
performed right after micro-compartmentalization and be finished within a short time period (e.g., 
<4 h), as the prolonged incubation of the specimens inside the micro-scaffold not only caused 
significant tissue dehydration which renders difficulty in recovering the micro-specimens, but also 
may result in protein degradation. To enable the efficient, high-throughput transfer of micro-
specimens out of the scaffold, we devised a series of 3D-printed piston arrays (a total of 16) with 
breakable pistons to rapidly procure the tissue samples (Supplementary Fig. 5a). On each array, 
the pistons match one out of every four micro-wells in both X and Y directions (Supplementary 
Fig. 5b-c). As shown in Supplementary Fig. 5a, the positions of the pistons are strategically 
staggered among the 16 arrays to cover all the micro-wells. All pistons were chamfered at 3.95 
mm above the base to render them breakable, so that the upper part of the pistons carrying tissue 
specimens can be readily clipped off with a pair of lab forceps, which were then transferred into 
low-protein-binding tubes for subsequent sample preparation. With the piston arrays, we can 
rapidly collect >200 micro-specimens within 1 hour. The tissues on the pistons were efficiently 
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extracted using µ-SEPOD (discussed below), and after centrifugation, the pistons were discarded 
along with the insoluble cellular components.  
Furthermore, the above step must be performed under well-regulated conditions, including high 
humidity (~70-80%) to slow down tissue dehydration, low temperature (-5 to 0°C) to minimize 
protein degradation, and free of oxygen to eliminate protein oxidation. To maintain these 
conditions, we devised a tissue procurement chamber (Supplementary Fig. 6) equipped with all-
angle LED lights to allow shadow-free operation, a controlled humidifier to provide the desired 
high humidity, and a dry ice container to provide low temperature and saturated CO2 in the 
chamber. Compared to operation in the open air, procurement of micro-specimens in the chamber 
improved the success rate (i.e., fully recovered specimens) from 50-60% to 100%. 
 
2. Efficient/reproducible sample preparation and LC-MS analysis, robustly across all micro-
specimens, another important prerequisite for reliable, quantitative mapping of tissue 
proteins 
After compartmentalization, numerous micro-specimens were recovered. To realize reliable and 
accurate mapping of proteins, it is critical to achieve reproducible sample preparation (i.e., protein 
extraction, sample cleanup and digestion) with high and consistent efficiency across the many 
tiny micro-specimens (~100 µg tissue), as well as a sensitive and in-depth LC-MS analysis 
robustly across this large cohort of samples. To address this daunting challenge, we optimized a 
µ-SEPOD method that provides efficient and reproducible sample preparation of large sample 
cohorts with high, quantitative recovery of the micro-size samples. We have also adopted a 
trapping-nano-LC-MS system that extensively and robustly separates peptides and acquires high-
quality, ultra-high-resolution-MS1 signals with excellent sensitivity consistently across large 
biological sample sets for reliable analysis of the large cohort of the micro-specimens. 
 
2.1 The optimization of microscale surfactant cocktail-aided extraction/precipitation/on-
pellet digestion (µ-SEPOD) for reproducible and robust sample preparation across the large 
cohort of micro-specimens 
Previously we described a surfactant cocktail-aided extraction/precipitation/on-pellet digestion 
(SEPOD) method for the preparation of large sample cohorts with high efficacy, consistency, and 
reproducibility4. Briefly, the proteins were exhaustively extracted from the tissue by an optimized 
combination of a strong surfactant cocktail, and then a precipitation step was employed to remove 
non-protein matrix components and surfactants that are detrimental to digestion and/or LC-MS 
analysis. The protein pellet was then digested with high efficiency and finally resulted in a clean 
sample for LC-MS analysis. The core of this approach is the use of a high-concentration cocktail 
of surfactants, which provided three salient benefits, including near-complete protein recovery 
from tissues, extensive cleanup of the samples by carrying matrix components with the surfactants, 
and rapid and highly efficient digestion owing to the “dual denaturation” by both the surfactants 
and precipitation4. Compared to other popular methods, the SEPOD provided markedly higher and 
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more reproducible recoveries of proteins and peptides from tissues, especially the membrane 
proteins4. 
In this study, we adapted the SEPOD approach to prepare the micro-size tissues with high and 
consistent efficiency across the large cohort of spatial micro-specimens. Several key parameters 
were rigorously optimized. Firstly, we assessed the use of 20, 30, and 50 µL surfactant cocktail 
buffer per sample, in terms of the extraction efficiency, reproducibility, and the number of 
quantifiable proteins. While using very low volumes of buffer caused incomplete extraction and 
significant variation, the use of volumes that is too large (i.e., > 50µL for 10 µg protein) would 
result in low protein concentrations (i.e., < 0.2 mg/mL) which compromises the efficiency of 
SEPOD4. It was observed that using 30 µL buffer (~1:300 tissue: buffer, w/v) resulted in the 
highest number of quantifiable proteins with excellent extraction efficiency and reproducibility 
(Supplementary Fig. 7a), and therefore this volume was selected. Secondly, to achieve a high 
and reproducible protein recovery, it is critical to thoroughly disrupt the cellular compartments to 
ensure a thorough protein recovery. Considering the tiny sizes of the micro-specimens, sonication 
is the only viable choice. Here we compared two sonication approaches: sonication via water bath 
for 15 min or using a high-power probe sonication for 5s per cycle, three cycles per sample, as 
established previously4. It was found sonication markedly improved protein extraction efficiency. 
Though there was no significant difference in protein yields between the two sonication strategies 
(Supplementary Fig. 7b), we selected water bath sonication because of the better reproducibility, 
as well as the easier operation with higher throughput. Moreover, the sonication step also 
effectively sheared large-molecule-weight nuclear acids into small fragments4, which are then 
removed by the precipitation step.  
Finally, protein loss owing to adsorption to the sample tubes is an important concern for the 
preparation of micro-size tissue samples5, which must be evaluated. We found no perceivable 
protein loss during the extract step since the strong surfactant cocktail buffer prevented protein 
adsorption. Nonetheless, substantial loss of peptides was observed during the surfactant-free 
digestion procedure when using a standard Eppendorf tube. We further discovered that the use of 
low-protein-binding tubes greatly alleviated this problem, which resulted in higher peptide 
recovery and more quantified proteins, as shown in Supplementary Fig. 7c. 
Based on the above optimization results, an optimal µ-SEPOD protocol was developed, and the 
details are shown in Methods. 

 
2.2 A sensitive and reproducible trapping nano-LC high-resolution MS system for high 
quantitative quality when analyzing large cohort samples 
The other key component to assure the quantitative accuracy of MASP is a protocol for highly 
sensitive liquid chromatography-mass spectrometry (LC-MS) analysis, with excellent robustness 
and reproducibility across the large cohort of micro-specimens. Towards this end, we adopted a 
trapping nano-LC setup that consists of two synchronized LC systems: one micro-flow system 
utilizing a large inner diameter (I.D.) trapping column, and a nano-flow system using a 65cm-long 
analytical column packed with small particles, which was shown to have achieved high-resolution 
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chromatographic separation with excellent analytical reproducibility among a large number of 
samples, as shown in previous publications6-8. The larger-I.D. trapping column is an important 
component in this system, as it enables highly robust, reproducible, and sensitive analysis of large 
cohorts. Specifically, i) selective trapping/delivery via the trap prevented hydrophilic/hydrophobic 
matrix components from entering the LC-MS, affording excellent robustness for analysis of many 
samples7,8; ii) the large-I.D. trap provided homogenously mixed mobile phase to the nano-column, 
providing highly reproducible separation6; iii) the large-I.D. trap drastically increased the 
quantitative loading capacity of the system, and thereby substantially improved the signal-to-noise 
ratio (S/N) for low-abundance peptides that often represent proteins with critical biological 
functions7. 
Ultra-high-resolution (120K-240K FWHM@ m/z=200) MS1 (UHR-MS1) detection was 
employed to attain highly selective and sensitive quantification by IonStar, as demonstrated 
previously9. For MS2 fragmentation, HCD/OT rather than HCD/IT mode was employed owing to 
its low false-positives, which is tremendously beneficial for large-cohort analysis7. 
This unique LC-MS strategy has enabled sensitive, comprehensive and reliable quantification of 
the many spatially-resolved micro-specimens that were procured in this project. Moreover, we 
observed exceptional reproducibility and robustness across the analysis of all the micro-specimens, 
which have laid another solid foundation for reliable quantitative mapping by MASP. 
 
3. Generation of protein distribution map based on the accurate protein quantification by 
UHR-IonStar and the development of an R-based spatial mapping app, MAsP, with a 
graphical user interface (GUI)  
 
3.1 Sensitive and accurate quantification of the proteins among the micro-specimens by the 
UHR-IonStar data processing pipeline 
To achieve high-quality quantitative mapping, another important prerequisite is a data processing 
pipeline capable of sensitive, accurate and reproducible quantification of the many micro-
specimens. Furthermore, a large-cohort analysis is often susceptible to problems such as high 
missing data and elevated false-positives10,11. Towards this end, the UHR-IonStar data processing 
approach, which achieves exceptional sensitivity and data quality for proteomics quantification in 
large cohorts, was employed8,9. UHR-IonStar measures peptide MS1 precursor ions with ultra-
high-resolution (UHR, 240K FWHM@m/z=200), and then uses a novel approach that is to 
precisely extract UHR-MS1 signals from the typically noisy backgrounds with an extremely 
narrow, dynamically-defined m/z window (e.g., 5 ppm) without losing signal intensity. This 
strategy effectively improved the selectivity and sensitivity for the quantification of low-
abundance proteins. In addition, by employing an efficient chromatogram alignment approach, and 
a stringent post-feature quality control method, the UHR-IonStar showed accurate, precise 
quantification of large cohorts with low missing data and low false-positives8,9. In this study, the 
UHR-IonStar method achieved high quantitative precision (median intra-group CV% for protein 
quantitative values among technical replicates was ~10.1%) and excellent reproducibility 
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(R2=0.98-0.99 for replicate analysis performed among large cohorts), as shown in Fig 1h-i. 
Additionally, 5019 proteins were quantified (Supplementary Table 4), among which 98.2% 
(4929 proteins) were quantified in at least 95% of all spatial samples, 91.2 % (4577 proteins) were 
quantified in all regions of the brain slice (Supplementary Table 5); indicating the excellent 
capacity of UHR-IonStar for reproducible measurement in large cohorts.  
 
3.2 The development of a MAsP app for the generation and processing of protein distribution 
maps  
To facilitate rapid and versatile generation and analysis of protein distribution maps in tissues, we 
developed an R Shiny-based MAsP app (https://github.com/JunQu-Lab/MAsP). The basic 
function of this graphical user interface (GUI) app is to generate customizable protein distribution 
maps based on the spatial coordinates and the protein abundance or z-scores in each micro-
specimen. The maps can be generated for either specific proteins or all proteins in the dataset (Fig. 
1j). Parameters such as map resolution, colors, range of abundance/z-score values, and background 
transparency, can be customized by the users. 
Furthermore, the MAsP app can discover protein distribution patterns among the thousands of 
protein distribution maps generated. To identify proteins with non-random, region-specific 
distribution patterns, the MAsP app utilizes a published approach that evaluates abundance 
distribution on maps using the parameter of the percentage of variance explained (VE) in the first 
singular value after factorization by a singular value decomposition (SVD) made for each protein 
distribution map12. For example, if values of abundance or z-scores across the whole tissue were 
randomly distributed, the VE by the first singular value would be very low. An SVD filtering with 
the user-defined cutoff of the VE threshold can be used to remove protein maps with random 
regional distribution patterns. Furthermore, the remaining maps with similar regional distribution 
patterns can be grouped by a spectral clustering algorithm (Fig. 1k), which is a density-based 
clustering algorithm designed for image processing13.  
Finally, proteins with correlated distribution patterns could imply co-localization of these proteins, 
which may provide highly valuable information on spatially organized biological processes. Here 
we devised a module to identify protein maps that have correlated distribution patterns with that 
of a protein of interest (Fig. 1k), among all MASP-generated maps in the dataset, based on either 
Pearson correlation coefficient or cosine similarity.  
 
 
 
B. The MASP strategy was validated and showed high accuracy in quantitative mapping 
We validated the accuracy of protein mapping by MASP in three different ways. 
 
First, low, strategically varied levels of non-endogenous peptides were spiked into the micro-
specimens of different locations so that a designed pattern (Fig. 2a, theoretical pattern) would 
show up in the maps of these peptides if MASP achieved accurate mapping. In brief, we spiked in 
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three non-endogenous peptides (GPSVFPLAPSSK, LLINVGSR and LLIIGASTR) at five 
different levels (0.5-, 0.7-, 1-, 1.3- and 2-fold at low fmol levels, respectively) into the micro-
specimens at the designated locations (Supplementary Fig. 8). These levels were designed to 
examine the ability of MASP to identify relatively subtle differences in protein abundances among 
locations. The sequences of the peptides were concatenated into an artificial protein entry, which 
was then integrated into the mouse proteome database, and quantified along with other proteins in 
the database. Based on the quantified abundance values, a distribution map of these peptides was 
constructed and compared with the theoretical distribution map calculated based on the spiked in 
ratios across the locations (Fig. 2a). The result showed that MASP faithfully produced the 
expected patterns with excellent accuracy (mean error% = 12.9%).  
 
Second, we further compared MASP-generated maps of certain proteins against their previously 
known distribution patterns, such as some literature-reported cell type markers and region-
enriched markers. For example, the whole brain distribution of a well-known marker for 
oligodendrocytes, myelin basic protein (Mbp), has been well-documented14-16. Here we found 
highly correlated patterns between the MASP-generated map of Mbp and its previously-reported 
distributions14 (Fig. 2b). We further compared the distribution of Mbp with three other 
oligodendrocytes markers: myelin-oligodendrocyte glycoprotein (Mog), Oligodendrocyte-specific 
protein (Osp), and 2',3'-cyclic-nucleotide 3'-phosphodiesterase (Cnp). As shown in Fig. 2b, the 
MASP-generated maps of these markers showed high similarity with the map of Mbp (Pearson r 
values of 0.98, 0.88 and 0.99, respectively), suggesting reliable mapping by MASP. In addition, 
we also surveyed the maps of some protein markers that are known to be enriched in various brain 
anatomic regions17,18. MASP correctly recapitulated the expected protein distributions in these 
anatomical regions such as the cortex (Cacng3, Slc30a3, Synpo) and hypothalamus (Ahi1, Baiap3, 
Scg2), with high correlations (r= 0.9-0.98, Fig. 2b). More examples of regionally enriched proteins 
are shown in Supplementary Fig. 10a, which include hippocampus-enriched protein Acdy9, 
cortex-enriched protein Ansk1b, striatum-enriched protein Ppp1r1b, as well as hypothalamus-
enriched protein Scg5, where the MASP-generated protein distribution maps showed patterns 
consistent with literature17,18.  
 
Thirdly, we tested the quantitative accuracy of MASP by correlating the spatial distributions of 
the two distinct proteins that form the same heterodimeric protein complex. In this study, only 
heterodimeric protein complexes that meet the following two criteria were chosen to validate the 
MASP technique: i) the two proteins in the heterodimer must have distinct, non-overlapping 
sequences, otherwise the impact of shared peptides might cause overestimation of mapping 
accuracy; and ii) the majority of the two proteins should exist in the heterodimer form so that these 
two proteins are co-located. Here three such heterodimers are evaluated: Tubulin α-β heterodimer19, 
Na,K-ATPase α-β heterodimer20,21, and GABAB receptor heterodimers22,23. If the MASP method 
could accurately recapitulate the spatial distribution of proteins, the maps of the two components 
of a heterodimer that are independently acquired by MASP, should show highly similar 
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distribution patterns. Indeed, highly correlated patterns of the two components were observed 
for the three above-mentioned heterodimers (r= 0.97, 0.97, and 0.81, respectively, Fig. 2c, 
Supplementary Fig. 10b), which validates the accuracy of mapping by MASP.  
 
 
 
C. MASP demonstrated the potential to reveal new landscapes of spatially organized 
signaling pathways and biological functions 
 
1. MASP provided potential new insights into the spatially organized signaling pathways in 
the brain 
An unbiased, extensive study of the spatially organized pathways is important, especially in tissues 
like the brain, where highly defined regions/compartments are known to have various functions. 
A unique advantage of MASP is that it generates whole-tissue protein distribution maps for many 
key proteins in signaling pathways by one experiment. The >5000 cerebral protein maps by MASP, 
the majority of which were first-ever mapped on the whole-tissue level, provide a panorama of 
spatially organized biological functions and signaling pathways ranging from the metabolic 
process, protein transport, to central nervous system-specific pathways. 
Here, we achieved an accurate mapping of a substantial portion of brain proteome with ~94% and 
~89% coverage of all the proteins with the DAVID annotation24 of “hippocampus” and “brain 
cortex” respectively. Such high coverage enabled the examination of the intra-brain distribution 
patterns of numerous key protein components in important KEGG pathways (Supplementary 
Table 2, Supplementary Fig.11a-c)25, including many pathways of neurodegenerative diseases. 
The MASP also showed excellent capacity in mapping pathways with many low-abundance 
players. For instance, ErbB and vascular endothelial growth factor (VEGF) signaling pathways, 
which contain many low-abundance regulators, play important roles in maintaining cell 
growth/proliferation and vascular homeostasis, and are often dysregulated in cancers26,27. 
Substantial portions of the proteins in ErbB (60%) and VEGF signaling pathway (53%) were 
successfully mapped by MASP (Supplementary Table 2). Here, as a few additional examples 
among many, we discuss the potential of MASP in studying the spatially organized pathways 
involved in synapses and neurodegenerative diseases. 
 
1.1 Mapping of proteins that are components of important synaptic pathways  
A synapse permits a neuron to transduce an electrical or chemical signal to another neuron or a 
target effector cell. The synaptic pathways are implicated in a wide range of neurodegenerative 
diseases such as Alzheimer’s disease (AD) and Parkinson’s disease (PD), as well as cognitive 
function and aging28. Therefore, mapping the intra-brain distribution of the key components of 
these pathways would provide valuable insights into the related diseases and therapy. With MASP, 
we were able to achieve excellent coverage in important synaptic pathways, such as ~76% protein 
components mapped for glutaminergic synapse pathway, ~64% for dopaminergic synapse pathway, 
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~75% for GABAergic synapse pathway, ~57% for cholinergic synapse pathway, and ~43% for 
serotonergic synapse pathway. The mapped components in the dopaminergic synapse pathway, 
which are closely associated with the regulation of motor function in both PD and AD29, are shown 
in Fig. 2d. Glutamate is the most common neurotransmitter in the brain and glutaminergic neurons, 
which is important for multiple brain functions and synaptic plasticity28. The players in the 
glutaminergic synapse pathway that have been mapped by MASP are shown in Supplementary 
Fig. 11a.  
 
1.2 Mapping of proteins that are components of protein aggregation-based 
neurodegenerative disease pathways 
For decades, protein aggregation in brain regions was found to be involved in the initiation and 
progression of many neurodegenerative diseases such as AD, PD, Huntington’s disease (HD) and 
prion diseases29,30. Nonetheless, the underlying molecular mechanisms are poorly understood. 
Investigation of the cerebral distribution of key proteins involved in these disease pathways, 
especially the aggregated proteins and those co-located with protein aggregation31, can provide 
highly valuable insights that may facilitate the elucidation of the disease mechanisms. In this study, 
MASP was able to quantify most of the proteins in these pathways, providing an extensive view 
of the intra-brain distribution of these key players. For example, MASP generated the maps for 
78% of the proteins involved in the PD pathway, 71% of the proteins in HD pathway, 61% of the 
proteins in the AD pathway (Fig. 2e) and 74% of proteins in the prion disease pathway. Among 
these, important proteins that are known to aggregate in neurodegenerative diseases were 
quantitatively mapped, such as huntingtin (aggregation in HD), amyloid-beta in AD, alpha-
synuclein in PD, and prion protein in prion diseases). 
 
2. MASP allows the study of the spatial arrangements of proteins with specific biological 
functions 
In addition to the spatially organized biological pathways, the numerous protein distribution maps 
by MASP also allow the study of the spatial arrangements of proteins carrying specific functions. 
Here, we discuss a few examples, among many others, of the proteins that are important for 
therapeutic efforts targeting the brain.  
 
2.1 Mapping of proteins associated with neurotransmitter transport 
In this study, the MASP acquired cerebral distributions of many proteins involved in 
neurotransmitter transport (GO: 0006836 in Supplementary Table 3, distribution maps are in 
Fig. 2f). These important proteins mediate the uptake/efflux of neurotransmitters and thus affect 
the communication between the neurons. Because of their fundamental role in maintaining the 
physiological functions of the brain, these proteins also serve as drug targets for a spectrum of 
CNS disorders32. Mapping the spatial distribution of these proteins could provide a landscape of 
region-specific neurotransmitter transporting activities and may afford potential drug targets.  
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2.2 Mapping of proteins associated with blood-brain-barrier (BBB) 
The blood-brain-barrier, which acts as a selective blood-brain interface, has been of high interest 
in the study of brain function, disease mechanisms and therapy33. Particularly, transporters 
carrying drugs or important molecules across the BBB are highly critical for the delivery of 
therapeutic agents to the brain. Therefore, measuring the cerebral distributions of these transports 
affords crucial information for drug delivery34. Fig. 2f showed the distribution maps of 15 
representative transporters acquired by MASP, which encompass all known families of 
transporters across the BBB35, including ATP-driven efflux pumps (Abcb1a, Abcg2, Atp1a1), 
carrier-mediated transport proteins (Slc1a1, Slc2a1, Slc16a1, Slc39a10, Slc25a32, Slc38a3, 
Slc25a20, Slc7a5, Slc7a1, Slc30a1), receptor-mediated transporter proteins (Tfrc), and the 
endothelial facilitator superfamily (Mfsd4a).  
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Supplementary Figures 
 
 

 
 
Fig. S1 | The anatomical position of the brain slice used in this study. a, The sagittal view of 
the brain slice which includes the main anatomical regions such as the cortex (Cx), hippocampus 
(Hip), thalamus (Th), and hypothalamus (Hypo). The 1-mm brain coronal slice was acquired at 
the anatomical coordinates of -1mm to -2mm posterior to bregma, denoted in the purple frame. b, 
The coronal view of the brain slice, and the main anatomical regions. c, the photo of a 
representative mouse brain coronal slice. 
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Fig. S2 | The main 3D printed devices involved in the spatially-resolved micro-
compartmentalization. a, The photos of a 3D-printed micro-scaffold with sharp edges for precise 
and robust tissue compartmentalization. b, The design and measurements (in mm) of the 
pressurization module, which enables uniform and well-controlled pressurization during the 
compartmentalization procedure. c, The photo of the 3D-printed pressurization module. 
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Fig. S3 | The rationale for that an optimal supporting matrix with proper elasticity and 
strength is important to enable complete tissue compartmentalization with segregated micro-
specimens. a, The initial pressure is applied to the assembled micro-scaffold, tissue slice, and the 
supporting matrix, which prevents tissue motion. b, The supporting matrix protrudes into the 
micro-wells under the increased pressure, cutting off the tissue around the microwell. c, The 
supporting matrix remains intact after the retraction of the micro-scaffold, while the micro-
specimens were individually sequestered in each micro-well.  
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Fig. S4 | The identified proteins in the tissue slices with or without pre-freezing. (Student t 
test, *: p < 0.05, **: p < 0.01, N=7 per group) 
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Fig. S5 | The 3D-printed piston arrays for efficient and reproducible recovery of the micro-
specimens. a, The design and measurements (in mm) of a series of staggered piston arrays. Each 
matching 1 out every 4 micro-wells at both X and Y dimensions; b, The photos of the 3D-printed 
piston arrays with breakable pistons showed in the zoomed-in window. c, The photo of the inserted 
micro-scaffold and the piston arrays. 
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Fig. S6 | The procurement chamber with tightly regulated conditions for efficient and 
reproducible recovery of the micro-specimens. The chamber is equipped with all-angle LED 
lights to allow shadow-free operation, a controlled humidifier to provide the desired high humidity, 
and a dry ice container to provide low temperature and saturated CO2 in the chamber.  
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Fig. S7 | The optimization of some key parameters of the µ-SEPOD protocol, which permits 
the reproducible and robust sample preparation across the large cohort of micro-specimens. 
a, The protein yield (left) and quantified proteins (right) of micro-specimens extracted by 20, 30, 
or 50µL surfactant cocktail buffer (One-way ANOVA test and Holm-Sidak’s multiple 
comparisons test, *: p < 0.05, **: p < 0.01, NS: p ≥0.05, N=3 per group). b, The protein 
concentration of micro-specimens without sonication or with sonication by a water-bath sonicator, 
or probe sonicator. (One-way ANOVA test and Holm-Sidak’s multiple comparisons test, *: p < 
0.05, **: p < 0.01, NS: p ≥0.05, N=5 per group). c, The quantified proteins from the micro-
specimens using standard or low-protein-binding Eppendorf tubes.  
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Fig. S8 | The designed locations and levels of the spiked-in non-endogenous peptides for the 
validation of the quantitative accuracy of MASP. The numbers denote the folds of spiked levels.  
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Fig. S9 | Distribution maps of the proteins involved in brain development (GO:0007420), 
synapse organization (GO:0050808), and axonogenesis (GO:0007409). 
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Fig. S10 | Additional results for validation of the mapping reliability by MAPS. a, The maps 
of more region-enriched proteins that are highly expressed in various brain regions, which 
correlated well with the literature. b, High correlation of the distribution maps between the two 
components of the heterodimeric GABAB receptor (Pearson’s r = 0.81).  
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Fig. S11 | Cerebral distribution maps of the key proteins involved in KEGG pathways of 
glutamatergic synapse pathway (a), MAPK signaling pathway (b), and Insulin signaling 
pathway (c).  
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Supplementary Table 
 
Supplementary Table 1. The evaluation of several materials in order to select an optimal 
supporting matrix for complete tissue compartmentalization. 
 
 

 
 
  

Evaluated materials
Complete 

compartmentalization of 
the tissue

Flexibility Supporting ability
Residual matrix 

material in micro-
wells

Protein contamination

PDMS Yes Proper Sufficient support No No

Polymer clay Yes Too high Insufficient support No No

Play-Doh Yes Proper Sufficient support Yes Yes, large amount
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