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Abstract

Brain function relies on communication via neuronal synapses. Neurons build and diversify synaptic
contacts using different protein combinations that define the specificity, function and plasticity potential of
synapses. More than a thousand proteins have been globally identified in both pre- and postsynaptic
compartments, providing substantial potential for synaptic diversity. While there is ample evidence of
diverse synaptic structures, states or functional properties, the diversity of the underlying individual synaptic
proteomes remains largely unexplored. Here we used 7 different Cre-driver mouse lines crossed with a
floxed mouse line in which the presynaptic terminals were fluorescently labeled (SypTOM) to identify the
proteomes that underlie synaptic diversity. We combined microdissection of 5 different brain regions with
fluorescent-activated synaptosome sorting to isolate and analyze using quantitative mass spectrometry 18
types of synapses and their underlying synaptic proteomes. We discovered ~1’800 unique synapse
type-enriched proteins and allocated thousands of proteins to different types of synapses. We identify
commonly shared synaptic protein modules and highlight the hotspots for proteome specialization. A
protein-protein correlation network classifies proteins into modules and their association with synaptic traits
reveals synaptic protein communities that correlate with either neurotransmitter glutamate or GABA. Finally,
we reveal specializations and commonalities of the striatal dopaminergic proteome and outline the
proteome diversity of synapses formed by parvalbumin, somatostatin and vasoactive intestinal
peptide-expressing cortical interneuron subtypes, highlighting proteome signatures that relate to their
functional properties. This study opens the door for molecular systems-biology analysis of synapses and
provides a framework to integrate proteomic information for synapse subtypes of interest with cellular or

circuit-level experiments.


https://doi.org/10.1101/2023.01.27.525780
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.27.525780; this version posted January 27, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Introduction

The compartmentalization of biological processes in space and time within the single cell enables parallel
processing of many reactions. Neurons, highly polarized cells, represent an extreme example of parallel
processing — at their synapses they compartmentalize information processing to communicate with
thousands of other neurons (Hanus and Schuman 2013). Synapses are plastic in structure and function,
depending on their developmental and experiential history. This plasticity provides a molecular basis for
learning and memory formation (Magee and Grienberger 2020).

The identity, copy number and interactions of individual proteins largely determine the physiological
properties of a given synapse. Alternative splicing and post translational modifications further increase the
molecular complexity of synapses. As a result, there is considerable potential for synapse molecular
diversity originating from variance in proteome composition and the associated protein interaction networks.
A growing body of evidence has found substantial structural and functional diversity of synapses (O’'Rourke
et al. 2012), but the underlying diversity in synaptic molecular architecture is much less understood. As
synaptic contacts are fundamental for development and plasticity of neuronal circuits, a detailed
understanding of synapse molecular diversity allows us to link molecular architecture to functional traits and
disease phenotypes (Nusser 2018). Indeed, all neurodegenerative and neuropsychiatric disorders are
associated with alterations in synaptic proteins (Grant 2012, 2019), and a detailed understanding of the
molecular underpinnings of diversity in synapse organization will open up new rational avenues for
therapeutic intervention.

Synapses transmit information by the presynaptic release of neurotransmitters, which diffuse and bind to
receptors anchored in the membrane of their postsynaptic partners. This process requires a complex
molecular machinery including proteins that associate with synaptic vesicles and regulate the release
process, proteins that serve as scaffolds or regulators of receptors, and a diverse assortment of regulatory
enzymes. Altogether, synaptic proteins work together to integrate, adjust and fine-tune the activity of the
synapse to different internal and external stimuli. The complement of proteins that comprise average
synaptic and sub-synaptic structures, such as the postsynaptic density or synaptic vesicles, have been
studied, but synaptic proteome diversity with regards to different types and states remains largely
unexplored (Koopmans et al. 2019), mainly due to limitations in technologies to analyze the proteomes of
different synapse populations.

Imaging techniques provide the spatial resolution required to distinguish individual synapses and have
illustrated substantial synaptic diversity for selected proteins (Zhu et al. 2018; Cizeron et al. 2020; S.-M.
Guo et al. 2019; Upmanyu et al. 2022), but their limited multiplexing capabilities preclude the study of
synaptic proteomes. The traditional biochemical isolation of synaptic terminals or synaptic elements
(Takamori et al. 2006; Bayés et al. 2011; Roy et al. 2018; Wang et al. 2022; Wilhelm et al. 2014) yields
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synapse-enriched fractions that can be analyzed by mass spectrometry-based proteomics. These
preparations, however, are often of low purity and contain a heterogenous mixture of many synapse types
along with non-synaptic contaminants. Immunoisolation and proximity-labeling strategies coupled to mass
spectrometry have been used to identify proteins residing at selected synaptic sub-compartments of
defined synapse types (Boyken et al. 2013; Loh et al. 2016; Uezu et al. 2016; Spence et al. 2019). In order
to isolate a defined synapse population containing all synaptic elements from in vivo brain structures,
Biesemann et. al. introduced fluorescence-activated synaptosome sorting (FASS) (Luquet et al. 2017;
Paget-Blanc et al. 2022; Hobson, Kong, et al. 2022; Hafner et al. 2019; Biesemann et al. 2014). This
strategy utilizes fluorescent labeling of a synaptic protein to sort synaptosomes with high purity using a
fluorescence-activated cell sorter and has been used to identify proteins that are enriched at growth cones
(Poulopoulos et al. 2019) or selected synapse types (Paget-Blanc et al. 2022; Biesemann et al. 2014;
Apostolo et al. 2020).

Here, we used Cre-inducible knock-in mice and FASS coupled to mass spectrometry to systematically
investigate the diversity of the synaptic proteome across genetically-defined synapse types and brain
areas. We thereby outline a roadmap for molecular systems-biology analysis of synapses and identify
>1'800 unique synapse-enriched proteins that compose the 18 synapse-type specific proteomes. We obtain
a brain-wide protein-protein correlation network that reveals excitatory and inhibitory synaptic protein
communities and highlights core and auxiliary proteins associated with the neurotransmitter glutamate and
GABA. This resource reveals commonly shared synaptic protein modules as well as proteins that
customize the proteomes of synapse populations in relation to their function, for example at dopaminergic

synapses in the striatum and subtypes of cortical interneurons.

Results

We developed a streamlined workflow to quantify the proteomes of synapses formed by different cell types
in different brain areas. We used various Cre-inducible knock-in mice expressing a fluorescently-labeled
presynaptic protein, synaptophysin-TdTomato, (SypTOM; Ai34D, JAX no: 012570) to target synapses that
arise from cell types that use different neurotransmitters (e.g. excitatory, inhibitory, modulatory). We
prepared and purified synaptosomes using FASS and coupled the output to a mass spectrometer to
reproducibly quantify thousands of proteins (Figure 1A). We first tested the pipeline by comparing
well-characterized Gad2- (cortical inhibitory) and Camk2a-cre (cortical excitatory) Cre-driver lines
(Taniguchi et al. 2011; Tsien, Huerta, and Tonegawa 1996) crossed with SypTOM mice (Figure 1A). We
prepared synaptosomes from cerebral cortex using an established Percoll-gradient procedure (Westmark et
al. 2011; Dunkley, Jarvie, and Robinson 2008) and verified that synaptosome fractions were enriched in

pre- and postsynaptic proteins and depleted for non-synaptic contaminants (Figure S1). We optimized the
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FASS (Biesemann et al. 2014; Hafner et al. 2019; Luquet et al. 2017; Paget-Blanc et al. 2022) strategy to
define a population (P3) with a high TdTomato signal in combination with high membrane content,
visualized by an FM dye (see Methods). While control synaptosomes prepared from wild-type mice
showed no detectable particles in the P3 gate, Camk2a::SypTOM synaptosomes constituted approximately
40% of the total particles (Figure 1B). Re-analysis of sorted synaptosomes by flow cytometry routinely led
to a purity of ~80-95% (Figure 1B). Immunolabeling of individually spotted sorted synaptosomes revealed
that the majority of synaptosomes contain a postsynaptic element, ~65% of Camk2a::SypTOM
synaptosomes possessed labeling for the excitatory postsynaptic marker PSD-95 while ~50% of the
Gad2::SypTOM synaptosomes possessed labeling for the inhibitory postsynaptic marker gephyrin (Figure
S§2). In this proof-of-principle experiment, we sorted ~20 million cortical synaptosomes from 8
Camk2a::SypTOM and 8 Gad2::SypTOM mice and quantified their proteins using mass spectrometry (Gillet
et al. 2012; Muntel et al. 2019). For each mouse we additionally processed control samples consisting of
the same number of particles that showed signal above a membrane dye threshold (see methods).
Overall, we quantified >2,300 protein groups. We defined the individual synaptic proteomes as the
complement of proteins that were significantly enriched relative to their respective control fractions (see
methods, Table S1, Tab1 & Tab2). We found that the proteomes from Camk2a::SypTOM and
Gad2::SypTOM synaptosomes were clearly separated from one another in a principal component analysis
(Figure 1D). Additionally, when comparing the sorted synaptosome fraction with unsorted control
synaptosomes, we detected a specific enrichment of synaptic proteins and a depletion of mitochondrial and
glial contaminants (Figure 1E). We examined the proteins with the highest enrichment in the direct
quantitative comparison of Camk2a::SypTOM and Gad2::SypTOM proteomes and observed that they
represent almost exclusively established marker proteins for cortical excitatory and inhibitory synapses
(Figure 1E and Figure 1F, Table $1, Tab 3). We compared the 20 most enriched proteins (top ~10%) for
Camk2a::SypTOM with the SynGO synaptic protein database (Koopmans et al. 2019) and found 19 with
prior synaptic annotation. These data demonstrate that this workflow can identify synaptic proteomes from
a small number of purified synapses. The direct comparison of excitatory and inhibitory synaptosomes
constitutes the first in-depth quantitative analysis of two distinct types of synaptic proteomes and the first

purification and proteome analysis of inhibitory synaptosomes.

We applied the above pipeline to investigate the proteomic diversity of 15 different major synapse subtypes
using four Cre-driver lines representing different cell types and microdissection of five different brain areas
(cortex (CX), hippocampus (HC), striatum (STR), olfactory bulb (Bulb) and cerebellum (CER))(Figure 2A).
Besides Camk2a- and Gad2-cre, we included Syn1-cre, a line which is independent of neurotransmitter

type, and Dat-cre, representing the synapses that use the modulatory neurotransmitter dopamine. In a
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series of control experiments, we first comprehensively assessed the degree to which a given Cre- line
labeled the expected synaptic population in a given brain area. We characterized the neurons and the
synapses expressing the SypTOM construct using fluorescent in situ hybridization (FISH) (Figure S3) and
immunofluorescence (Figure S4) for canonical glutamatergic and GABA-ergic markers, and we made use
of relevant single-cell sequencing data by Zeisel et. al. (Zeisel et al. 2018) (Figure S5). In summary, we
found that in the Cortex and Hippocampus Camk2a::SypTOM and Gad2::SypTOM mice largely label
mutually exclusive neuron types expressing either vGlut1 or Gad2 mRNA or protein. In the Striatum and
Olfactory bulb, however, Camk2a::SypTOM and Gad2::SypTOM label both distinct and overlapping neuron
populations (Figure S3-5). In Syn1::SypTOM mice we detected TdTomato mRNA in both vGlut1- and
Gad2-expressing neurons, but, as observed by others (Paton et al. 2022), often only a subpopulation is
labeled as compared with Camk2a::SypTOM or Gad2::SypTOM. Finally, we examined by 2D electron
microscopy whether synaptosomes from different brain regions differ in their ultrastructural features. We
found no significant differences in synaptosome abundance, in the size or presence of synaptic vesicles, or
in synaptic mitochondria or postsynaptic structures between brain regions (Figure S6) and we verified that

synaptosome ultrastructure remains intact after sorting (Figure S7).

The fluorescently-labeled synaptosome populations that we studied originally constituted from ~5 to ~50%
of a given brain region’s total crude synaptosome population (Figure 2B). Using the above protocol (Figure
1A), we purified all synapse types (but one, Dat::SypTOM) to greater than 75% purity, on average (Figure
2C). For each synapse subtype we obtained ~10M sorted (P3 gate) particles and the same number of
matched control particles from at least 5 mice. We processed the sorted synaptosomes for quantitative
proteome analysis using targeted feature extraction of data-independent acquisition mass spectrometry
measurements (see Methods). Overall, we quantified >2’800 protein groups with a high reproducibility
(median CV ~20%) for biological replicates (Figure S8). In order to define the individual synaptic
proteomes, we determined the complement of proteins that were quantitatively enriched in each synapse
type (see methods, Table 2, Tab1). In a principal component analysis the different synaptic proteomes
were distinguished by both cell types (Figure 2D) and brain regions (Figure 2E). Which feature, cell type or
brain region, exerts the greatest influence on the synaptic proteomes? Overall, the cell types explained
more of the total variance than the brain regions (Figure 2F), and other factors like age or sex of the
animals had negligible influence on the observed variance (Figure 2F). In total we allocated >10°000
protein groups to the 15 synaptic proteomes (Figure 2G) and we identified >1'800 unique protein groups
that were enriched in at least one synapse subtype (Table 2, Tab1). In order to verify the obtained synaptic
proteomes, we compared the enrichment of the vGat and vGlut1 proteins from mass spectrometry with

those obtained by immunofluorescence on brain slices (Figure S4) for every synapse subtype. We found
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high correlation coefficients of 0.84 and 0.91 for vGlut1 and vGat respectively (Figure 2H), validating the
specificity of these synaptic proteomes.

To what extent do the proteins identified here represent previously known synaptic molecules? To address
this, we compared the union of all the unique synapse type-enriched proteins with the synaptic protein
database SynGO (Koopmans et al. 2019). Overall, there was very good agreement between the two
datasets: ~80% of the identified SynGO-annotated proteins were classified as synapse-enriched in our
analysis (Figure S89). Furthermore, we identified >1°000 new protein groups, not previously included in
SynGO, as synapse-enriched (Table S2, Tab2). These novel synapse-enriched proteins are significantly
associated with various disease-related pathways and underlie different cellular functions such as G-protein
signaling, protein degradation or tRNA aminoacylation (Figure $9). When each synaptic proteome was
analyzed individually, each one was significantly enriched in numerous SynGO terms, including the top-tier
terms synapse, presynapse and postsynapse (Table $2, Tab3). As might be expected from the localization
of the SypTOM protein, we found significantly more proteins annotated as presynaptic than postsynaptic
across the 15 synapse type (Figure S9). While the number of new synaptic proteins identified did not differ
between brain regions, we identified significantly more novel synaptic proteins at Gad2::SypTOM synapse
types as compared to Camk2a::SypTOM (Figure S9), and the most novel proteins at Dat::SypTOM
synapses, presumably reflecting a bias of the published synaptic protein literature towards excitatory
synapses.

Are there protein modules that are shared amongst the different synapse types? To address this first
across all types, we selected proteins that were detected in at least 14 of the 15 synapse types and
performed an enrichment analysis using the SynGO database to identify functional groups that are
overrepresented among the proteins that are present at most synapse types. We identified a significant
enrichment of synaptic vesicle vATPases as well as proteins mediating synaptic vesicle endocytosis
(Figure S$10). Both terms were also significantly enriched when selecting proteins that were detected in
minimally 10, 11, 12 or 13 synapse type proteomes (Figure $10). Next, we quantitatively compared
Gad2::SypTOM with Camk2a::SypTOM synaptosomes and defined Gad2-enriched, Camk2a-enriched and
shared protein groups in each brain region (Figure 3A, see methods). This analysis reveals proteins that
are quantitatively enriched at either synapse type over the other (Camk2a-enriched and Gad2-enriched) or
enriched in both types over controls and not significantly different between the types (shared). In general,
we observed very little overlap (~1% of all synapse-enriched proteins) between Gad2::SypTOM enriched
and Camk2a::SypTOM enriched proteins, indicating that across all brain regions, excitatory and inhibitory
synapses have defined sets of mutually exclusive synaptic proteins (Figure 3B, see further analysis
below). However, since Gad2-cre and Camk2a-cre label different neuron populations in different brain

regions (Figure S3-5), there were subsets of shared proteins in some brain regions available for analysis
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(Figure 3B). To examine in more detail the shared proteins, we focused our analysis on the shared proteins
of the Cortex (where Gad2::SypTOM and Camk?2a::SypTOM label non-overlapping synapse populations)
(Figure S3-5). We found differential enrichment of proteins involved in different parts of the synaptic vesicle
cycle, indicating that some protein modules of the synaptic vesicle cycle have the same proteins at both
synapse types independent of neurotransmitter identity, while other protein modules show a synapse
type-specific specialization in their protein composition. Within the shared proteins, we observed an
overrepresentation of synaptic vesicle endocytosis and synaptic vesicle proton loading (vesicular ATPases),
while exocytosis and presynaptic active zone proteins were absent from the shared fraction, but
overrepresented in the Gad2-enriched and/or the Camk2a-enriched fraction (Figure 3C). We constructed a
protein-protein interaction network (Szklarczyk et al. 2019) using the proteins associated with the enriched
terms and revealed that protein modules that represent different steps of the synaptic vesicle cycle are
enriched in either shared or subtype-specific synaptic proteins (Figure 3D). These analyses highlight
endocytosis and vesicular ATPases as generic synaptic protein modules that are used by synapses
independent of neurotransmitter type, while the exocytosis machinery, the presynaptic active zone, trans-
and postsynaptic protein modules are composed of different sets of proteins for different synapse types.

Are there specific protein modules that are associated with synapses that use different neurotransmitters or
are associated with different cell types or brain regions? To address this we used a protein-protein weighted
network correlation analysis (WGCNA) (Langfelder and Horvath 2008) to identify protein modules that show
correlated abundance patterns across the 15 synapse types. We first asked a simpler question: do proteins
of the same complex or functional unit exhibit correlated expression levels? We found a significantly higher
median correlation for proteins that are subunits of the same protein complex (pearson’s r = 0.65) (Giurgiu
et al. 2019) as compared to random protein pairs (pearson’s r = 0.03) (Figure 4A). For example, the
proteasome subunits Psma1 and Psma7 exhibited highly correlated abundance (r = 0.82); similarly, vGat
and Gad2 (the vesicular GABA transporter and the essential synaptic GABA synthesis enzyme) were
correlated with a near perfect coefficient of 0.91. We next constructed a protein-protein correlation network
using all synapse-enriched proteins and identified 14 protein modules using WGCNA (Figure 4B, Table
S83). We discovered that the resulting protein network featured two main opposing clusters, defining two
highly connected protein communities. To identify the nature of these protein communities, we correlated all
protein modules with traits of the synapse subtypes, including immunofluorescence for vGat and vGlut1
(Figure 2H and S6), cell types and brain regions. While most brain regions and the cell type Syn1 showed
no correlation with any protein module, we identified three inhibitory protein modules that were significantly
correlated with vGat and three excitatory protein modules that were significantly correlated with vGlut1
(Figure 4C). We found that both the excitatory and inhibitory modules were located at the center of each

protein community, and that each community was characterized by high correlation or anticorrelation with
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vGat or vGlut1 (Figure 4D, Table S3). In summary, we present a protein-protein correlation network that
features >1'500 synapse-enriched proteins and reveals two distinct protein communities that represent the
proteomes associated with excitatory or inhibitory neurotransmitters across distinct cell types and brain
regions.

Can we identify the key proteins for the synaptic proteomes of glutamatergic and GABAergic synaptic
proteomes based on the network topology? We identified 188 and 315 proteins that are significantly
correlated with vGat or vGlut1, respectively, with correlation coefficients ranging from moderate (~0.5) to
very high (~0.95) (Table S3). Proteins with high correlation coefficients were also among the most
connected nodes within each community (Figure 4D). We inspected the network topology of the protein
modules with a significant correlation for vGat and found that the core module (Module 10) contained
established inhibitory marker proteins, including Gad-1, Gad-2, Gaba transporter-1, Neuroligin-2, multiple
GABA-A receptor subunits (alpha-1, gamma-2, beta-2 and beta-3) and the inhibitory postsynaptic
scaffolding protein gephyrin (Figure 4E). Notably, Module 10 contained proteins from both the pre- and
postsynaptic compartments, indicating a tight co-regulation of synaptic architecture across the synapse.
The Module 09, in contrast, was characterized by moderate but significant correlation with vGat. In this
module we detected proteins that have been previously associated with subtypes of GABAergic neurons or
synapses, for example Syt-2 (Sommeijer and Levelt 2012), Lamp-5, Cannabinoid-receptor-1 or GABA-A
receptor subunit alpha-2 (Zeisel et al. 2018) (Figure 4E). In total, we identified 130 novel synaptic proteins
that correlate significantly with vGat and were not previously recognized as synaptic by SynGO. In the vGat
core protein module we identified, for example, IgLONS5, a cell adhesion protein implicated in a specific
anti-IlgLON5 neurodegenerative autoimmune disease (Madetko et al. 2022).

In order to validate the network topology of the GABAergic proteome, we constructed a protein-protein
interaction network of the three inhibitory protein modules using a protein interaction database and found
that the proteins from the core module (Module 10) accounted for the majority of hubs at the center of the
network (Figure S11). In conclusion, we present a protein-protein correlation network that represents the
diversity of the GABAergic synaptic proteome, revealing many novel synaptic proteins and highlights core
proteins that are strongly associated with vGat across synapses from different brain regions and cell types,
as well as moderately associated proteins that may modulate specific synapse subtypes.

The excitatory synapse protein community was well-correlated with vGlut1 fluorescence (Figure 4D);
correspondingly, we found the vGlut1 protein was among the most connected nodes and there was no
significant correlation with the vGlut2 protein. As such, the identified protein community was therefore
specific for the most abundant (vGlut1+) excitatory synapse type. Overall, we detected many more proteins
in the vGlut1+ network, when compared to the vGat+ network. Presumably, this is due to the elaborate

postsynaptic density complex and spine architecture present at excitatory synapses that is typically absent
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at inhibitory synapses. Consistent with this idea, we detected many proteins from established excitatory
postsynaptic protein families within the vGlut1 protein community, including the Shank family (Shank1/2/3),
the Camk family (Camk4/1d/2d/2b/v/2a), the Dlg family (Dlg1/2/3/4, Mpp2/3 and Dlgap1/2/3/4), the
glutamate receptor subunits (Gria1/2/3/4, Grin1/2b, Grik2), the Lrr family (Lrrc7/57/4) and protein
phosphatases (Pp2r5a/3ca/icb/5¢c/1cal/3cb/3ra) (Figure S$11). We also identify numerous proteins not
previously associated with glutamatergic synapses. For example, we found Fbxl16, an F-box protein of
E3-ubiquitin ligase with unclear synaptic function (Honarpour et al. 2014; Kim et al. 2021), exhibited the
strongest correlation with vGlut1 across brain regions. In total, we identified 158 novel synaptic proteins that
correlate significantly with vGlut1 and were not previously recognized as synaptic by SynGO.

We next asked whether there are pathways or biological functions enriched specifically at vGat versus
vGlut1 protein communities. To address this, we performed gene set enrichment analysis using the ranked
protein correlations with vGat and vGlut1 immunofluorescence, respectively. As expected, we found
significant enrichment for proteins associated with postsynaptic signaling pathways and dendritic spines
within the vGlut1 community (Figure 4F and S11). In the vGat protein community, we found significant
enrichment for proteins from the GABA receptor complex, but also proteins with functions not previously
recognized as enriched at inhibitory (versus excitatory) synapses: aminoacyl-tRNA synthetases,
proteasome subunits and mitochondrial proteins (Figure 4F and S11). Taken together, the above analyses
define a roadmap for how molecular systems-biology analysis of synaptic proteomes can be used to
identify the key protein modules that underlie synaptic traits. The resulting protein-protein correlation
network comprising >1’500 synaptic proteins revealed shared and specialized synaptic protein modules
according to neurotransmitter identity.

In contrast to glutamate and GABA, dopamine represents the class of modulatory neurotransmitters.
Dopaminergic synapses have been intensively studied in the context of midbrain dopaminergic neurons
that project to the striatum, which are critically important for reward processing and movement control (Liu,
Goel, and Kaeser 2021), and their degeneration is a main hallmark of Parkinson’s disease pathophysiology
(Poewe et al. 2017). We conducted an in-depth analysis of the modulatory synaptic proteome of
dopaminergic terminals in the striatum. To verify the expression of the presynaptic fluorophore in the
Dat::SypTOM mice we immunostained brain sections (Figure 5A) and examined the coincidence of the
TdTomato signal with different markers. As expected, there was a prominent TdTomato signal in the
striatum and we found high correlation with Tyrosine Hydroxylase immunoreactivity (Figure 5B and C).
Comparing striatal Dat::SypTOM synaptosomes with unsorted control synaptosomes, we identified 267
significantly enriched proteins in the striatal dopaminergic proteome (Table S2, Tab 1). Are there proteins
that are specific for the dopaminergic proteome, and which proteins might be shared between dopaminergic

and other synapse types? To address this we identified proteins that were either enriched or de-enriched in


https://paperpile.com/c/ka6OA0/Ac6g+iOJR
https://paperpile.com/c/ka6OA0/TBQO
https://paperpile.com/c/ka6OA0/TBQO
https://paperpile.com/c/ka6OA0/DZG4
https://doi.org/10.1101/2023.01.27.525780
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.27.525780; this version posted January 27, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

striatal dopaminergic synapses as compared to the other 14 synapse types. Among the differentially
enriched proteins we found dopaminergic marker proteins, for example, Maoa and Aldh1ha1, but also
proteins that have not been previously associated with dopaminergic terminals (Figure 5D and S$12). For
example, we identified Oxr1, Oxidation resistance protein 1, as ubiquitously present in Camk2a, Gad2 and
Syn1 synapse types but depleted from dopaminergic terminals (Figure 5D). Oxr1 controls sensitivity to
oxidative stress (Oliver et al. 2011; Williamson et al. 2019) and as such, the absence of Oxr1 in
dopaminergic synapses might confer susceptibility to oxidative damage, a major contributor to dopamine
neuron degeneration observed in Parkinson’s disease. Another example is the mitogen-activated protein
kinase Erk1 (Mapk3), which was specifically enriched at dopaminergic synapses (Figure $12) and has
been linked to Parkinson’s disease via multiple cellular processes (Bohush, Niewiadomska, and Filipek
2018). Next, we quantitatively compared the striatal Dat::SypTOM proteome to the striatal Syn1::SypTOM
proteome (Figure 5E) and performed gene set enrichment analysis comparing mutually enriched with
Dat::SypTOM specific proteins (Figure 5F). Relative to striatal Syn1::SypTOM synapses, the Dat::SypTOM
synaptic proteome was highly enriched in key proteins involved in dopamine biosynthesis, trafficking and
degradation (Figure 5E and G). The proteins that were significantly enriched in both groups included
vesicular ATPases, proteasome subunits and endocytic proteins (Figure 5E and Figure $12). While we
identified four vATPases within the shared group (Atp6v1a/h/fle1), Atp6v1g1 was significantly enriched at
dopaminergic synapses, indicating an association with dopaminergic synaptic vesicles (Figure 5G). We
identified six proteasome subunits as shared, and two proteasome subunits that constitute the modulatory
PA28 complex (Psme1/2) as enriched at dopaminergic synapses. The PA28 complex associates with the
immunoproteasome, which generates MHC peptides in myeloid cells, and has been shown to facilitate the
degradation of oxidized proteins, thereby contributing to adaptation and tolerance of oxidative stress
(Pickering et al. 2010). We validated the presence of the Psme1 protein and proteasome activity in striatal
synaptosomes (Figure S12) but found no evidence for presence of immunoproteasome subunits. Instead,
we found Psme1 in complex with the standard proteasome in cultured neurons (Figure $12). Together,
these findings suggest a role for PA28 in a complex with the constitutive proteasome at dopaminergic
synapses. The above data identify the synaptic proteome of striatal dopaminergic terminals and highlight
similarities and specializations in synaptic proteome architecture.

We next asked whether different synapse types characterized by the same neurotransmitter class exhibit
diversity in their synaptic proteomes. The neurons that use GABA as a neurotransmitter exhibit strong
morphological diversity and differ in the location of their cell bodies and their synaptic contacts on other
cells (Huang and Paul 2019), as well as their transcriptomic profiles, connectivity patterns and firing
properties (Fishell and Kepecs 2020). Using cre-driver lines for the main subclasses Parvalbumin- (PV),

Somatostatin- (SST) and vasoactive intestinal peptide- (VIP) neurons we targeted synapses arising from


https://paperpile.com/c/ka6OA0/y2Rz
https://paperpile.com/c/ka6OA0/y2Rz
https://paperpile.com/c/ka6OA0/l8Bw
https://paperpile.com/c/ka6OA0/fOZR
https://paperpile.com/c/ka6OA0/o0rWu
https://doi.org/10.1101/2023.01.27.525780
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.27.525780; this version posted January 27, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

the three largest groups of molecularly-defined cortical GABAergic neuron subclasses (Taniguchi et al.
2011) (Figure 6A) and compared them to the cortical Gad2::SypTOM synaptic proteome using the
Gad2-cre driver line. We verified the co-localization of TdTomato signal with immunoreactivity for
established markers for each of the three subtypes in brain slices (Figure S13). Cortical interneurons,
however, are very sparse, making their synaptic proteomes very challenging to purify and analyze. For
example, all GABAergic neurons make up just ~20% of neurons in the cortex and Gad2+ synaptosomes
represent about 15% of the total synaptosome population (Figure 6B), suggesting that sub-types of
GABAergic synapses would be challenging to purify. Indeed, we found that VIP+ synaptosomes
represented just ~0.5% of all particles in a cortical synaptosome fraction, while PV+ and SST+
synaptosomes represented approximately 3% and 5% (Figure 6B). Therefore, we downscaled and
optimized our sample processing to accommodate an input as low as 2 Mio synaptosomes while retaining
synaptic proteome depth (see methods). After sorting, we were able to achieve greater than 80% purity for
all 3 cortical inhibitory synapse types (Figure 6C). Using this optimized workflow, we quantified >2500
protein groups in total and identified almost 600 unique proteins enriched in at least one cortical
interneuron subtype, thereby outlining the overall cortical inhibitory synaptic proteome. We found distinct
synaptic proteomes for the three subtypes with 325, 234 and 369 significantly enriched proteins detected
respectively for PV+, SST+ and VIP+ synapses (Figure 6D, Table S4, Tab 1). All proteomes were
significantly enriched with GABAergic synaptic proteins (Figure S14). The three inhibitory synaptic
proteomes were clearly separated in a principal component analysis (Figure 6E) and showed a
type-specific signature in their proteome composition (Figure 6F). The union Gad2 proteome was closest to
the most abundant type SST+ in PCA space. We searched for canonical markers of each inhibitory
synapse type and found, as predicted, the expected enrichment for VIP, PV, and Calbindin proteins in the
VIP+, PV+ and SST+ synaptic proteomes (Figure 6G). The remaining markers, Lamp5 and Scng,
distinguished a 4™ and 5" type of inhibitory neuron (Huang and Paul 2019; Taniguchi et al. 2011) and,
appropriately, were most enriched in the Gad2+ cortical synaptosomes (Figure 6G).

Do the above identified cortical interneuron proteomes reflect the vGat protein communities defined by the
protein-protein correlation network (Fig 3)? We identified 89% of the core vGat module proteins enriched in
at least one cortical interneuron subtype and 63% were enriched in all three types, indicating a high degree
of agreement between the two approaches. Of all proteins in the vGat community (defined by significant
correlation with vGat), we identified 73% that were also enriched in the overall cortical inhibitory proteome,
including 83 proteins not previously annotated as synaptic in SynGO. We next asked whether the
developmental origin of the cell type is reflected in the synaptic proteome. While PV and SST neurons arise
from the medial ganglionic eminence (MGE), VIP neurons originate from the caudal ganglionic eminence

(CGE) (Kepecs and Fishell 2014). Previous studies showed that transcriptomes of cortical inhibitory
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neurons (BRAIN Initiative Cell Census Network (BICCN) 2021; Zeisel et al. 2018; Fishell and Rudy 2011)
cluster according to their progenitor domain. In contrast, principal component analysis revealed that the
SST+ and VIP+ synaptic proteomes cluster closer together than SST+ and PV+ proteomes (Figure 6E).
Consistent with this, we identified only 33 proteins that were significantly different between the SST+ and
VIP+, but 128 and 318 between PV+ and SST+ or VIP+ respectively (Table S4, Tab 2,3 and 4). Together,
these analyses indicate that cortical inhibitory synaptic proteomes are predominantly shaped by other
factors than the developmental origin of their presynaptic cell type.

Can we identify proteins that relate to the functional differences observed in these three inhibitory synapse
types? PV+ neurons are characterized by fast spiking and corresponding high energy demands. We found
that the voltage-gated potassium channels Kcnc1, Kenc2 and Kene3 (Kv3.1/2/3) were among the most
enriched PV+ synaptic proteins proteins (Figure 6G), potentially explaining the ability of PV cells to fire at
high rates (Kaczmarek and Zhang 2017). Subcellular patch-clamp recordings have demonstrated that
axonal hyperpolarization-activated cyclic nucleotide-gated ion (HCN) channels counter-balance the
activity-dependent hyperpolarization during high-frequency firing in PV neurons (Roth and Hu 2020).
Correspondingly, Hcn1 and Hcn2 were highly enriched in the PV+ synaptic proteome (Figure 6G).
Consistent with their high firing rate and associated energy demands, the PV+ proteome was also
significantly enriched in mitochondrial proteins involved in oxidative phosphorylation (Figure 6F).
Additionally, we detected a number of synaptic vesicle-associated proteins (such as Syt2, Vamp1 or Cplx1)
and the cell adhesion proteins Cntnap4 (Karayannis et al. 2014) and HaplIn4 as specifically enriched at PV+
synaptic proteomes (Figure 6G, Table S4).

Cortical VIP neurons mainly inhibit SST and PV interneurons and thereby constitute a critical component of
cortical disinhibitory circuits. They are characterized by heterogeneous firing patterns, suggesting diverse
functional roles. In comparison to the PV+ proteome, the VIP+ synaptic proteome was enriched for
neuroactive ligand-receptor interactions and downstream signaling molecules (Figure 6F,G). One of the
most enriched proteins was Cannabinoid receptor 1, Cnr1, and many proteins involved in downstream
G-Protein signaling were enriched as well, including Rgs6, Kcd12, Adcy2, Gng2 and Gnai2 (Figure 6G,
Table S4). We also detected a strong enrichment of glutamate G-Protein coupled receptors, the
metabotropic glutamate receptors (excitatory Grm1 and inhibitory Grm7), and to a lesser extent the
ionotropic glutamate receptor subunits Grik2 and Gria1/4 but not Gria2/3 (Figure 6G, S14 and Table S4).
Furthermore, we found a number of cell-adhesion proteins specifically enriched at VIP+ synapses
(Nrxn1,Nrxn2, NIgn3, Dag1 and Igsf8), calcium-binding proteins (Calb2, Necab2), calcium channels
(Cacna1b, Cacna2d3) and synaptic-vesicle associated proteins (Sh3gl3, Rph3a, Rab3c, Synpr and Syn3)
(Figure 6G, S13 and Table S4). In contrast to PV+ and VIP+, there were few proteins (Calb1, Rab3b,
Icam5, Nipsnap3b, Atp2b4 and Nos1) that distinguished SST+ synaptic proteomes from both of the other
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two types (Figure 6G). This reflects the current view that SST neurons represent a diverse group with
substantial differences in morphology and physiology (Urban-Ciecko and Barth 2016). One SST+ enriched
synaptic protein was Atp2b4, which physically interacts with nitric oxide synthase (Gillespie et al. 2022),
Nos1, also highly enriched at SST+ synaptic proteomes compared to Gad2+ (Figure 6G). These findings
align with previous reports classifying Nos1-expressing neurons as a SST subtype (Kubota et al. 2011).
Finally, we identified few proteins (Ppp1r1b and Cplx3) that were enriched in the overall Gad2 synaptic
proteome over the three inhibitory subtypes, presumably because they are specific for one of the other
main cortical interneuron subtypes characterized by Lamp5 or Scng expression (Figure 6G). Overall, we
identified ~600 unique proteins that define the cortical interneuron synaptic proteome, allocated them to the
three main subclasses and highlighted specialized groups of proteins that relate to their established

functional properties.

Discussion

Synapses come in all shapes and sizes, and their plasticity in structure and function is crucial for correct
wiring of neuronal circuits, which in turn encode the cognitive capabilities of an organism. While there is
evidence for substantial structural and functional diversity of synapses (O’'Rourke et al. 2012), the
underlying diversity in synaptic molecular architecture is much less understood. A detailed understanding of
synapse proteome diversity allows us to link the molecular architecture of the synapse to structure and
function. Here, we developed and optimized FASS (Biesemann et al. 2014) in combination with mass
spectrometry for system-wide analysis of the proteomic landscape of synaptic diversity across 18 distinct
synapse types defined by cell-type and brain region. We use a conditional SypTOM mouse line crossed
with different cre-driver lines to achieve cell-type specific labeling of synaptosomes. We optimized the
interface between FASS and mass spectrometry to enable deep coverage of very small numbers of
synaptosomes, enabling us to profile the proteomes of rare synapse types with deep coverage at scale.
Finally, we use a weighted protein co-expression network analysis (Langfelder and Horvath 2008) to identify
the key protein modules in the network that are correlated with external synaptic traits. Altogether, we
defined a roadmap for a molecular systems-biology analysis of synaptic proteomes, which we used to
identify >1'800 unique synapse-enriched proteins. These proteins provide the building blocks for 18
synapse-type specific proteomes and we revealed that synaptic proteins form protein communities
characterized by varying degree of association to vGat and vGlut1.

Our resource of synaptic proteomes departs from previous studies of synaptic proteomes in many respects.
First, we used FASS (Biesemann et al. 2014) because it enables analysis of synaptic proteomes originating
from in vivo brain structures and covers all synaptic compartments, including pre-, post and trans-synaptic

proteins. Second, we cover scarce synapse types not previously amenable to purification, with VIP+
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synaptic proteomes being the rarest type included in this study, representing <1% of the total cortical
synapse pool. Third, the increased throughput enabled us to include many biological replicates per synapse
type (>5), this increased the depth of the synaptic proteomes we obtained and allowed us to define
synapse-enriched proteins in a purely data-driven fashion using linear-mixed effects models (Choi et al.
2014), without the requirement for external lists or prior knowledge. Fourth, the increased throughput
allowed us to compare proteome diversity across 15 synapse types, while all previous studies were limited
to one or two synapse types (Uezu et al. 2016; Spence et al. 2019; Loh et al. 2016; Apdstolo et al. 2020;
Biesemann et al. 2014; Paget-Blanc et al. 2022; Hobson, Choi, et al. 2022; Wilhelm et al. 2014; Boyken et
al. 2013; Takamori et al. 2006; Roy et al. 2018). The depth and breadth of our proteome coverage also
allowed us to use more sophisticated systems-biology data analysis approaches as compared to binary
differential expression analysis. The resulting protein-protein correlation network thus has increased
confidence because it is based on a very large dataset. Furthermore, the resulting protein-protein
correlation network associates previously understudied proteins to protein modules and/or synaptic traits.
Importantly, this resource can not only be mined for biological insights, but also to generate hypotheses for
physical or functional protein-protein interactions, or for the identification of synapse types that break the
correlation between co-regulated proteins, which could indicate synapse-type specific protein complex
composition (Lapek et al. 2017). Finally, our resource enables a direct comparison of different synapse
types, in contrast to comparisons between synapses and other subcellular compartments like the soma
(Hobson, Choi, et al. 2022). Therefore, proteins that we identify enriched at synapse type A over type B, or
correlated with vGat or vGlut1, might be present in neuronal dendrites, axons or somata to varying degrees.
The observed enrichments or de-enrichments are thus presumably a function of protein abundance and
specific subcellular targeting or exclusion of proteins from synapses. For example, proteins that showed
cell-type specific expression but broad localization throughout the cell, like the parvalbumin protein, were
identified as specifically enriched when compared to other synapse types. In contrast, specific exclusion or
synaptic recruitment could lead to synaptic enrichment or de-enrichment despite comparable average
protein abundance in different neuron types. For example, Oxr1 is specifically enriched at many synapse
types but depleted from dopaminergic terminals, the corresponding mRNA however was found at
comparable levels throughout many neuron types, including midbrain dopaminergic neurons and

GABAergic neurons in the striatum (Zeisel et al. 2018).

We identified hundreds of unique proteins with previously undetected known synaptic localization and we
allocated thousands of proteins to different subtypes. We find vATPases and synaptic vesicle endocytosis
proteins as commonly shared synaptic modules, and the presynaptic active zone, exocytosis machinery,

trans-synaptic and postsynaptic elements as hotspots for synaptic proteome specialization. Using a
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guilt-by-association approach we found that synaptic proteins form communities that correlate with vGat
and vGlut1. Intriguingly, we discovered many proteins at the core of the vGat and vGlut1 protein
communities which were not previously recognized as synaptic. The vGat protein community further
revealed an intriguing enrichment of unanticipated functional protein groups: we identified proteasome
subunits, mitochondrial proteins as well as tRNA synthetases preferentially enriched over the vGlut1
synaptic community. The presence of mitochondrial proteins in the vGat community presumably relates to
increased energy demands, analogous to the finding of increased mitochondrial proteins at the PV+
synaptic proteome. While moonlighting functions have occasionally been ascribed to tRNA synthetases (M.
Guo and Schimmel 2013), it is possible that their enrichment relates to the co-enrichment of the
proteasome, and they scavenge amino acids that originate from local proteasomal degradation. In contrast
to vGat and vGlut1 synapses, dopaminergic neurotransmission is modulatory, and we provide in-depth
analysis of striatal dopaminergic synapses. Our analysis reveals 267 proteins significantly enriched at
dopaminergic terminals, which is an almost 5-fold greater depth compared to a recent proteome analysis of
dopaminergic terminals (Paget-Blanc et al. 2022). We compared the dopaminergic proteome to the other 14
synaptic proteomes and specifically against the other synaptic proteomes of the striatum. Besides proteins
involved in dopamine biosynthesis, degradation and transport, we identified the absence of Oxr1, a protein
that protects from oxidative damage and might render dopaminergic neurons particularly susceptible to
oxidative stress (Jiang et al. 2019; Williamson et al. 2019). Furthermore, we find enrichment of an
alternative proteasome cap (PA28) that stimulates proteasomal degradation of peptides. While the PA28
cap was predominantly studied in association with the immunoproteasome, our findings suggest that PA28
cap associates with the constitutive proteasome in neurons. Finally, we identified ~600 unique proteins that
define the synaptic proteomes of the main cortical interneuron subclasses. In contrast to the transcriptomes
of cortical interneurons, we find that the synaptic proteomes do not cluster according to their progenitor
domain, indicating that synaptic proteomes are shaped by other factors than the developmental origin of
their presynaptic cell type. We reveal type-specific signatures in the cortical interneuron proteomes that
relate to their established functional properties. For PV+ synapses, which are characterized by high firing
frequencies, we identify specific enrichment of mitochondrial proteins, voltage-gated potassium channels
and hyperpolarization-activated cyclic nucleotide-gated ion (HCN) channels. VIP+ synapses show
enrichment of G-protein signaling, prominently Cannabinoid receptor 1, metabotropic glutamate receptors
and associated downstream effector proteins. We detected the differential distribution of individual cell
adhesion molecules (e.g. Nrxn1, Nrxn2, Cntnap4, Hapin4 and Icam5) suggesting a role in the distinct
connectivity patterns observed for the interneuron subtypes. Intriguingly, we also observed differential
abundance of proteins in the same family. Besides Calb1 (SST+) and Calb2 (VIP+), we identified Cplx1
(PV+) and CpIx3 (Gad2+) as well as Rab3b (SST+) and Rab3c (VIP+) specifically enriched at different
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interneuron synapse types. The synaptic proteomes of PV, SST and VIP neurons reported here will serve
as a rich resource for the neuroscience community to map molecular architecture to synapse physiology,
morphology and connectivity.

This study also opens the door for further molecular systems-biology analyses of synapses. The number of
synaptic molecules that contribute to multiple molecular pathways running in parallel generates a
complexity that has been beyond comprehension (Stdhof 2018). Cellular systems can perform elaborate
computations and integrate different stimuli with non-trivial relationships (Nandagopal et al. 2018; Antebi et
al. 2017). Holistic approaches including bioinformatic models and analyses might enable deciphering of
such complex signaling events, but require a system-wide molecular information at scale, which was
previously out of reach for synaptic proteomes. This study bridges this gap and paves the way for the
identification of key protein modules that underlie various synaptic functions. For example, by using
different Cre-driver lines, the proteomes of various types of synapses can be obtained and correlated to any
external synaptic features of interest, for example electrophysiological measurements. Similarly, we
anticipate that multi-omic analysis of synapses will be conducted using an analogous experimental strategy,
investigating the synaptic diversity of other biomolecules like glycans, lipids or RNA. Although
transcriptomic analysis of FASS-sorted synaptosomes has been demonstrated only for the most abundant
synapse-type (vGlut1+) (Hafner et al. 2019), RNA sequencing technology outperforms mass spectrometry
in terms of absolute sensitivity and is predicted to accommodate synaptosome amounts lower than used in
this study (Perez et al. 2021). However, the future integration of synaptic proteomes with local
transcriptomes holds the promise to delineate the role of RNA localization in synaptic proteome diversity
(Holt and Schuman 2013; Holt, Martin, and Schuman 2019). Here we provide a framework that can be
developed to connect different levels of neurobiology, by combining synaptic proteome data with cellular or
circuit-level experiments. On the cellular level, experiments are commonly targeted to a defined cell type or
even synapse type to investigate function, connectivity or morphology using methods such as the Cre/lox
system (Schroeder et al. 2023). With the strategy outlined here, such experiments can now be combined
with synapse subtype specific proteome information and thereby connect different levels of organization.
For example, one could probe how a particular phenotype, disease model, behavioral paradigm or cellular

manipulation differentially affects the synaptic proteomes of the synapse subtypes of interest.
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Figure 1. Synaptic diversity proteomic discovery pipeline and proof-of-principle.

(A) The pipeline begins with the crosses of different cell type-specific Cre driver lines (Camk2a+, Gad2+, Syn1+, Dat+, PV+, SST+,
VIP+) and a floxed Synaptophysin-TdTomato line, resulting in the cell type-specific labeling of presynaptic terminals. Different
indicated brain regions (olfactory bulb, cortex, striatum, hippocampus and cerebellum) were microdissected and synaptosomes
were generated from each region. Fluorescence-activated synaptosome-sorting (FASS) was used to purify the fluorescent, cell
type-specific population of synaptosomes from each area. Then each purified synaptosome population was subjected to data-in-
dependent acquisition (DIA) mass spectrometry and the proteomes determined by statistical analysis of quantitative enrichment.
(B) Gating strategy and sorting efficiency. FASS contour plots showing the relative density of the targeted TdTomato+ synaptic
population in cortical synaptosomes prepared from wild-type mice (0%; left) or Camk2a+-Cre:SypTom mice (41%; middle). X-axis
represents fluorescence from a membrane dye (see methods) and the y-axis represents fluorescence from TdTomato. Following
the initial sorting run (middle), re-loading of the sorted synaptosomes indicated a high enrichment and purity (92%) of the
Camk2a+-Cre:SypTOM sample (right).

(C) Principal components analysis (PCA) showing the clear separation of Camk2a+ vs. Gad2+-sorted synaptosome proteomes.

(D) Scatter plot comparing the differential enrichment of proteins in the Camk2a+-sorted and Gad2+-sorted synaptosomes to
their control synaptosome precursor populations. Indicated are proteins that are significantly enriched in Camk2a-+-sorted
synaptosomes (lime green), Gad2+-sorted synaptosomes (rose), significant in both populations (orange) and significantly de-en-
riched in both (pale pink). Note the specific enrichment of labeled marker proteins for excitatory and inhibitory proteins.

(E) Differential enrichment Volcano plot comparing the proteins significantly enriched in Camk2a+-sorted synaptosomes (lime
green), vs. Gad2+-sorted synaptosomes (rose). Some canonical marker proteins for excitatory and inhibitory synapses are
highlighted.
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Figure 2. Synaptic proteomic diversity across brain areas and cell types.

(A) Scheme indicating the brain areas that were microdissected from Camk2a::SypTOM, Gad2::SypTOM, Syn1::SypTOM or
Dat::SypTOM mice and the resulting purified synaptosome preparations that were generated and then introduced to the
pipeline.

(B) Plot indicating the relative abundance of each fluorescently-labeled synaptosome type in the crude synaptosome fraction
generated from the brain areas indicated (x-axis). Abundance ranged from less than 10% for Dat+ synaptosomes in the striatum
crude synaptosome fraction to ~55% for the Syn1+ synaptosomes in the hippocampal crude synaptosome fraction.

(C) Plot indicating the purity of each fluorescently-labeled synaptosome type from the brain areas indicated (x-axis) after FASS.
The average purity of the majority of FASS synaptosomes ranged from 77% to 91%, with the exception of striatal Dat+ synapto-
somes exhibiting the lowest purity of 66%.

(D) Principal components analysis (PCA) in which the cell-type clusters are highlighted. Small symbols denote individual
biological replicates, large symbols denote averages of each synapse subtype. Note separation of Gad2+, Camk2a+ and Dat+
cell-type clusters.

(E) Principal components analysis (PCA) in which the brain regions are highlighted. Small symbols denote individual biological
replicates, large symbols denote averages of each synapse subtype. Note separation of cerebellar synapse-types.

(F) Violin plots depicting percentage of the variance explained by individual covariates. ***P<0.001; t test, n = 1022.

(G) Number of protein groups quantified for each synapse subtype, grouped by cell types and brain regions. Shown are signifi-
cantly enriched and de-enriched groups (see methods) as well as protein groups that are not significantly different between the
groups.

(H) Correlation between immunofluorescence and mass spectrometric measurements for vGat and vGlut1 proteins across the
15 synapse types. X-axis shows mass spectrometric measurements for vGat and vGlut1 protein, represented by the log2FC of
sorted synaptosomes versus controls for each synapse type. Y-axis indicates immunofluorescence measurements for vGat and
vGlut1 proteins, represented by the correlation of each synapse type’s TdTomato fluorescence intensity with vGlut1 or vGat
respectively. The immunofluorescence data is described in detail in Figure S4 and 5B,C.
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Figure 3. Synaptic proteome commonalities and differences.

(A) Barplot showing proteins significantly enriched in the direct quantitative comparison of Camk2a+ vs. Gad2+ synaptic
proteomes for each brain region. Shared proteins are defined as significantly enriched in both Camk2a+ and Gad2+ versus
control synaptosomes and not significantly different between Gad2+ and Camk2a+. Note increased number of shared
proteins in brain regions where Camk2a-cre and Gad2-cre label exclusive as well as overlapping populations and smaller
numbers of shared proteins in regions where Camk2a-cre and Gad2-cre label mutually exclusive cell types (Figure S3-5). The
cerebellum lacked detectable TdTomato signal in the Camk2a::SypTOM mouse so the Syn1+ proteome was used for the
Gad2+ comparison here.

(B) Chord diagram of intersections between the groups defined in A; with the 3 colors representing Camk2a+-enriched
(green) Gad2+ enriched (red) or enriched in both (yellow). The arcs indicate overlapping proteins between the two
connected groups. This analysis allows one to better observe the extent of overlapping proteins between distinct brain
regions. Note that there are few intersections (~1% of synapse-enriched proteins) between Camk2a and Gad2 relative to
Gad2 with shared and Camk2a with shared meaning that across all brain regions, excitatory and inhibitory synapses have
defined sets of mutually exclusive synaptic proteins.

(C) Dotplot of SynGO analysis results for shared and cell-type specific enriched proteins. Depicted are selected significantly
enriched SynGO terms of Camk2a-enriched, Gad2-enriched and shared groups from cortex.

(D) Protein interaction network of synaptic vesicle cycle proteins for cortical Camk2a, Gad2 or shared-enriched groups.
Proteins with SynGO annotation for the synaptic vesicle cycle are displayed. Edges represent a stringdb score >0.7 (high
confidence) (Szklarczyk et al. 2019). Proteins that are associated with the significantly enriched terms “synaptic vesicle
endocytosis”, “synaptic vesicle exocytosis” and “synaptic vesicle proton loading” (data shown in C) are indicated on the left.
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Figure 4. The synaptic protein-protein correlation network reveals protein communities.

(A) Density plot of pairwise protein-protein abundance profile correlations (pearson’s r) for protein pairs that are annotated
members of the same protein complex (purple) (Giurgiu et al. 2019) and for random protein pairs (grey) as control. Proteins of
the same complex exhibited a highly co-regulated abundance profile across the 15 synapse types, while random protein pairs
showed no correlation on average. Dashed lines denote median values for each group.

(B) Community network of protein-protein correlations. The network represents a visualization of the adjacency matrix used for
WGCNA. The nodes are synapse-enriched proteins and they are connected by edges that represent the abundance profile
correlation of the two nodes they connect. Specifically, edges represent adjacency based on biweight midcorrelation and are
filtered for weights >0.3, meaning negative and low correlations are not considered for visualization of the network. Protein
nodes are colored according to their associated protein module.

(C) Heatmap of module correlations with synaptic traits. Protein module eigenproteins are correlated with the following traits of
the 15 synapse types; cell-type, brain region and immunofluorescence for vGat and vGlut1. Protein module eigenproteins are
protein abundance profiles that are representative for the proteins in their module (specifically, the first principle component of
the module). Significant correlation of a protein module with a synaptic trait suggests that the proteins in that module are
important for the trait. *P<0.05; **P<0.01; ***P<0.001; pearson correlation.
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Figure 5. The dopaminergic synaptic proteome.

(A) Representative low (upper) and high (lower) magnification images of an immunostained brain section from a Dat::SypTOM
mouse showing TdTomato present in the nigrostriatal pathway. Fluorescent signal is detected in the cell bodies of the ventral
tegmental area (VTA), substantia nigra (SN) and their associated projections to striatal areas caudate putamen (CP) and nucleus
accumbens (ACB).

(B) Representative image depicting overlap between tyrosine hydroxylase (Th) immunoreactivity with TdTomato fluorescence at
high magnification in the striatum of a Dat::SypTOM mouse.

(C) Analysis of data shown in B supplemented by correlation of TdTomato immunoreactivity with vGlut1 and vGat in the striatum
of Dat::SypTOM mice. n = 2-4 animals, 2-4 images per mouse, larger data points represent biological replicates, while smaller
points depict individual images. Error bars signify the standard error of the mean.

(D) Violin plots for two representative proteins showing specific enrichment (Amino oxidase A, Maoa, a marker for dopaminergic
neurons) or specific depletion (Oxidation resistance protein 1, Oxr1) in dopaminergic synaptic terminals compared to all other
synapse types.

(E) Scatter plot comparing the differential enrichment of proteins in the Dat+ and Syn1+- synaptosomes to their striatal control
synaptosome precursor populations. Colors indicate proteins that are significantly enriched in Dat+-sorted synaptosomes
(green), Syn1+-sorted synaptosomes (pale cyan), significant in both populations (orange) and significantly de-enriched in both
(pale pink). Note the specific enrichment of labeled dopaminergic marker proteins.

(F) Dotplot of selected significantly enriched pathways (KEGG) of GSEA comparing exclusively dopaminergic synapse-enriched
proteins with shared enriched proteins between dopaminergic and all striatal synapses (Syn1+)

(F) Scheme showing selected top-enriched proteins (Dat+ compared to unsorted controls or Syn1+) within the presynaptic
terminal.
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Figure 6. Proteomic diversity of Gad2, Parvalbumin, Somatostatin and Vasointestinal active peptide synapses.

(A) Scheme showing the different mouse-lines from which cortical synaptosomes were prepared and the resulting purified synapto-

some populations.

(B) Plot indicating the relative abundance of each fluorescently-labeled synapse type in the crude cortical synaptosome fraction. As
predicted, abundance was very low for all interneuronal populations.

(C) Plot indicating the purity of each fluorescently-labeled cortical interneuron synaptosome type after FASS. For all types, the average

purity exceeded 80%. Purity is assessed by re-analysis of the sorted fraction by synaptosome flow cytometry.

(D) Number of protein groups quantified for each cortical interneuron synapse subtype. Shown are significantly enriched and de-en-

riched groups (see methods) as well as protein groups that are not significantly different between the groups.
(E) PCA of synaptic proteomes from cortical inhibitory subtypes.
(F) Dotplot of selected significantly enriched pathways (KEGG) of GSEA comparing cortical interneuron types directly against each
other. Analysis is based on protein lists ranked by log2FC of the indicated synapse types in the X-axis.

(G) Boxplots for representative proteins that show specific enrichment in the indicated cortical interneuron subtype.


https://doi.org/10.1101/2023.01.27.525780
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.27.525780; this version posted January 27, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

References

Andreatta, Massimo, Ariel J. Berenstein, and Santiago J. Carmona. 2022. “scGate:
Marker-Based Purification of Cell Types from Heterogeneous Single-Cell RNA-Seq
Datasets.” Bioinformatics 38 (9): 2642—44.

Antebi, Yaron E., James M. Linton, Heidi Klumpe, Bogdan Bintu, Mengsha Gong,
Christina Su, Reed McCardell, and Michael B. Elowitz. 2017. “Combinatorial Signal
Perception in the BMP Pathway.” Cell 170 (6): 1184—96.e24.

Apostolo, Nuno, Samuel N. Smukowski, Jeroen Vanderlinden, Giuseppe Condomitti,
Vasily Rybakin, Jolijn Ten Bos, Laura Trobiani, et al. 2020. “Synapse Type-Specific
Proteomic Dissection Identifies IgSF8 as a Hippocampal CA3 Microcircuit
Organizer.” Nature Communications 11 (1): 5171.

Bayés, Alex, Louie N. van de Lagemaat, Mark O. Collins, Mike D. R. Croning, lan R.
Whittle, Jyoti S. Choudhary, and Seth G. N. Grant. 2011. “Characterization of the
Proteome, Diseases and Evolution of the Human Postsynaptic Density.” Nature
Neuroscience 14 (1): 19-21.

Biesemann, Christoph, Mads Gregnborg, Elisa Luquet, Sven P. Wichert, Véronique
Bernard, Simon R. Bungers, Ben Cooper, et al. 2014. “Proteomic Screening of
Glutamatergic Mouse Brain Synaptosomes Isolated by Fluorescence Activated
Sorting.” The EMBO Journal 33 (2): 157-70.

Bohush, Anastasiia, Grazyna Niewiadomska, and Anna Filipek. 2018. “Role of Mitogen
Activated Protein Kinase Signaling in Parkinson’s Disease.” International Journal of
Molecular Sciences. https://doi.org/10.3390/ijms19102973.

Boyken, Janina, Mads Grgnborg, Dietmar Riedel, Henning Urlaub, Reinhard Jahn, and
John Jia En Chua. 2013. “Molecular Profiling of Synaptic Vesicle Docking Sites
Reveals Novel Proteins but Few Differences between Glutamatergic and
GABAergic Synapses.” Neuron 78 (2): 285-97.

BRAIN Initiative Cell Census Network (BICCN). 2021. “A Multimodal Cell Census and
Atlas of the Mammalian Primary Motor Cortex.” Nature 598 (7879): 86—102.

Choi, Meena, Ching-Yun Chang, Timothy Clough, Daniel Broudy, Trevor Killeen,
Brendan MacLean, and Olga Vitek. 2014. “MSstats: An R Package for Statistical
Analysis of Quantitative Mass Spectrometry-Based Proteomic Experiments.”
Bioinformatics 30 (17): 2524-26.

Cizeron, Mélissa, Zhen Qiu, Babis Koniaris, Ragini Gokhale, Noboru H. Komiyama, Erik
Fransén, and Seth G. N. Grant. 2020. “A Brainwide Atlas of Synapses across the
Mouse Life Span.” Science 369 (6501): 270-75.

Dunkley, Peter R., Paula E. Jarvie, and Phillip J. Robinson. 2008. “A Rapid Percoll
Gradient Procedure for Preparation of Synaptosomes.” Nature Protocols 3 (11):
1718-28.

Fishell, Gord, and Adam Kepecs. 2020. “Interneuron Types as Attractors and
Controllers.” Annual Review of Neuroscience 43 (July): 1-30.

Fishell, Gord, and Bernardo Rudy. 2011. “Mechanisms of Inhibition within the
Telencephalon: ‘Where the Wild Things Are.” Annual Review of Neuroscience 34:
535-67.

Gillespie, Marc, Bijay Jassal, Ralf Stephan, Marija Milacic, Karen Rothfels, Andrea


http://paperpile.com/b/ka6OA0/PwqPG
http://paperpile.com/b/ka6OA0/PwqPG
http://paperpile.com/b/ka6OA0/PwqPG
http://paperpile.com/b/ka6OA0/qmiH
http://paperpile.com/b/ka6OA0/qmiH
http://paperpile.com/b/ka6OA0/qmiH
http://paperpile.com/b/ka6OA0/SGzR
http://paperpile.com/b/ka6OA0/SGzR
http://paperpile.com/b/ka6OA0/SGzR
http://paperpile.com/b/ka6OA0/SGzR
http://paperpile.com/b/ka6OA0/YMq5
http://paperpile.com/b/ka6OA0/YMq5
http://paperpile.com/b/ka6OA0/YMq5
http://paperpile.com/b/ka6OA0/YMq5
http://paperpile.com/b/ka6OA0/w67aU
http://paperpile.com/b/ka6OA0/w67aU
http://paperpile.com/b/ka6OA0/w67aU
http://paperpile.com/b/ka6OA0/w67aU
http://paperpile.com/b/ka6OA0/y2Rz
http://paperpile.com/b/ka6OA0/y2Rz
http://paperpile.com/b/ka6OA0/y2Rz
http://dx.doi.org/10.3390/ijms19102973
http://paperpile.com/b/ka6OA0/y2Rz
http://paperpile.com/b/ka6OA0/d3QU
http://paperpile.com/b/ka6OA0/d3QU
http://paperpile.com/b/ka6OA0/d3QU
http://paperpile.com/b/ka6OA0/d3QU
http://paperpile.com/b/ka6OA0/clYk
http://paperpile.com/b/ka6OA0/clYk
http://paperpile.com/b/ka6OA0/1ffD
http://paperpile.com/b/ka6OA0/1ffD
http://paperpile.com/b/ka6OA0/1ffD
http://paperpile.com/b/ka6OA0/1ffD
http://paperpile.com/b/ka6OA0/lbUg
http://paperpile.com/b/ka6OA0/lbUg
http://paperpile.com/b/ka6OA0/lbUg
http://paperpile.com/b/ka6OA0/M6oJ
http://paperpile.com/b/ka6OA0/M6oJ
http://paperpile.com/b/ka6OA0/M6oJ
http://paperpile.com/b/ka6OA0/o0rWu
http://paperpile.com/b/ka6OA0/o0rWu
http://paperpile.com/b/ka6OA0/MIQZ
http://paperpile.com/b/ka6OA0/MIQZ
http://paperpile.com/b/ka6OA0/MIQZ
http://paperpile.com/b/ka6OA0/d0er
https://doi.org/10.1101/2023.01.27.525780
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.27.525780; this version posted January 27, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Senff-Ribeiro, Johannes Griss, et al. 2022. “The Reactome Pathway
Knowledgebase 2022.” Nucleic Acids Research 50 (D1): D687-92.

Gillet, Ludovic C., Pedro Navarro, Stephen Tate, Hannes Rdst, Nathalie Selevsek,
Lukas Reiter, Ron Bonner, and Ruedi Aebersold. 2012. “Targeted Data Extraction
of the MS/MS Spectra Generated by Data-Independent Acquisition: A New
Concept for Consistent and Accurate Proteome Analysis.” Molecular & Cellular
Proteomics: MCP 11 (6): O111.016717.

Giurgiu, Madalina, Julian Reinhard, Barbara Brauner, Irmtraud Dunger-Kaltenbach,
Gisela Fobo, Goar Frishman, Corinna Montrone, and Andreas Ruepp. 2019.
“CORUM: The Comprehensive Resource of Mammalian Protein Complexes-2019.”
Nucleic Acids Research 47 (D1): D559-63.

Grant, Seth G. N. 2012. “Synaptopathies: Diseases of the Synaptome.” Current Opinion
in Neurobiology 22 (3): 522-29.

. 2019. “Synapse Diversity and Synaptome Architecture in Human Genetic
Disorders.” Human Molecular Genetics, July. https://doi.org/10.1093/hmg/ddz178.

Gulyassy, Péter, Gina Puska, Balazs A. Gyorffy, Katalin Todorov-Volgyi, Gabor Juhasz,
Laszl6é Drahos, and Katalin Adrienna Kékesi. 2020. “Proteomic Comparison of
Different Synaptosome Preparation Procedures.” Amino Acids 52 (11-12): 1529-43.

Guo, Min, and Paul Schimmel. 2013. “Essential Nontranslational Functions of tRNA
Synthetases.” Nature Chemical Biology 9 (3): 145-53.

Guo, Syuan-Ming, Remi Veneziano, Simon Gordonov, Li Li, Eric Danielson, Karen
Perez de Arce, Demian Park, et al. 2019. “Multiplexed and High-Throughput
Neuronal Fluorescence Imaging with Diffusible Probes.” Nature Communications
10 (1): 4377.

Hafner, Anne-Sophie, Paul G. Donlin-Asp, Beulah Leitch, Etienne Herzog, and Erin M.
Schuman. 2019. “Local Protein Synthesis Is a Ubiquitous Feature of Neuronal Pre-
and Postsynaptic Compartments.” Science 364 (6441).
https://doi.org/10.1126/science.aau3644.

Hanus, Cyril, and Erin M. Schuman. 2013. “Proteostasis in Complex Dendrites.” Nature
Reviews. Neuroscience 14 (9): 638—48.

Hobson, Benjamin D., Se Joon Choi, Eugene V. Mosharov, Rajesh K. Soni, David
Sulzer, and Peter A. Sims. 2022. “Subcellular Proteomics of Dopamine Neurons in
the Mouse Brain.” eLife 11 (January). https://doi.org/10.7554/eLife.70921.

Hobson, Benjamin D., Linghao Kong, Maria Florencia Angelo, Ori J. Lieberman, Eugene
V. Mosharov, Etienne Herzog, David Sulzer, and Peter A. Sims. 2022. “Subcellular
and Regional Localization of mRNA Translation in Midbrain Dopamine Neurons.”
Cell Reports 38 (2): 110208.

Holt, Christine E., Kelsey C. Martin, and Erin M. Schuman. 2019. “Local Translation in
Neurons: Visualization and Function.” Nature Structural & Molecular Biology 26 (7):
557-66.

Holt, Christine E., and Erin M. Schuman. 2013. “The Central Dogma Decentralized:
New Perspectives on RNA Function and Local Translation in Neurons.” Neuron.
https://doi.org/10.1016/j.neuron.2013.10.036.

Honarpour, Narimon, Christopher M. Rose, Justin Brumbaugh, Jody Anderson, Robert
L. J. Graham, Michael J. Sweredoski, Sonja Hess, Joshua J. Coon, and Raymond
J. Deshaies. 2014. “F-Box Protein FBXL16 Binds PP2A-B55a and Regulates



http://paperpile.com/b/ka6OA0/d0er
http://paperpile.com/b/ka6OA0/d0er
http://paperpile.com/b/ka6OA0/hlTH
http://paperpile.com/b/ka6OA0/hlTH
http://paperpile.com/b/ka6OA0/hlTH
http://paperpile.com/b/ka6OA0/hlTH
http://paperpile.com/b/ka6OA0/hlTH
http://paperpile.com/b/ka6OA0/72i5
http://paperpile.com/b/ka6OA0/72i5
http://paperpile.com/b/ka6OA0/72i5
http://paperpile.com/b/ka6OA0/72i5
http://paperpile.com/b/ka6OA0/TJV5
http://paperpile.com/b/ka6OA0/TJV5
http://paperpile.com/b/ka6OA0/pzY6t
http://paperpile.com/b/ka6OA0/pzY6t
http://dx.doi.org/10.1093/hmg/ddz178
http://paperpile.com/b/ka6OA0/pzY6t
http://paperpile.com/b/ka6OA0/cqhGu
http://paperpile.com/b/ka6OA0/cqhGu
http://paperpile.com/b/ka6OA0/cqhGu
http://paperpile.com/b/ka6OA0/aSP3
http://paperpile.com/b/ka6OA0/aSP3
http://paperpile.com/b/ka6OA0/8oJz
http://paperpile.com/b/ka6OA0/8oJz
http://paperpile.com/b/ka6OA0/8oJz
http://paperpile.com/b/ka6OA0/8oJz
http://paperpile.com/b/ka6OA0/KUoPe
http://paperpile.com/b/ka6OA0/KUoPe
http://paperpile.com/b/ka6OA0/KUoPe
http://paperpile.com/b/ka6OA0/KUoPe
http://dx.doi.org/10.1126/science.aau3644
http://paperpile.com/b/ka6OA0/KUoPe
http://paperpile.com/b/ka6OA0/ozXH
http://paperpile.com/b/ka6OA0/ozXH
http://paperpile.com/b/ka6OA0/HCyV
http://paperpile.com/b/ka6OA0/HCyV
http://paperpile.com/b/ka6OA0/HCyV
http://dx.doi.org/10.7554/eLife.70921
http://paperpile.com/b/ka6OA0/HCyV
http://paperpile.com/b/ka6OA0/UKn5
http://paperpile.com/b/ka6OA0/UKn5
http://paperpile.com/b/ka6OA0/UKn5
http://paperpile.com/b/ka6OA0/UKn5
http://paperpile.com/b/ka6OA0/KtI3
http://paperpile.com/b/ka6OA0/KtI3
http://paperpile.com/b/ka6OA0/KtI3
http://paperpile.com/b/ka6OA0/Beje
http://paperpile.com/b/ka6OA0/Beje
http://paperpile.com/b/ka6OA0/Beje
http://dx.doi.org/10.1016/j.neuron.2013.10.036
http://paperpile.com/b/ka6OA0/Beje
http://paperpile.com/b/ka6OA0/Ac6g
http://paperpile.com/b/ka6OA0/Ac6g
http://paperpile.com/b/ka6OA0/Ac6g
https://doi.org/10.1101/2023.01.27.525780
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.27.525780; this version posted January 27, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Differentiation of Embryonic Stem Cells along the FLK1 Lineage.” Molecular &
Cellular Proteomics. https://doi.org/10.1074/mcp.m113.031765.

Huang, Z. Josh, and Anirban Paul. 2019. “The Diversity of GABAergic Neurons and
Neural Communication Elements.” Nature Reviews. Neuroscience 20 (9): 563-72.

Jiang, Yan, Jing Liu, Luzhu Chen, Yan Jin, Guangping Zhang, Zaihong Lin, Shu Du, et
al. 2019. “Serum Secreted miR-137-Containing Exosomes Affects Oxidative Stress
of Neurons by Regulating OXR1 in Parkinson’s Disease.” Brain Research 1722
(November): 146331.

Kaczmarek, Leonard K., and Yalan Zhang. 2017. “Kv3 Channels: Enablers of Rapid
Firing, Neurotransmitter Release, and Neuronal Endurance.” Physiological Reviews
97 (4): 1431-68.

Kanehisa, Minoru, Miho Furumichi, Yoko Sato, Masayuki Kawashima, and Mari
Ishiguro-Watanabe. 2023. “KEGG for Taxonomy-Based Analysis of Pathways and
Genomes.” Nucleic Acids Research 51 (D1): D587-92.

Karayannis, T., E. Au, J. C. Patel, |. Kruglikov, S. Markx, R. Delorme, D. Héron, et al.
2014. “Cntnap4 Differentially Contributes to GABAergic and Dopaminergic Synaptic
Transmission.” Nature 511 (7508): 236—40.

Kepecs, Adam, and Gordon Fishell. 2014. “Interneuron Cell Types Are Fit to Function.”
Nature 505 (7483): 318-26.

Kim, Yeon-Ju, Yi Zhao, Jae Kyung Myung, Joo Mi Yi, Min-Jung Kim, and Su-Jae Lee.
2021. “Suppression of Breast Cancer Progression by FBXL16 via
Oxygen-Independent Regulation of HIF1a Stability.” Cell Reports 37 (8): 109996.

Koopmans, Frank, Pim van Nierop, Maria Andres-Alonso, Andrea Byrnes, Tony
Cijsouw, Marcelo P. Coba, L. Niels Cornelisse, et al. 2019. “SynGO: An
Evidence-Based, Expert-Curated Knowledge Base for the Synapse.” Neuron 103
(2): 217-34.€4.

Kubota, Yoshiyuki, Naoki Shigematsu, Fuyuki Karube, Akio Sekigawa, Satoko Kato,
Noboru Yamaguchi, Yasuharu Hirai, Mieko Morishima, and Yasuo Kawaguchi.
2011. “Selective Coexpression of Multiple Chemical Markers Defines Discrete
Populations of Neocortical GABAergic Neurons.” Cerebral Cortex 21 (8): 1803-17.

Langfelder, Peter, and Steve Horvath. 2008. “WGCNA: An R Package for Weighted
Correlation Network Analysis.” BMC Bioinformatics 9 (December): 559.

Lapek, John D., Jr, Patricia Greninger, Robert Morris, Arnaud Amzallag, lulian
Pruteanu-Malinici, Cyril H. Benes, and Wilhelm Haas. 2017. “Detection of
Dysregulated Protein-Association Networks by High-Throughput Proteomics
Predicts Cancer Vulnerabilities.” Nature Biotechnology, September.
https://doi.org/10.1038/nbt.3955.

Liu, Changliang, Pragya Goel, and Pascal S. Kaeser. 2021. “Spatial and Temporal
Scales of Dopamine Transmission.” Nature Reviews. Neuroscience 22 (6): 345-58.

Loh, Ken H., Philipp S. Stawski, Austin S. Draycott, Namrata D. Udeshi, Emily K.
Lehrman, Daniel K. Wilton, Tanya Svinkina, et al. 2016. “Proteomic Analysis of
Unbounded Cellular Compartments: Synaptic Clefts.” Cell 166 (5): 1295-1307.e21.

Luquet, Elisa, Christoph Biesemann, Annie Munier, and Etienne Herzog. 2017.
“Purification of Synaptosome Populations Using Fluorescence-Activated
Synaptosome Sorting.” Methods in Molecular Biology 1538: 121-34.

Madetko, Natalia, Weronika Marzec, Agata Kowalska, Dominika Przewodowska, Piotr


http://paperpile.com/b/ka6OA0/Ac6g
http://paperpile.com/b/ka6OA0/Ac6g
http://dx.doi.org/10.1074/mcp.m113.031765
http://paperpile.com/b/ka6OA0/Ac6g
http://paperpile.com/b/ka6OA0/fOZR
http://paperpile.com/b/ka6OA0/fOZR
http://paperpile.com/b/ka6OA0/Rvvh
http://paperpile.com/b/ka6OA0/Rvvh
http://paperpile.com/b/ka6OA0/Rvvh
http://paperpile.com/b/ka6OA0/Rvvh
http://paperpile.com/b/ka6OA0/fo7n
http://paperpile.com/b/ka6OA0/fo7n
http://paperpile.com/b/ka6OA0/fo7n
http://paperpile.com/b/ka6OA0/OPCg
http://paperpile.com/b/ka6OA0/OPCg
http://paperpile.com/b/ka6OA0/OPCg
http://paperpile.com/b/ka6OA0/wSk2
http://paperpile.com/b/ka6OA0/wSk2
http://paperpile.com/b/ka6OA0/wSk2
http://paperpile.com/b/ka6OA0/yrrx
http://paperpile.com/b/ka6OA0/yrrx
http://paperpile.com/b/ka6OA0/iOJR
http://paperpile.com/b/ka6OA0/iOJR
http://paperpile.com/b/ka6OA0/iOJR
http://paperpile.com/b/ka6OA0/1Tc6
http://paperpile.com/b/ka6OA0/1Tc6
http://paperpile.com/b/ka6OA0/1Tc6
http://paperpile.com/b/ka6OA0/1Tc6
http://paperpile.com/b/ka6OA0/S144
http://paperpile.com/b/ka6OA0/S144
http://paperpile.com/b/ka6OA0/S144
http://paperpile.com/b/ka6OA0/S144
http://paperpile.com/b/ka6OA0/UWfZ
http://paperpile.com/b/ka6OA0/UWfZ
http://paperpile.com/b/ka6OA0/OQJQ
http://paperpile.com/b/ka6OA0/OQJQ
http://paperpile.com/b/ka6OA0/OQJQ
http://paperpile.com/b/ka6OA0/OQJQ
http://paperpile.com/b/ka6OA0/OQJQ
http://dx.doi.org/10.1038/nbt.3955
http://paperpile.com/b/ka6OA0/OQJQ
http://paperpile.com/b/ka6OA0/TBQO
http://paperpile.com/b/ka6OA0/TBQO
http://paperpile.com/b/ka6OA0/9vHZ
http://paperpile.com/b/ka6OA0/9vHZ
http://paperpile.com/b/ka6OA0/9vHZ
http://paperpile.com/b/ka6OA0/qySJ9
http://paperpile.com/b/ka6OA0/qySJ9
http://paperpile.com/b/ka6OA0/qySJ9
http://paperpile.com/b/ka6OA0/cD8y
https://doi.org/10.1101/2023.01.27.525780
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.27.525780; this version posted January 27, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Alster, and Dariusz Koziorowski. 2022. “Anti-IgLON5 Disease - the Current State of
Knowledge and Further Perspectives.” Frontiers in Immunology 13 (March):
852215.

Magee, Jeffrey C., and Christine Grienberger. 2020. “Synaptic Plasticity Forms and
Functions.” Annual Review of Neuroscience 43 (July): 95-117.

Muntel, Jan, Joanna Kirkpatrick, Roland Bruderer, Ting Huang, Olga Vitek, Alessandro
Ori, and Lukas Reiter. 2019. “Comparison of Protein Quantification in a Complex
Background by DIA and TMT Workflows with Fixed Instrument Time.” Journal of
Proteome Research, February. https://doi.org/10.1021/acs.jproteome.8b00898.

Nandagopal, Nagarajan, Leah A. Santat, Lauren LeBon, David Sprinzak, Marianne E.
Bronner, and Michael B. Elowitz. 2018. “Dynamic Ligand Discrimination in the
Notch Signaling Pathway.” Cell. https://doi.org/10.1016/j.cell.2018.01.002.

Nusser, Zoltan. 2018. “Creating Diverse Synapses from the Same Molecules.” Current
Opinion in Neurobiology 51 (August): 8—15.

O’Rourke, Nancy A., Nicholas C. Weiler, Kristina D. Micheva, and Stephen J. Smith.
2012. “Deep Molecular Diversity of Mammalian Synapses: Why It Matters and How
to Measure It.” Nature Reviews. Neuroscience 13 (6): 365—79.

Paget-Blanc, Vincent, Marlene E. Pfeffer, Marie Pronot, Paul Lapios, Maria-Florencia
Angelo, Roman Walle, Fabrice P. Cordeliéres, et al. 2022. “A Synaptomic Analysis
Reveals Dopamine Hub Synapses in the Mouse Striatum.” Nature Communications
13 (1): 3102.

Paton, Katie M., Jim Selfridge, Jacky Guy, and Adrian Bird. 2022. “Comparative
Analysis of Potential Broad-Spectrum Neuronal Cre Drivers.” Wellcome Open
Research 7 (July): 185.

Perez, Julio D., Susanne Tom Dieck, Beatriz Alvarez-Castelao, Georgi Tusheyv, lvy Cw
Chan, and Erin M. Schuman. 2021. “Subcellular Sequencing of Single Neurons
Reveals the Dendritic Transcriptome of GABAergic Interneurons.” eLife 10
(January). https://doi.org/10.7554/eLife.63092.

Pickering, Andrew M., Alison L. Koop, Cheryl Y. Teoh, Gennady Ermak, Tilman Grune,
and Kelvin J. A. Davies. 2010. “The Immunoproteasome, the 20S Proteasome and
the PA28ap Proteasome Regulator Are Oxidative-Stress-Adaptive Proteolytic
Complexes.” Biochemical Journal 432 (3): 585-94.

Poewe, Werner, Klaus Seppi, Caroline M. Tanner, Glenda M. Halliday, Patrik Brundin,
Jens Volkmann, Anette-Eleonore Schrag, and Anthony E. Lang. 2017. “Parkinson
Disease.” Nature Reviews. Disease Primers 3 (March): 17013.

Poulopoulos, Alexandros, Alexander J. Murphy, Abdulkadir Ozkan, Patrick Davis, John
Hatch, Rory Kirchner, and Jeffrey D. Macklis. 2019. “Subcellular Transcriptomes
and Proteomes of Developing Axon Projections in the Cerebral Cortex.” Nature 565
(7739): 356-60.

Roth, Fabian C., and Hua Hu. 2020. “An Axon-Specific Expression of HCN Channels
Catalyzes Fast Action Potential Signaling in GABAergic Interneurons.” Nature
Communications 11 (1): 2248.

Roy, Marcia, Oksana Sorokina, Nathan Skene, Clémence Simonnet, Francesca Mazzo,
Ruud Zwart, Emanuele Sher, Colin Smith, J. Douglas Armstrong, and Seth G. N.
Grant. 2018. “Proteomic Analysis of Postsynaptic Proteins in Regions of the Human
Neocortex.” Nature Neuroscience 21 (1): 130-38.


http://paperpile.com/b/ka6OA0/cD8y
http://paperpile.com/b/ka6OA0/cD8y
http://paperpile.com/b/ka6OA0/cD8y
http://paperpile.com/b/ka6OA0/iCbh
http://paperpile.com/b/ka6OA0/iCbh
http://paperpile.com/b/ka6OA0/Mlrj
http://paperpile.com/b/ka6OA0/Mlrj
http://paperpile.com/b/ka6OA0/Mlrj
http://paperpile.com/b/ka6OA0/Mlrj
http://dx.doi.org/10.1021/acs.jproteome.8b00898
http://paperpile.com/b/ka6OA0/Mlrj
http://paperpile.com/b/ka6OA0/fDNF
http://paperpile.com/b/ka6OA0/fDNF
http://paperpile.com/b/ka6OA0/fDNF
http://dx.doi.org/10.1016/j.cell.2018.01.002
http://paperpile.com/b/ka6OA0/fDNF
http://paperpile.com/b/ka6OA0/lMJN
http://paperpile.com/b/ka6OA0/lMJN
http://paperpile.com/b/ka6OA0/Kd3xS
http://paperpile.com/b/ka6OA0/Kd3xS
http://paperpile.com/b/ka6OA0/Kd3xS
http://paperpile.com/b/ka6OA0/zAQB
http://paperpile.com/b/ka6OA0/zAQB
http://paperpile.com/b/ka6OA0/zAQB
http://paperpile.com/b/ka6OA0/zAQB
http://paperpile.com/b/ka6OA0/aT4d
http://paperpile.com/b/ka6OA0/aT4d
http://paperpile.com/b/ka6OA0/aT4d
http://paperpile.com/b/ka6OA0/KTjK
http://paperpile.com/b/ka6OA0/KTjK
http://paperpile.com/b/ka6OA0/KTjK
http://paperpile.com/b/ka6OA0/KTjK
http://dx.doi.org/10.7554/eLife.63092
http://paperpile.com/b/ka6OA0/KTjK
http://paperpile.com/b/ka6OA0/l8Bw
http://paperpile.com/b/ka6OA0/l8Bw
http://paperpile.com/b/ka6OA0/l8Bw
http://paperpile.com/b/ka6OA0/l8Bw
http://paperpile.com/b/ka6OA0/DZG4
http://paperpile.com/b/ka6OA0/DZG4
http://paperpile.com/b/ka6OA0/DZG4
http://paperpile.com/b/ka6OA0/cZ2r
http://paperpile.com/b/ka6OA0/cZ2r
http://paperpile.com/b/ka6OA0/cZ2r
http://paperpile.com/b/ka6OA0/cZ2r
http://paperpile.com/b/ka6OA0/1Nza
http://paperpile.com/b/ka6OA0/1Nza
http://paperpile.com/b/ka6OA0/1Nza
http://paperpile.com/b/ka6OA0/klaZ
http://paperpile.com/b/ka6OA0/klaZ
http://paperpile.com/b/ka6OA0/klaZ
http://paperpile.com/b/ka6OA0/klaZ
https://doi.org/10.1101/2023.01.27.525780
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.27.525780; this version posted January 27, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Schroeder, Anna, M. Belén Pardi, Joram Keijser, Tamas Dalmay, Ayelén |. Groisman,
Erin M. Schuman, Henning Sprekeler, and Johannes J. Letzkus. 2023. “Inhibitory
Top-down Projections from Zona Incerta Mediate Neocortical Memory.” Neuron,
January. https://doi.org/10.1016/j.neuron.2022.12.010.

Sommeijer, Jean-Pierre, and Christiaan N. Levelt. 2012. “Synaptotagmin-2 Is a Reliable
Marker for Parvalbumin Positive Inhibitory Boutons in the Mouse Visual Cortex.”
PloS One 7 (4): €35323.

Spence, Erin F., Shataakshi Dube, Akiyoshi Uezu, Margaret Locke, Erik J. Soderblom,
and Scott H. Soderling. 2019. “In Vivo Proximity Proteomics of Nascent Synapses
Reveals a Novel Regulator of Cytoskeleton-Mediated Synaptic Maturation.” Nature
Communications 10 (1): 386.

Sudhof, Thomas C. 2018. “Towards an Understanding of Synapse Formation.” Neuron
100 (2): 276-93.

Szklarczyk, Damian, Annika L. Gable, David Lyon, Alexander Junge, Stefan Wyder,
Jaime Huerta-Cepas, Milan Simonovic, et al. 2019. “STRING v11: Protein-Protein
Association Networks with Increased Coverage, Supporting Functional Discovery in
Genome-Wide Experimental Datasets.” Nucleic Acids Research 47 (D1): D607-13.

Takamori, Shigeo, Matthew Holt, Katinka Stenius, Edward A. Lemke, Mads Grgnborg,
Dietmar Riedel, Henning Urlaub, et al. 2006. “Molecular Anatomy of a Trafficking
Organelle.” Cell 127 (4): 831-46.

Taniguchi, Hiroki, Miao He, Priscilla Wu, Sangyong Kim, Raehum Paik, Ken Sugino,
Duda Kuvitsiani, et al. 2011. “A Resource of Cre Driver Lines for Genetic Targeting of
GABAergic Neurons in Cerebral Cortex.” Neuron 71 (6): 995-1013.

Tsien, J. Z., P. T. Huerta, and S. Tonegawa. 1996. “The Essential Role of Hippocampal
CA1 NMDA Receptor-Dependent Synaptic Plasticity in Spatial Memory.” Cell 87
(7): 1327-38.

Uezu, Akiyoshi, Daniel J. Kanak, Tyler W. A. Bradshaw, Erik J. Soderblom, Christina M.
Catavero, Alain C. Burette, Richard J. Weinberg, and Scott H. Soderling. 2016.
“Identification of an Elaborate Complex Mediating Postsynaptic Inhibition.” Science
353 (6304): 1123-29.

Upmanyu, Neha, Jialin Jin, Henrik von der Emde, Marcelo Ganzella, Leon Bésche,
Viveka Nand Malviya, Evi Zhuleku, et al. 2022. “Colocalization of Different
Neurotransmitter Transporters on Synaptic Vesicles Is Sparse except for VGLUT1
and ZnT3.” Neuron 110 (9): 1483-97 .e7.

Urban-Ciecko, Joanna, and Alison L. Barth. 2016. “Somatostatin-Expressing Neurons in
Cortical Networks.” Nature Reviews. Neuroscience 17 (7): 401-9.

Wang, Li, Kaifang Pang, Li Zhou, Arantxa Cebrian-Silla, Susana Gonzalez-Granero,
Shaohui Wang, Qiuli Bi, et al. 2022. “A Cross-Species Proteomic Map of Synapse
Development Reveals Neoteny during Human Postsynaptic Density Maturation.”
bioRXxiv. https://doi.org/10.1101/2022.10.24.513541.

Westmark, Pamela R., Cara J. Westmark, Athavi Jeevananthan, and James S. Malter.
2011. “Preparation of Synaptoneurosomes from Mouse Cortex Using a
Discontinuous Percoll-Sucrose Density Gradient.” Journal of Visualized
Experiments: JoVE, no. 55 (January): e3196-e3196.

Wilhelm, Benjamin G., Sunit Mandad, Sven Truckenbrodt, Katharina Kréhnert, Christina
Schafer, Burkhard Rammner, Seong Joo Koo, et al. 2014. “Composition of Isolated


http://paperpile.com/b/ka6OA0/FmwL
http://paperpile.com/b/ka6OA0/FmwL
http://paperpile.com/b/ka6OA0/FmwL
http://paperpile.com/b/ka6OA0/FmwL
http://dx.doi.org/10.1016/j.neuron.2022.12.010
http://paperpile.com/b/ka6OA0/FmwL
http://paperpile.com/b/ka6OA0/plnQ
http://paperpile.com/b/ka6OA0/plnQ
http://paperpile.com/b/ka6OA0/plnQ
http://paperpile.com/b/ka6OA0/rgZr
http://paperpile.com/b/ka6OA0/rgZr
http://paperpile.com/b/ka6OA0/rgZr
http://paperpile.com/b/ka6OA0/rgZr
http://paperpile.com/b/ka6OA0/HFCg
http://paperpile.com/b/ka6OA0/HFCg
http://paperpile.com/b/ka6OA0/Pzra
http://paperpile.com/b/ka6OA0/Pzra
http://paperpile.com/b/ka6OA0/Pzra
http://paperpile.com/b/ka6OA0/Pzra
http://paperpile.com/b/ka6OA0/E14l
http://paperpile.com/b/ka6OA0/E14l
http://paperpile.com/b/ka6OA0/E14l
http://paperpile.com/b/ka6OA0/TfO9i
http://paperpile.com/b/ka6OA0/TfO9i
http://paperpile.com/b/ka6OA0/TfO9i
http://paperpile.com/b/ka6OA0/Ohg6
http://paperpile.com/b/ka6OA0/Ohg6
http://paperpile.com/b/ka6OA0/Ohg6
http://paperpile.com/b/ka6OA0/H2a5
http://paperpile.com/b/ka6OA0/H2a5
http://paperpile.com/b/ka6OA0/H2a5
http://paperpile.com/b/ka6OA0/H2a5
http://paperpile.com/b/ka6OA0/hTUr
http://paperpile.com/b/ka6OA0/hTUr
http://paperpile.com/b/ka6OA0/hTUr
http://paperpile.com/b/ka6OA0/hTUr
http://paperpile.com/b/ka6OA0/ymyf
http://paperpile.com/b/ka6OA0/ymyf
http://paperpile.com/b/ka6OA0/A0Zf
http://paperpile.com/b/ka6OA0/A0Zf
http://paperpile.com/b/ka6OA0/A0Zf
http://paperpile.com/b/ka6OA0/A0Zf
http://dx.doi.org/10.1101/2022.10.24.513541
http://paperpile.com/b/ka6OA0/A0Zf
http://paperpile.com/b/ka6OA0/6VVh
http://paperpile.com/b/ka6OA0/6VVh
http://paperpile.com/b/ka6OA0/6VVh
http://paperpile.com/b/ka6OA0/6VVh
http://paperpile.com/b/ka6OA0/NIYGQ
http://paperpile.com/b/ka6OA0/NIYGQ
https://doi.org/10.1101/2023.01.27.525780
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.27.525780; this version posted January 27, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Synaptic Boutons Reveals the Amounts of Vesicle Trafficking Proteins.” Science
344 (6187): 1023-28.

Williamson, Matthew G., Mattéa J. Finelli, James N. Sleigh, Amy Reddington, David
Gordon, Kevin Talbot, Kay E. Davies, and Peter L. Oliver. 2019. “Neuronal
over-Expression of Oxr1 Is Protective against ALS-Associated Mutant TDP-43
Mislocalisation in Motor Neurons and Neuromuscular Defects in Vivo.” Human
Molecular Genetics 28 (21): 3584-99.

Yu, Guangchuang, Li-Gen Wang, Yanyan Han, and Qing-Yu He. 2012. “clusterProfiler:
An R Package for Comparing Biological Themes among Gene Clusters.” Omics: A
Journal of Integrative Biology 16 (5): 284-87.

Zeisel, Amit, Hannah Hochgerner, Peter Lonnerberg, Anna Johnsson, Fatima Memic,
Job van der Zwan, Martin Haring, et al. 2018. “Molecular Architecture of the Mouse
Nervous System.” Cell 174 (4): 999-1014.e22.

Zhu, Fei, Mélissa Cizeron, Zhen Qiu, Ruth Benavides-Piccione, Maksym V. Kopanitsa,
Nathan G. Skene, Babis Koniaris, et al. 2018. “Architecture of the Mouse Brain
Synaptome.” Neuron 99 (4): 781-99.e10.


http://paperpile.com/b/ka6OA0/NIYGQ
http://paperpile.com/b/ka6OA0/NIYGQ
http://paperpile.com/b/ka6OA0/rVTF
http://paperpile.com/b/ka6OA0/rVTF
http://paperpile.com/b/ka6OA0/rVTF
http://paperpile.com/b/ka6OA0/rVTF
http://paperpile.com/b/ka6OA0/rVTF
http://paperpile.com/b/ka6OA0/xMeC
http://paperpile.com/b/ka6OA0/xMeC
http://paperpile.com/b/ka6OA0/xMeC
http://paperpile.com/b/ka6OA0/STz2
http://paperpile.com/b/ka6OA0/STz2
http://paperpile.com/b/ka6OA0/STz2
http://paperpile.com/b/ka6OA0/2yZX
http://paperpile.com/b/ka6OA0/2yZX
http://paperpile.com/b/ka6OA0/2yZX
https://doi.org/10.1101/2023.01.27.525780
http://creativecommons.org/licenses/by-nc/4.0/

	Div_BioRxiv MainText and References
	Fig1 v3
	Fig2 v3
	Fig3 v3
	Fig4 v3
	Fig5 v2
	Fig6 v3
	Div_BioRxiv MainText and References

