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Methodological concerns and lack of evidence for single synapse RNA-seq

 develop a new droplet-based RNA sequencing (RNA-seq) method and apply it to particles derived from subcellular fractionation of brain tissue 1 . The authors first establish that their new method, Multiple-Annealing-and-Tailingbased Quantitative scRNA-seq in Droplets (MATQ-Drop), is compatible with aldehyde-fixed human and mouse nuclei. The authors apply MATQ-Drop to study the transcriptome of subcellular particles from the mouse hippocampus, identifying numerous transcriptomic clusters. They further employ MATQ to study subcellular particles from frozen human brain samples of healthy controls and patients with Alzheimer's disease. The goals of this paper are laudable, and the MATQ-Drop method as applied to fixed nuclei may be widely useful to researchers. However, we have major technical concerns about the methods employed to generate and isolate synaptosomes. Due to a lack of critical control and validation experiments, the authors present little or no evidence that they are analyzing the transcriptomes of single synapses.

Main

The principles, advantages and limits of subcellular fractionation were established by decades of work in the laboratory of Nobel laureate Christian de Duve [START_REF] Duve | Exploring cells with a centrifuge[END_REF] . Based on this work, Whittaker and Gray established a sucrose gradient fractionation of neural tissue leading to several discrete fractions, including one enriched in synapses in suspension that they termed "synaptosomes" 3 . Synaptosomes are described as resealed presynaptic varicosities bound to a rarely resealed post-synaptic membrane that displays the post-synaptic density. Classical synaptosome preparations are known to contain around 60% of genuine synaptosome particles and around 40% of non-synaptic contaminants of all kinds that display a similar size and density. Recent work suggests that local translation within the nerve terminals and at postsynapses may contribute to the synaptic proteome [START_REF] Hafner | Local protein synthesis is a ubiquitous feature of neuronal pre-and postsynaptic compartments[END_REF] . High-throughput analysis of the synaptic transcriptome at single particle resolution might shed light on the heterogeneity in this fascinating neuronal process. Unfortunately, Niu et al. [START_REF] Niu | Droplet-based transcriptome profiling of individual synapses[END_REF] present no experimental evidence that their droplet-based sequencing data are derived from uncontaminated single synaptosomes. To describe their approach, the authors use the term "synaptome" as the contraction of synapse and transcriptome. However, the term "synaptome" is widely used in the field to name the ensemble of features of all synapses of a given neural system [START_REF] Zhu | Architecture of the Mouse Brain Synaptome[END_REF] . Here we raise the following major concerns: 

Quality control of the subcellular fractionation protocol

The classic protocol for preparing synaptosomes employs liquid shearing homogenization of fresh brain tissue in isosmotic sucrose buffer [START_REF] Gray | The isolation of nerve endings from brain[END_REF] . Several aspects of the protocol employed by the authors are unconventional. First, the authors use liquid nitrogen flash-frozen brain tissue, which is likely to damage synaptic membranes and compromise mechanical integrity of nerve terminals. In fact, synaptosome preparation from frozen samples has been optimized for functional assays, and requires a slow freezing of the tissue in isosmotic sucrose buffer [START_REF] Dodd | Optimization of freezing, storage, and thawing conditions for the preparation of metabolically active synaptosomes from frozen rat and human brain[END_REF] . Yet this protocol on frozen tissue lacks several controls of molecular morphology to be fully validated for single synaptosome studies 7 . Second, Niu et al 1 conduct their studies on preparations derived from the first pellet (P1) obtained from the centrifugation of the brain homogenate at 1,500xg for 10 minutes. Although Niu et al 1 provide no reference for this procedure, it resembles a protocol proposed in 2006 8 , one that has not been properly validated nor accepted by core laboratories in the field. Indeed, the archetypal elements of P1 are cell soma and nuclei 3 , while the vast majority of synaptosomes remain in the supernatant (S1) (Figure 1a). S1 centrifugation at around 10,000 -12,000xg yields a crude synaptosomal pellet (P2) containing synaptosomes, and various light membrane contaminants. P2 is further split by a discontinuous 3 layer sucrose density gradient centrifugation to enrich synaptosomes at the intermediate interface 3 (Figure 1a). As shown in the original paper, P1 studied by electron microscopy includes "large numbers of neuronal and glial nuclei, together with tissue fragments, portions of blood vessels, myelin fragments, mitochondria and vesicular masses that are unlike synaptic vesicles or other known structures" 3 . While some genuine synaptosomes are probably present in P1 derived fractions, they are likely a small minority of the particles of the preparation. Conversely, they will represent a small minority of all synaptosomes, with, potentially biased features that make them prone to fractionate in P1. Given the unconventional nature of their fractionation methods and the lack of a robust qualitative and quantitative validation dataset, it is unlikely that the particles studied by the authors reflect the true nature of synaptosomal transcriptomes.

Fluorescence-activated microparticle sorting

Niu et al 1 applied fluorescence activated sorting to the P1 samples using forward scattering of light (FSC) triggering, a strategy of exclusion of DNA positive particles based on Hoechst staining, and a selection of particles with FSC lower than beads of 5µm diameter. Niu et al 1 Supplementary Figure 3 showing this strategy does not include a reanalysis of the sorted sample that would demonstrate the homogeneity of the sorted population of particles. Based on our experience, it is unlikely that such a sort would provide a homogeneous population of microparticles. Indeed, flow cytometers and sorting instruments traditionally rely on an FSC threshold to trigger particle detection and sorting, but we have shown that single synaptosomes bearing endogenous fluorescence (VGLUT1 VENUS ) cannot be reliably detected and sorted using FSC triggering [START_REF] Biesemann | Development of Fluorescence Activated Synaptosome Sorting (FASS) and analysis of VGLUT1 synapses from mouse brain[END_REF][START_REF] Biesemann | Proteomic screening of glutamatergic mouse brain synaptosomes isolated by fluorescence activated sorting[END_REF] . We established a fluorescent triggering method using the amphiphilic styryl dye FM 4-64 that enables more sensitive particle detection and mitigates the limitations of FSC resolution and noise. We found that around 75% of the particles in synaptosomal preparations are undetectable using FSC triggering [START_REF] Biesemann | Development of Fluorescence Activated Synaptosome Sorting (FASS) and analysis of VGLUT1 synapses from mouse brain[END_REF][START_REF] Hobson | Critical Analysis of Particle Detection Artifacts in Synaptosome Flow Cytometry[END_REF] . Of note, individual synaptosomes and other microparticles are among these populations with low FSC that cannot be reliably distinguished from noise. We have also confirmed that polystyrene bead standards are not appropriate for scatter-based size estimation of biological microparticles: the higher refractive index of polystyrene means that biological particles are much larger than the polystyrene beads with similar FSC [START_REF] Biesemann | Development of Fluorescence Activated Synaptosome Sorting (FASS) and analysis of VGLUT1 synapses from mouse brain[END_REF][START_REF] Hobson | Critical Analysis of Particle Detection Artifacts in Synaptosome Flow Cytometry[END_REF] . Indeed, despite their size of 0.5 -1 µm in diameter, single VGLUT1 synaptosomes produce FSC signals that are unresolved by a conventional flow cytometer and lower than 0.5 µm diameter polystyrene beads [START_REF] Biesemann | Development of Fluorescence Activated Synaptosome Sorting (FASS) and analysis of VGLUT1 synapses from mouse brain[END_REF] . Additionally, subcellular fractionation samples tend to contain debris of an infinite range of sizes and prone to aggregation. This produces growing diagonals in the dot-plots with FSC (as seen in Niu et al 1 Supplementary Figure 3). Hence, the sorting procedures employed by Niu et al 1 are likely to target a random collection of cellular debris and aggregated particles an order of magnitude larger than the genuine synaptosomes (Figure 1b). Meanwhile, the small biological microparticles that fall below the FSC threshold are ignored by the cell sorter and randomly distributed in the sorted droplets, and shearing forces during sorting tends to disrupt aggregates and large debris. Thus, the occurrence of small microparticles under transmitted light microscopy shown in Niu et al 1 Supplementary Figure 3 can be explained by both the disruption of aggregates and the random inclusion of under-threshold microparticles. Especially given that P1 samples are poor in genuine synaptosomes, the sorting strategy of Niu et al 1 is likely to target a random collection of cellular debris and microparticles.

To establish the synaptic nature of the subcellular particles, Niu et al 1 performed a immunoblot analysis of a few markers and a flow cytometry-based immunostaining analysis of the presynaptic marker synaptophysin and the post-synaptic marker PSD95. We notice that on the immunoblot analysis, a significant level of the astrocyte marker GFAP is still detected after sorting. GFAP is known to be a good marker of astrocyte cell soma and primary processes, but mostly absent from the fine processes engulfing a fraction of synapses. This observation is in line with the previous points and suggests contamination of the sorted samples with cell debris. Of note, the normalization of immunoblots with "house-keeping proteins" such as actin is not possible with subcellular fractionation because all proteins will have differential abundance in each fraction. Regarding the flow cytometry of immunostained fractions, we have shown that synaptosomal aggregation promoted by the immunostaining procedure leads to erroneous colabeling of markers that should be mutually exclusive in single synaptosomes [START_REF] Hobson | Critical Analysis of Particle Detection Artifacts in Synaptosome Flow Cytometry[END_REF] . The presence of aggregates and false co-localization is enhanced in the FSC-triggered detection range studied by the authors [START_REF] Hobson | Critical Analysis of Particle Detection Artifacts in Synaptosome Flow Cytometry[END_REF] . Also, synaptophysin and PSD95 co-labeling is expected at most excitatory synapses and for aggregates. Meanwhile, a significant extra-synaptic fraction of these proteins exists in soma and dendrites that will probably be stained within cellular debris. In addition to isotype controls for specificity of the antibody staining, a formal demonstration of the presence and purity of single synaptosomes in P1 samples requires a lack of co-labeling for markers known to be largely mutually exclusive (e.g., VGLUT1 and VGAT).

Validation of omics clusters by independent methods

The real added value of single particle RNA-seq should be to learn more about the heterogeneity of the given population of the targeted particles. In Niu et al 1 , one can expect that the transcriptomic clusters derived from the RNA-seq data reflect a heterogeneous distribution of mRNA at synapses in brain tissue. Do these transcriptomically distinct synapse clusters "Syn1-12" actually exist in the hippocampus? How are these synapse types organized in the hippocampal neuropil? Unfortunately, Niu et al 1 do not attempt to make this connection using established techniques such as in situ hybridization. This lack of validation further limits the degree of confidence one can have in the relevance of their RNA-seq data.

RNA quantification, contamination, and background

The quantity and relative proportion of mRNA, rRNA, and other RNA species contained within synaptosomes has not been well studied, even in bulk preparations. The proportions of mRNA and rRNA seem roughly similar to RNA from tissue homogenates, based on bioanalyzer traces showing the two characteristic rRNA peaks. Our current estimates based on total RNA quantification (Qubit) from 100 million sorted synaptosomes [START_REF] Hafner | Local protein synthesis is a ubiquitous feature of neuronal pre-and postsynaptic compartments[END_REF] or UMI-based RNA-seq from 1 -5 million sorted synaptosomes are in the range of 0.1 -10 mRNA molecules per particle [START_REF] Hobson | Subcellular and regional localization of mRNA translation in midbrain dopamine neurons[END_REF] . Thus, whether all single genuine synaptosomes contain mRNA remains an open question. Niu et al 1 report a median detection rate of 306 genes per particle 1 . If the MATQ-Drop protocol has an efficiency of 10 -50%, this would suggest the presence of 612 -3,060 mRNA molecules per particle (an underestimate based on genes per particle, since UMI counts per particle were not provided). These estimates are several orders of magnitude higher than previous studies, and should be supported by quantitative analysis of the RNA content of bulk synaptosomes. In the absence of such evidence, these data further suggest to us that the droplet-based RNA-seq data are derived from biological particles much larger than single synaptosomes.

Also, given the low mRNA content of synaptosomes, careful attention must be paid to the mRNA contamination of the particles and the droplets. All droplet-based RNA-seq experiments are susceptible to background contamination by ambient mRNA molecules in the cell suspension. Furthermore, snap-freezing leads to mechanical damage of synaptic membranes, which can result in molecules from the homogenate entering the cytoplasmic interior of synaptosomes. This phenomenon has been exploited to load membrane-impermeable molecules into synaptosomes via inclusion in the initial buffer during tissue homogenization [START_REF] Raiteri | Entrapping of impermeant probes of different size into nonpermeabilized synaptosomes as a method to study presynaptic mechanisms[END_REF] . Niu et al 1 make no attempt to control for either of these possible sources of mRNA contamination. A mixedspecies MATQ-Drop experiment is critically absent for the subcellular particles. Human and mouse brain tissue should be mixed during homogenization, ideally in the presence of soluble spike-in RNA standards, in order to control for general cytoplasmic RNA cross-contamination.

Although such an experiment would help control for aggregation and contamination, it would not substitute for biochemical and microscopic evidence that the particles analyzed are single synaptosomes per droplet. In addition, an RNAse protection assay on unfixed samples may provide further evidence for the specific mRNA content within single particles versus mRNA contamination outside the particles in the droplets.

Concluding perspective

A single hippocampal CA3 axon is estimated to harbor ~30,000 -60,000 presynapses [START_REF] Li | The hippocampal CA3 network: an in vivo intracellular labeling study[END_REF] . Given that the data presented by Niu et al 1 suggest ~600 -3,000 mRNA molecules per synaptosome, the axon of a single hippocampal CA3 pyramidal neuron would be expected to harbor 18 -180x 10 6 mRNA molecules. Yet, a typical mammalian cell is thought to contain at most 1x10 6 mRNA molecules [START_REF] Shapiro | Single-cell sequencing-based technologies will revolutionize whole-organism science[END_REF] . There is a clear gap between these estimates that is reconciled by the possibility that the experiments from Niu et al 1 are performed on large brain tissue debris and aggregates rather than on genuine single synaptosomes. Hence, we believe that the claims of Niu et al 1 are not supported by the data and evidence provided.

More broadly, we foresee that single biological particle -omics may open exciting perspectives for a better understanding of cellular mechanisms. In this context, we encourage the community to take into account previous work in the field for rigorous experimental design, and to establish 
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 1 Figure 1: Conventional synaptosome fractionation and sorting compared to Niu et al (a) Standard synaptosome fractionation protocol 3 . Note that pellet P1 is rich in nuclei, cells, and heavy debris, while most synaptosomes remain in supernatant S1. Even highly enriched synaptosomal fractions from sucrose density gradient centrifugation remain contaminated with glial membranes and non-synaptic fragments. (b) Sorting strategy employed by Niu et al compared to fluorescence-activated synaptosome sorting (FASS). Note that most particles detected using FSC-triggering are aggregates, while single synaptosomes produce FSC signals below the noise threshold and require fluorescencetriggering for detection 9-11 .

  1. Inadequate subcellular fractionation protocol and lack of quality control and validation 2. Inappropriate fluorescence-activated sorting methods and absence of proper validation of the chosen protocol 3. No validation of key marker mRNAs using in situ hybridization 4. Mismatch between the estimates of mRNA content per synaptosome and current established knowledge of the neuronal transcriptome