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The Prospect of Extracting
Brain-Region-Specific Exosomes
In the Human Bloodstream

Evan Yang', Andrew Neff?

Exosomes are small vesicles, secreted by eukaryotic cells, containing molecular
cargo that reflects the biochemical composition of the origin cell, including
protein and RNA. Once secreted, exosomes can enter the circulatory system and
be found in blood, urine, and saliva. It has been hypothesized that because
exosomes contain transmembrane proteins unique to their cell of origin, specific
populations of exosomes could be non-invasively extracted from the
bloodstream. The protein L1CAM may serve as a marker of neuronal exosomes.
However, although “neuron-derived-exosomes" could offer some specific
information about in-vivo molecular neurobiology, this population of exosomes
still provides a relatively noisy signal, including data on protein expression from
a variety of different neuronal subpopulations. We argue that it may be possible
to isolate brain-region-specific exosomes, and that data derived from these
exosomes would provide a superior diagnostic tool.

Background

Like other cells, neurons secrete exosomes (Budnik, 2016). Moreover, exosome
release is coupled to neuronal function: stimulating neuronal activity can increase the
release of exosomes in cell culture (Faure, 2006). Supporting this finding, fully matured
adult cortical neurons secrete exosomes, and the number released can be regulated by
the activity of glutamate and GABA receptors (Lacehnal, 2011). Therefore, exosome
activity is at least partially reflective of neuronal activity.

In the field of psychiatry, interest in personalized approaches towards treatment
has been growing over the past decade (Saeedi et al., 2019). This is partially due to the
varying effectiveness of treatments among individual patients. Isolating
brain-region-specific exosomes could provide a step into understanding and improving
patient treatment.

Already, it has been shown that the content of neuronal-exosomes, marked by
the transmembrane protein L1CAM, varies based on the presence of
neurodegenerative diseases, such as Alzheimer’s or Parkinson’s (Goetzl et al., 2016
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and Shi, 2014). Moreover, in general, pre-clinical work has shown that

neuronal exosomes contain protein and RNA that are related to mental illness (Faure,
2006). For example, SLC1A3, a glutamate transporter, can be found in neuronal
exosomes (Faure, 2006) and is associated with suicidal behavior (Murphy, 2011).
Another example is TUBA1A: genetic mutations of which are associated with
neuroanatomical and cognitive abnormalities (Tischfield, 2011). Both TUBA1A and
another neuronal exosomal protein HspA8 have altered expression levels in
post-mortem tissue of suicide victims (Kekesi, 2012).
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Advancing the Specificity of Exosome Biomarker Research

We propose a novel method of isolating brain-region-specific exosomes using a
serial immunoprecipitation method.

Two simple approaches for extracting exosomes, ultracentrifugation and
ultrafiltration, differentiate exosomes by size. These approaches clearly cannot be used
to identify the anatomical origins of an exosome. Other techniques use
immunoprecipitation in which exosomes are isolated on the basis of a specific

Yang and Neff (November, 2021) 20f9



Seeds of Science

transmembrane protein. Several labs have provided evidence that L1CAM is
a marker of brain-derived exosomes (Goetzl et al., 2016 and Shi, 2014).

However, even existing immunoprecipitation protocols lack specificity: L1ICAM is
likely expressed throughout the brain (Uhlén, 2015). Centuries of research has shown
that discrete brain regions exhibit different relationships with different aspects of
psychology. If, hypothetically, psychiatrists were looking for a biomarker of treatment
response in anxiety disorders, they may be more likely to find relevant biomarkers in the
amygdala or prefrontal cortex rather than the visual cortex or cerebellum.

Abstractly, our proposal is simple: first use immunoprecipitation to extract
L1CAM-exosomes from the bloodstream, then use a second round of
immunoprecipitation for another protein to extract exosomes from brain-region-X.

This method relies on two assumptions that would need to be verified. The first
assumption, which already has substantial support, is simply that immunoprecipitation
using L1CAM isolates neuronal exosomes (see caveat 1). The second assumption is
more speculative, that a second round of immunoprecipitation, using another
transmembrane protein, could be used to isolate neuronal exosomes from a specific
brain region or neuron-type.

Caveat #1: L1CAM Might Not Be a Good Marker of Neuronally-Derived Exosomes
in Blood

One assumption in our hypothesis is that L1CAM can be used to isolate
brain-derived exosomes. Several lines of evidence do support this concept. L1ICAM is a
transmembrane protein found in exosomes of cultured cortical neurons (Faure, 2006).
In the human bloodstream, immunoprecipitation for L1CAM (theoretically, neuronal
exosomes) yields molecular markers of Parkinson’s (Shi, 2014) and Alzheimer’s
disease (Fiandaca, 2015; Kapogiannis, 2015). The fact that exosomes reflect the
neuropathology of human subijects is further evidence that L1CAM exosomes are
brain-derived.

However, a recent publication has controversially called this research into
question (Norman, 2021). In this experiment, researchers demonstrate that L1CAM, in
human blood plasma, exists in a soluble form (unassociated with exosomes). However,
these contradictory results are not fully accepted, and L1CAM continues to be used to
isolate brain-derived exosomes (Hornung, 2020). Furthermore, even if L1CAM is
ineffective at isolating neuronal exosomes, other proteins could theoretically do the
same job.

Candidates for the Second Round of Immunoprecipitation

Assuming that either L1CAM or another protein could serve as a specific marker
of “brain” or “neuronal” exosomes, a second protein would only need to provide
specificity within the brain. To find a plausible second protein, we applied three criteria:
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the protein must be 1) transmembrane, 2) associated with exosomes, and 3)
selectively expressed or enriched in a certain brain region.

Using a Python script, we searched two databases on exosomal protein
expression, Vesiclepedia (Kalra, 2012) and Exocarta (Mathivanan, 2012), and
cross-referenced those with data on regional and subcellular RNA and protein
expression from the Human Protein Atlas (Uhlen, 2015) and a manual literature search.
Using human post-mortem RNA and protein immunostaining data, along with exosome
proteomics studies, a list of plausible protein markers for brain-region and/or cell-type
specific exosomes is presented below, followed by an important caveat regarding our
methodology.
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Figure 2 - criteria for identifying potential brain-region-specific marker proteins

GABRD - Cerebellum: GABRD (Gamma-aminobutyric acid type A receptor delta
subunit) makes up part of one variant of the GABA-A receptor that is regionally
enhanced in the cerebellum (Enoch, 2013). This protein has been identified in urine
exosomes (Fraser, 2013).

GRM1- Cerebellum: GRM1 (Glutamate metabotropic receptor 1) is a g-protein
coupled receptor for glutamate. It is regionally enhanced in the cerebellum, particularly
in Purkinje cells (Nakao, 2019). It has been identified in serum and urine exosomes
(Musante, 2012).

SLCG6A3- Midbrain: SLC6A3 (solute carrier family 6 member 3) transports
dopamine into the cell, and is regionally enhanced in the midbrain (Shimada, 1992). It
has been detected in exosomes derived from T cells and in urine (Perez Hernandez,
2013 and Fraser, 2013).

SLC6A4 - Pons and Medulla / Serotonergic Neurons: SLC6A4 (solute carrier
family 6 member 4) transports serotonin from the synaptic cleft back into the
presynaptic terminal. It is only present in the pons and medulla. In a study of 5-HTT
MRNA expression, it was found to be greatly expressed in the raphe nuclei
(McLaughlin, 1996). In a study of platelet exosomes, SLC6A4 was identified
(Pienimaeki-Roemer, 2015). Although the 5-HTT protein is likely distributed throughout
the brain (Bengel, 1997), this protein could still serve as a marker of serotonergic
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neurons (and perhaps would be more valuable as such, with depression and
anxiety in mind).

SLC18A2- Hypothalamus, Midbrain, Pons and Medulla: SLC18A2 (solute
carrier family 18 member A2) serves as an ATP-dependent transporter of monoamines
into synaptic vesicles. It is regionally enriched in those brain regions, and it has been
identified in cancer exosomes (Hurwitz, 2016)

Caveat #2 - There is Not Great Data on Molecular Variation of Exosomes Across
Brain Regions.

Ideally, this project would search an atlas of exosomal protein expression
throughout the brain (Created by the good people at the Allen Brain Observatory or
Human Protein Atlas). Hypothetically, using post-mortem human brain tissue, exosomes
could be isolated and profiled for their protein content, and this dataset would provide a
list of exosomal proteins that are unique to each brain region.

In the absence of this dataset, we rely on indirect data. To confirm whether a
protein is exosomal, we do not require that the protein has been found in association
with “neuronal’ exosomes. To our knowledge, data exists on cultured cortical neurons
(Faure, 2006), stem cells (Kang, 2008), human cerebrospinal fluid (Guha, 2019), and
even from the human post-mortem frontal cortex (Muraoka, 2020), but no
comprehensive catalog of exosomes derived from specific brain regions exists to our
knowledge. Because exosomes derived from certain brain regions may not be
represented in prior studies, our only criteria is that a putative candidate for the second
round of immunoprecipitation is that the protein has been found in association with
exosomes derived from any cell type. Therefore, we cannot say with confidence that
these proteins are found in exosomes in their respective neuronal populations.

An Abstract Protocol For Experimental Confirmation

Any further research should first seek to validate whether these proteins are
found in exosomes derived from their respective brain regions. This could be
accomplished with post-mortem tissue in one of two ways. Simply, each putative protein
could be co-localized with exosomal markers using in-situ hybridization. Alternatively,
and perhaps complimentarily, perhaps by isolating bulk-exosomes from post-mortem
tissue (using ultracentrifugation) and evaluating the protein contents of the exosomal
fraction.

Second, it must be confirmed that exosomes with these proteins can be found in
the bloodstream. Developing the serial immunoprecipitation procedure may represent
the biggest technical challenge of this project, as exosomes must be 1) captured via
immunoprecipitation, 2) washed and eluted from the antibodies, and 3) further
immunoprecipitated, all without damaging the structure of membrane proteins or the
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lipid structure of the exosome itself. If this procedure could be developed, the
presence of exosomes can be validated in a typical way (Théry, 2018).

If exosomes with these proteins are in the blood, researchers can then further
validate whether they contain molecular contents that corroborate their specific origin.
Perhaps the total concentration of each RNA and protein contained within each
exosomal-population can be compared to existing databases on protein and RNA
expression. If at least some markers show an expression pattern similar to their
cell-type of origin, that would provide further evidence for the validity of this method.

All that being said, perhaps the first step should simply be to create a
comprehensive catalog of exosomal proteins throughout the brain. This catalog would
allow scientists to develop more concrete hypotheses about which proteins are likely to
distinguish neuronal exosomes from non-neuronal exosomes, and exosomes derived
from one brain region or one cell-type from another.

Conclusion

In this paper, we propose a two-step immunoprecipitation method that could
isolate exosomes from specific brain regions. The first step is to use L1CAM to isolate
brain derived exosomes, the second step would be to use a second protein to isolate
exosomes derived from a certain brain region or neuronal population. In this paper, we
identified transmembrane proteins that could serve as plausible markers for isolating
exosomes from specific brain regions. SLC6A4, as a marker of serotonergic neurons,
may be particularly interesting to mental health researchers.

If confirmed, this method could provide a noninvasive diagnostic tool to create
personalized treatments in psychiatry. If these findings could be corroborated,
brain-region-specific neuronal exosomes could provide an unprecedented glimpse into
the molecular composition of the living human brain.

Gardener Comments

Ted Wade:

“As far as | can tell, the biology of extracellular vesicles, and their smallest variety,
exosomes, is a hot topic, albeit with many, many open questions. We might be a long
way yet from translating this basic research into clinical applications, but the prospect of
biochemical probes directly into living human brain is definitely high reward. Reliance
on the L1CAM protein as a first step in enriching samples is apparently controversial,
and might represent the bulk of risk in the proposed approach. The exosomes also
have to survive through the second filtering step, which could mean that the entire
assay technique might be quite tricky.
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One of the references (Saeedi et al) has already proposed exosome use for
personalized mental health applications, so the basic idea has already surfaced. That
said, relating exosome contents to mental function might need to go beyond correlations
with macro brain regions or specific transmitters. Some more powerful theories now
deal with the activity of multi-regional neural circuits/networks, which can now be
studied in vivo in real time. To correlate such activity with exosomes would have to
resolve temporal differences in the occurrence and sampling of the two measures. That
seems challenging.”

Roger’s Bacon:

“Is it possible to modify the contents of the exosomes (with gene editing, pharmacology,
or...)? | can imagine the engineering of exosomes to include proteins that are easy to
isolate or have some other function (e.g. a reporter or a medicine). Exosome
engineering might serve as the basis of a useful diagnostic or therapeutic tool.”

R. Sal Reyes:

“This kind of noninvasive method for determining specific kinds of activity in specific
brain regions could not only provide great benefits in the treatment of neurological and
mental health issues, but it could also possibly provide new avenues for studying &
clarifying the functions of specific brain regions by using these methods to gather data
in behavioral experiments.”
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