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Exosome-mediated intercellular signaling in developmental and age-related disease models.

Abstract

Exosomes are thought to be released by all cells in the body and to be involved in intercellular communication,
however the roles exosomes may play in neural circuits are largely unknown. We investigated exosome-mediated
intercellular signaling in the context of neural circuit development and in age-related disease models. We
examined neural circuit development in human iPSC derived neural cultures with MECP?2 loss of function (LOF), a
model of Rett Syndrome, which displays deficits in neural circuit development and function. Quantitative
proteomics of neuronal exosomes indicate that aberrant circuit development resulting from MECP2 LOF leads to
profound changes in exosome protein cargo related to neuronal proliferation, development and synaptogenesis.
Treating MeCP2 LOF neural cultures with isogenic control exosomes rescues deficits in neuronal proliferation,
differentiation, synaptogenesis and synchronized firing, whereas exosomes from MeCP2-LOF hiPSC neural
cultures lack this bioactivity. These data indicate that exosomes convey signaling information required to regulate
neural circuit development. Regarding age-related intercellular communication, in neurodegenerative diseases,
including Alzheimer’s disease (AD), inflammatory microglia to neuron signaling impairs neuronal function. APOE4,
the strongest genetic risk factor for AD, alters both microglial activation and neuronal excitability. Using human
iPSC-derived microglial and neuronal monocultures, we dissected how the APOE genotype in each cell-type
independently contributes to inflammatory microglial regulation of neuronal activity. Microglia conditioned media
or purified exosomes increase neuronal network activity. Inflammatory APOE4 microglia increase neuronal
hyperexcitability more than APOE3 microglia, whereas neuronal APOE genotype plays a modest role in the
response to microglia signaling. Interestingly, increased network activity increased lipid droplet metabolism and
blocking lipid droplet metabolism abolishes network activity, linking microglia-driven hyperexcitability to neuronal
metabolic stress. These findings illuminate how microglia-to-neuron communication drives inflammation-induced
changes in neuronal circuit function, demonstrate a role for neuronal lipid droplets in network activity, and support

a potential intercellular signaling mechanism through which APOE4 increases neuronal excitability.
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The goal of the research in the Cline lab has been to determine the mechanisms by which brain activity
affects the development and function of the brain. The Cline lab has repeatedly been at the forefront of
innovative technical advances, including in vivo time-lapse imaging, in vivo electroporation methods, viral
gene transfer, serial section electron microscopy combined with in vivo time-lapse imaging (CLEM on
steroids), whole animal electrophysiological recordings of visual responses and application of
biorthogonal metabolic labeling of the activity-dependent nascent proteome. Studies in the Cline lab have
made extensive use of Xenopus tadpoles, an experimental system amenable to multidisciplinary
approaches applied to the intact animal, as well as rodents, and human induced pluripotent stem cells
(hiPSCs) to investigate mechanisms of brain development, plasticity and function. Her studies have led
to increased understanding of mechanisms controlling neurogenesis, synapse formation and plasticity,
structural development of neurons and assembly of functional circuits. Her research has led to the
discovery that neuronal activity regulates the development of the visual system through a variety of
mechanisms, including changes in neuronal structure, synaptic strength, synaptogenesis and
gene/protein expression. Dr. Cline’s studies have relevance to healthy development and aging, as well
as a variety of neurological disorders which result from errors in the development of brain circuitry.
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Contributions to Science

1.

2.

Mechanisms Controlling the Organization of Sensory Projections in the Brain. Sensory projections in
the brain are highly organized into spatial representations of the sensory world, such as topographic
maps or ocular dominance columns. In the mid-1980’s, evidence indicated that patterned sensory
input activity is required for the development of organized projections, but the mechanisms underlying
activity-dependent control of topographic sensory map formation were not known. As a postdoctoral
fellow with Martha Constantine-Paton, | demonstrated that NMDA receptors are required for
development and maintenance of retinotopic maps and ocular dominance columns in the Xenopus
tadpole retinotectal projection (Cline et al 1987). In my lab at Cold Spring Harbor Laboratory, we
demonstrated that postsynaptic NMDA receptors on tectal neurons regulate axon arbor dynamics
(Ruthazer et al, 2003). Together, this work demonstrated the role of NMDA receptors in activity-
dependent map formation. Studies in other experimental systems and other sensory projections
corroborated our findings (Constantine-Paton et al, 1990). This body of literature is largely interpreted
as demonstrating that Hebbian coactivity rules govern map formation and was famously summarized
as ‘Neurons that fire together, wire together’. Objects moving through visual space stimulate
neighboring retinal ganglion cells in a temporal sequence. We found that the temporal sequence of
activity in the retina instructs the spatial organization of retinal axons in the brain, ie ‘Neurons that fire
in sequence, wire in sequence’ (Hiramoto & Cline, 2014). This principle of a spatial to temporal to
spatial transformation of information in the visual system may apply to other brain regions that encode
space and time, such as the hippocampus.

Activity-dependent Mechanisms Regulating Synapse Maturation, Dendritic & Axonal Arbor
Development. We have devoted considerable effort to understand the complex interplay by which
activity-dependent mechanisms regulate neuronal development and plasticity in the context of an
intact functional circuit. In the 1990’s we established methods for time-lapse in vivo imaging of
developing neurons in Xenopus tadpoles using laser scanning confocal microscopy combined with
single cell fluorescent labeling. We used these state-of-the-art methods to analyze the structural
dynamics that occur during dendritic and axon arbor development in intact animals. We discovered
that dendritic arbor dynamics are regulated by visual stimulation and identified activity-dependent
structural plasticity mechanisms (Sin et al 2002). We were the first lab to use 2 photon time-lapse
imaging to identify cellular and molecular mechanisms underlying structural plasticity (Ruthazer et al
2003). We developed viral gene transfer and electroporation methods to regulate gene expression in
tadpole neurons in vivo, allowing us to manipulate activity-dependent signaling molecules, such as
CaMKIl, and show that glutamatergic synaptic activity and downstream CaMKIl activity regulate the
elaboration of neuronal dendrites by controlling the dynamic rates of branch additions and retractions
(Wu & Cline, 1996). By incorporating electrophysiological assays of synapse formation and
maturation with data on structural plasticity, we demonstrated the integral interaction between
functional synaptic plasticity and structural plasticity (Wu et al 1998). To establish a direct relation
between structural plasticity seen at the light microscope level and ultrastructural rearrangements in
synaptic connectivity, we conducted a tour-de-force series of experiments in which we collected time-
lapse in vivo 2 photon imaging data demonstrating structural plasticity of dendrites over hours and
days, followed by complete serial section transmission electron microscope reconstructions of the
same neurons (Li et al, 2011). These datasets demonstrated a startling degree of synaptic
rearrangements that occur in dynamic dendritic branches and highlighted the magnitude of synaptic
loss and synaptic consolidation that occur during microcircuit refinement. They also set an elevated
standard for correlated analysis of in vivo synaptic dynamics and serial section EM analysis of the
complete dendritic arbor. The plasticity mechanisms we identified in Xenopus are conserved across
vertebrate species including mammals. These foundational studies are now the heart of the modern
framework for activity-dependent control of neuronal development and circuit plasticity.




3.
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The Function of Activity Regulated Genes in Brain Circuit Development. Hundreds of genes are
induced by activity in the brain, however the functions of activity-regulated genes in the intact brain
were poorly understood. We collaborated with Paul Worley and Elly Nedivi, both of whom had
conducted early screens to identify activity-induced neural genes, to analyze the cellular and
molecular functions of activity-regulated genes/proteins in neuronal development, plasticity and
circuit assembly in a highly assessable vertebrate system. These studies, including those mentioned
below, demonstrated that activity-regulated mechanisms impinge on circuit development by
regulating such diverse cellular events as AMPAR trafficking, axon pathfinding, dendritic arbor
development, cytoskeletal dynamics and protein synthesis. We have demonstrated the function of
several activity-induced genes and activity-regulated proteins in neuronal and circuit development,
starting with our early studies on the role of aCaMKIl in dendritic arbor development, glutamate
receptor trafficking and synaptic maturation, mentioned above. This work has contributed to basic
understanding of the iterative role of activity and activity-induced gene and protein
transcription/translation in circuit development.

The Activity-dependent Nascent Proteome. The brain processes information, makes decisions,
mediates cognitive and motor outputs through the functions of proteins in different types of connected
neurons organized in complex circuits. Although experience-dependent transcriptional dynamics
have been extensively studied, comparable knowledge about proteome dynamics is woefully
incomplete. Current estimates indicate that there are 21,000 genes and 250,000 - 1 million different
proteins in humans. An important next step in understanding brain plasticity and function is to
generate an accurate knowledgebase of proteins in the intact brain, their subcellular distribution and
how they change in response to activity and sensory input. In collaboration with Dr. John Yates, at
the Scripps Research Institute, a world-renown expert in mass spectrometric methods, we developed
sensitive methods to query changes in proteins that are applicable to intact animals (Schiapparelli et
al, 2014). To identify activity-induced changes in brain proteomics that might contribute to brain
function and plasticity, we conducted unbiased quantitative proteomic screens of newly-synthesized
proteins in response to visual stimulation in Xenopus and rodents. We used metabolic protein labeling
which uses incorporation of a noncanonical amino acid methionine analog followed by click chemistry
tagging with biotin, to label newly synthesized proteins (Shen et al 2014, Liu et al 2019). Our studies
in Xenopus provided the first in vivo analysis of visual experience dependent nascent proteomic
dynamics and importantly, analyzed novel candidate plasticity proteins (CPPs) whose function in
experience-dependent neuronal, circuit and behavioral plasticity had not been previously recognized.
Expanding our studies to rodents enabled us to identify an extensive array of neuronal cell-type
specific changes in activity-regulated nascent proteins (Schiapparelli et al 2022, Xie et al 2025). Our
proteomic analysis of newly-synthesized proteins identified strong regulation of proteostasis-related
proteins, including Emerin, which surprisingly acts as activity-regulated rheostat controlling
proteostasis across a range of neuronal activity levels by gating protein synthesis. We anticipate that
further examination of the nascent proteomic datasets will reveal novel insights into brain function,
development and aging. Indeed, our current studies take advantage of our state-of-the-art proteomic
pipeline to examine age- and Alzheimer’s disease-related changes in proteostasis mechanisms by
analyzing dynamics of brain activity induced newly-synthesized proteins.

Exosome-mediated intercellular_signaling in brain circuit development and aging. Brain circuit
function takes advantage of diverse mechanisms for intercellular signaling. Since Simon Levay first
used radioactive amino acid injection into eyes to reveal ocular dominance columns in visual cortex
of non-human primates and other mammals, the potential transfer of proteins between synaptically
connected neurons in the CNS has been a provocative mystery. Using retinal protein labeling
strategies and mass spectrometry, we discovered hundreds of proteins are transported between
neurons in the healthy adult visual system and that the likely mechanism of transport is by exosomes
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(Schiapparelli et al 2022). We wrote a perspective about exosomes, in which we postulated that
extracellular vesicles, including exosomes, signal during brain development (Sharma et al 2013) and
pursued this question in an hIPSC model of Rett Syndrome, an inherited type of autism spectrum
disease. To examine exosome-mediated signaling events, we collaborated with Dr. Alysson Muotri,
at UCSD, an expert in use of hIPSC to investigate human neurodevelopmental diseases. We
conducted a quantitative comparative proteomic analysis of exosome cargo released from hiPSC-
derived neural cultures from Rett patient cell line or CRISPR corrected controls. The analysis
demonstrated a significant enrichment in neurogenic proteins in control exosomes compared to a
paucity of neurogenic proteins in exosomes from Rett neural cells. We validated the proteomic data
with extensive imaging-based assays of exosome bioactivity in human cells. Control neural
exosomes exhibit neurogenic bioactivities, including increased cell proliferation in vivo and in vitro,
increased synaptogenesis and increased neural network activity (Sharma et al 2019). This work
indicates exosomes play diverse roles pertaining to intercellular signaling, inspiring us to pursue in
their function in the context of neurodegenerative diseases, as mentioned below.

Microglia-to-Neuron Signaling Links APOE4 and Inflammation to Enhanced Neuronal Lipid
Metabolism and Network Activity. Microglial signaling to neurons beneficially regulates neuronal
circuit development and plasticity, but microglia-mediated neuroinflammation contributes to the onset
and progression of neurodegenerative diseases, including Alzheimer’s disease (AD). Interestingly,
expression of APOE4, the strongest genetic risk factor for AD, affects both microglial activation and
neuronal excitability, highlighting the interplay between lipid metabolism, inflammation, and neuronal
function. It remains unclear how microglial inflammatory state is conveyed to neurons to affect circuit
function and whether APOE4 expression alters this intercellular communication. We addressed these
guestions using a reductionist model of human iPSC-derived microglial and neuronal monocultures
to dissect how the APOE genotype in each cell-type independently contributes to microglial regulation
of neuronal activity during inflammation. Conditioned media (CM) from LPS-stimulated microglia
increased neuronal network activity, assessed by calcium imaging, with APOE4 microglial CM driving
greater neuronal activity than APOE3 CM. CM-derived exosomes from LPS-stimulated microglia
mediate increases to network activity, identifying a. Interestingly, increased network activity is
accompanied by increased lipid droplet (LD) metabolism and blocking LD metabolism abolishes
network activity. These findings illuminate how microglia-to-neuron communication via exosomes
drives inflammation-induced changes in neuronal circuit function, demonstrate a role for neuronal
LDs in network activity, and provide evidence for a mechanism through which APOE4 increases
neuronal excitability.

Brain-based Al. Artificial intelligence (Al) mediated recognition of natural movie scenes lags behind
static image recognition. Brain-based principles of visual system function have contributed to
computer science-based static image recognition technologies, suggesting that brain-based
strategies for encoding motion may aid Al movie recognition. We discovered movie encoding
principles in the Xenopus visual system, including how image sequences and time duration are
encoded and how visual experience-induced plasticity modifies movie detection features. We
developed movie recognition algorithms based on the brain-based movie encoders that exceed
human capability for distinguishing movie stimuli, and importantly, reduce data size and processing
(Hiromoto & Cline, 2024). This study demonstrates that brain-based movie processing principles
enable efficient machine learning, addressing major weaknesses in current Al approaches.
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