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Abstract

Fragile X mental retardation protein (FMRP) binds a selected set of mRNAs and proteins to guide
neural circuit assembly and regulate synaptic plasticity. Loss of FMRP is responsible for Fragile
X syndrome, a neuropsychiatric disorder characterized with auditory processing problems and
social difficulty. FMRP actions in synaptic formation, maturation, and plasticity are site-specific
among the four compartments of a synapse: presynaptic and postsynaptic neurons, astrocytes, and
extracellular matrix. This review summarizes advancements in understanding FMRP localization,
signals, and functional roles in axons and presynaptic terminals.
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1. Introduction

Fragile X mental retardation protein (FMRP; also called Fragile X messenger
ribonucleoprotein) is an important regulator of brain development and plasticity through

its ability to bind a wide range of messenger RNAs (mRNAS) and proteins. This

protein is responsible for Fragile X syndrome (FXS), a leading single-gene cause of
intellectual disability and social difficulties, with prominent sensory dysfunction (Hagerman
etal., 2017). FMRP is also associated with a number of other neurodevelopmental and
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neurodegenerative diseases (Fatemi and Folsom, 2011; Salcedo-Arellano et al., 2020; Tan

et al., 2020). From the time when FMRP and its gene Fmr were identified as the cause

of FXS (Verkerk et al., 1991; Yu et al., 1991), research on FMRP function and FXS
neuropathology has been at the frontier for understanding the molecular basis of brain
function and for developing treatments for neuropsychiatric disorders. In the brain, FMRP

is expressed in almost all neurons as well as in several glial cell types including astrocytes
and oligodendrocytes (Giampetruzzi et al., 2013; Gholizadeh et al., 2015; Zorio et al., 2017).
Over the last several decades, we have come to understand the vital importance of FMRP

in assembling neural circuits and modulating synaptic plasticity, among other functions. In
particular, postsynaptic structures on dendrites have been identified as key sites of FMRP
action, often through control of activity-dependent mRNA translation via glutamate and
GABA receptor signaling (Bear et al., 2004; Délen et al., 2007; Lozano et al., 2014; Van
der Aa and Kooy, 2020). More recent studies have highlighted the contribution of astrocytes
and extracellular matrix, the other two components of the “tetrapartite synapse’ (Dityatev
and Rusakov, 2011), in FMRP regulation (Cheng et al., 2012; Siller and Broadie, 2012; Wen
et al., 2018). This review focuses on the least understood FMRP localization and function,
which is that in axons and presynaptic elements (Akins, 2009).

We first discuss the evidence in support of a vital role of cell autonomous FMRP in

axonal events, focusing on the structural establishment of axon projection and synaptic
connectivity (Section 2) and the functional maturation and plasticity of neurotransmitter
release from presynaptic terminals (Section 3). We then describe FMRP localization in
axons as a potential mechanism underlying this role (Section 4). In so doing, we summarize
the developmental profile and circuit-dependent distribution of axonal FMRP and then
discuss regulatory mechanisms that localize FMRP to axons. Next, we dissect known
FMRP signals and their association with FMRP-dependent developmental and plasticity
events in axons (Section 5), introducing mechanisms of FMRP action by mRNA binding,
protein interaction, and phase separation. We also highlight roles of FMRP-associated cell
adhesion molecules (CAMS), presynaptic cytoskeletal regulators, presynaptic ion channels
and receptors, and synaptic vesicle (SV) and releasing machinery. Toward the goal of
understanding FMRP function in general as well as in axons in particular, studies of the
auditory system have increased, along with a growing appreciation of the high prevalence
of deficits in auditory-related brain activity and auditory-mediated behaviors in FXS. Here,
we review recent advances of FMRP research in the auditory system with a focus on studies
that provide direct evidence of FMRP localization in axons and identify FMRP-dependent
axonal events (Section 6). We also discuss multifaceted FMRP mechanisms in auditory
development, function, and disease. Finally, we conclude with open questions and propose
directions for future investigations (Section 7).

Understanding the nomenclature of “presynaptic FMRP” as we use it here is important.
Functional significance of FMRP in presynaptic terminals is implicated in studies that
employed targeted approaches to selectively manipulate FMRP expression and activity
in the presynaptic, but not postsynaptic, neurons within a circuit. These functions are
then often labelled “presynaptic FMRP function” or “presynaptic mechanism of FMRP”.
However, most of these studies identified a requirement of ce/l autonomous FMRP or
FMRP expression in presynaptic neurons for the examined axonal properties, rather

Hear Res. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al. Page 3

than establishing a true involvement of “presynaptically localized FMRP”. For enhancing
scientific rigor, here we limit the use of “presynaptic FMRP” to the events that indeed take
place in this specialized synaptic structure and distal axons.

2. Cell autonomous FMRP regulates axon growth and establishes
synaptic connectivity

Axon development is a longitudinal, multi-event process, starting with neurite formation
and axon polarization. This is followed by guided growth and navigation through the

brain to arrive at the target area where axon branching as well as synapse formation and
reorganization take place subsequently. The importance of FMRP during early events of
axon development was first appreciated under cultured conditions. Fmr1 knockout (KO)

or knockdown in hippocampal neurons leads to excess filopodia and reduced motility of
axonal growth cones (Antar et al., 2006), reduced growth cone collapse in response to axon
guidance factor semaphorin (Li et al., 2009), and increased axon length (Zhang et al., 2015).
FMRP deficiency leads to random turning of post-crossing axons in commissural neurons
due to the disrupted interaction between FMRP-Frizzled3 complex and Wnt5a in the
growth cone (Marfull-Oromi et al., 2022). Additionally, FMRP regulates axon branching,
as demonstrated by Fmr1 KO-induced neurite overgrowth and overbranching in cultured
chicken hindbrain neurons (Wang et al., 2020). Consistently, FMRP overexpression in
cortical neurons resulted in a decrease in axonal arbor complexity (Zimmer et al., 2017),
demonstrating a dose-dependency of FMRP regulation. Together, these culture studies
demonstrate a requirement of cell autonomous FMRP expression in axon growth and
branching.

In accordance with this requirement, brains without FMRP display abnormal patterns of
axonal projection, as shown in £mr1 KO animals. This includes excessive axonal branches
in zebrafish motor neurons (Shamay-Ramot et al., 2015), spatially diffuse axonal arbors in
the mouse somatosensory cortex (Bureau et al., 2008), and ectopic mossy fiber distribution
in the mouse hippocampus (Ivanco and Greenough, 2002). In the auditory brainstem,
glycinergic and GABAergic afferent inputs to the medial nucleus of the trapezoid body is
altered in Fmr1 KO mice, showing stronger VGAT immunostaining (Rotschafer et al., 2015)
and fewer GlyT2+ or GAD67+ presynaptic structures (McCullagh et al., 2017). Similarly,
using a monosynaptic tracing method, a recent study found that the afferent inputs to cortical
interneurons are disrupted in £mr1 KO mice in an area-specific manner (Pouchelon et

al., 2021). However, these constitutive KO studies could not determine the site of FMRP
action in these effects. This issue was partially addressed using a ~mr1 mosaic mouse

model in which FMRP-expressing and FMRP-lacking neurons were intermingled due to
random x-inactivation in females. Presynaptic neurons with FMRP formed more synaptic
connections than presynaptic neurons lacking Fmr1 expression (Hanson and Madison,
2007). At the same time, the postsynaptic Fmr1 genotype did not influence the probability
that a neuron would receive synaptic connections, emphasizing the importance of FMRP

on the presynaptic site of the circuit in establishing neuronal connectivity. This regulation
was eventually confirmed with /n vivo studies of the auditory brainstem following ce/l/
group-specific FMRP knockdown, revealing disoriented axonal growth, delay in midline
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crossing, and aberrant axonal targeting (Wang et al., 2020; Curnow and Wang, 2022)(see
further discussion in Section 6).

Evidence is also available in Drosophila models. dFmr1 mutants exhibited axon extension
deficits; more complex axonal architecture including overgrowth, over branching, and
excess synaptic boutons; and the presence of development-arrested satellite boutons in the
mushroom body and at neuromuscular junction synapses (Dockendorff et al., 2002; Morales
et al., 2002; Pan et al., 2004; Gatto and Broadie, 2009; Song et al., 2022). dFMRP is also
required for efficient activity-dependent pruning of axon branches in the mushroom body
(Tessier and Broadie, 2008). dFMRP overexpression resulted in reduced axonal complexity
and aberrant axonal pathfinding (Morales et al., 2002; Michel et al., 2004; Pan et al., 2004).
Importantly, restoring presynaptic dFMRP rescued these structural deficits (Pan et al., 2004),
establishing the involvement of FMRP expression in presynaptic neurons. Interestingly,
dFMRP regulation of axon growth is cell-type dependent, as shown in the medulla, where
axonal extension from the lobula was reduced for dorsal cluster neurons but excessive for
lateral neurons in dFmri KOs (Morales et al., 2002).

3. Cell autonomous FMRP regulates presynaptic release and plasticity

Following the establishment of synaptic connectivity, FMRP continues to function in
regulating presynaptic function and plasticity for neurotransmission. Evidence is available
that a global loss of FMRP can lead to defective release of several neurotransmitters from
presynaptic terminals, including glutamate, GABA, dopamine, and neuropeptides.

To study whether FMRP deletion alters the quantal content of synaptic vesicles, miniature
IPSCs (mIPSCs) or EPSCs (mEPSCs) were recorded and compared between wildtype

and Fmr1 KO neurons. In the anterior cingulate cortex and lateral amygdala, presynaptic
glutamate release was reduced in Fmr1 KO mice, showing a decreased frequency of
mMEPSCs (Suvrathan et al., 2010; Yang et al., 2020a). Quantal analyses also revealed
decreased amplitudes of spontaneous mIPSCs and smaller postsynaptic patch sizes of
GABA receptors at inhibitory synapses in the £Fmr1 KO amygdala (Vislay et al., 2013).
However, effects of FMRP deletion on quantal content of synaptic vesicles appear to

be neuronal type-specific and/or developmental age-dependent. Decreases in mIPSCs
amplitude and GABA concentration at amygdala synapse was less distinct at P14-16 as
compared to younger or older ages (Vislay et al., 2013). In 2-week-old Fmr1 KO mice,
basic quantal units of synaptic transmission appear normal in synapse strength, glutamate
release probability, and vesicle release in hippocampal pyramidal neurons (Klemmer et

al., 2011). The amplitude and frequency of mEPSCs were wildtype-like in adult anterior
piriform cortex and CA1 pyramidal cells (Braun and Segal, 2000; Deng et al., 2011; Gocel
and Larson, 2012). Similarly, the amplitude and frequency of mIPSCs were not affected in
the cerebellar basket cells of 1-month-old FmrZ KO mice (Yang et al., 2020b). In primary
hippocampal cultures of Fmr1 KO rats, FMRP absence resulted in increased frequency and
amplitude of spontaneous, but not of miniature, synaptic events, suggesting that FMRP

is more involved in regulating the turnover of vesicles than in quantal content under this
condition (Subrahmanyam et al., 2021). In contrast, silencing FMRP was found to increase
mEPSC frequency of cultured mouse hippocampal neurons, suggesting that FMRP inhibits,
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rather than promotes, glutamate release in this cell type under this condition (Zhang et al.,
2015).

FMREP is also required for presynaptic short-term plasticity. For example, at excitatory
CA3-CA1 hippocampal synapses, Fmrl KO mice displayed elevated release probability
and exaggerated calcium influx during repetitive activity without affecting the basal release
probability or basal synaptic transmission (Deng et al., 2011; Wang et al., 2014a). In

the anterior cingulate cortex, a form of presynaptic-long term potentiation following low
frequency stimulation (2 Hz) was abolished in Fmr1 KO mice (Koga et al., 2015). In

the cortico-hippocampal pathway, inhibitory synapses exhibited increased paired-pulse ratio
(an indicator of presynaptic short-term plasticity) and decreased GABA release probability
(Wahlstrom-Helgren and Klyachko, 2016). In addition to defective glutamate and GABA
release, a marked reduction of presynaptic dopaminergic uptake was reported in FXS
individuals (Paucar et al.,2016) In Fmr1 KO mice of 15-20 weeks of age, electrically evoked
dopamine release and uptake was diminished in striatal brain slices (Fulks et al., 2010).
Finally, at the Drosophila neuromuscular junction, dFMRP overexpression dramatically
reduced neuropeptide intensity per presynaptic boutons and increased the number of dense-
core vesicles, upon which synaptic release of neuropeptides and neurotrophins depends
(Cavolo et al., 2016).

Targeted manipulations confirmed the contribution of FMRP expression in presynaptic
neurons to the observed release deficits. For example, in Aplysia, selectively downregulating
FMREP in individual sensory neurons enhanced the long-term synaptic depression at the
sensory-to-motor neuron synapses, although it had little to no effect on long-term synaptic
facilitation (Till et al., 2011). In FmrI mosaic mice, FMRP loss from presynaptic neurons
reduced the local excitation of layers 4 and 5 fast-spiking inhibitory neurons in the
neocortex, indicating that cell autonomous FMRP promotes presynaptic release probability
(Patel et al., 2013). Interestingly, presynaptic FMRP loss had no effect on excitatory
synapses onto excitatory neurons, implicating a target cell-specific function for presynaptic
FMRP (Patel et al., 2013). Acute reintroduction of FMRP via intracellular perfusion into
individual £mr1 KO CA3 neurons confirmed a presynaptic origin of FMRP-regulated
action potential (AP) duration (Deng et al., 2013). Consistently, acute neutralization of
FMRP using an antibody in wildtype CA3 neurons mimicked the abnormal AP broadening
observed in Fmrl KO mice. FMRP actions on AP waveforms were axonal/presynaptic in
origin, supported by the increased amplitude of compound APs recorded from the area near
presynaptic terminals and direct observation of excessive calcium influx in the presynaptic
terminals (Deng et al., 2013). The reduction in GABA release in the cortico-hippocampal
pathway is dependent on presynaptic GABAR receptor, as revealed by selective activation
of these receptors using low concentrations of baclofen (Wahlstrom-Helgren and Klyachko,
2015, 2016). Interestingly, in the amygdala, FMRP-mediated GABA production and uptake
at the synapse were associated with GABA receptor specificity, as demonstrated by
conditional Fmr1 KO and rescue specific to forebrain inhibitory neurons (Vislay et al.,
2013).
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4. Axonal localization of FMRP

As described above, cell autonomous FMRP expression is required for proper structural
and functional establishment of presynaptic connectivity. Due to the long distance from
axonal growth cones and presynaptic terminals to the soma and the time-sensitivity of
axonal endings in response to local environments, it is reasonable to speculate that FMRP
exerts these functions on-site in axons and axonal endings. In support of this idea, axonal
localization of FMRP has been identified, and the evidence is summarized here.

4.1 FMRP is presentin axon branches and endings in a circuit-dependent manner

We know that neuronal FMRP is localized in the cytoplasm, dendrites, and nucleus (Weiler
etal., 1997; Dury et al., 2013; Wang et al., 2014b). The discovery of an axonal localization
of FMRP came later and was first identified via electron microscope observations of the

rat brain. Although less intense than somatodendritic labeling, a subset of axon terminals
contained FMRP immunogold particles (Feng et al., 1997). Further evidence was provided
by light microscopy studies of cultured neurons that reported FMRP puncta in the growth
cones and axonal branches of mammalian neurons (Antar et al., 2006; Hengst et al., 2006;
Jain and Welshhans, 2016), in Aplysia sensory neurons (Till et al., 2011), and in Drosophila
neuromuscular junction structures (Gatto and Broadie, 2009). Subsequent studies of intact
mammalian brains confirmed FMRP-containing granules in developing and mature axon
tracts as well as in presynaptic terminals across species including humans (Christie et al.,
2009; Shepard et al., 2020). These granules belong to a subpopulation of axonal puncta
known as Fragile X granules (FXG), which contain FMRP and/or Fragile X-related proteins
FXR1P and FXR2P. All FXGs have FXR2P and are associated with translational machinery
and mRNAs, but only some contain FMRP (Christie et al., 2009; Akins et al., 2017; Chyung
et al., 2018). FMRP-containing FXGs are absent in £xr2 (gene encoding FXR2P) KO mice,
indicating that FXR2P is necessary for the axonal and presynaptic localization of FMRP

to these structures (Christie et al., 2009). On the other hand, £mrI KO mice display a
higher density of FXR2P-labeled FXGs in the frontal cortex both during development (P15)
and at a more mature age (P30) (Figure 1A), suggesting an inhibitory role of FMRP in

FXG formation (Christie et al., 2009). In developing chicken hindbrains, both endogenous
and expressed FMRP were observed in the distal axons of auditory neurons (Wang et al.,
2020). Interestingly, it was reported that FXGs in the postnatal mouse brainstem do not
contain FMRP (Chyung et al., 2018). Whether this difference reflects interspecies variation
or stage-dependent axonal forms of FMRP (FXGs vs. other forms) is yet to be determined.

Although axonal localization of FMRP is evolutionarily conserved and spans throughout

the brain, it exhibits circuit- and cell type-dependence. For example, in 2-week-old mice,

a higher density of FXGs (both those containing FMRP and those lacking FMRP) was
present within a restricted subset of neurons and fiber tracts including corticocortical and
thalamocortical fibers, olfactory sensory neuron axons, hippocampal CA3 associational
axons, and cerebellar parallel fibers than in others such as the corpus callosum and optic
tract (Akins et al., 2012). Additionally, there was a particular richness of FXGs in circuits
involved in sensory and motor processing (Akins et al., 2012). Strong FMRP expression and
distinct axonal localization go beyond the brain into primary sensory neurons, whose somata
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are situated in the peripheral nervous system and extend long axons to the brain. Examples
include dorsal root, trigeminal, auditory, and retinal ganglion neurons (Price et al., 2006;
Frederikse et al., 2015; Guimaraes-Souza et al., 2016; Wang et al., 2022). These distribution
patterns may underlie prominent sensory problems in FXS (Rotschafer and Razak, 2014;
McCullagh et al., 2017; Sinclair et al., 2017; Rais et al., 2018) and implicate contribution of
a lost control of axonal FMRP (see Section 6 for further discussion).

4.2 Axonal localization of FMRP is most intense and regulatable in developing axons

In chicken embryos, FMRP was identified as early as embryonic day 4 (E4; chicken take
21 days to hatch) in the navigating axons (Wang et al., 2020), indicating that FMRP
localizes to the axon shortly after Fmr1 gene expression and axonogenesis. This idea is
consistent with the presence of expressed FMRP-GFP in newly formed neurites of PC12
cells within 1-2 hours of expression induction (De Diego Otero et al., 2002). In the mouse
cortex, hippocampus, and cerebellum, the density of FMRP-containing FXGs gradually
reduces starting in postnatal ages and is low in adults (Christie et al., 2009). This pattern
resembles the developmental decline of the overall FMRP level across brain regions (Lu

et al., 2004; Wang et al., 2004; Cook et al., 2011; Pacey et al., 2013); however, the
relationship between cytoplasmic FMRP expression and its axonal localization is not clear.
One exception to this pattern is the olfactory bulb in recipient of olfactory sensory neuron
(OSN) axon innervation. OSNs have a high turnover rate throughout life. FMRP-containing
FXGs are present in OSN axons in mice at both postnatal and adult ages, consistent with
the preference of axonal FMRP in developing axons (Christie et al., 2009). In further
support of this idea, neuronal regeneration following a large-scale ablation of OSNs leads
to a several-fold increase in FMRP puncta density in their axons within a short 1-2 week
period upon axon growth and navigation (Christie et al., 2009). Together, these observations
highlight localization of FMRP in developing axons during the period of axon growth and
synaptic formation/remodeling.

Mechanisms that drive and regulate the amount of FMRP in axons have not been extensively
investigated, but the data so far support an involvement of other RNA-binding proteins.

As described above, FXR2P is necessary for the axonal and presynaptic localization of
FMRP to FXGs (Christie et al., 2009). A later study further demonstrated that FXR2P is a
lipid-modified RNA-binding protein and its lipid modification via N-terminal myristoylation
influences how FMRP-containing FXGs are distributed within the axonal arbor (Stackpole
et al., 2014). Another RNA-binding protein that has been linked to axonal localization of
FMREP is Fused in Sarcoma (FUS), mutations of which lead to the neurodegenerative disease
amyotrophic lateral sclerosis (ALS). FMRP interacts with FUS /7 vitro and is present in
FUS-containing neuronal structures (Blokhuis et al., 2016; He and Ge, 2017). In human and
mouse motor neurons, an ALS-associated FUS mutation results in more FMRP puncta in
axons but not in the soma (Birsa et al., 2021). A complete loss of FUS, on the other hand,
does not affect the FMRP puncta density in axons, supporting the idea that a gain of function
of mutant FUS enhances FMRP localization to the axon (Birsa et al., 2021).

The expression and subcellular localization of FMRP may also be regulated by afferent
inputs and/or neuronal activity. Exposure to an enriched environment or enhanced light
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simulation increased overall FMRP levels in the visual cortex (Irwin et al., 2000, 2005;
Gabel et al., 2004). FMRP upregulation was also observed in the somatosensory and

motor cortex following whisker stimulation or repeated motor training (Irwin et al., 2000;
Todd and Mack, 2000; Todd et al., 2003). At the cellular level, activation of metabotropic
glutamate receptors enhanced FMRP level at synapses and modulated its phosphorylation
(Weiler et al., 1997; Bartley et al., 2016). Phosphorylated FMRP (p-FMRP)-mediated phase
separation has been considered a mechanism that underlies synaptic activity-dependent
neuronal granule formation (Boeynaems et al., 2018; Tsang et al., 2019). In consistent with
this possibility however, afferent deprivation caused a rapid aggregation of somatic FMRP
into stress granule-like structures in auditory brainstem neurons and this aggregation was
associated with the likelihood of neuronal death or survival (Yu et al., 2021). Together, these
studies support the idea that neuronal activity modulates FMRP function by regulating its
expression, phosphorylation, and subcellular distribution pattern. To our knowledge, how
neuronal activity affects the transport and distribution of FMRP-containing granules in
axons has not been examined.

5. FMRP signals in axons

There is strong support for the idea that loss of FMRP control in the axon accounts
substantially for the observed deficits in FMRP loss-induced axonal and presynaptic
connectivity. In particular, the requirement of FMRP in presynaptic neurons for proper axon
development and synaptic plasticity supports this idea, as well as the presence of FMRP in
young and mature axons and the growing evidence of axonal mMRNAs and local translation
(Akins, 2009). Efforts to dissect out FMRP-associated signals in the axon (Figure 1B) have
moved us closer to determining axonal FMRP regulation.

5.1 FMRP binds mRNAs and proteins in axons

As a primary RNA-binding protein, FMRP binds mRNAs in all subcellular compartments
including the cytoplasm, dendrites, and axons. Several high-throughput RNA sequencing
studies have identified hundreds of FMRP-bound mRNAs in samples collected from primary
hippocampal cultures (Miyashiro et al., 2003) and the mouse brain (Brown et al., 2001;
Darnell et al., 2011), including ~200 presynaptic proteins, collectively. These proteins
include CAMs, cytoskeletal elements, presynaptic ion channels and ligand-gated receptors,
SV components and regulatory proteins, and the neurotransmitter releasing machinery,
covering almost all major aspects of presynaptic activities.

Similar to dendrites, FMRP regulates local protein translation in axons. In mammalian
brains, FMRP-containing FXGs are associated with mRNAs, ribosomes, and other
translational machinery. Fmr1 KO mice display reduced polyribosome association of several
presynaptic FMRP mRNA targets (Brown et al., 2001; Akins et al., 2017) and increased
axonal protein levels of one FMRP-associated mMRNA (olfactory marker protein) (Akins
etal., 2017). This effect is likely cell autonomous, as demonstrated by selective deletion

of FMRP from presynaptic neurons, which impairs the overall level of activity-dependent
protein synthesis in mouse mossy boutons as measured by puromycin labeling of nascent
peptides (Monday et al., 2022). Similarly, translation of CAMKII mRNA, another FMRP
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target, is increased following FMRP reduction in Drosophila local interneurons (Sudhakaran
et al., 2014). Thus, identifying mRNAs whose protein level is altered in the absence of
FMRP provides additional mRNA candidates for axonal FMRP (Liao et al., 2008; Klemmer
etal., 2011; Broek et al., 2016). Consistently, presynaptic ion channels, neurotransmitter
transporters, CAMs, SV proteins, and presynaptic specialization were detected in this
mMRNA candidate pool. While the mechanisms underlying FMRP-controlled local translation
in axons are not fully understood, phosphorylation in FMRP C-terminal potentially mediates
liquid-liquid phase separation in axons to regulate protein synthesis (Kim et al., 2019; Tsang
et al., 2019). Additionally, FMRP has been shown as a key component of RNA interference
(RNAI) complex in developing axons and growth cones (Hengst et al., 2006). This complex
regulates the local translation of RhoA mRNA which is required for Semaphorin-3A
induced growth cone collapse (Hengst et al., 2006).

Whether FMRP regulates mRNA trafficking in axons is controversial and may be specific
to certain circuits. In the mouse olfactory bulb, axonal localization of a number of MRNAS
including B-cateninand omp appear normal in £mr1 KO mice, suggesting that FMRP may
not be required for axonal transport of its target mMRNAs (Akins et al., 2017). However, Fmrl
KO led to increased numbers of FXR1P and FXR2P-immunoreactive FXGs, as observed

in the frontal cortex (Christie et al., 2009), raising the possibility that FXR1P and FXR2P
may compensate the loss of FMRP in axonal trafficking of mRNAs. In a study of cortical
neuron cultures, FMRP was found interacting with another mRNA-binding protein TRF2-S.
Loss of this interaction increased Ap/lp1 and Rab3a mRNA transport to axons and enhance
axonal outgrowth and neurotransmitter release (Zhang et al., 2015). It is unknown how
FXR1P, FXR2P and other potential compensation mechanisms occur under this condition.
Interestingly, FMRP overexpression-induced axon overgrowth is restricted to the full-length
and a subset of FMRP alternative splicing isoforms, revealing its independence of RNA
binding and possible involvement of phosphorylation and nuclear export (Zimmer et al.,
2017).

In addition to binding mRNAs, FMRP also forms protein-protein interactions. A list of
FMRP-interacting proteins has been summarized in a snapshot (Pasciuto and Bagni, 2014).
Of particular relevance to axon activities, FMRP interacts with several presynaptic ion
channels as a means of modulating presynaptic calcium signal and AP properties (discussed
further below). Additionally, FMRP is physically associated with other RNA-binding
proteins in the axon. As an example, telomere repeat-binding factor 2 (TRF2) interacts
directly with its target mMRNAs to facilitate their axonal delivery. FMRP occupies the

GAR domain of TRF2 to block the assembly of TRF2-mRNA complexes; FMRP silencing
promotes axon entry of the mRNAs that directly bind TFR2 but not FMRP (Zhang et al.,
2015).

In addition to binding individual MRNAs and proteins, another form of FMRP-mediated
axonal signaling may involve phase separation. Activity-dependent translation requires

the transport of mMRNAs within membraneless protein assemblies known as neuronal
granules (e.g., FXGs) from the cell body toward distant subcellular regions. Translation

of mRNA is inhibited in these granules during transport but is quickly activated in response
to neuronal stimuli at the destined location (such as presynaptic terminals). Multiple
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studies have demonstrated FMRP’s ability to phase separate RNA into liquid droplets via
phosphorylation of its C-terminal intrinsically disordered region (Kim et al., 2019; Tsang
et al., 2019; Chakraborty et al., 2021) with the involvement of additional players. For
example, £Fmr1 KO mice display an increase in synapsin level in the brain (Klemmer et

al., 2011; Belagodu et al., 2017), a necessary protein for SV phase separation or clustering
(Guarnieri et al., 2017; Milovanovic and De Camilli, 2017; Milovanovic et al., 2018). Also,
RNA-binding protein FUS regulates FMRP phase separation 7 vitro and protein translation
in cell bodies (Birsa et al., 2021). FMRP-mediated phase separation has not been directly
observed in axons.

5.2 FMRP regulates cell adhesion in axons

Cell adhesion is critical for directed axon growth and targeting as well as synaptic
maintenance and dynamics (Sytnyk et al., 2017; Yuzaki, 2018). mRNAs for several CAMs
are associated with FMRP in axons. In Drosophila, dFMRP is co-immunoprecipitated with
Down syndrome CAM (Dscam) mRNA and suppresses its protein translation (Kim et al.,
2013b). Dscam protein level is dynamically associated with the size of the presynaptic
arbor of D4 dendritic arborization neurons. Presynaptic terminal outgrowth in dFMRP

null flies was completely abolished when Dscam was absent, demonstrating that dFMRP
regulates Dscam expression to control presynaptic arbor growth in this cell type (Kim et al.,
2013b). Colocalization of Dscam mRNA and FMRP has been observed in axonal growth
cones of mouse hippocampal neurons in which Dscam level controls axon outgrowth and
branching triggered by axonal guidance cue netrin (Jain and Welshhans, 2016). Interestingly,
dFMRP also suppressed protein translation of netrin-B in Drosophila mushroom bodies,
while dFMRP loss-induced f lobe fusion was mimicked by overexpression of netrin-B and
rescued by knock-down of netrin-B (Kang et al., 2019). Although the cellular site of these
FMRP actions is unknown, these observations suggest a potential dual action of FMRP in
cell adhesion interactions by controlling both the axonal guidance cues and axonal CAMs.

FMRP may also regulate the interaction between presynaptic neurexin and postsynaptic
neuroligin from either side, as suggested by altered expression of a subset of neurexin

and neuroligin mRNAs in Fmr1 KO mouse brain (Lai et al., 2016). As further support,
MRNAs for neurexin 1, 2, and 3 are localized in axons and associated with FXG (Akins et
al., 2017). Other CAMs whose mRNAs are associated with FXG in axons include neural
CAM (NCAM) and p-catenin (Akins et al., 2017). However, the functional roles of FMRP
regulation of neurexin, NCAM, and p-catenin have not been determined. Finally, N-cadherin
mMRNAs are associated with FMRP in embryonic mouse brains and FMRP loss reduces the
overall level of N-cadherin mRNA and protein and alters the distribution of N-cadherin
across cortical layers (La Fata et al., 2014). Overexpressing N-cadherin normalized the early
neuron activity deficits in £mr1 KO mice (La Fata et al., 2014), demonstrating the functional
significance of FMRP binding with N-cadherin mRNAs. Finally, FMRP deficiency-induced
random turning of post-crossing axons in commissural neurons has been attributed to the
disrupted interaction between FMRP-Frizzled3 complex and Wnt5a in the growth cone
(Marfull-Oromi et al., 2022).
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5.3 FMRP regulates of axonal cytoskeleton

Axonal growth and synapse formation/reorganization involve structural changes. The
cytoskeleton of distal axons and axon endings is composed of actins and microtubules.
Several lines of evidence have supported microtubule-associated protein 1B (MAP1B)

as an FMRP target in axons. First, FMRP is associated with MAP1B mRNA, showing
colocalization in axonal growth cones of hippocampal neurons (Antar et al., 2006) and
co-immunoprecipitation in the intact brain (Zalfa et al., 2003; Lu et al., 2004). Next, FMRP
controls MAP1B translation, as demonstrated by elevated protein levels of MAP1B in Fmr1
KO mice and inhibited MAP1B synthesis in the distal axons of Fmr1 KO hippocampal
neurons in response to semaphorin-3A (Li et al., 2009). Further evidence shows that FMRP
mediates axonal delivery of miR-181d which targets the MAP1B and calmodulin mRNA to
negatively regulate their local translation in sensory neurons (Wang et al., 2015). Finally,
Fmr1 KO cortical neurons displayed abnormally increased microtubule stability in the cell
body (Lu et al., 2004), although whether this holds true in axons is unclear. With this
regard, Drosophila studies provide direct evidence of FMRP modulation of presynaptic
microtubule organization and the establishment of presynaptic connectivity (Bodaleo and
Gonzalez-Billault, 2016). This modulation was found through regulated translation of
MAP1B, but not MAP1A, a related protein with partially overlapping functions (Noiges

et al., 2002).

Apart from the canonical function of MAP1B in stabilizing microtubules, FMRP regulation
of MAP1B may have additional implications in dendritic and axonal events. For example,
dendritic MAP1B was found to regulate synaptic transmission by modifying channel activity
of several ion channels or ligand-gated receptors (such as Nav1.6, GABA( receptor, NMDA
receptor, and several mGIuR types), and restricting the access of AMPA receptors to
dendritic spines and the postsynaptic membrane (Palenzuela et al., 2017). In axons, MAP1B
binds Cav2.2 channels in hippocampal neurons, promoting their anchoring and stabilization
in axons. Moreover, MAP1B interacts with proteins linked to neurodegenerative disease,
apoptosis, autophagy, and mRNA- and membrane-associated proteins (Villarroel-Campos
and Gonzalez-Billault, 2014). Thus, FMRP-MAP1B regulation may influence the axon both
structurally and physiologically via diverse functions of MAP1B.

Dysregulation of actin cytoskeleton has also been observed in FXS, primarily from studies
of dendritic spines (reviewed by (Michaelsen-Preusse et al., 2018)). Protein translation or
activity of multiple actin modulators are controlled by FMRP either through FMRP-mRNA
binding (e.g., for Cofilin 1, Racl, p21-activated kinases, and armadillo protein p0071) or
via FMRP-protein interactions (e.g., CYFIP1 and CYFIP2) (Bongmba et al., 2011; Dolan

et al., 2013; Nolze et al., 2013; Abekhoukh and Bardoni, 2014; Feuge et al., 2019). Very
few studies have examined FMRP regulation of actin organization in axons, but evidence

is available in support of this regulation. In hippocampal neurons, FMRP deficiency causes
reduced axonal growth cone collapse induced by Semaphorin 3A (Li et al., 2009), an event
involving controlled actin assembling/disassembling. In Fmr1 KO mice, mossy fiber boutons
from the hippocampal granule cells to CA3 neurons contain ribosomes and actin mRNA,
and knocking out FMRP expression in granule cells increases actin synthesis (Monday et al.,
2022).
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5.4 FMRP regulates presynaptic ion channels and receptors

Fast neurotransmitter release is a multistaged procedure. During APs, extracellular calcium
ions influx into the presynaptic terminal through calcium channels and receptors. Changes
in the intracellular calcium concentration ([Ca2*];) is sensed by calcium sensors on
neurotransmitter-containing SVs. This triggers SV fusion with the presynaptic membrane
and neurotransmitter release.

Multiple types of ion channels are located on the membranes of distal axons near or

within presynaptic terminals, where they play distinct roles in regulating calcium influx,

AP properties, and neurotransmitter release (Meir et al., 1999). A series of studies have
established a high-conductance calcium- and voltage-dependent potassium (BK) channel as
an underlying mechanism of FMRP-regulated neurotransmitter release. It is well known that
presynaptic BK channels play critical roles in transmitter release by influencing calcium
entry and AP waveforms (Griguoli et al., 2016). At the hippocampal CA3-CA1 synapses,
FMRP binds to the p4 subunit of BK channels and modulates channel activity including
calcium sensitivity (Deng et al., 2013). Loss of FMRP reduces BK channel activity and leads
to excessive AP broadening, elevated presynaptic calcium influx, and enhanced synaptic
transmission and short-term plasticity (Deng et al., 2013). Mutant FMRP that disrupts
FMRP-BK channel interaction loses the ability to rescue presynaptic AP broadening in
Fmrl KO mice (Myrick et al., 2015). Genetic upregulation of BK channel activity by
knocking out its negative regulator BKp4 normalizes the deficits in AP, glutamate release,
and short-term plasticity in Fmr1 KO mice (Deng and Klyachko, 2016). Finally, agonist
activation of BK channels normalizes activity-dependent bulk endocytosis in Fmri KO
hippocampal neurons (Bonnycastle et al., 2022). In neurons, BK channels are enriched in
axon tracts and terminals and also localized in the somatodendritic compartment (Contet et
al., 2016). The axon/presynaptic loci of FMRP actions on AP waveform suggests an on-site
regulation of FMRP on BK channels in presynaptic terminals.

In addition to BK channel-mediated AP duration, FMRP may regulate AP firing
(frequency) through another potassium channel, voltage-independent small conductance
calcium-activated potassium (SK) currents (Deng et al., 2019). SK-mediated potassium
currents are reduced in Fmrl KO mice due to a loss of FMRP interaction with the SK
channels without changes in channel expression. This deficit is responsible for decreased
AP threshold, increased AP firing, and abnormal input-output function of neurotransmission
at the CA3-CA1 synapses. Similar to BK channels, the FMRP-SK channel interaction is
cell autonomous in origin, as validated by intracellular filling of SK channel openers or
FMRP fragment. This SK channel deficit in FmrZ KO is proposed to underlie CA3 neuronal
hyperexcitability in £Fmr1 KO mice (Deng et al., 2019). Additionally, FMRP directly

binds the phosphorylated form of voltage-gated potassium channel Kv1.2 and regulates
axonal trafficking of Kv1.2 channels in the cerebellum (Yang et al., 2020b). In Fmrl

KO mice, excessive calcium signal and GABA release from presynaptic terminals were
observed in the inhibitory neurons, which attenuates the firing frequency of postsynaptic
Purkinje neurons. Similarly, FMRP action on Kv1.2 is cell autonomous, as confirmed using
intracellular introduction of FMRP fragment or antibody. Activation of Kv1.2 using an
agonist normalizes the inhibitory function in £mr1 KO mice (Yang et al., 2020b).
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FMRP interaction with BK, SK, and Kv1.2 channels are via direct protein-protein binding.
Whether FMRP regulates presynaptic potassium channels by its mMRNA binding ability

is unknown. A number of mMRNAs encoding potassium channels have been identified as
FMRP mRNA target candidates (Darnell et al., 2011). Among them, FMRP association

and translation control have been confirmed for voltage-gated potassium channels Kv3.1b
and Kv4.2 mRNA in the somatodendritic compartment (Strumbos et al., 2010; Gross et

al., 2011; Lee et al., 2011; Ferron, 2016), however a similar action of FMRP has not been
identified in the axon and presynaptic compartment. AP deficits observed in Fmrl KO
hippocampus appeared to be translational-independent (Deng et al., 2013, 2019), implicating
a neglectable role of FMRP as a protein translation regulator in presynaptic AP modulation.

N-type voltage-gated calcium channels (Cav2) provide a main route for extracellular
calcium ions entering presynaptic terminals. Among the three Cav2 isoforms, FMRP
interacts with the c-terminal domain of CaV2.2 (Ferron et al., 2014, 2020). FMRP
knockdown leads to increased Cav2.2 current density and increased surface Cav2.2 in
presynaptic terminals of dorsal root ganglion neurons, and consistently, Fmr1 KO mice
display elevated Cav2.2 level in synaptosome preparations (Ferron et al., 2014). The
increase in surface Cav2.2 may be partially due to enhanced Cav2.2 trafficking from the
endoplasmic reticulum to the plasma membrane and partially due to reduced proteasomal
degradation (Ferron et al., 2014, 2020). Functionally, Fmr1 knockdown leads to larger
calcium transients and enhanced SV exocytosis, which can be corrected using Cav2.2
blocker, demonstrating that FMRP regulates presynaptic release via CaV2.2 channels in
this cell type (Ferron et al., 2014, 2020).

In addition to ion channels, FMRP also regulates the activity of ligand-gated receptors

such as mGIuR5, GABAA and GABAg receptors, and adrenergic receptors (BAR) on

the presynaptic membrane. Apart from the well-characterized mGIuR5 mechanism in the
postsynaptic structures (Bear et al., 2004; Stoppel et al., 2021), mGIuR5 is also localized

in presynaptic terminals and modulates synaptic activities (Schrader and Tasker, 1997; Kim
et al., 2009; Xie et al., 2017; Colmers and Bains, 2018; Fitzgerald et al., 2019; Fernandes
et al., 2021). Activation of presynaptic mGIuR5 corrects FMRP loss-induced releasing

and plasticity deficits in lateral amygdala neurons and restores fear learning, distinct from
the observations that /nhibiting mGIuR5 restores postsynaptic functions (Fernandes et al.,
2021). In addition, defective glutamate release is partially contributed by impaired inhibitory
presynaptic function in the absence of FMRP. In Fmr1 KO mouse hippocampus, deficits

in al subunit of GABAg receptor expression was identified in presynaptic terminals,

and the ability of GABAGg receptors to suppress glutamate release was compromised

(Kang et al., 2017). In the auditory cortex, the developmental strengthening of basal
synaptic transmission and synaptic plasticity in the L4-L2/3 connectivity was accelerated
in Fmr1 KO mice and this effect was associated with reduced GABA receptor a3 unit in
presynaptic terminals (Song et al., 2021). Finally, BAR colocalizes with presynaptic proteins
Munc13, vGIuT1, and vGIuT2 in the cerebrocortical synaptosomes and agonist activation
of BARs induces glutamate release potentiation (Garcia-Font et al., 2019). This effect is
diminished in Fmr1 KO and appears to result from an impaired capability of the receptor to
mobilize SVs to the active zone.
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5.5 FMRP regulates synaptic vesicles

SVs within presynaptic terminals are the primary vehicle for neurotransmitter release.
Specialized transports uptake their corresponding neurotransmitters into vesicles. Depending
on their releasing probability and the distance from the active zone, SVs are generally
divided into two pools, the readily releasable or docked vesicles and the reserved vesicles.
During APs, calcium influx is sensed by the calcium sensor synaptotagmins on the

vesicles, which triggers the fusion of vesicles (primarily the docked ones) with the terminal
membrane at the active zone in a process called exocytosis to release the neurotransmitter
into the synaptic cleft. SVs are then recycled into the terminal through endocytosis to
replenish the pool for the next APs.

Without FMRP, SVs are defective in number, type, distribution, and turnover rate.
Ultrastructural analyses revealed fewer vesicles overall, but a higher number of docked
vesicles vs. reserved vesicles, in FXS human embryonic stem cells and the CA1 region of
the Fmr1 KO hippocampus (Klemmer et al., 2011; Telias et al., 2015), while other studies
demonstrated normal vesicle density in the cerebellum (Broek et al., 2016) and larger pools
of both readily-releasable and reserved vesicles (Deng et al., 2011; Garcia-Font et al., 2019).
In Drosophila, dFmr1 KO neurons similarly displayed elevated presynaptic vesicle pools
(Pan et al., 2008). These differences may reflect cell-type specificity and/or across-study
variations. SV recycling can be examined using an FM1-43 dye that is internalized during
vesicle endocytosis and released with vesicle exocytosis (Gaffield and Betz, 2006). Using
this method, a reduction in vesicle unloading was identified in the hippocampus, while
vesicle unloading was enhanced in the cerebellum, indicating altered turnover rate of

SV recycling with cell-type specificity (Broek et al., 2016). Primary hippocampal neuron
cultures from Fmrl KO rats displayed defective activity-dependent bulk endocytosis during
trains of high-frequency stimulation (Bonnycastle et al., 2022) and more spontaneous, but
not evoked, SV fusion events (Subrahmanyam et al., 2021), demonstrating multi-faceted
FMRP modulation of vesicle fusion, endocytosis, and exocytosis.

Many SV proteins and their regulators are potential targets of FMRP, directly or indirectly.
Quantitative proteomic analyses identified increased protein levels of 17 presynaptic
proteins (syntaxin, Rab3A, piccolo, synapsin-1, synaptophysin, AP-2, V-ATPase, Sytl, Syt5,
syntaphilin, a-synuclein, Munc13, SV glycoprotein 2A, VAMP2, SNAP25, complexin-2, and
Myc box dependent-interacting protein) from the Fmri KO mouse brain and neurons (Liao
et al., 2008; Klemmer et al., 2011; Tang et al., 2015). Among them, elevated synapsin-1
level has been confirmed in Fmr1 KO cortex and hippocampus (Klemmer et al., 2011;
Belagodu et al., 2017). However, other studies failed to detect a change in synapsin level in
the cortex (Li et al., 2002). FMRP regulation of synapsin translation maybe age-dependent
because synapsin level in cortical samples is increased at P15-17 but not in mice older

than 4 weeks (Tang et al., 2015). Although synapsin mRNA is identified as an mRNA
candidate target (Darnell et al., 2011), whether FMRP directly binds synapsin mRNA

or protein is unknown and synapsin mMRNA was not identified in FXGs (Akins et al.,

2017). Loss of synapsin 1, 2, and 3 leads to reduced levels of many SV proteins without
affecting presynaptic membrane proteins such as SNAP25 and bassoon, demonstrating

a specific requirement of synapsin for vesicle integrity (Vasileva et al., 2012). Indeed,
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synapsin functions in liquid-liquid phase separation for SV clustering (Wang and Kaeser,
2018), which may provide a potential mechanism of FMRP-mediated phase separation by
controlling synapsin level in presynaptic terminals. In the mouse auditory brainstem, FMRP
absence leads to altered developmental profiles of five essential SV proteins, including
neurotransmitter transporters vGluT1/2 and VGAT as well as SV calcium sensors Syt1/2,

in the medial nucleus of trapezoid body (MNTB) along its tonotopic axis (Yu and Wang,
2022). This finding demonstrates that FMRP-regulated expression of SV proteins is tightly
associated with functional requirements of these proteins for information processing.

Finally, FMRP has the potential to regulate other aspects of the presynaptic membrane
machinery. The association of presynaptic FMRP targets such as Munc13 and NAP22 with
polyribosome is reduced in the absence of FMRP (Brown et al., 2001). FMRP also regulates
accumulation of active zone protein Munc18-1 via suppression for local translation in axons
during synaptogenesis in mouse cortical cultures (Parvin et al., 2019). mRNAs for Bassoon
and Piccolo, two large scaffolding proteins of the cytomatrix assembled at the active zone,
were identified in axons and associated with FXG (AKkins et al., 2017). In fact, Bassoon
MRNA has the highest affinity among all mMRNAs in binding with FMRP (Darnell et al.,
2011). Piccolo level is reduced in Fmr1 KO mouse neurons (Klemmer et al., 2011). The
functional significance of FMRP regulation of these active zone membranes remains to be
investigated.

6. Axonal FMRP in auditory function and disease

Pioneer studies of axonal FMRP actions were mostly performed within cortical and
hippocampal circuits. In the last decade, auditory and other sensory systems have received
increased attention toward the goals of understanding FMRP mechanisms, both in general
and specifically in axons (Figure 2). In part, the increased attention is the result of our
growing appreciation of the high prevalence of deficits in auditory-related brain activity and
auditory-mediated behaviors in FXS (Rotschafer and Razak, 2014; Sinclair et al., 2017; Rais
et al., 2018; McCullagh et al., 2020a; Razak et al., 2021, p 202). Our recent review contains
a summary of FMRP-related auditory problems (McCullagh et al., 2020a). New, unique
approaches to study the development and function of auditory circuits at both the single-cell
and network levels have further facilitated in-depth investigation of underlying molecular
and cellular mechanisms of FXS as well as functional association of FMRP with auditory
processing.

6.1 Axonal FMRP in auditory neurons

In the mouse brain, FXGs are rich in sensory and motor processing circuits (Akins et

al., 2012). Further evidence of axonal localization of FMRP was provided in studies

of the auditory brainstem (Wang et al., 2020; Curnow and Wang, 2022). The nucleus
magnocellularis (NM) in birds and its mammalian analog, the ventral cochlear nucleus
(VCN), are primary recipients of the auditory ganglion (also called spiral ganglion in
mammals) situated in the inner ear. NM/VCN neurons in turn innervate other brainstem and
midbrain cell groups along the ascending auditory pathway, thus serving as the primary gate
through which acoustic signals enter the brain.
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During development, NM neurons are derived from Atohl-expressing precursors in

the embryonic hindbrain (Kohl et al., 2012; Hirsch et al., 2021). Combining FMRP
immunostaining and genetic labeling of NM precursors, the presence of FMRP was detected
in the cell bodies and growing axons of NM precursors as early as embryonic day 4 (E4)
(Wang et al., 2020). Since these neurons are born at E2-2.5 (Rubel et al., 1976), this

finding indicates that FMRP localizes to the axon shortly after FmrI gene expression and
axonogenesis, consistent with observations from other cell types (see Section 4.2). This
early-presence highlights the necessity of FMRP for axon growth. To demonstrate this,
targeted FMRP downregulation in NM precursors in live embryos was achieved using /n ovo
electroporation of CRISPR-mediated KO or shRNA-mediated knockdown constructs (Wang
etal., 2018; Fan et al., 2022). Such manipulation resulted in disoriented axonal growth

as well as delay in axon midline crossing, confirming a role of FMRP at early stages of
axon navigation (Wang et al., 2020). During the period of circuit assembly, axons of FMRP-
deficient NM neurons arrive at their target, the nucleus laminaris (NL), but form aberrant
axonal termination there. Neurons in the NL are bipolar, morphologically and functionally
similar to the medial superior olive in mammals. Each of their two sets of dendrites

receive inputs separately (from one ear) through the NM, forming the fundamental substrate
for computing interaural time difference (ITD). Normally, single axons of NM neurons
bifurcate and innervate the dorsal dendrites of the ipsilateral NL and the ventral dendrites

of the contralateral NL. When FMRP expression was reduced, NM axons terminated on
both dendritic sets of the same NL neurons (Wang et al., 2020), which likely interrupts

ITD coding. Additionally, these observations demonstrate that FMRP regulates multiple
developmental events in axons during discrete developmental periods, a concept consistent
with the wide range of deficits in neural and synaptic development across cell types.

In addition to axon navigation and targeting, the absence of FMRP also impairs the
development and maturation of presynaptic terminals in auditory circuits. In the lateral
superior olive (LSO), the number of cochlear nucleus fibers converging onto individual
postsynaptic neurons was increased in Fmr1 KO, leading to enhanced excitation (Garcia-
Pino et al., 2017). Without FMRP, LSO neurons showed increased firing rate, broadened
frequency tunning, and impaired ability of binaural processing. In the MNTB, glycinergic
and GABAergic afferent inputs was altered in FmrZ KO mice, showing stronger VGAT
immunostaining (Rotschafer et al., 2015) and fewer GlyT2+ or GAD67+ presynaptic
structures (McCullagh et al., 2017). Whether these changes reflect alterations in connectivity
or protein levels of specific presynaptic markers is unclear. Regardless, presynaptic
release of GABA was impaired in the MNTB (Curry et al., 2018). A more recent

study demonstrated distinct developmental patterns across protein markers in excitatory
presynaptic terminals in MNTB (Yu and Wang, 2022). Importantly, this study identified a
developmental delay in the tonotopic organization of several presynaptic proteins in Fmrl
KO MNTB (Yu and Wang, 2022), demonstrating a requirement of FMRP in the timely
maturation of presynaptic protein machinery.

Given the importance of cell autonomous FMRP in axon developmental events of auditory
neurons, we wonder whether the long auditory axon fibers between the auditory ganglion
and brain are disorganized when FMRP is absent and how this may affect the development
and mature function of the central auditory system. Indeed, a strong expression of FMRP in
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auditory ganglion neurons has been confirmed in several avian and rodent species (Wang

et al., 2022). Intriguingly, auditory ganglion neurons maintain a high level of FMRP
throughout development and into adulthood, distinct from the developmental trajectory of
FMREP in the brain where it declines dramatically after critical developmental periods. This
feature highlights the potential importance of FMRP to both the development and mature
functions of the auditory ganglion, and strongly implicates that the inner ear is a key
pathological site for the generation of auditory problems in FXS. The idea that FMRP is
important to both development and mature functions is supported by studies of other sensory
systems: The dorsal root, trigeminal, and retinal ganglion neurons all express FMRP (Price
et al., 2006; Frederikse et al., 2015; Guimardes-Souza et al., 2016). In non-FXS mouse
models of autism spectrum disorders, peripheral somatosensory neurons are functionally
impaired and this impairment underlies tactile and behavior deficits in these mice (Orefice et
al., 2016, 2019).

6.2 Additional implications of axonal FMRP in normal and disordered auditory
processing

In addition to potentially far-reaching influence from an impaired auditory periphery and
defective axon projection and synaptic connectivity in the brain, FMRP may also regulate
auditory function at specific aspects of neural activity. Here we highlight FMRP regulation
of AP duration, and neuronal correlation as well as auditory plasticity and critical period,
with a discussion of how axonal mechanisms may be involved. We also discuss how loss
of these FMRP actions may contribute to acoustic hypersensitivity and central auditory
processing problems in FXS and non-syndromic hearing disorders.

FMRP regulation of presynaptic ion channels and AP waveforms may have profound
implications in auditory processing. Auditory neurons are characterized with narrow APs
in coping with the need of fast spiking. It is also well appreciated that distinct subtypes

of potassium channels play key roles in shaping presynaptic AP waveforms of auditory
neurons (Brown and Kaczmarek, 2011; Tong et al., 2013; Hong et al., 2018; Choudhury

et al., 2020). Additionally, Cavl channels shape AP waveforms and modulate sound-level
coding in the inferior colliculus (IC) (Grimsley et al., 2016). AP duration, measured as

half the width of the AP, is significantly decreased with development and varies across
functionally distinct cell types within the same cell groups (Wang et al., 2017b; Curry

and Lu, 2021; Feng et al., 2022). At given neurons, AP duration is dynamic, showing a
gradual broadening in response to trains of current pulses, as recorded from cultured mouse
and gerbil spiral ganglion neurons (Lin, 1997; Lin and Hant, 2001). Computer simulation
approaches further demonstrated that this AP broadening enhances neurotransmitter release
and amplifies responses of postsynaptic receptors (Lin and Hant, 2001). Together, these
studies demonstrate AP duration as a coding factor in auditory information processing.
FMRP regulates the channel activity, tonotopic organization, and sound exposure-induced
dynamics of potassium channels (Kv3 and Slack) (Brown et al., 2010; Strumbos et al.,
2010), although there is no direct evidence that axons are a site of action. It is possible that
FMRP modulates AP kinetics of auditory neurons under both physiological and pathological
conditions. This regulation may help maintain the excitation/inhibition balance, loss of
which could potentially contribute to auditory processing problems and hyperexcitability in
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FXS. In support of this idea, AP broadening has been considered an underlying mechanism
for tinnitus: A tinnitus-inducing drug, quinine, blocks potassium channels and prolongs
AP duration (Lin et al., 1998). More recently, decreased AP broadening was reported at
the calyx synapses in the MNTB of a mouse model of Angelman syndrome (Wang et al.,
2017a), another neurodevelopmental disorder.

A distinct phenotype of FXS is altered electroencephalography (EEG) recording from the
auditory cortex. The specific aspects of EEG that are altered in ~mr1 KO were summarized
recently and their association with acoustic hyperactivity was discussed (Razak et al., 2021).
One underlying mechanism has been attributed to abnormal development of parvalbumin-
expressing inhibitory interneurons, enhanced matrix-metalloproteinase-9 (MMP-9) activity,
and reduced formation of extracellular matrix structures (Razak et al., 2021). Based on

this knowledge, efforts towards normalizing EEG recordings have targeted GABAg agonist
racemic baclofen, CB1 receptor agonist 2-arachidonoyl-sn-glycerol, and MMP-9 inhibitor
minocycline (Lovelace et al., 2020; Pirbhoy et al., 2021; Jonak et al., 2022), among others.
Additionally, the 1C has been identified as another site that contributes to the generation

of cortical EEG alterations as well as more frequent auditory seizures. In Fmr1 KO

mice, developing neurons in the 1C display enhanced responsiveness to tone bursts and
amplitude-modulated tones and broader frequency tuning curves (Nguyen et al., 2020).
Selective FMRP deletion in brainstem neurons (including 1C) resulted in several aspects
(phase-locking) of EEG alterations similar to those observed in Fmr1 KO (Holley et al.,
2022). Interestingly, treating FmrZ KO mice with serotonin-1A receptor agonist weakened
IC activity, reduced seizure, and increased mouse survival (Tao et al., 2022).

Several lines of evidence support an involvement of FMRP in auditory plasticity and critical
periods. For example, the overall level of Kv3.1b was elevated in auditory brainstem
neurons in the MNTB and VCN of wildtype, but not FmrZ KO, mice (Strumbos et

al., 2010). Somatic FMRP immunoreactivity aggregated into large granular structures in

a subset of afferent-deprived NM neurons that died later (Yu et al., 2021), though it

is not known whether the distribution of FMRP-containing granules in NM axons is
affected by activity deprivation. Presynaptic actions of FMRP-regulated synaptic plasticity
were recently identified in the auditory cortex. The developmental strengthening of basal
synaptic transmission and synaptic plasticity in the L4-L2/3 connectivity was accelerated
in Fmr1 KO mice and this effect was associated with reduced GABA receptor a3

unit in presynaptic terminals (Song et al., 2021). Additionally, sound frequency-specific
stimulation-induced reorganization of tonotopic representation was diminished in Fmr1 KO
mice, demonstrating reduced dynamics of the auditory cortex (Kim et al., 2013a).

Supported by FMRP involvement in the development, information processing, plasticity,
and pathology of auditory neurons and circuits, it is reasonable to speculate that FMRP

may underlie other types of hearing problems in addition to FXS. For example, a strong
association of FMRP downregulation and phosphorylation has been established with the
progress of Alzheimer’s disease (Malter et al., 2010; Sokol et al., 2011; Murakami and

Ono, 2022; Wu et al., 2022), in which the auditory system is a key pathological site
(Blackwood et al., 1988; Martorell et al., 2019). Auditory brainstem responses in individuals
with FXS and Fmr1 KO mice display altered threshold and/or peak latencies (Garcia-Pino
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et al., 2017; McCullagh et al., 2020b; Chawla and McCullagh, 2021), suggesting a potential
involvement of FMRP in developmental and age-related hearing loss. Individuals with

FXS are characterized with language learning disabilities and speech sound processing is
compromised in a rat model when FMRP is absent (Engineer et al., 2014; Hagerman et al.,
2017), giving rise to the possibility that FMRP is required in auditory processing for speech
recognition.

7. Open questions

The journey toward understanding FMRP actions at the presynaptic site of synaptic
connectivity assembly and neurotransmission has advanced significantly in the last decade.
In particular, we have observed axonal localization of FMRP, determined cell autonomous
and stage-specific roles for FMRP in axon development and synaptic functions, and
identified several groups of FMRP signals in axon endings. Several questions remain.

1. It appears that FMRP functions similarly in axons and dendrites with respect
to the general mechanisms of mMRNA binding and protein interaction. FMRP
also employs some signals common to both structures, including mGIuR5
signaling, GABA receptors, ion channels, and cytoskeleton proteins. However,
we understand little about how FMRP regulates the large number of presynaptic-
specialized proteins such as presynaptic CAMs, SV-associated elements, and
active zone members, although the evidence supporting the presence of such
regulation is strong. It is interesting to note that FMRP absence consistently
leads to upregulation, but not downregulation, of SV and active zone proteins
identified so far, suggesting that FMRP acts as a translational repressor for
the SV and active zone machinery. Mechanisms underlying the specificity of
FMRP to bind different mRNAs at different locations and stages remain to be
determined.

2. The regulatory mechanisms underlying the developmental profile and circuit-
specificity of FMRP localization in axons warrant further exploration. The
relationship among FXG, phase-separated droplets, and FMRP-associated
neuronal granules remains blurry, as only a selected subpopulation of FMRP
mRNA targets localizes to the axonal FXGs. Understanding this relationship
would provide fundamental knowledge needed for restoring FMRP control of
axonal events by targeting to specific age groups and/or symptoms.

3. The relative contribution of the peripheral and central nerve systems to the
emergence of FXS neuropathology during development is obscure. Sensory
ganglion neurons extend long axons to the brain, providing an experimentally
advantageous and clinically relevant model for investigating FMRP actions in
the axons /n vivo and for determining the contribution of periphery nerve system-
central nervous system interface to psychiatric disorders.

4. The auditory system has been established as a clinically relevant site for
further investigation of FMRP functions including those specialized in axons
and presynaptic terminals. Elaborating the timing and molecular basis of FMRP-
mediated signals in regulating auditory circuit assembly and plasticity would
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advance our understanding of both neural development and auditory dynamics.
Given the wide-ranging impact of auditory problems on social and cognitive
functions (Kral et al., 2016), correcting auditory problems is expected to reduce
the severity of other symptoms in FXS. Additionally, it is important to determine
the degree of FMRP deficits in aging and non-syndromic hearing disorders such
as hearing loss and central auditory processing disorders, which is of potentially
broader clinical impact.
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Highlights

Fragile X mental retardation protein (FMRP) binds a selected set of MRNAs
and proteins to guide neural circuit assembly and regulate synaptic plasticity.

Loss of FMRP is responsible for Fragile X syndrome, a neuropsychiatric
disorder characterized with auditory processing problems and social
difficulty.

FMRP actions in synaptic formation, maturation, and plasticity are site-
specific among the four compartments of a synapse: presynaptic and
postsynaptic neurons, astrocytes, and extracellular matrix.

This review summarizes advancements in understanding FMRP localization,
signals, and functional roles in axons and presynaptic terminals, and
discussed the axonal FMRP in auditory function and disease.
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Figure 2. Axon-related FMRP regulation in the auditory system.

The auditory ascending pathway starts from the auditory ganglion (AG) which innervate
both hair cells (HCs) and ventral cochlear nucleus (or nucleus magnocellularis or NM in
birds) in the brainstem. VCN and NM neurons project to other cell groups within the
brainstem. Acoustic signal is then conveyed from the brainstem to the cortex via inferior
colliculus (IC) and medial geniculate body (MGV). Auditory neurons at all levels of this
pathway express FMRP at high levels, particularly in AG neurons. Within the cortex,

both pyramidal neurons (PNs) and interneurons neurons (INs) require FMRP for their
normal function. GABA receptor a3 unit in presynaptic terminals of INs is reduced in
Fmr1 KO, underlying accelerated synaptic plasticity of PNs. Neural network activity is
enhanced showing increased gamma power of cortical EEG recording. At the brainstem
level, Fmr1 KO leads to enhanced excitatory connectivity to the lateral superior olive
(LSO) and defective organization of inhibitory inputs in the medial nucleus of the trapezoid
body (MNTB). The latter includes delayed tonotopic development and reductions of the
presynaptic machinery as well as weakened neurotransmission. In the avian brain, selective
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FMRP knockout or knockdown in the NM results in altered axon navigation and projection
to its target in the nucleus laminaris (NL). Created with BioRender.com.
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