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Sensory receptor cells are highly specialized to detect 
changes in our external environment. When these cells 
encounter a stimulus, such as light, sound, or pressure, they 
convert this energy into an electrical signal through a process 
known as sensory transduction. The strength of this electrical 
signal, referred to as a graded potential, varies in propor-
tion to the intensity of the stimulus. If the stimulus is strong 
enough, this graded potential can trigger an action potential, 
which then transmits the information to the central nervous 
system for processing. In sensory systems such as vision, 
balance, and hearing, the synapses from receptor cells exhibit 
unique structural and functional attributes. They operate in 
a tonic manner, transmitting graded signals with remarkable 
precision across a wide spectrum of stimulus intensities and 
over extended durations, which demands tight control over 
their mechanisms of neurotransmitter release [1–4].

DISCUSSION

Structural and functional features of ribbon synapses: 
Sensory cells, which utilize ribbon synapses, are specialized 
to continuously and precisely process information from the 
environment. To achieve this, these cells have developed a 
unique structure called the synaptic ribbon at their active 

zones, the sites where neurotransmitters are released. This 
ribbon acts as a scaffold, holding numerous synaptic vesicles 
close to the membrane, ready for rapid and sustained release. 
Such an arrangement is essential for functions such as vision 
and hearing, where signals vary in intensity and require 
fine-tuned, ongoing neurotransmitter release. The presence 
of synaptic ribbons is characteristic of systems that depend 
on graded modulation of vesicle exocytosis [4–7].

While the precise functions of these protein-rich organ-
elles remain unclear, synaptic ribbons provide a structural 
scaffold for holding synaptic vesicles and play an active role 
in their release at the active zone [8–11].

Although synaptic ribbons differ widely in their dimen-
sions, configurations, and quantity across cell types, they all 
consistently feature numerous glutamate-packed synaptic 
vesicles attached to their surface via fine, filament-like 
connectors. On an ultrastructural scale, ribbon synapses are 
distinct from traditional central synapses. At conventional 
synapses, 10 to 100 synaptic vesicles are bunched near the 
plasma membrane at the active zone. In contrast, at ribbon 
synapses, a large number of small clear-core synaptic vesicles 
are anchored by protein filaments to an electron-dense, 
pentalaminar structure, the synaptic ribbon, which is located 
between two active zones situated on either side of the ribbon 
and just adjacent to it [1,6,12–14].
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In traditional synapses, vesicle release follows a strict 
sequence: vesicles move to the active zone, dock via protein 
interactions, and undergo priming. Once calcium rises, fusion 
happens almost immediately. In contrast, at ribbon synapses, 
studies indicate that vesicles tethered to the ribbon are held 
in a prerelease, “primed” state and ready to fuse rapidly in 
a calcium-dependent manner even if they are not docked at 
the membrane. This implies that priming at ribbon synapses 
may precede docking. A summary of structural and func-
tional differences between traditional and ribbon synapses is 
presented in Table 1 [1,9,15–18].

Anatomical and physiological evidence suggests that 
ribbon synapse terminals contain at least three distinct 
pools of synaptic vesicles: the cytoplasmic pool, the ribbon-
associated pool, and the docked pool. Cytoplasmic vesicles 
arrive at the ribbon via passive diffusion or active transport 
pathways. These vesicles appear to contain glutamate and 
incorporate the necessary docking proteins at the active 
zone, making them capable of fusion. Docking is mediated 
by protein–protein interactions involving vesicle-integral 
proteins, proteins concentrated in the active zone membrane, 
and cytosolic proteins [1,19–21].

Given that synaptic ribbons are predominantly found in 
synapses where graded depolarization facilitates continuous 
neurotransmitter release, they are widely believed to enhance 
the availability of vesicles for ongoing transmission. This 
is achieved by acting as a reservoir for vesicles primed for 
release and potentially functioning as a mechanism for trans-
porting and/or timing the delivery of these vesicles to the 
plasma membrane. Supporting this perspective, vesicles asso-
ciated with ribbons remain distinct from cytoplasmic vesicle 
pools in resting synapses but undergo rapid turnover upon 
the opening of calcium channels. Additionally, ribbons may 
serve another, possibly primary, function in certain contexts: 
coordinating the simultaneous release of multiple vesicles 
right at the start of a stimulus [6,13,22–26].

Vesicles situated at the base of the ribbon constitute the 
immediately releasable pool, also known as the readily releas-
able pool. These vesicles are primed for rapid neurotrans-
mitter release, making them ideal for signaling the swift onset 
of stimuli. In contrast, vesicles positioned higher up on the 
ribbon, often referred to as “tethered vesicles,” are part of 
a pool that releases neurotransmitters with slower kinetics, 
termed the slowly releasable pool. This arrangement supports 
continuous or sustained neurotransmission, effectively 
conveying information about both the magnitude and the 
temporal span of a stimulus [27–35].

Ribbon synapses serve as a hallmark of primary sensory 
neurons, found in light-detecting photoreceptors of both the 
vertebrate retina and pineal gland, and in mechanosensitive 
hair cells located in the cochlea, vestibular apparatus, and the 
fish lateral line [4,6,31,36,37].

The retinal ribbon synapses: In the retina, ribbon synapses 
are formed by rod and cone photoreceptors, as well as bipolar 
cells, where they play a crucial role in fine-tuning neurotrans-
mitter release [10,38,39]. Retinal ribbon synapses share many 
molecular components with conventional chemical synapses, 
such as the v-SNARE synaptobrevin 2, the SM-protein 
Munc18-1, and active-zone constituents like RIM and 
bassoon, but differ in key ways: they use slowly inactivating 
L-type calcium channels (instead of N-, P/Q-, or R-type) to 
trigger release, employ the t-SNARE syntaxin 3 rather than 
syntaxin 1, and often lack rabphilin and synapsins, although 
this absence varies between species. These and other key 
proteins associated with ribbon synapses are summarized in 
Table 2 [8,13,40–43]. Another feature distinguishing ribbon 
synapses from classical synapses is the presence of multi-
protein complexes, called Ribeye proteins, as its unique and 
principal component [8].

Photoreceptor ribbons: Rod and cone photoreceptors are 
organized into two distinct regions, the inner segment and the 
outer segment, linked by a slender, immotile cilium [44,45]. A 

Table 1. Structural and functional differences between traditional and ribbon synapses.

Feature Traditional synapses Ribbon synapses
Type of release Phasic (brief bursts) Tonic (sustained)
Active zone Single or few Broad with ribbon
Vesicle priming Follows docking May precede docking
Calcium channels N-, P/Q-type L-type (sustained)
Key proteins Synaptotagmin, SNARE RIBEYE, Bassoon, RIM

This table compares key features of traditional versus ribbon synapses, highlighting differences in neu-
rotransmitter release, active zone structure, vesicle handling, calcium channel type, and associated mo-
lecular components.
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photoreceptor neuron has two distinct extensions: one outer, 
one inner. The outer segment, a specialized structure, is where 
phototransduction occurs: light-sensitive pigments absorb 
photons and induce alterations in the cell’s electrical potential 
across its membrane. From the inner side of the photoreceptor 
cell body, an inner process extends and terminates in a unique 
presynaptic terminal. This terminal houses synaptic ribbons 
within its active zones. Through these ribbon synapses, the 
graded electrical signals triggered by photon absorption in the 
outer segment are constantly relayed to neurons in the inner 
retina [29,44–47].

The inner segment of photoreceptor cells houses ion 
channels that modulate the response to light, alongside the 
cellular components responsible for energy production and 
synaptic transmission. A cluster of many mitochondria sits 
in the outer region of the inner segment just beneath the 
connecting cilium. In darkness, cGMP-gated ion channels 
in the outer segment stay open, allowing a constant influx 
of Na+. The mitochondria generate ATP to fuel the Na+/
K+-ATPase pumps, which use this energy to pump sodium 
out and maintain the ionic balance [47–51]. Mitochondrial 
sequestration of Ca2+ helps isolate calcium fluctuations occur-
ring in the inner segment from those in the outer segment 
[52–55].

In photoreceptors, synaptic ribbons are flat, planar struc-
tures. When viewed in cross-section using electron micros-
copy, they appear as electron-dense bars approximately 30 
nm thick, projecting perpendicular to the plasma membrane, 
extending inward into the cytoplasm, perpendicular to the 
active zone. When ideally sectioned, they display a multilay-
ered structure, typically three layers, with a central electron-
lucent band f lanked by two electron-dense, osmiophilic 
layers. Three-dimensional reconstructions have confirmed 
that these ribbons are plate-shaped, providing a large surface 
area, for instance, about 0.77 μm2 in mammalian rod cells. 
Although they appear long and narrow in single cross-
sectional images (which inspired the term “ribbon”), this 
can be misleading regarding their actual three-dimensional 

form. In spatial reconstructions, they are shown to be broad 
plates running parallel to the plasma membrane for several 
microns, bending into a horseshoe shape around an invagi-
nated portion of the presynaptic membrane, where dendrites 
from horizontal and bipolar cells make contact. These 
horseshoe-shaped ribbons can extend up to 1 μm deep. They 
are anchored to the presynaptic membrane at their base by an 
electron-dense structure called the arciform density, which 
acts like a tether, keeping the ribbon suspended just above 
the membrane. The cytomatrix protein Bassoon is believed 
to play a key role in this tethering, and in its absence, ribbons 
detach and float freely within the cytoplasm of the photore-
ceptor terminal [4,6,8,29,39,56–58].

In mammals, rod photoreceptor synaptic terminals typi-
cally feature a single active zone accompanied by one large, 
flat synaptic ribbon. This ribbon binds approximately 770 
synaptic vesicles, with about 130 vesicles located in a basal 
row at the membrane-anchored end, considered “docked” 
and ready for immediate release. The remaining 640 vesicles 
are “tethered” in more distal rows along the ribbon [29,39]. 
Conversely, cone photoreceptor terminals possess multiple 
active zones and several, usually smaller, synaptic ribbons—
typically 10 to 12 per terminal, although some species have 
up to 50. Individual ribbons in cones are slightly shorter (~1 
μm long, 0.2 μm high) compared to those in rods (~2 μm 
long, 0.4 μm high). However, the total ribbon surface area 
and the number of ribbon-tethered vesicles are significantly 
greater in cones (~2 μm2). For instance, in the cat retina, cone 
synaptic ribbons can bind approximately 3,600 vesicles in 
total, with about 600 docked and 3,000 tethered at more distal 
positions. This indicates that the pool of ribbon-associated 
synaptic vesicles in cone synapses is substantially larger than 
in rod synapses, likely reflecting the higher synaptic demands 
of cones [29,39].

At ribbon synapses, the fusion of synaptic vesicles with 
the presynaptic plasma membrane is initiated by the inflow of 
calcium ions (Ca2+) via voltage-gated calcium channels. These 
channels are predominantly of the L-type variety, known for 

Table 2. Key proteins at ribbon synapses and their structural or functional roles.

Protein Function Localization
RIBEYE Structural scaffold Synaptic ribbon
Bassoon Anchoring ribbon to membrane Arciform density
VGCC (Cav1.4) Calcium influx Near base of ribbon
Tiam1 Rac1 activation, cytoskeletal regulation Putative (needs validation)

This table summarizes major proteins associated with ribbon synapses, highlighting their specific localiza-
tion and functional contributions. The localization of Tiam1 remains putative and requires further experi-
mental validation
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their minimal inactivation and ability to remain open during 
extended periods of depolarization. This characteristic is 
crucial for sustaining continuous neurotransmitter release. 
The voltage-gated calcium channels are strategically posi-
tioned linearly along the ribbon’s long axis, adjacent to the 
arciform density, and are located near the end of the synaptic 
ribbon, anchored to the plasma membrane [6,29,39,59–63].

Ribbon synapses rely on calcium channels that stay 
active during prolonged depolarizations and rapidly respond 
to voltage changes. As a result, the calcium currents at these 
synapses exhibit minimal inactivation, with swift activa-
tion upon depolarization and rapid deactivation once the 
membrane potential changes [6,26,64].

The postsynaptic structure of photoreceptor ribbon 
synapses is notably intricate, as a single photoreceptor must 
distribute its output across multiple parallel pathways that 
concurrently process various types of visual information 
[6,65]. To facilitate this process, glutamate is released at the 
active zones of ribbon synapses. Synaptic vesicles containing 
glutamate are arranged in a hexagonal pattern on the ribbon’s 
surface, each secured by three to five slender filaments that 
tether them to the ribbon [1,34,66].

Glutamate released at ribbon synapses reaches various 
postsynaptic sites, including the dendrites of horizontal cells 
and multiple classes of bipolar neurons. These targets are 
situated at increasing distances from the ribbon and possess 
either ionotropic or metabotropic glutamate receptors, each 
characterized by specific kinetics and affinity suited to their 
function [1,6,67].

Bipolar cell ribbons: Retinal bipolar neurons possess synaptic 
ribbons that are considerably smaller than the elongated 
ribbons found in rod photoreceptors. Despite their diminutive 
size, each bipolar cell contains numerous ribbons, ranging 
from 30 to over 100, depending on the species and specific 
bipolar cell subtype. Due to their compactness, individual 
bipolar cell ribbons can tether approximately 100 synaptic 
vesicles, with around 20 docked at the active zone. This 
limited vesicle pool contributes to the transient nature of 
synaptic output in bipolar neurons, enhancing the detection of 
rapid changes in light intensity. Similarly, cone photoreceptor 
ribbons are smaller than those in rods and may function to 
deliver brief bursts of neurotransmitter release when illumi-
nation decreases. Typically, each bipolar cell ribbon forms 
synapses with a pair of postsynaptic processes, symmetrically 
positioned near the active zone. These dyadic arrangements 
can involve two amacrine cell processes, a combination of 
an amacrine cell process and a ganglion cell dendrite or, less 
commonly, two ganglion cell dendrites. Although this dyadic 

configuration is simpler than the complex synaptic architec-
ture of photoreceptors, it effectively allows a single ribbon to 
transmit signals to multiple postsynaptic targets [1,4,6,68].

Synaptic ribbons attach to specialized presynaptic sites, 
active zones, which are loaded with Cav calcium channels, 
RIM family proteins, and scaffolding molecules such as 
CASK. CASK itself forms complexes with multiple partners, 
including the guanine nucleotide exchange factor TIAM1 
[69,70,71].

To date, no direct immunolocalization studies have 
demonstrated Tiam1 at ribbon synapses. However, its inter-
action with CASK, an essential scaffolding protein at these 
synapses, suggests a potential presynaptic localization near 
the active zone [70,72].

Given the critical role of actin cytoskeleton remodeling 
in maintaining vesicle dynamics at ribbon synapses, Rho 
family GTPases, particularly their upstream activators such 
as Tiam1, represent key candidates for regulating these 
processes. These considerations highlight the importance of 
exploring cytoskeletal regulation and its upstream molecular 
regulators at synapses [73–75].

Cytoskeletal regulation and Rho GTPase signaling at 
synapses: The structural and functional integrity of synapses 
depends critically on the dynamic regulation of the actin 
cytoskeleton. At conventional glutamatergic synapses, 
actin remodeling shapes the presynaptic active zone, vesicle 
trafficking, and postsynaptic density organization. These 
processes are tightly controlled by members of the Rho 
family of small GTPases, mainly Rac1, RhoA, and Cdc42, 
which act as molecular switches orchestrating cytoskeletal 
rearrangements in response to synaptic activity [21,76–78].

Guanine nucleotide exchange factors (GEFs) serve 
as upstream activators of Rho GTPases by promoting 
the exchange of GDP for GTP. Several Rho family GEFs, 
including Kalirin, βPIX, and Tiam1, have been implicated in 
synaptic development and plasticity, particularly at excitatory 
synapses, where they regulate dendritic spine morphology 
and synaptic strength. Given that ribbon synapses share 
certain presynaptic specializations but lack classical post-
synaptic densities, it is plausible that similar GEF-mediated 
signaling cascades modulate their cytoskeletal organization 
and vesicle dynamics [79–81].

Among these GEFs, Tiam1 is of particular interest 
because of its well-established role in Rac1 activation and 
actin cytoskeleton remodeling at excitatory synapses. This 
raises the intriguing possibility that Tiam1 may play a compa-
rable role in regulating the structural and functional plasticity 
of ribbon synapses [82,95].
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Tiam1 protein: T-cell lymphoma invasion and metastasis 
1 (Tiam1) was initially characterized in 1994, identified in 
murine T-lymphoma cell lines, where researchers observed 
not only elevated expression of full-length TIAM1 but also 
various truncated versions [83].

Tiam1 is a Rac1-specific guanine nucleotide exchange 
factor that promotes the exchange of GDP for GTP to selec-
tively activate Rac1. This Rac1 activation orchestrates actin 
cytoskeleton remodeling, which is vital for shaping neuronal 
structure, especially dendritic spine formation during hippo-
campal development, while also affecting cell–cell adhesion, 
directional cell migration, and front–rear polarity. In cancer, 
Tiam1–Rac1 signaling plays a dual role: it can enhance inva-
sive and metastatic behavior through cytoskeletal reorganiza-
tion but, in some contexts, promote adhesion and potentially 
suppress migration. Beyond the cytoskeleton, Tiam1 localizes 
to centrosomes in S-phase cells, maintaining centriole dupli-
cation fidelity by regulating PLK4 degradation via βTRCP—
thus preventing chromosome segregation errors. Finally, 
Tiam1-associated Rac1 activation also supports microtubule 
stability, centrosome positioning, receptor-mediated endocy-
tosis, and general intracellular trafficking processes essential 
for cell division, growth, and survival [84–93].

In retinal bipolar cells, Tiam1 likely plays a key role 
in shaping and sustaining their intricate dendritic arbors, 
thereby affecting how these cells process and relay visual 
information [94,95]. By activating Rac1, TIAM1 triggers 
multiple downstream signaling cascades, such as the PAK–
LIMK–cofilin and WAVE–Arp2/3 pathways, that regulate 
synaptic plasticity and flexibility, which are essential for 
processing changing visual inputs [96–99].

Tiam1 has been shown to function as the Rac1-specific 
GEF that facilitates NT3-driven migration of Schwann cells 
via TrkC signaling. In this pathway, Tiam1 operates upstream 
of Rac1; however, it is not the only Rac1-specific GEF present 
in primary Schwann cells. Ras-GRF2 and mSos1/2 are also 
expressed in these cells and likely contribute to Rac1 activa-
tion [100].

The Rho family of small GTPases now encompasses 
around 20 distinct proteins, which are categorized into seven 
subfamilies: Rho, Rac, Cdc42, Rnd, RhoD, RhoBTB, and 
RhoH. Most members cycle between an active GTP-bound 
state and an inactive GDP-bound state, with this guanine 
nucleotide exchange tightly controlled by regulatory proteins. 
GEFs activate Rho GTPases by promoting GDP-to-GTP 
exchange, while GTPase-activating proteins inactivate them 
by accelerating GTP hydrolysis. Adding further complexity, 
guanine nucleotide dissociation inhibitors bind the inactive 
GTPases and sequester them in the cytosol [101–105].

Beyond Tiam1, several other Rho GTPase regulatory 
proteins have been implicated in excitatory synapse develop-
ment and plasticity. Kalirin and Trio, two paralogous multido-
main Dbl-family GEFs, are key postsynaptic organizers that 
couple synaptic activity to Rac1-mediated actin remodeling. 
Kalirin 7, the predominant neuronal isoform, localizes to 
the postsynaptic density, where it regulates dendritic spine 
morphogenesis and long-term potentiation, while Trio 
contributes to both dendritic and presynaptic organization 
through interactions with active zone proteins [106,107]. 
βPIX (also known as ARHGEF7) represents another critical 
GEF enriched at excitatory synapses; it activates Rac1/Cdc42 
in response to glutamatergic signaling and promotes spine 
maturation and synaptic stability via complexes with GIT1/2 
and Shank proteins [108–110]. In addition, Dock family 
GEFs, such as Dock180 and Dock7, provide an alternative 
Rac/Cdc42 activation pathway, operating in concert with 
ELMO proteins to regulate dendritic spine morphology and 
synaptic connectivity [111,112].

These diverse GEFs share several mechanistic features 
with Tiam1 that may be relevant to ribbon synapse regula-
tion. All converge on Rac1 and, to a lesser extent, Cdc42, 
promoting actin cytoskeletal remodeling at postsynaptic sites 
[106,113]. Like Tiam1, Kalirin and Trio integrate upstream 
synaptic signals, including NMDA receptor activation and 
Ca2+ influx, to couple neuronal activity with structural plas-
ticity [106]. βPIX and Dock family GEFs function in multi-
protein scaffolding complexes (Shank, GIT, ELMO), reminis-
cent of the interactions proposed for Tiam1 [112,113]. These 
shared pathways suggest that Tiam1, together with other 
Rho GEFs, participates in a conserved signaling network 
fine-tuning actin organization, vesicle cycling, and synaptic 
stability, raising the possibility of analogous mechanisms at 
ribbon synapses [6,37].

While Tiam1 shares these mechanistic features with 
other excitatory synapse GEFs, direct evidence for its role at 
ribbon synapses remains limited. Nevertheless, the conserva-
tion of Rac1/Cdc42-mediated cytoskeletal regulation suggests 
that Tiam1 may similarly contribute to actin remodeling and 
vesicle dynamics in these specialized synapses, warranting 
further investigation.

Throughout development, Tiam1 is abundantly present in 
the central nervous system, with its expression persisting into 
postnatal stages. It plays a well-documented role in guiding 
neuronal migration and promoting axon growth both in vitro 
and in living organisms. Within cells, Tiam1 is found in 
dendrites and dendritic spines, concentrating particularly at 
the postsynaptic density [95,114–116].
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Tiam1 plays a pivotal role in tumor biology by shielding 
cancer cells from apoptosis and facilitating tumor angio-
genesis. Its expression is upregulated in various cancers, 
including lymphoma and pancreatic, breast, bladder, and lung 
cancers. Furthermore, Tiam1 overexpression contributes to 
multiple tumor progression mechanisms such as evasion of 
apoptosis, promotion of lymphangiogenesis, and enhanced 
cellular migration processes that are linked to the metas-
tasis of cancers such as breast cancer and nasopharyngeal 
carcinoma. These findings highlight Tiam1 as a promising 
therapeutic target in oncology [117–120].

Tiam1 is upregulated in retinoblastoma and plays a key 
role in its invasive behavior. Researchers knocked down 
Tiam1 in retinoblastoma cell lines (Y79 and Weri-Rb1) using 
pooled small interfering RNAs targeting different segments 
of its messenger RNA. Microarray analysis revealed that 
Tiam1 depletion mainly affected genes involved in actin 
cytoskeleton dynamics, apoptotic signaling, and tumori-
genic pathways. Functionally, cells lacking Tiam1 exhibited 
slower proliferation, had heightened apoptosis, and displayed 
a noninvasive phenotype [121,122].

The human TIAM1 gene, a member of the guanine 
nucleotide dissociation stimulator family that regulates Rho-
type GTPases, is located on YAC 760H5 between markers 
D21S298 and D21S404 at chromosomal band 21q22.1, and it 
may play a significant role in the development or spread of 
malignancies linked to chromosome 21 abnormalities, such as 
the leukemias commonly seen in trisomy 21 [123].

Tiam1 is a large, multidomain protein (Figure 1) that 
begins with a myristoylation site at its N-terminus, followed 
by two PEST motifs. Next comes a composite PH-CC-Ex 
region (including a pleckstrin homology domain, a likely 
coiled-coil segment, and a conserved extra portion), a Ras-
binding domain, and a PDZ domain. These precede the 
catalytic Dbl-homology (DH) domain, which is immediately 
succeeded by another pleckstrin homology (PH) domain and 
a PDZ (PSD-95, Dlg, ZO-1) domain at the C-terminus that 

mediates protein–protein interactions at specific cellular sites 
[115,124].

Tiam1 harbors its essential activity in a tandem DH-PH 
domain at the C-terminus. DH domains, initially discovered 
in the oncogenic diffuse B-cell lymphoma (Dbl) protein and 
yeast Cdc24, roughly span ~250 amino acids and facilitate 
activation of Rho-family GTPases by acting as selective 
GEFs. These DH domains were first recognized due to 
sequence similarity between the transforming gene from Dbl 
and Saccharomyces cerevisiae’s Cdc24. Subsequent studies 
confirmed that both Dbl and Cdc24 serve as specific GEFs 
for the Rho-family GTPase Cdc42 [125,126].

All DH domains are directly followed at their C-terminal 
end by a PH domain, which plays key roles in localization 
and regulation. PH domains are approximately 100–amino 
acid modules commonly found in proteins involved in cell 
signaling and cytoskeletal reorganization. It is now well 
established that PH domains primarily guide their host 
proteins to the plasma membrane by binding specific phos-
pholipids, such as phosphoinositides [125,127,128].

The Tiam1 PDZ domain is a class II protein‐interaction 
module that recognizes C-terminal –X–Φ–X–Φ sequences 
in synthetic peptides, which can act as inhibitors or model 
ligands. PDZ domains are compact (~90 amino acids), struc-
turally comprising six β-strands and two α-helices, and are 
evolutionarily conserved from bacteria to vertebrates. The 
human genome features over 250 PDZ-containing proteins, 
many of which play key roles in cell migration, invasion, 
proliferation, and polarity [92,129,130].

The N-terminal PH domain of Tiam1 directs its associa-
tion with the plasma membrane and drives invasion, unlike 
the C-terminal PH domain; disrupting the N-terminal PH 
domain impairs both cell migration and invasive behavior 
[122].

Conclusions and outlook: Ribbon synapses are highly special-
ized structures that sustain continuous neurotransmitter 

Figure 1. Tiam1 protein domain structure. This figure shows a schematic representation of the Tiam1 protein domains, including the 
myristylation sequence (Myr), PEST sequence, Ras-binding domain (RBD), Dbl-homology domain (DH), C-terminal pleckstrin homology 
domain (PHc), N-terminal PH-CC-Ex domain (PHn-CC-Ex), and PDZ domain.
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release through rapid vesicle cycling and precise cytoskeletal 
regulation. Insights from conventional synapses highlight 
the central roles of Rho GTPases and their regulators, 
including multiple GEFs and GTPase-activating proteins, 
in coordinating actin dynamics, synaptic architecture, and 
vesicle trafficking. Within this broader framework, Tiam1, 
a Rac1-specific GEF, emerges as a particularly compelling 
candidate due to its well-established functions in dendritic 
spine morphogenesis, excitatory synapse development, and 
neuronal polarity. Although direct evidence of Tiam1’s role 
at ribbon synapses remains limited, positioning it within 
the wider context of Rho GTPase signaling provides a more 
balanced and evidence-based perspective.

Future studies should clarify whether Tiam1 is localized 
at ribbon synapse complexes and whether it modulates actin-
dependent processes underlying vesicle tethering, release, and 
recycling. Such investigations, using localization and func-
tional approaches, could establish Tiam1’s contribution to the 
fidelity of sensory neurotransmission in the retina and inner 
ear. Elucidating these mechanisms would not only broaden 
our understanding of ribbon synapse biology but may also 
identify new molecular targets for therapeutic intervention 
in synaptopathies of the eye and ear.

Collectively, these considerations lead to the hypothesis 
that Tiam1, through its interaction with CASK and activa-
tion of Rac1, may regulate actin-dependent vesicle tethering 
and release at the ribbon’s active zone, paralleling its role in 
excitatory synapses of the hippocampus.
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