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Specialized neuronal structures namely 
growth cones, filopodia and spines 

are important entities by which neurons 
communicate with each other, integrate 
multiple signaling events, consolidate 
interacting structures and exchange syn-
aptic information. Recent studies con-
firmed that Transient Receptor Potential 
Vanilloid sub type 1 (TRPV1), alterna-
tively known as capsaicin receptor, forms 
a signaling complex at the plasma mem-
brane and integrate multiple exogenous 
and endogenous signaling cues there. 
This receptor localizes in the neuronal 
growth cones and also in filopodial tips. 
In addition, TRPV1 is endogenously 
present in synaptic structures and 
located both in pre- and post-synaptic 
spines of cortical neurons. Being non-
selective Ca2+-channel, TRPV1 regulates 
the morphology and the functions of 
these structures by various mechanisms. 
Our studies indicated that physical inter-
action with signaling and structural 
molecules, modulation of different cyto-
skeleton, synaptic scaffolding structures 
and vesicle recycling by Ca2+-dependent 
and -independent events are the key 
mechanisms by which TRPV1 regulates 
growth cone, filopodia and spines in a 
coordinated manner. TRPV1 not only 
regulates the morphology, but also regu-
lates the functions of these entities. Thus 
TRPV1 is important not only for the 
detection of noxious stimuli and trans-
mission of pain signaling, but also are 
for the neuronal communications and 
network formation.

Transient Receptor Potential Vanilloid sub 
type 1 (TRPV1), alternatively known as 
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capsaicin receptor, is the founding mem-
ber of the TRPV subfamily.1 TRPV1 acts 
as a non-selective cation channel and is 
important for detection of several physical 
and chemical stimuli.2 Since its discovery, 
a large number of studies have been done 
to characterize this receptor, mostly in the 
context of ionic response, diseases and 
pain signaling.3-8 Although the expression 
of TRPV1 was initially considered to be 
limited to peripheral neurons only, subse-
quent studies confirmed that the expres-
sion of TRPV1 is ubiquitous. It is now 
well-established that TRPV1 in periph-
eral neurons can be activated by several 
noxious physical (like high heat, low pH) 
as well as endogenous and/or exogenous 
chemical stimuli. However, several stud-
ies suggested that importance of TRPV1 
goes beyond detection and integration of 
noxious stimuli, and further transmission 
of these pain signals. Indeed, apart from 
peripheral neurons, TRPV1 has been 
detected in different cells and/or in tissues 
where TRPV1 expression is important and 
relevant for many physiological functions. 
Recent studies confirmed that TRPV1 
is involved in several cellular functions 
and signaling events, metabolic disorders 
and development of diseases including 
cancers.3-8

Our previous studies demonstrated 
that TRPV1 interacts with the tubulin as 
well as with polymerized microtubules.9 
The C-terminal cytoplasmic domain of 
TRPV1 contains two novel tubulin-bind-
ing motif sequences which are character-
ized by the presence of positively charged 
amino acid residues.10 The C-terminal 
cytoplasmic domain of TRPV1 not only 
interacts with tubulin dimer, it modulates 
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the axonal guidance. In this context, it is 
important to mention that so far few other 
TRP channels has also been reported at 
the growth cone structures where they 
play important roles in terms of axonal 
guidance and migration.20-26

Role of TRPV1 in Filopodia  
Initiation and Regulation

Recently we have demonstrated the role 
of TRPV1 in the filopodia initiation, 
elongation and further regulation of filo-
podial dynamics.27 Our studies demon-
strated that activation of TRPV1 induces 
massive filopodial structures. Ectopic 
expression of full-length TRPV1 and/
or even a fragment of TRPV1 can also 
induce cytoskeletal reorganization and 
can induce multiple filopodial structure 
from cell body as well as from the neu-
rites. Though the exact molecular mecha-
nisms underlying this filopodia initiation 
is not clear, non-conventional myosin 
motors may have a role in this process. It 
is worth mentioning that F11 cells which 
ectopically express TRPV1; reveal higher 
expression and altered distribution of 
non-conventional myosin motor proteins, 
namely non-conventional myosin II and 
myosin III.27 Interestingly, the N-terminal 
region of TRPV1 seems to be important 
for filopodia initiation. This is mainly due 
to the fact that the full-length TRPV1 
as well as TRPV1-ΔCt (TRPV1 with 
the N-terminal cytoplasmic domain and 
with the transmembrane regions) induce 
filopodial structures, but TRPV1-ΔNt 
(TRPV1 with the C-terminal cytoplas-
mic domain and with the transmembrane 
regions) fails to induce much of the filo-
podial structures.27 This result suggested 
that the N-terminal region of TRPV1 
forms a supra-molecular signaling com-
plex at the sub-membranous region which 
promotes filopodia formation.

Detailed characterization of these 
TRPV1-induced filopodial structures 
also revealed some important aspects 
which indicated the nature as well as the 
functions of TRPV1 in these structures. 
First, TRPV1 not only localizes at the 
filopodial tips but also reveals specific 
enrichment there (Fig. 1B).27,28 Second, in 
contrast to the common notion of filopo-
dial structural organization, often these 

compared to the 4αPDD-induced micro-
tubule disassembly in TRPV4 express-
ing cells.17 In this context, it is important 
to mention that expression of TRPV1 
in DRG neurons initiates during early 
developmental stages (even in the embry-
onic stages) and expression of TRPV1 
is involve in the differentiation of DRG 
neurons to different lineages.15,18,19 Taken 
together these data suggest that TRPV1 is 
involved the multiple signaling events and 
also involved in process of neuronal con-
nection formation.

Role of TRPV1 in Growth Cone 
Regulation and Axonal Migration

We have detected TRPV at the specialized 
neuronal structures, namely at the growth 
cones. A subset of rat DRG neurons, espe-
cially the IB4-positive neurons are sen-
sitive to RTX and reveal Ca2+-influx.15 
We have demonstrated that activation of 
TRPV1 results in retraction of growth 
cones and further development of multiple 
varicosities due to the rapid loss of micro-
tubule structures in a subset of peripheral 
neurons, namely in IB4-positive DRG 
neurons.15 This proofed that endogenous 
TRPV1 is present in a subset (mostly in 
IB4-positive) of DRG neurons and pri-
marily located at the growth cones and/
or in some regions within the neurites.15 
In agreement with the effect (as visual-
ized by Ca2+-influx) of TRPV1 activation 
noted in primary neurons, a predominant 
localization of TRPV1 can also be seen 
in the growth cones and/or in filopodial 
structures developed from F11 cells, a rat 
DRG-neuron derived cell line (Fig. 1). 
When expressed ectopically in this F11 
cells, TRPV1 is mainly located at the cen-
tral zone (C-zone), in the peripheral zone 
(P-zone) including the filopodial struc-
tures and at the membrane of the growth 
cones. As this central zone represents the 
microtubule plus end structures, presence 
of TRPV1 in this region mostly represents 
dense vesicular distribution of TRPV1 
(discussed later).

Presence of TRPV1 in the growth cone 
is not only important for the Ca2+-influx, 
Ca2+-regulation and Ca2+-signaling, but 
also for sensing of different neuronal guid-
ance cues. Thus TRPV1 helps in chemo-
taxis and also acts as a key regulator for 

the physico-chemical properties of micro-
tubules in vitro too.9 Moreover, microtu-
bule cytoskeleton acts as a key regulator of 
TRPV1 localization, function and signal-
ing events.11 Further studies indicated that 
TRPV1-tubulin complex can also deter-
mine other signaling events. For exam-
ple, interaction of g-aminobutyric acid 
receptor-associated protein (GABA-RAP) 
with TRPV1 is dependent on the tubu-
lin interaction.12 From several studies, it 
is evident that TRPV1 and microtubule 
cytoskeleton not only interact but also 
forms a scaffold at the sub-membranous 
region.11-13 Both TRPV1 and microtubule 
cytoskeleton regulate each other and thus 
share a multi-directional crosstalk which 
is important for several cellular signaling 
and functions.

Activation of TRPV1 Results  
in Cytoskeletal Reorganization

In addition to the physical interaction, 
TRPV1 regulates cytoskeletal dynam-
ics and activation of TRPV1 results in 
rapid reorganization of cytoskeleton.14-16 
Specifically, activation of TRPV1 by 
RTX (Resinifera toxin, a potent agonist 
of TRPV1) induces in rapid disassembly 
of dynamic microtubules. This results in a 
sudden loss of the anterograde force which 
maintains the cellular shape and structure. 
In contrast, the integrity of the actin fila-
ments and neurofilaments remain intact 
after TRPV1 activation.14 In agreement 
with this imbalance in anterograde and 
retrograde forces, activation of TRPV1 
induces morphological changes and results 
cell retraction. Activation of TRPV1 also 
results in retraction of growth cones and 
further varicosity formation all over the 
neurites, specifically in IB4-positive Dorso 
Root Ganglion (DRG) neurons devel-
oped from embryonic mouse or adult rat. 
Thus, this kind of rapid reorganization of 
cytoskeleton is an important mechanism 
by which TRPV1 expressing neurons and 
other cells can regulate their structure 
and motility.15 This rapid reorganization 
of microtubules seems to be a common 
mechanism for other TRPVs too as activa-
tion of TRPV4 by 4αPDD also results in 
growth cone retraction.17 However, RTX-
induced microtubule disassembly is fast 
enough in TRPV1 expressing cells when 
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suggest that within spine, TRPV1 has a 
role in maintenance of spine length and 
morphology. We also noted that activa-
tion of TRPV1 alters vesicular recycling 
in TRPV1 expressing cell population as 
well as in the specific structures including 
filopodia. Using F11 cells as a model sys-
tem we demonstrated that TRPV1 acti-
vation leads to rapid vesicle fusion within 
the filopodial structures. This result 
agrees both with the general concept of 
Ca2+-influx mediated exocytosis and with 
the previously reported TRPV1-medaited 
neurosecretion.28

Though these results suggest that within 
the synaptic structures, TRPV1 forms 
different molecular complexes, detailed 
characterization of these complexes, and 
their exact occurrence in the synaptic 
structures and better understandings 
about their regulations are still required. 
We also noted that activation of TRPV1 
by N-arachidonoyl-dopamine (NADA, 
an endogenous agonist of TRPV1) results 
in rapid elongation of spines and this 
elongation can be effectively blocked 
by 5'-iodoresiniferatoxin (5'-I-RTX, an 
antagonist of TRPV1).28 These results 

TRPV1-induced filopodial tips lack con-
siderable amount of actin. This indicates 
either less actin polymerization there and/
or more retrograde motion of the actin 
polymers towards the filopodial base. 
Third, in agreement with the physical 
interaction of TRPV1 with the tubulin, 
a significant number of these filopodial 
structures reveal presence of polymerized 
microtubules within the filopodial stalk. 
Within these structures, polymerized 
microtubule can even be immunostained 
by antibodies specific for acetylated tubu-
lin.27 Presence of this post-translation-
ally modified tubulin suggests that the 
live-span of the microtubule filaments 
within these filopodial structures are long 
enough. However, most important aspect 
of these filopodia is that the tips contain 
several synaptic vesicular and scaffold-
ing proteins. Some of these filopodial 
tips even reveal fast uptake of FM4-64 
dye there. These tips are also involved in 
the cell-to-cell contact formation. Taken 
together, all these results suggest that the 
TRPV1-induced filopodial tips have syn-
aptic properties and may have a role in the 
synapse formation (Fig. 1C).

Presence of TRPV1  
in the Synapse

Recently, several studies have speculated 
the involvement of TRPV1 in the synap-
tic transmission.29,30 In agreement with 
those observations; we have detected 
TRPV1 both in pre- and post-synaptic 
sites.28 This is due to the fact that TRPV1 
co-localizes with pre-synaptic marker pro-
teins like Bassoon, post-synaptic protein 
PSD-95 and with Prosap, a protein exclu-
sively present in the post-synaptic den-
sity. In addition, we have demonstrated 
that TRPV1 is present in the biochemi-
cal preparation of synaptic structures, 
namely in the synaptosomal fraction and 
also in the post-synaptic density (PSD) 
fraction.28 This biochemical analysis 
demonstrated that in the PSD fraction, 
a portion of TRPV1 is present as SDS-
PAGE-resistant dimeric entities suggest-
ing that it forms tight complexes there. 
Surprisingly, in the synaptosomal frac-
tion, a smeary appearance of TRPV1 is 
observed. This is highly suggestive for the 
presence of glycosylated TRPV1 there. 

Figure 1. TRPV1 co-localizes in specialized neuronal structures. (A) TRPV1 localizes in the growth 
cone of neurons. Shown are the confocal images of a F11 cell expressing TRPV1 (green) and im-
munostained for tubulin (red). Scale bar 5 μm. (B) Induction of filopodia and specific localization 
of TRPV1 at these filopodial structures are common features observed when TRPV1 is expressed 
ectopically in F11 cells (also in many other cell lines). A large number of these filopodial structures 
show a distinct bulbous ‘head’ on a thin ‘neck’. TRPV1 is often localized in the stalk and become 
enriched at the filopodial tips (indicated by arrows), mostly due to active transport to the tips. 
Intensity profile (shown in a rainbow scale) is shown in right. Scale bar 5 μm. (C) Majority of these 
filopodial structures are involved in cell-to-cell contact formation. Scale bar 10 μm. (D) TRPV1 is lo-
calized at the pre- as well as in post-synaptic structures. Shown are the confocal images of cortical 
neurons immunostained for TRPV1 (green) and Bassoon (Red). Distinct punctate immunoreactiv-
ity of TRPV1 in the synaptic structures is indicated by arrows. Scale bar 5 μm.
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Transportation of TRPV1  
in Neurons

We have noted that TRPV1 is transported 
to the neuronal ends by different entities 
(Fig. 2A). Within the neurite, a fraction of 
TRPV1-GFP has been detected as diffuse 
staining which recovers fast after photo-
bleaching. Thus, this diffuse pattern of 
TRPV1-GFP mostly matches well with 
cytoplasmic and/or small vesicular distri-
bution of TRPV1. However, TRPV1-GFP 
can also be detected in structures which 
are different in size, mobility and in recy-
cling properties.28 Many of these entities 
are relatively bigger than conventional 
vesicles. Often these structures reveal sal-
tatory movement within the neurites, i.e., 
they move very fast for a short duration 
and then remain paused for a long time.28 
While at pause, some of these entities can 
uptake FM4-64 dye rapidly indicating 
fast recycling events there.28 In addition, 
most of these entities reveal presence of 
either pre- or post-synaptic proteins. We 
have also noted co-movement of TRPV1-
GFP with other synaptic proteins, namely 
synaptophysin-mCherry via these enti-
ties. Therefore, some of these entities 
reveal characteristics which match well 
with the cytoplasmic transport packets 
(CTPs) (Fig. 2). We noted that activa-
tion of TRPV1 results movement of these 
CTPs within the filopodial structures.28 
We also observed a fast translocation of 
TRPV1-GFP to the plasma membrane of 
growth cones immediately after addition 
of NADA (Fig. 2B).15,28 This is mostly 
due to the translocation and subsequent 
fusion of readily available vesicles con-
taining TRPV1-GFP. In addition to this 
rapid translocation, movement of indi-
vidual CTPs containing TRPV1-GFP 
and Synaptophysin-mCherry from the 
central zone of growth cone towards the 
filopodial membrane has been observed 
(Fig. 2B). Though the exact reason is not 
clear, often we noted that a same trajec-
tory is followed during the movement 
of these individual CTPs. In a similar 
manner, we have detected fast fusion of 
CTPs at the base of the filopodia and 
further movement of these CTPs within 
the filopodia. This vesicular fusion seems 
to be important for the filopodia elonga-
tion as this elongation needs rapid supply 

Figure 2. Distribution and movement of TRPV1 via different types of synaptic vesicles. (A) Dis-
tribution of TRPV1-GFP in different population within a neurite. Show are the live cell confocal 
images of a neurite developed from F11 cell expressing TRPV1-GFP (green) and Synaptophysin-
mCherry (red). TRPV1-GFP is detected in different groups: (1) A diffused pattern which is mostly 
cytoplasmic and recovers fast from all sides after photo-bleaching (indicated by pink arrow), (2a 
and b) medium- and small-sized particles that move uninterruptedly with an average speed and 
travels long distance (indicated by red arrows respectively), (3a and b) the small particles located 
at the base of the existing filopodia and can move fast within the filopodial structures after activa-
tion (indicated by white arrows respectively), (4) medium-sized (indicated by blue arrow) particle 
which mostly stay at the inner side of the neuritic membrane but do not move. This population 
uptake FM4-64 dye rapidly, (5) some of the much bigger entities (indicated by a dark blue ar-
row and a marked region) generally remain immobile for a long time and show only flickering. 
These bigger particles can move all of a sudden to a short distance and very fast. Some of these 
entities can be categorized as cytoplasmic transport packets (CTP) as these entities fit well with 
the properties of CTPs. Scale bar 5 μm. (B) Shown are the live cell confocal images of a growth 
cone developed from F11 cell expressing TRPV1-GFP (green) and Synaptophysin-mCherry (red). 
Note that activation of F11 cells by NADA (at 90 sec time frame), an endogenous stimulus for TRPV1 
results in rapid translocation of TRPV1-GFP to the plasma membrane (indicated by white arrows at 
120 sec) resulting in sudden increase in the intensity of TRPV1-GFP at the of growth cone membrane. 
Activation also results in selective co-migration of TRPV1-GFP-containing pre-synaptic vesicles 
to filopodial structures (indicated by blue arrows). Often the movement of these vesicles follows 
a distinct route. So far the exact signaling events and the molecular mechanisms which regulate 
this translocation to membrane and movement of vesicles are not known. Scale bar 5 μm.
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of more lipid membranes. However, the 
exact molecular mechanisms which regu-
late the formation and the movement of 
these TRPV1 containing CTPs within the 
growth cone and/or within the filopodia 
are not well understood and further inves-
tigations are required.

Future Outlook and Conclusions

So far several TRP channels including 
other TRPVs have also been detected 
at the growth cones and/or in synaptic 
structures.20-26,31,32 Though the presence 
of TRP channels in growth cone and in 
filopodial structures correlates well with 
several important functions like chemosen-
sation, axonal migration, axonal turning 
and contact formation; still now several 
central questions remain unanswered. 
For example, the exact mechanisms and 
signaling pathways which regulates the 
development of filopodial structures from 
TRPV1 expressing neurites are not clear. 
The molecular factors and the mechanism 
by which the typical “head-like” tip of 
the filopodia is formed and maintained in 
TRPV1 expressing cells are not known. 
In addition, the factors that regulate the 
spacing between two successive filopodia 
are still unknown. Within these struc-
tures, how TRPV1 actually regulates 
the cytoskeletal reorganization and co-
ordinates vesicle recycling that remain to 
explore in future.
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