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VAMP7 regulates constitutive membrane
incorporation of the cold-activated channel TRPM8
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The cation channel TRPMS8 plays a central role in the somatosensory system, as a key sensor
of innocuously cold temperatures and cooling agents. Although increased functional
expression of TRPM8 has been implicated in various forms of pathological cold hypersen-
sitivity, little is known about the cellular and molecular mechanisms that determine TRPM8
abundance at the plasma membrane. Here we demonstrate constitutive transport of TRPM8
towards the plasma membrane in atypical, non-acidic transport vesicles that contain
lysosomal-associated membrane protein 1 (LAMP1), and provide evidence that vesicle-
associated membrane protein 7 (VAMP7) mediates fusion of these vesicles with the plasma
membrane. In line herewith, VAMP7-deficient mice exhibit reduced functional expression of
TRPMS8 in sensory neurons and concomitant deficits in cold avoidance and icilin-induced cold
hypersensitivity. Our results uncover a cellular pathway that controls functional plasma
membrane incorporation of a temperature-sensitive TRP channel, and thus regulates
thermosensitivity in vivo.

TLaboratory of lon Channel Research and TRP Channel Research Platform Leuven (TRPLe), Department of Cellular and Molecular Medicine, University of
Leuven, Herestraat 49 box 802, B-3000 Leuven, Belgium. 2 Institut Jacques Monod, CNRS UMR 7592, University of Paris Diderot, F-75013 Paris, France.
3INSERM ERL U950, Membrane Traffic in Health & disease Group, F-75013 Paris, France. 4 Laboratory for Enteric NeuroScience, Department of Clinical and
Experimental Medicine, University of Leuven, B-3000 Leuven, Belgium. ° Translational Research Centre for Gastrointestinal Disorders, KU Leuven, Herestraat
49 box 701, B-3000 Leuven, Belgium. © Laboratory of Experimental Gynaecology, Department of Development and Regeneration, University of Leuven,
Herestraat 49 box 611, B-3000 Leuven, Belgium. Correspondence and requests for materials should be addressed to T.V. (email:
thomas.voets@med.kuleuven.be).

| 7:10489 | DOI: 10.1038/ncomms10489 | www.nature.com/naturecommunications 1


mailto:thomas.voets@med.kuleuven.be
http://www.nature.com/naturecommunications

ARTICLE

he transient receptor potential (TRP) cation channel

TRPMS plays a central role in thermosensation!. TRPMS

is expressed in a subset of sensory neurons, where it acts as
a direct sensor of cold stimuli and cooling agents such as menthol
or icilin® As a consequence, genetic ablation or
pharmacological inhibition of TRPMS8 leads to specific deficits
in the avoidance of innocuously cold temperatures®=758,
Increased functional expression of TRPMS8 contributes to
pathological cold hypersensitivity and cold allodynia in various
animal models of neuropathic and inflammatory pain®%9,
Oppositely, activation of TRPM8 was shown to mediate the
anaI%esic effect of cooling and menthol in acute or inflammatory
pain®!0, As such, directed manipulation of TRPMS activity may
have therapeutic potential in the treatment of cold dysesthesias in
patients.

In recent years, important advances have been made in
understanding the gating of TRPMS, including mechanisms that
control the changes in open probability of TRPMS in response
to cold or cooling agents!!~!° and its regulation by cellular
signalling pathways'®18, In comparison, knowledge about the
mechanisms that determine the abundance of TRPMS8
at the plasma membrane is sparse, as is the case for most
other TRP channels. Nevertheless, modulation of the number of
active TRP channels at the plasma membrane represents an
important regulatory mechanism under normal and
pathophysiological conditions!®~2!, Moreover, recent research
indicates that acute stimulation of TRPA1 (ref. 22) and TRPMS8
(ref. 23) not only increases the open probability of channels at
the plasma membrane, but can also stimulate incorporation of
new channels through exocytosis. However, the cellular
structures and molecular determinants that govern the
transport of these channels to the plasma membrane are
largely unknown.

SNAREs (soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptors) are transmembrane proteins essential
for the fusion of lipid bilayers?*. VAMP7 (also known as
tetanus neurotoxin-insensitive VAMP or TI-VAMP) participates
in exocytosis of Golgi-derived vesicles?®, retromer-derived
endosomal  vesicles?® and lysosomal-related organelles?’.
VAMP7-deficient mice exhibit a lowered core body tempe-
rature, suggesting a potential role for VAMP7 in thermosen-
sation and/or thermoregulation®®, but a mechanistic link
between VAMP7 function and thermosensation/thermo-
regulation remains elusive.

Here we have combined Total Internal Reflection Fluorescence
(TIRF) imaging with functional and behavioural assays to identify
mechanisms that underlie transport of TRPMS8 to the plasma
membrane. We demonstrate transport of TRPM8 to the plasma
membrane via an atypical vesicular compartment positive for
LAMP1, and provide evidence implicating VAMP?7 in the fusion
of these vesicles with the plasma membrane. Finally, we show that
VAMP7-deficient mice exhibit reduced TRPMS8 activity in
sensory neurons, associated with impaired cold avoidance
behaviour.

Results

Rapid microtubular transport of TRPMS8. To analyse the
near-membrane intracellular transport of TRPMS, we transfected
HEK293 cells and mouse trigeminal ganglion neurons (TGNs)
with a plasmid encoding TRPM8 with mCherry fused to its C
terminus (TRPM8-mCherry), and used TIRF microscopy to
monitor the movement of fluorescent structures in close
proximity of the plasma membrane. In line with earlier work?’,
TIRF imaging revealed a population of highly dynamic vesicular
and tubular structures, which composed the bulk of the
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fluorescent signal (Fig. la). Tracking of XY-position of these
TRPMS structures yielded an average speed of 0.58 + 0.08 ums ~ !
(Fig. 1la—c).

To investigate the nature of the cytoskeletal tracks via which
the dynamic, TRPM8-containing structures move, their number
and speed was compared between vehicle-treated cells and cells
treated with the microtubule-depolymerizing agent nocodazole
or the actin-depolymerizing agent cytochalasin D. Nocodazole
resulted in a virtually complete arrest of the movement of the
punctate TRPM8-containing structures and a strong reduction
in the total number of TRPMS8 structures in the TIRF field
(Fig. 1a-d). In contrast, speed was not affected in cells treated
with cytochalasin D, although we found a slight reduction in
total number of TRPMS8-positive structures. These results
indicate that the TRPMS8-positive structures use microtubules
as the principal track for rapid near-membrane intracellular
movement.

Dynamic co-localization of TRPMS8 with LAMP1. To
characterize the mobile TRPMS8-positive structures, we
co-expressed TRPM8-mCherry along with known markers of
various cellular compartments tagged with green fluorescent
protein (GFP), and quantified co-localization using the dynamic
co-localization score (DCS; see methods®®). As illustrated in
Fig. 2a and Supplementary Movie 1, we observed strong dynamic
co-localization of TRPM8-mCherry and LAMP1-GFP, yielding a
DCS for LAMP1 of close to 100% (Fig. 2b). Dynamic
co-localization of TRPM8 and LAMP1 was unaffected when
TRPMS8 was activated with menthol (Fig. 2b), and was also
observed in neurites of TGN co-expressing TRPM8-mCherry
and LAMP1-GEFP (Fig. 2a). Following treatment with nocodazole,
we found a high degree of overlap of static TRPM8-mCherry and
LAMP1-GFP fluorescence, confirming the validity of our
dynamic co-localization analysis (Fig. 2¢c). A high DCS (~80%)
was also observed for Rab7, whereas little or no dynamic
co-localization (DCS<10%) was detected for all other tested
markers (Fig. 2a,b).

LAMP1-positive vesicles bring TRPMS8 to the plasma membrane.
Since LAMP1 and Rab7 are typically associated with endo-
lysosomal ~ structures®!, we considered that the mobile
TRPMS8-positive punctate structures may be lysosomes involved
in degradation of surplus TRPMS, and that their high abundance
represents an artifact of the heterologous overexpression of the
channel. Several results argue against this idea.

First, strong dynamic co-localization of TRPM8 and LAMP1
(DCS ~100%) was observed (1) when the degree of TRPMS
overexpression was reduced by lowering the amount of
complementary DNA (cDNA) used for transfection (0.33 pg
instead of 1pg; Supplementary Fig. 1; Fig. 2b); and (2) when
cells were imaged after 8 instead of 16 h of transfection (Fig. 2b).
These results indicate that co-localization of TRPMS8 and
LAMP1 is unrelated to the degree or timing of TRPMS8
overexpression.

Second, we tested whether several other heterologously
expressed TRP channels localize to the same mobile structures.
We did not observe any significant dynamic co-localization of
TRPMS8 with either TRPM4 or TRPV2 (Fig. 2b; Supplementary
Movie 2). Moreover, neither TRPM4 and TRPV2 nor the sensory
TRP channels TRPA1 and TRPV1 showed any significant
dynamic co-localization with LAMP1 (Supplementary Fig. 2).
Notably, TRPM3, which also functions as a thermo- and
chemosensitive ion channel in sensory neurons, did show a high
level of dynamic co-localization with LAMP1 (Supplementary
Fig. 2). These data indicate that localization in mobile, LAMP1-
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Figure 1 | Rapid vesicular transport of TRPMS8 via microtubules. (a) TIRF images at consecutive intervals showing the movement of TRPM8-mCherry in
TGN, control HEK293 cells and HEK293 cells treated with nocodazole (30 uM) and cytochalasin D (2 uM). The arrowheads point at moving TRPM8-
positive structures. The rightmost column depicts the movement trace of the structures highlighted by the arrowheads. Scale bar, 10 um. (b) TIRF images
for control, nocodazole-treated and cytochalasin D-treated HEK293 cells illustrating the movement of TRPM8-positive structures in the indicated time
interval, allowing calculation of the movement speed. The arrow indicates the direction and distance of movement. (¢) Average speed of movement of the
TRPM8-positive structures in control (n=26) cells and cells treated with nocodazole (n=20) and cytochalasin D (n=20) following the procedure
depicted in b. (d) Quantification of the density of TRPM8-positive structures in control cells and cells treated with nocodazole and cytochalasin D.
Significance was determined by 1-way ANOVA with Tukey's post hoc test; ***P<0.001.

positive structures is a specific property of a limited number of
TRP channels.

Third, the large majority of the TRPMS8-positive structures
(95.511.9%; n=10) or LAMP1-positive structure (93.3 = 2.5%;
n=>5) observed in the near-membrane zone were not stained by
lysotracker red, a fluorescent dye that selectively stains acidic
lysosomal compartments (Supplementary Fig. 3), indicating that
the luminal pH of these structures is higher than that of classical
lysosomes®2. Note, however, that when observed in the
epi-fluorescence mode, we observed sparse LT red-positive
structures that contained TRPM8-GFP or LAMP1-GFP, which
may represent TRPM8 and LAMP1 residing in acidic lysosomal
structures in areas that are more distal from the plasma
membrane. Comparable results were obtained using the dye
pHrodo red dextran, which selectively accumulates in
endocytotic compartments and whose intensity increases with
acidification of the endocytotic structure (Supplementary Fig. 3).
Moreover, when protein synthesis was blocked using
cycloheximide, we did not observe any time-dependent
decrease in the abundance or fluorescence intensity of the
mobile TRPMS8-positive structures, nor any decrease in
functional TRPMS8 (as observed through Fura-2-based calcium

imaging) (Supplementary Fig. 4). Taken together, these results
suggest that the pool of mobile TRPMS8-positive vesicles
represents a stable compartment rather than a lysosomal
structure targeted for degradation.

To investigate whether the LAMP1-positive mobile structures
transport TRPMS8 towards the plasma membrane, we used TIRF
Recovery after Photobleaching (TIR-FRAP), where we selectively
bleached the fluorescently labelled TRPM8 and LAMP1 in close
proximity of the glass- plasma membrane interface and followed
their recovery after bleaching®® (Supplementary Fig. 5). Following
bleaching, we observed substantial recovery of TRPM8-mCherry
fluorescence in vesicular structures, and these vesicles were
consistently LAMP1-GFP positive (Fig. 3a,d and Supplementary
Movie 3). Similar results were obtained in the presence of
cycloheximide, excluding a potential contribution of rapid local
protein synthesis (Fig. 3c,d). In contrast, fluorescence recovery
was almost completely inhibited by pretreatment with nocodazole
(Fig. 3b,d). Comparable results were obtained in transfected TGN
after 96 h in culture, at a time where these neurons develop long
neurite extensions, and represent a simplified in vitro model for
axonal transport’’. When the neurite tip was bleached,
substantial fluorescence recovery was observed via TRPM8- and
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Figure 2 | TRPMS8 colocalizes with LAMP1 and Rab7 in mobile vesicles. (a) Dual-colour TIRF images at consecutive intervals showing the movement of
TRPM8-mCherry (red) along with the indicated GFP-coupled marker proteins (in green) following co-expression in HEK293 cells or TGN. The arrowheads
point at moving structures whose movement is tracked in the rightmost column. Scale bar, 5 um. (b) Quantification of dynamic co-localization of TRPM8-
mCherry with the indicated GFP-coupled proteins in HEK293 cells using the dynamic co-localization score (DCS). Data are shown as mean s.e.m.
(SPCA1, Caveolin, EEA1, Rab4, TRPV2, TRPM4 and TRPM8-GFP: n=6 cells; Clathrin and Rab4: n=_8; Rab7, n=9; Rab11 and VSVG: n=12). DCS for
LAMP1 was determined under control conditions (n=40), during a 5-min stimulation period with 50 uM menthol (n=6), at 8 instead of 16 h post
transfection (n=38) and after reduction of the expression level of TRPM8-mCherry (n=6), as quantified in Supplementary Fig. 1. (¢) Dual-colour TIRF
images showing a high degree of static co-localization of TRPM8-mCherry and LAMP1-GFP following treatment with 30 uM of nocodazole. Scale bar, 5 pm.

LAMPI1-positive vesicles transported from the cell body towards correlated (Fig. 3f,g). Taken together, these results indicate that
the tip of the neurite (Fig. 3e). While the time course of TRPMS8- and LAMPI1-positive mobile vesicles transport TRPMS8
fluorescence recovery was variable between cells, recovery of from within the cell towards the plasma membrane via
LAMPI1-GFP and TRPMS8-mCherry was highly temporally microtubules.
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Figure 3 | TRPM8 approaches the plasma membrane in LAMP1-containing vesicles. (a) Dual-colour TIRF images showing TRPM8-mCherry and LAMP1-
GFP before bleaching of the near-membrane zone and at the indicated times of recovery. Scale bar, 10 um. (b,c) Same experiment as a but in cells
pretreated with 30 uM nocodazole (b) or 100 uM Cycloheximide (c). Scale bar, 10 um. (d) Quantification of post-bleach recovery of the density of
structures with dynamic co-localization of mCherry and GFP in HEK293 cells, normalized to cell surface area. n==6 cells for each condition. (e) Time-
dependent recovery of TRPM8-mCherry and LAMP1-GFP following selective bleaching of the tip of the neurite of a TGN. Scale bar, 10 um.

(f) Representative example of the time course of recovery of TRPM8-mCherry and LAMP1-GFP fluorescence following photobleaching of a neurite tip.
(g) Correlation of the recovery of TRPM8-mCherry and LAMP1-GFP fluorescence at neurite tips. Each data point represents the fluorescence in both
channels at a single time point following bleaching, normalized to the steady-state fluorescence. Different symbols represent different neurons. The dotted

line represents the line of equality.

TRPMS is associated with the vesicular SNARE protein VAMP?7.
present i
fusion
We found strong dynamic

The vesicular SNARE protein VAMP7 is
LAMPI-positive  structures and mediates
with the plasma membrane®.

their

co-localization of TRPM8-mCherry with VAMP7-GFP,
whereas VAMP2, which is typically associated with synaptic
vesicles’®, showed a clearly distinct distribution pattern
(Fig. 4a,b).
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Figure 4 | Dynamic co-localization of TRPM8 with the vesicular SNARE VAMP7. (a) Dual-colour TIRF images at consecutive intervals showing the

movement of TRPM8-mCherry (red) along with VAMP2-GFP or VAMP7-GFP following co-expression in HEK293 cells or TGN. The arrowheads point at
moving structures whose movement is tracked in the rightmost column. Scale bar, 5 um. (b) Quantification of dynamic co-localization of TRPM8-mCherry
with VAMP2-GFP or VAMP7-GFP in HEK293 cells. n=8 cells for each condition. (¢) TIR-FRAP experiment illustrating the recovery of TRPM8 in VAMP7-
positive vesicles. Scale bar, 10 um. (d) Quantification of dynamic co-localization of TRPM8-mCherry and VAMP7-GFP at the indicated time points after

bleaching in HEK293 cells. n=7 cells.

In TIR-FRAP experiments, we found dynamic co-localization
of VAMP7-GFP and TRPM8 in mobile structures that
repopulated the evanescent field following photobleaching
(Fig. 4c,d; Supplementary Fig. 5; and Supplementary Movie 4).
While these results demonstrate that TRPM8 and VAMP?7 are
together in structures that approach to the glass—plasma
membrane interface, they do not indicate whether these
structures are exclusively intracellular vesicles or also include
vesicles that actually fuse with the plasma membrane, either fully
or transiently’’. To investigate this possibility, we expressed
TRPMS- mCherry together with VAMP7 tagged with the ecliptic
pHluorin at its luminal C terminus (VAMP7-pHluorin)?®.
Ecliptic pHluorin exhibits GFP-like green fluorescence at pH
7.4, but its fluorescence emission on excitation at 488 nm
becomes almost completely quenched at pH <6.5. When cells
were bathed in the standard NaCl-based extracellular solution
(pH 7.4), TIRF imaging revealed a strong VAMP7-pHluorin
signal in TRPMS8-positive mobile structures, confirming our
above-described findings that these structures are not acidic
(Fig. 5a). To selectively quench the VAMP7-pHluorin in
intracellular vesicles, cells were superfused with a solution
containing Na-acetate (30mM; pH= 74), which causes
acidification of intracellular compartments®®. This resulted in a
rapid quenching of VAMP7-pHluorin ﬂuorescence to 50 £ 2% of
the pretreatment level, whereas TRPM8-mCherry remained
stable (97 +6% of pretreatment level) (Fig. 5a,c). Notably,
the acetate treatment caused loss of pHluorin fluorescence in
only a subset of VAMP7-pHluorin- and TRPM8-mCherry-
positive structures, whereas other VAMP7-pHluorin- and

6

TRPM8-mCherry-positive structures were insensitive to acetate
treatment. Subsequent acidification of the extracellular solution to
pH 5.5, in the continuous presence of acetate, resulted in almost
total quenching of the VAMP7-pHluorin signal (18 3% of
pretreatment level), whereas the TRPMS8-mCherry signal
sustained (83+6% of pretreatment level) (Fig. 5a,c). The
quenching effects of acetate and low pH on the VAMP7-
pHluorin signal were rapidly reversible on washout. Moreover, we
found that rapid extracellular acidification of the NaCl-based
solution from pH 7.4 to 5.5, resulted in an immediate and
reversible loss of part of the VAMP7-pHluorin signal from loci
where it colocalized with TRPM8-mCherry (Fig. 5b,d), whereas
other VAMP7-pHluorin- and TRPMS8-mCherry-positive
structures were insensitive to extracellular acidification. These
results indicate that TRPM8 colocalizes with VAMP7, both in
non-acidic intracellular vesicles as well as in membrane regions
that are accessible to the extracellular medium.

Next, we used TIR-FRAP to further distinguish distinct types
of TRPMS-positive structures repopulating the evanescent
field following photobleaching. We analysed fluorescence of
VAMP7-pHluorin- and TRPM8-mCherry in concentric and
equally spaced bands covering the entire footprint of the cells
from the centre to the periphery®’, and found that the time
dependence of fluorescence recovery following photobleaching
was relatively constant in the different bands (Supplementary
Fig. 6). These results indicate that fluorescence recovery mainly
occurs from inside the cell towards the plasma membrane rather
than through lateral diffusion from non-bleached areas of the
plasma membrane’?. After a 150-s recovery period, the standard
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Figure 5 | TRPM8 and VAMP?7 colocalize in intracellular vesicles and at the plasma membrane. (a,b) Dual-colour TIRF images showing TRPM8-
mCherry and VAMP7-pHluorin co-expressed in HEK293 cells, when perfused with the indicated extracellular solutions. The double arrowheads illustrate
the co-expression of TRPM8-mCherry and VAMP7-pHIluorin on the cell surface (inset). Scale bar, 10 pm. (¢,d) Quantification of total TIRFM fluorescence
intensity of TRPM8-mCherry and VAMP7-pHluorin during application of the indicated extracellular solutions. The fluorescent intensities are normalized to
the intensity just before switching to solution 2 (¢) or solution 4 (d). Data are shown as mean+s.e.m.

extracellular medium was replaced by acetate solution (pH 7.4) to
specifically acidify intracellular compartments, allowing the
discrimination of three distinct structures (Fig. 6a-f).

A first type included structures in which VAMP7-pHluorin
was rapidly quenched by acetate, while TRPM8-mCherry
fluorescence was sustained (Fig. 6¢). We interpret these structures
as intracellular vesicles containing pHluorin in their lumen.

A second type included structures where both TRPMS-
mCherry and VAMP7-pHluorin remained stable in response to
the acetate treatment (Fig. 6d). We interpret these as structures
that are in contact with the extracellular space, and hence not
acidified by acetate treatment.

Third, we also identified events indicative of exocytosis of
individual TRPM8- and VAMP7-positive vesicles. In particular,
under this experimental condition, we regularly (0.10+0.01
events per s per cell) observed incoming punctate structures that
initially appeared only in the red (mCherry) channel, and
suddenly also acquired green (pHluorin) fluorescence (Fig. 6e,f).
The initial absence of green fluorescence indicates that these
structures represent intracellular vesicles, whose lumen is
acidified by the acetate, thus quenching the pHluorin. On
fusion with the plasma membrane, the lumen of these
vesicles becomes continuous with the extracellular solution at
pH 7.4, resulting in a rapid de-quenching of VAMP7-pHluorin
and appearance of green fluorescence. We observed events
where the increase in green fluorescence was either transient
(Fig. 6e) or more sustained (Fig. 6f). The former is in line with
formation of a transient fusion pore between vesicle and

plasma membrane, whereas the latter may represent sustained
fusion’’.

At the end of the experiment, residual VAMP7-pHluorin
fluorescence was fully quenched by reducing the extracellular pH
to 5.5 (Fig. 6a,b). Overall, these data provide direct evidence for
the constitutive fusion of TRPM8- and VAMP7-positive vesicles
with the plasma membrane.

Taken together, the above results establish that TRPM8 and
VAMP?7 are colocalized in intracellular vesicles that constitutively
traffic to and fuse with the plasma membrane. In a recent study,
Toro et al?® reported that menthol stimulation of TRPMS-
expressing F11 cells caused rapid recruitment of functional
channels to the plasma membrane. In our experiments, we found
that, like in HEK293 cells and TGN, TRPM8-mCherry expressed
in F11 cells dynamically colocalizes with both LAMP1 and
VAMP7 (Supplementary Fig. 7 and Supplementary Movie 5).
However, we never observed any significant menthol-induced
increase of TRPMS8-fluorescence in near-membrane field in F11
cells (Supplementary Fig. 8). One possible explanation for this
apparent discrepancy may lie in the analysis and interpretation of
the TIRF measurements. In this respect, we note that Toro et al.??
performed TIRF imaging using a longer characteristic penetration
depth (170nm; compared with 90nm in this study), and
interpreted all increases in fluorescence in this evanescent field
as fusion events. However, our results using pHluorin indicate
that this interpretation is not fully correct, since a large fraction of
the TRPMS-positive structures in the near-membrane remains
intracellular (Figs 5 and 6).
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Figure 6 | Vesicles containing TRPM8 and VAMP7 fuse with the plasma membrane. (a) Time course of total pHluorin and mCherry fluorescence
following bleaching of the perimembrane area in normal extracellular solution at pH 7.4 (1), in acetate-containing solution at pH 7.4 (2), and in acetate-
containing solution at pH 5.5 (3). (b) TIRF images obtained at the indicated time points. Scale bar, 5 um. Boxed area indicate the regions analysed in € and
d. (¢) (left) TIRF images for boxed area (i) taken at the indicated time points. Frame dimension in ¢-f is 3 x 3 um. (right) Mean fluorescence time course of
structures that show similar acetate-induced quenching of green fluorescence, indicating localization of pHluorin in the lumen of an intracellular vesicle.
(d) (left) TIRF images for boxed area (ii) taken at the indicated time points. (right) Mean fluorescence time course of structures that show similar
insensitivity to acetate-induced quenching, indicating localization at the plasma membrane. (e f) Individual vesicle fusion events observed in acetate-
containing solution at pH 7.4, characterized by a sudden and transient (e) or more sustained (f) appearance of pHluorin fluorescence.

VAMP7 regulates the number of active TRPM8 channels. The
above findings raised the possibility that VAMP7 regulates the
abundance of TRPMS at the plasma membrane, as a vesicular
SNARE involved in the exocytosis of TRPM8-positive vesicles. To
investigate this, we first performed Fura-2-based calcium imaging
in HEK293 cells expressing TRPM8-mCherry along with either
wild-type (WT) VAMP7, cytosolic GFP (control) or the N ter-
minus of VAMP7 (VAMP7yer). The VAMP7yter, also known as
Longin domain, acts as a specific inhibitor of VAMP?7 function by
binding to the SNARE domain and thus preventing association
with t-SNAREs*>*0, At room temperature, TRPMS8-expressing
cells typically show a high basal [Ca’?*]; compared with
non-transfected HEK293 cells, due to significant TRPMS8
activity at temperatures below 30°. In cells co-expressing WT
VAMP7, we measured a 51gn1ﬁcantly higher basal [Ca?™];
compared with cells co-expressing cytosolic GFP, whereas cells
co-expressing VAMP7yy., exhibited a reduced basal [Ca? ],
(Fig. 7a,b). Moreover, responses to menthol were increased in
cells expressing WT VAMP7 and decreased in cells expressing
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VAMP7 ey (Fig. 7a,c,d). To examine whether the different
calcium responses could be due to differences in protein
expression, we quantified TRPM8-mCherry fluorescence as a
direct measure of total cellular TRPMS. Surprisingly, average
cellular TRPM8-mCherry fluorescence in cells expressing WT
VAMP7 was ~ 25% lower than in control cells and ~40% lower
than in cells expressing VAMP7y., (Fig. 7e). Based on this result,
we can exclude that the observed differences in TRPM8-mediated
intracellular Ca?* signals merely reflect changes in protein
expression of TRPMS. Instead, the combination of lower
total TRPM8-mCherry signal with higher functional
TRPM8-mediated responses in the VAMP7-overexpressing cells
suggests that VAMP7 enhances functional incorporation in the
plasma membrane.

Next, we performed patch-clamp experiments to directly assess
the influence of VAMP7 on functional TRPMS8 expression and
gating. Whole-cell currents were measured at room temperature,
yielding typical voltage-dependent, outwardly rectifying currents.
Compared with the GFP control, the current amplitude was
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Figure 7 | VAMP7 regulates plasma membrane expression of functional TRPMS. (a) Time course of [Ca?t]; in HEK293 cells expressing TRPM8-
mCherry along with either VAMP7-GFP (n=727), VAMP7\ter-IRES-GFP (n=383) or IRES-GFP (n=627) as well as non-transfected cells showing the
effect of application of 50 uM menthol. (b) Comparison of basal [Ca2t 1, (¢) Comparison of the menthol-induced rises in [Ca2* 1;. (d) Comparison of the
rates of the menthol-induced rise in [Ca2* 1, (e) Mean total mCherry fluorescence of TRPM8-mCherry-expressing cells when co-expressed either with
VAMP7-GFP, IRES-GFP or VAMP7e-IRES-GFP. (f) Representative examples of whole-cell currents in HEK293 cells expressing TRPM8-mCherry along
with VAMP7 (n=39), GFP (n=51) or VAMP7\ter (n=27) in response to 100-ms voltage steps to potentials ranging from —120 to +160mV (20 mV
spaced) from a holding potential of 0 mV, followed by a voltage step to +60mV. (g) Comparison of the steady-state TRPM8 current amplitudes at
+160 mV, normalized to the mean amplitude in control (GFP-expressing) cells. (h) Voltage for half-maximal activation (V;,,), obtained from voltage steps
as in panel f. (i) Exponential time constant for current relaxation at 4160 mV. (j) Representative traces showing [Ca2 T ]; in mouse VAMP7 =/~ TGN in
response to menthol (50 uM), mustard oil (MO; 50 uM) and high K™ (50 mM) solution. TRPM8-positive neurons (blue trace) could be identified by
inhibition of the menthol response by AMTB (2 uM). (k) Percentage of total VAMP7 */+ and VAMP7 =/~ TGN neurons that exhibited a response to
menthol that was fully and reversibly blocked by AMTB (Me-AMTB) or responses to MO, capsaicin (1uM) and cold (10 °C). In total, 1,372 VAMP7 +/+
and 1,057 VAMP7 ~/ ~ neurons were investigated from 6 animals per genotype. (I) Representative traces showing [Ca? T 1; in mouse VAMP7 7~ TGN in
response to cold, capsaicin and high K+ solution. (m) Percentage of the capsaicin-insensitive VAMP7 */+ and VAMP7 =/~ TGN neurons that exhibited a
response to cold. (n) Average cold response in capsaicin-insensitive VAMP7+/+ and VAMP7 =/~ TGN neurons. Significance was tested using one-way
ANOVA with Tukey's post hoc test (b-e and g-i), two-sample independent t-test (n) or Fisher's exact test (m). *P<0.05, **P<0.01.
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significantly increased by co-expression of WT VAMP7, and
decreased by VAMP7y; (Fig. 7f,g). Importantly, WT VAMP7
and VAMP7y., did not affect the voltage for half-maximal
activation (Vy;,) or the exponential time constant for current
relaxation at + 160 mV, suggesting that channel gating was not
altered (Fig. 7h,i).

We also evaluated whether other TRP channels exhibit
VAMP7-dependent regulation, and focused on three other
sensory channels, TRPV1, TRPA1l and TRPM3. Using TIRF
microscopy, we found a high degree (86 +6%) of dynamic co-
localization of TRPM3-mCherry with VAMP7-GFP, whereas
less than 20% of TRPAIl-positive structures showed dynamic
co-localization with VAMP7, and no co-localization was observed
for TRPV1 (Supplementary Fig. 9). The differential co-localiza-
tion of these TRP channels was mirrored by differential
modulation of their functional responses by VAMP7. Indeed,
we measured a robust potentiation of the TRPM3-mediated
response to the agonist pregnenolone sulphate by WT VAMP7, as
well as a strong inhibition by VAMP7e; (Supplementary Fig. 9).
In contrast, in the case of TRPA1 and TRPV1 we did not observe
any significant effect of WT VAMP7 on calcium responses to
their respective agonists mustard oil and capsaicin; VAMP7ye,
had a mild inhibitory effect on TRPA1 (Supplementary Fig. 9).

It is well-established that TRPMS is highly expressed in a
subset of sensory neurons>®*!, Using quantitative real-time PCR,
we additionally detected prominent expression of VAMP7,
LAMP1 and Rab7 in isolated dorsal root ganglia (DRG) and
TG (Supplementary Fig. 10). To evaluate whether VAMP?7 affects
functional expression of endogenous TRPMS in sensory neurons,
we performed intracellular Ca?™t measurements in TGN
isolated from VAMP7+/* (WT) and VAMP7 ~/~ mice. First,
to specifically identify TRPM8-expressing neurons, we applied three
successive menthol stimuli (50 M) and included the TRPMS-
specific blocker (N-(3-Aminopropyl)-2-[(3-methylphenyl)methoxy]-
N-(2-thienylmethyl)benzamide hydrochloride; 2uM) during the
second menthol stimulus. We found that ~14% of WT TGNs
exhibited a response to menthol that was fully and reversibly
blocked by AMTB. Neurons exhibiting this response profile were
considered TRPM8 ™ neurons. Importantly, the fraction of
TRPM8 ' neurons was significantly reduced to 6% in
VAMP7 ~/~ mice (Fig. 7j,k). Note that, both in WT and
VAMP7 =/~ mice, we found neurons that exhibited AMTB-
insensitive responses to menthol (Fig. 7j). These responses
occurred exclusively in the subset of neurons that also exhibited
robust responses to the TRPAl-agonist mustard oil, and thus
most likely reflect the known moderate agonistic action of
menthol on TRPAI (ref. 42). We found that ~40% of the
WT neurons responded to mustard oil, and the percentage
mustard oil responders was similar in VAMP7 ~ mice.
Likewise, we did not find differences between WT and
VAMP7 ~/~ neurons with respect to the fraction of responders
to the TRPV1 agonist capsaicin. These data indicate that function
of both TRPV1 and TRPAL is not significantly affected by the
VAMP?7 deficiency.

Next, we compared TGN from WT and VAMP7 ~/~ mice
with respect to their responsiveness to a cold stimulus. In line
with earlier work?>*4, we found that approximately one fourth
of WT neurons responded to cooling of the bath solution to
10°C, and the overall percentage of cold- responswe neurons
was not significantly different in VAMP7 =/~ mice (Fig. 7k,l).
At first sight, the unaltered fraction of cold-sensitive neurons
may seem contradlctory to the substantlal reduction in TRPM8-
mediated responses in the VAMP7 ~/ ~ mice as identified based
on menthol and AMTB sensitivity (Flg 7k). However, it should
be noted that TRPMS8 underlies only a small fraction of cold
responses in these neurons, and that various other mechanisms
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can mediate cold sensitivity, which include TRPA1-dependent
and TRPMS8/TRPAl-independent pathways!. Earlier work
has provided evidence that TRPMS8-mediated cold-responses
in mouse sensory neurons are mainly confined to capsaicin-
insensitive sensory neurons, whereas TRPAI-dependent
responses mainly occur in capsaicin-sensitive neurons
We therefore specifically examined cold sensitivity in those
cells that did not respond to capsaicin (Fig. 71). Importantly, in
this subset of neurons, we observed a significant reduction
in the both the number of cells that showed a detectable cold
response as well as in the amplitude of the cold-induced calcium
increase (Fig. 71-n). Taken together, these results indicate that
VAMP7 deficiency leads to reduced TRPMS activity in sensory
neurons.

Cold avoidance and cold hypersensitivity in VAMP7 ~/~ mice.
Finally, we investigated whether VAMP7 deficiency leads to
impaired TRPMS8-dependent sensory responses in vivo. Earlier
work has established that genetic ablation or pharmacological
inhibition of TRPMS leads to prominent deficiencies in various
aspects of cold sensing”*’, including impaired avoidance of
temperatures in the innocuously cold temperature range
between 15 and 25°C and reduced behavioural responses to
TRPM8-activating cooling agents such as icilin. To evaluate
TRPMS function in vivo, we compared WT and VAMP7 ~/—
mice in the thermal gradient and the icilin-induced cold
hypersensitivity tests.

In the thermal gradient assay, mice were allowed to move freely
on a flat temperature gradient plate ranging from 5°C to 50 °C,
and their position on the gradient was tracked during 60 min
(Fig. 8a,b). Mice of both genotypes covered the same distance on
the gradient (Fig. 8c), in line with earlier behavioural tests
showing that VAMP7 ~/~ mice exhibit normal overall locomo-
tor activity in the open-field test?®. There was also no significant
difference in avoidance of the noxiously hot end of the gradient
(>43°C), where WT mice and VAMP7~ mice spent
53+0.7% and 4.3+0.7% of the time, respectlvely (P=0.33).
This is also in general agreement with published data showing
unaltered heat avoidance behaviour of VAMP7-deficient mice in
the hot-plate assay?®,

In line with the literature, we found that WT mice extensively
explore the gradient, especially in the non-noxious temperature
range (15-40°C), and gradually reach a peak ‘preferred’
temperature (Tpea) of ~30°C (Fig. 8a,b,d). In comparison,
VAMP7 ~ mice showed a systematic and highly signi-
ficant preference for colder temperatures, as evidenced by
values for both Ty« and the median occupied temperature
(Tmedian) that were on average 3 4°C lower than for WT
(Fig. 8d,e). Overall, the VAMP7 ~/ ™~ mice spent 61.2 + 5.3% of
the first hour in the temperature range <25 °C, compared with
only 43.4 £ 5.4% in the WT animals (P =0.027). Taken together,
these data indicate that absence of VAMP?7 leads to a specific
deficit in the avoidance of innocuously cold temperatures
in vivo.

Intraplantar injection of icilin causes a strong decrease in
withdrawal latency from a cold plate, and this icilin-induced cold
hypersensitivity is completely abolished in TRPMS8-deficient
mice**>, We tested the paw withdrawal latency and pain
behav10ur on a 1°C cold plate, before and at two time points
following 1n)ect10n of icilin in one hind paw of WT and
VAMP7 =/~ mice. We observed a sharp decrease in withdrawal
latency in WT mice at both 15 and 30min following icilin
injection. Importantly, the icilin-induced reduction in withdrawal
latency was remarkably and significantly blunted in VAMP7 =/~
mice (Fig. 8f). Likewise, the number of flinches on the cold plate
was significantly lower in VAMP7 =/~ mice compared with WT
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Figure 8 | Reduced TRPMS functionality in VAMP7 ~/ — mice in vivo. (a) Representative experiments depicting the positions of a VAMP7t/+ and a
VAMP7 =/~ mouse on a thermal gradient plate during a 1-h experiment (left) and the corresponding presence time in the different temperature zones
during the first and second 30-min periods (right). (b) Mean occupancy of the thermal gradient during 1h by VAMP7+/+ (n =15) and VAMP7 ~/~
(n=14) mice. (¢) Mean distance covered on the thermal gradient by VAMP7 */+ and VAMP7 —/~ mice. (d) Comparison of the median temperature
(Tmedian) in both genotypes during the first and second 30-min periods. (e) Comparison of the peak temperature (T,.i) in both genotypes during the first
and second 30-min periods. (f) Latency of the first nocifensive response on a 1°C cold plate before (basal) and at 15 and 30 min after injection of left hind
paw with 10 ul of a 5mM icilin solution. Cut-off time was set at 120 s (dashed line). (g) Number of flinches on the 1°C cold plate before (basal) and at 15
and 30 min after injection of the left hind paw. Significance was tested using two-way repeated measures ANOVA with Tukey's post hoc test. *P<0.05,

**P<0.01.

(Fig. 8g). Taken together, these data indicate that absence of
VAMP7 results in a strong deficit in icilin-induced cold
hypersensitivity.

Discussion

TRPMS plays a key role in thermosensation by the somatosensory
system, where its activation by cold or cooling chemical agents
evokes a depolarizing current in a subset of cold-activated sensory
neurons!. The size of the depolarizing current, and accordingly

the intensity of the cold sensation, critically depends on the
number of functional TRPMS8 channels at the plasma membrane.
In the present work, we provide important novel insights into the
molecular and cellular mechanisms that underlie the transport of
TRPMS to the plasma membrane. We provide evidence that
TRPMS is transported to the plasma membrane via microtubules
and using unconventional transport vesicles that contain LAMP1
but are not acidic. Moreover, we provide evidence that the
vesicular SNARE VAMP?7 participates in the fusion of these
vesicles with the plasma membrane. The importance of VAMP7
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is further corroborated (1) by the finding that a dominant
negative VAMP7 construct reduces the number of active TRPM8
channels in the plasma membrane, (2) by the reduced TRPM8
activity in sensory neurons from VAMP7 ~/~ mice and (3) by
the specific deficiencies in TRPM8-dependent cold avoidance and
icilin-induced cold hypersensitivity in these mice.

Our observation that TRPM8 is abundantly present in
VAMP7- and LAMP1-containing vesicles that approach and fuse
with the plasma membrane is surprising but not unprecedented.
Alth0u§h LAMP1 is generally considered as a lysosomal
marker®!, it does not play a major role in maintenance of
major lysosomal traits (low pH, activity of lysosomal enzymes,
lysosomal density or shape)?®. Instead, LAMP1 seems to be
involved in heterotypic fusion of intracellular structures?’ and
movement of endosomal structures along microtubules*®*°. In
fact, trafficking of LAMP1 to the plasma membrane has been
recognized long ago®’, and LAMPI1-positive compartments are
believed to represent not only compartments for degradation but
also secretory lysosomes®!. Recently, evidence was presented that
TRPML1, a TRP channel that is generally associated with
lysosomes, can actually reach the plasma membrane of muscle
cells on fusion of vesicles containing TRPML1, VAMP7 and
LAMPI (ref. 52). Fusion of these vesicles and thus appearance of
functional TRPML1 at the plasma membrane was hardly
observed under basal conditions, but became prominent
following maneuvers that damage the cell membrane, and
represents a mechanism for membrane repair®2. In contrast,
our present results suggest that fusion of VAMP7- and
TRPM8-containing vesicles represents a mechanism for the
constitutive transport of TRPM8 to the plasma membrane.

We also tested several other TRP channels for dynamic
co-localization with LAMP1 and VAMP7 in HEK293 cells. In
these experiments, we did not find evidence for any significant
co-localization of the other sensory TRP channels TRPV1 and
TRPA1 with LAMP1 or VAMP7. However, in the case of TRPM3
we found strong dynamic co-localization with both LAMPI1 and
VAMP7. Moreover, TRPM3 activity in HEK293 cells was strongly
enhanced by WT VAMP7 and inhibited by dominant negative
VAMP?7. These findings suggest that VAMP7-dependent trans-
port is not unique for TRPMS8 but may be utilized by a subset of
TRP channels, including TRPM8, TRPM3 and TRPMLI1.

Contrary to a recent study®’, we were not able to find any
evidence for increased trafficking of TRPMS8 towards the plasma
membrane in response to the TRPMS8 agonist menthol, despite
the fact that this stimulus consistently provoked a robust
intracellular Ca?* rise. At present, we do not have a full
explanation for the agparent discrepancy between our results and
those of Toro et al.>> However, we would like to point out that
Toro et al.?? interpreted increases in TRPM8-GFP fluorescence
in the TIRF field as fusion events, whereas their approach does
not allow discriminating between TRPM8-GFP on the plasma
membrane and subplasmalemmal TRPMS. Indeed, our present
results indicate that the majority of TRPM8 molecules observed
under TIRF actually colocalizes with VAMP7-pHluorin in
intracellular vesicles. Moreover, we note that the reported
threefold increase in plasma membrane TRPM8 on menthol
stimulation?® appears incompatible with several published
observations, including (1) the very rapid (subsecond) onset
and washout of the agonist effect of menthol in intact cells,
excised patches and lipid bilayers; (2) the general observation that
effects of menthol on TRPM8-mediated currents can be fully
described by an effect on channel gating; and (3) the fact that
prolonged menthol stimulation leads to a reduction rather than a
sensitization = of subsequent menthol TRPMS8-mediated
responses'2~17:93, Nonetheless, our results do not exclude that
transport of TRPM8 may be up- or downregulated under certain
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(patho)physiological conditions in a VAMP7-dependent or
-independent manner.

Isolated TGN from VAMP7 =/~ mice exhibited reduced
TRPM8-dependent responses, whereas responses to the TRPA1-
agonist mustard oil or the TRPV1 agonist capsaicin were not
altered. The residual TRPMS8 activity in sensory neurons from
VAMP7 =/~ mice indicates that TRPM8 may reach the plasma
membrane, via other transport mechanisms or that related
VAMP proteins may partially compensate for loss of VAMP7
(ref. 28). In vivo, we found that VAMP7 ~/~ mice show impaired
avoidance to cooler temperatures and reduced icilin-induced cold
hypersensitivity. These phenotypes are similar but less
pronounced than what has been described in the TRPM8 ~/~
animals*. These findings provide strong evidence that VAMP7 is
required for the normal function of TRPM8 as a cold sensor
involved in cold sensing and cold hypersensitivity, but also
confirm the existence of VAMP7-independent transport
mechanisms.

VAMP?7 is widely distributed in the adult mammalian nervous
system, in particular in vesicles and tubules in axonal and
dendritic outgrowths, where it concentrates into the leading edge
of the growth cone®*. VAMP7-containing vesicles have been
shown to move on microtubules from the cell soma to the
periphery?>. At hippocampal synapses, VAMP7 was found to be
mainly present on a resting pool of synaptic vesicles and to
modulate non-evoked, spontaneous exocytosis of these vesicles>”.
Our present findings indicate that (1) VAMP7 marks specific
vesicles that transport TRPM8 to the plasma membrane,
including neurites of sensory neurons; (2) this transport
requires intact microtubules; and (3) VAMP?7 is involved in
constitutive fusion of these vesicles with the plasma membrane.
Earlier work has shown that VAMP7 =/~ mice are viable and
show no striking developmental or neurological defects
(including unaltered responses to painfully hot and electrical
stimuli), but exhibit slightly increased anxiety®. Interestingly, the
same study also revealed that VAMP7 ~/~ mice have a slightly
lower core body temperature than WT mice?®. Our current
findings suggest that reduced TRPMS activity could contribute to
hypothermia in VAMP7 ~/ ~ mice. Indeed, inhibition of TRPM8
activity reduces cold defense and cold avoidance mechanisms,
which may ultimately result in mild hypothermia”®. Targeting
VAMP?7 function may represent a new opportunity to reduce
TRPMS activity in patients with cold allodynia or other TRPMS-
related pain syndromes.

Methods

Animals and behavioural experiments. All experiments were performed using
12-16-week-old female WT and VAMP7 ~/~ mice?® on a C57BL/6 N background.
Animals were housed in a conventional facility at 21 °C on a 12-h light-dark cycle
with chow diet and water available ad libitum. All experiments involving animals
were approved by the KU Leuven Ethical Committee Laboratory Animals under
project number P192/2014. All behavioural experiments were performed by an
experimenter blind to genotype.

In the thermal gradient test, mice were allowed to freely move on a
120-cm-long/18-cm-wide metallic plate having temperatures of 5 and 50 °C at the
extreme ends (Bioseb—In Vivo Research Instruments)®. Mice were placed on the
plate for 60 min and their free movement was monitored using a digital camera and
tracking software. Animals were habituated to the plate for 60 min for 2 days
preceding the experiment.

In the icilin-induced cold hypersensitivity test, mice were placed on a 1 °C cold
plate, and the latency to the first brisk hind paw lift or flicking/licking of the hind
paw was measured, with a cut-off time of 120s. Latency was measured before and
at 15 and 30 min after injection of left hind paw with 10 pl of a solution containing
80% DMSO0/20% PBS supplemented with 5mM icilin*.

Cell lines. HEK293 cells (from American Type Culture Collection) were grown in
Dulbecco’s modified Eagle’s medium (DMEM) that contained 10% (v/v) human
serum, 2 mM L-glutamine, 2Uml ~! penicillin and 2 mgml ~! streptomycin at
37°C in a humidity-controlled incubator with 10% CO,. F11 cells (from American

| 7:10489 | DOI: 10.1038/ncomms10489 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications

ARTICLE

Type Culture Collection) were grown in Ham’s F12 medium (Invitrogen) that
contained 10% (v/v) foetal bovine serum (Invitrogen), 1.5mM L-hydroxyproline
(Sigma) and 1% Glutamax (Invitrogen), at 37 °C in a humidity-controlled
incubator with 10% CO,. HEK293 and F11 cells were transfected with cDNA

(1 pg, unless mentioned otherwise) encoding the protein or proteins of interest
using the Mirus 293 Transfection Reagent (Mirus Corporation, Madison, USA).
For TIRF experiments, HEK293 or F11 cells were reseeded on 25 mm poly-L-lysine
(PLL)-coated glass coverslips after 4h of transfection, and kept under identical
culture conditions for 12-18 h before imaging. For calcium imaging and patch-
clamp experiments, cells were transfected overnight and then reseeded on
PLL-coated coverslips for 2-6 h before recording.

Mouse sensory neurons. For TIRF measurements, 12-16-week-old WT female
mice were killed in a CO, chamber and the trigeminal ganglia were excised under a
microscope. Isolated ganglia were washed in PBS (Invitrogen) and collected in cold
Leibowitz medium (L15; Invitrogen). Ganglia were cut into small pieces and
incubated (37 °C; 5% CO,) for 45 min in warm DMEM containing 0.025%
collagenase (type IA; Sigma). Tissue was gently triturated with a fire-polished glass
pipette, and the suspension was centrifuged at 200g for 8 min. The obtained pellet
was resuspended in culture medium with the following composition: DMEM/F12
medium (1:1) with 1% Glutamax supplemented with 10% foetal calf serum,

100 ngml ~ ! NGE-7 S mouse and 100 pgml ~ ! penicillin/streptomycin. Cells were
plated on 25 mm glass coverslips covered with PLL and kept in a humidified
atmosphere (37 °C; 5% CO,). One hour after plating, 2 ml of culture medium was
added to each dish. Neurons were grown for 48 h before transfection with cDNA
encoding protein or proteins of interest using the TransIT-Neural Transfection
Reagent (Mirus Corporation). TGNs were kept under identical culture conditions
for 48 h after transfection, before TIRF imaging.

For calcium imaging, 12-16-week-old WT and VAMP7 ~/~ female mice were
killed in a CO, chamber and the trigeminal ganglia were excised under a
microscope. Isolated ganglia were washed in 10% foetal calf serum Neurobasal A
Medium (basal medium, Invitrogen) and further digested for 40 min at 37 °C with
a mixture of collagenase at 1 mgml ~! (Gibco) and dispase at 2.5 mgml ~!
(Gibco). The digested tissue was washed twice with basal medium and
mechanically dissociated by passage through syringes fitted with sequentially
increasing needle gauges. Neurons were then plated on poly-L-ornithine/laminin-
coated glass bottom chambers (Fluorodish WPI) and cultured overnight (12-16 h)
in a humidified atmosphere (37 °C; 5% CO,) in B27-supplemented neurobasal A
medium containing 2 ngml ! glial-derived neurotrophic factor (Invitrogen) and
10 ng ml ~ ! neurotrophin-4 (Peprotech).

TIRF microscopy. Cells on 25-mm glass coverslips were placed in a custom-made
chamber and imaging experiments were performed at 25 °C. Experiments with
HEK293 and F11 cells were performed with a HEPES-buffered saline that
contained (in mM): 150 NaCl, 5 MgCl,, 3CaCl, and 10 HEPES. The pH of this
solution was set at 7.4 using NaOH, unless mentioned otherwise. To acidify
intracellular compartments in experiments with VAMP7-pHluorin, we used an
extracellular solution that contained (in mM) 90 NaCl, 2 CaCl,, 1 MgCl,, 60
Na-acetate and 10 HEPES (pH 7.4 or 5.5 with NaOH). Experiments with TGN
were performed with a HEPES-buffered saline that contained (in mM): 140 NaCl, 5
KCl, 1 MgCl,, 1.5 CaCl,, 10 Glucose monohydrate and 10 HEPES (pH 7.4 with
NaOH).

TIRF images were acquired using a through-the-lens TIRF system that was built
around an inverted Axio Observer.Z1 microscope equipped with a x 100 oil
objective numerical aperture (NA) =1.45 (Zeiss), a Hamamatsu Orca-R? camera,
and 488-nm and 561-nm lasers. Time series of images at 500-ms intervals were
recorded. Constant focus was maintained using the Definite Focus module (Zeiss).
In the experiments involving dual channel recording, for each image in a time
series both 488-nm and 561-nm lasers were used consecutively (having a time
delay of 150 ms between them). The TIRF angle was set for both the lasers to
achieve an evanescent field with a characteristic penetration depth (that is, the
distance in the z direction over which the intensity declines e-fold) of 90 nm. Since
the 488-nm and 561-nm laser excitation and fluorescence-recording epochs were
sequential, rapidly moving structures containing both mCherry-fused and
GFP-fused marker proteins were observed as dual coloured spots, where the red
fluorescence preceded the green fluorescence. We used the following marker
proteins: clathrin®” and caveolin®® as markers for endocytic structures; EEA1
(ref. 59), Rab4 and Rab5 (refs 60,61) for early endosomes; Rabl11 for recycling
endosomes®?; Rab7 for late endosomes®>; LAMP1 for lysosomes>!; the secretory
pathway Ca?* -ATPase (SPCA1) for Golgi®; the sarco/endoplasmic reticulum
Ca?t-ATPase (SERCA2) for endoplasmic reticulum®?; and vesicular stomatitis
virus G-protein, a widely studied marker for the secretory pathway®®. SPCA1 and
SERCA2 contained GFP coupled to their N termini, while all other marker proteins
had GFP coupled to their C termini.

Analysis fluorescence intensity and of the speed of moving structures was
performed with AxioVision 4.8 digital image processing software (Zeiss).
Quantification of particle size and number was performed with Imaris software
(Bitplane). To determine whether two fluorescently labelled molecules are present
in the same mobile vesicular structure, we performed dynamic co-localization
analysis’. This method is based on the postulate that synchronized movement

over several frames of a movie is a much stronger evidence for object
co-localization than pixel co-localization in still images analysis®®. For dynamic
co-localization analysis, we only considered mobile TRPM8-mCherry-positive
structures whose trajectory could be tracked during at least five consecutive frames,
and then evaluated whether correlated mobility of GFP fluorescence occurred. The
analysis resulted in a DCS, which was defined as the ratio of the number of mobile
TRPM8-mCherry-positive structures with correlated GFP fluorescence over the
total number of mobile TRPM8-mCherry-positive structures, expressed in %. As a
positive control, we co-expressed TRPM8-mCherry and TRPM8-GFP
(Supplementary Fig. 1; Supplementary Movie 6), and obtained a DCS of 100%.

All supplementary movies provided with this manuscript are shown at a frame
rate of 5 frames per s.

RT-PCR. Mice were killed in a CO, chamber and the trigeminal and DRG were
carefully dissected*!. DRG from the different segments of the spinal cord were
pooled. Total RNA from trigeminal ganglia and pooled DRG was extracted with
RNeasy Mini Kit (Qiagen), following the manufacturer’s protocol. Quality and
concentration of the extracted RNA was assessed using the Experion RNA StdSens
Analysis Kit (Bio-Rad), and samples with RQI values <6 were discarded. Further,
cDNA was synthesized with the extracted RNA using Ready-To-Go You-Prime
First-Strand Beads (GE Healthcare). Quantitative reverse transcription-PCR
(RT-PCR) was then performed following the protocol described before using 2 pl
c¢DNA template, Universal TagMan MasterMix (2 X concentrated, Life
Technologies), TagMan assay (20 X concentrated, Life Technologies). The used
primers are listed in Supplementary Table 1. Non-template controls were used as
negative controls in every experiment. PGK1 and HPRT1 were used as endogenous
controls. Data are expressed as relative expression of detected mRNA normalized
to PGKI.

Measurement of intracellular Ca2* concentration ([Ca2*1}). Changes in
[Ca2 ], in HEK293 cells and TGN were monitored using ratiometric Fura-2-based
fluorimetry. Cells were loaded with 2 uM Fura-2AM-ester (Alexis Biochemicals)
for 30 min. Fluorescence was measured during repetitive illumination at 340 and
380nm using the filter-based MT-10 illumination system and xcellence pro
software (Olympus). Absolute calcium concentrations were calculated from the
ratio of the fluorescence signal at both wavelengths was calculated®’.

Whole-cell patch-clamp recordings. After 16h of transfection, currents in
HEK293 cells were recorded in the whole-cell configuration of the patch-clamp
technique using an EPC-9 amplifier and Patchmaster software (HEKA Elektronik).
Data were sampled at 5 kHz and digitally filtered off-line at 2 kHz. Between 60 and
90% of the series resistance was compensated, reducing voltage errors to <10mV.
The standard intracellular solution for whole-cell measurements contained:

150 mM NaCl, 3 mM MgCl,, 5mM EGTA and 10 mM HEPES at pH 7.2. The
standard extracellular solution contained: 150 mM NaCl, 6 mM CsCl, 1 mM MgCl,,
1.5mM CaCl,, 10mM glucose and 10 mM HEPES at pH 7.4.

To determine the potential for half-maximal activation (V),), steady-state
current-voltage relations measured at the end of 100-ms voltage steps were fitted
with the product of a Boltzmann equation and a linear function, as described
earlier'?. To determine the time constant of current relaxation, a monoexponential
function was fitted to the current during the voltage step to + 160 mV.

Chemicals. Menthol, mustard oil, AMTB (N-(3-Aminopropyl)-2-[(3-methylphe-
nyl) methoxy ]-N-(2-thienylmethyl)benzamide hydrochloride), Nocodazole, cyto-
chalasin D and cycloheximide were obtained from Sigma-Aldrich. pHrodo Red
dextran and lysotracker Red were purchased from Invitrogen.

Statistics. Data analysis was performed using Origin 8.6 (OriginLab Corporation).
Group data are expressed as mean * s.e.m. The Shapiro-Wilk test was used to test
the normality of the data. Student’s unpaired t-test, Fisher’s exact test, one-way
analysis of variance (ANOVA) or two-way repeated measures ANOVA with
Tukey’s post hoc were used for statistical comparison between groups, as indicated.
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