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RESUMEN

El dolor patolégico es un problema que afecta a un gran numero de personas en todo
el mundo y cuyo tratamiento presenta importantes deficiencias. Para poder mejorar la
calidad de vida de los pacientes es necesario que se incremente el grado de
conocimiento de los procesos que llevan al establecimiento de estas patologias. Con
este objetivo se ha invertido un gran esfuerzo en el estudio de los canales i6nicos TRP
(de las siglas en inglés Transient Receptor Potential). En concreto, se ha demostrado
gque los canales TRPV1, TRPM8 y TRPAL son proteinas clave en el mecanismo de
transduccién del dolor. En esta tesis se afronta el estudio de este complejo proceso

utilizando diferentes aproximaciones.

En primer lugar, Capitulo 1, se realizo un estudio de las relaciones estructura-funcion
en el dominio TRP de los canales TRPM8 siguiendo una estrategia de mutagénesis
dirigida. Esta aproximacién dio como resultado el descubrimiento de regiones de la
proteina esenciales para el correcto funcionamiento de la misma y que podrian ser
excelentes dianas para el disefio de nuevos farmacos analgésicos. En particular, las
posiciones 981, 986, 989 y 990 se identificaron como determinantes moleculares de la
funcién de los canales TRPMS8, estando principalmente implicados en la regulacién

alostérica del proceso de apertura y cierre del canal.

En el Capitulo 2 se abordd el desarrollo de un sistema de nanoaplicacién de
capsaicina (un activador del canal TRPV1). El objetivo era obtener una herramienta
que permitiese la estimulacion local de estos receptores en la superficie de la
membrana neuronal para facilitar el estudio de su implicaciéon en la sensacion del
dolor. El trabajo realizado demostré la posibilidad de utilizar nanopipetas para
conseguir una aplicacién cuantitativa y localizada. Ademas, se desarrollé un sistema
que permite la aplicacién de capsaicina en regiones subcelulares de las neuronas

sensoriales de modo automatizado.

Por dltimo, en el Capitulo 3, se llevé a cabo el desarrollo de otra herramienta
nanotecnoldgica para realizar medidas intracelulares de especies reactivas de oxigeno
0 ROS (de las siglas en inglés Reactive Oxygen Species). Este instrumento podria
ayudar a comprender el efecto que estas especies tienen en el establecimiento de
estados de dolor crénico. Los resultados mostraron la aplicabilidad de nanoelectrodos
de carbono madificados con el electrocatalizador Azul de Prusia para la deteccién de
peréxido de hidrogeno. Ademas se demostré6 la posibilidad de usarlos

intracelularmente.
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What, why and how

The general process of sensing involves the existence of specialised neurons called
primary sensory neurons that innervate the whole body and collect all types of
sensory data. Then, the conveyed information is translated into an electrical signal that
is propagated to specific regions in the brain *?. Those primary sensory neurons on
charge of the actual “sensing” are provided with specific receptors that selectively

recognise different stimuli 2

. Physical and chemical properties of these receptors
determine the kind of stimuli the sensory neurons transduce *. Thus, while olfactory
sensory neurons are able to detect a myriad of volatile compounds, cones and rods are
responsible of the sight sense and are sensitive to light, and receptors all around the
skin sense changes in pressure and temperature to build the touch and temperature

senses %%,

It is clear that sensing and interacting with the environment are essential for living
organisms, and in this respect, the ability to sense potentially harmful stimuli becomes
crucial as it can mean the difference between life and death. The process by which
dangerous stimuli are detected and recognised is called "Nociception is the
nociception, and the primary sensory neurons responsible process by which

for it are the nociceptors *°. The result of this process is the dangerous stimuli are
generation of pain, and it has a logical explanation: the f€cognised®
outcome of the nociceptive process must be unpleasant enough to provoke in the
organism a protective response to avoid the noxious stimuli that triggered it. Just as we
are motivated to drink when we are thirsty, we are motivated to avoid behaviours that

cause us pain >’

Under normal situations, pain serves as a survival mechanism °, in fact, the absence of
pain is a dangerous disorder that can lead to death if adequate precautions are not
taken °. By contrast, under some pathological circumstances, pain loses its warning
"There is an urgent need of meaning and becomes an extremely unpleasant
understanding pain condition that dramatically disturbs people’s lives >*.
transduction mechanisms" Some examples of these pain disorders are diabetic
neuropathy, fiboromyalgia, migraine or irritable bowel syndrome 3. Unfortunately,
and despite the fact that pain is a worldwide health problem, little advances have been
reached for effective treatments of pain conditions, especially for persistent pain
syndromes *3. This difficulty found in developing new effective drugs for treating chronic

pain is partly due to an incomplete understanding of the biochemical and molecular



mechanisms involved in pain signalling 2. Therefore, there is an urgent need of

expanding the basic knowledge on the mechanisms underlying pain transduction.

Aiming for a complete understanding of nociception, a wide range of complementary
approaches need to be integrated. From molecular methods where the actual receptors
for noxious stimuli, the nocicensors, are the focus of the study, to systems biology,
where understanding neuronal networks is of interest, different facets of the same
phenomena have to be investigated. One possible strategy for pain relief consists on
avoiding the pain signal to be generated at its very beginning, that is, at the level of
pain receptors. Because some of the members of the family of Transient Receptor
Potential channels (TRP channels) play important "Structure-function studies
roles in noxious stimuli sensing and pain pathologies, of TRP channels could help
these channels are promising targets for the IN the development of new
development of new pharmacological and therapeutic therapeutic tools”

tools . To identify regions of these proteins that could be targets for potential
modulators it is essential to comprehend the molecular requirements for channel

function 41819

. In this work, a molecular approach was firstly followed, studying the
structure-function relationships of the N-terminal region of the TRP domain in TRP

channels (Chapter 1).

On the other hand, when the point of view widens from the single protein to the cellular
level, in addition to nocisensors themselves, many new players enter the game *°:
interactions with the cytoskeleton, phosphorylation and glycosylation levels, lipid
composition of preferred locations, endogenous and exogenous molecules that alter
their response, synthesis, transport or compartmentalization. The cellular picture
emerging from studies of all these processes is that of a small, highly packed and
extremely well organized system, where timing and location of the different
components is the key to simultaneously carry out so many diverse tasks . In this
respect, there is increasing evidence that point out the extreme importance of
subcellular structures for the compartmentalization of cellular function: from the T-
tubules of cardiomyocytes to the fine dendrites and axons of neurons %*. Therefore,
as well as the structure-function relationships in the actual protein need to be studied,
understanding the structure-function relationships of the sensory neurons as a whole is

also essential.

One of the major challenges for investigating the complex cellular organization is to

26-29 |

develop methods with nanoscale spatial resolution suitable for living cells n

addition, these methods need to be quantitative, have high spatial and temporal



resolution and minimise disturbance to the cellular native environment *>*. In this
respect, nanoscale devices are the ideal candidates, and a large effort has been
invested towards the design and implementation of new nanotechnologies. An effort
as important as the recent American Brain Research "New nanotools are needed
through Advancing Innovative Neurotechnologies to study cellular processes
(BRAIN) project, or the European Brain Activity Map at the nanoscale”

project, where funding of billions is budgeted for, among other objectives, the

development of “nanotech tools for neuroscience” %%

. In the present thesis this
challenge was addressed by developing a nanodelivery system to locally stimulate
nocisensors within the cell membrane (Chapter 2), and a reactive oxygen species

(ROS) nanosensor for intracellular measurements (Chapter 3).
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Chapter 1

Structure-function studies
of the TRP domain in
TRPMS8 channels
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TRP channels
structure-function relationships
TRP domain

chimeric channels
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Chapter 1

ABSTRACT

TRPV1 and TRPM8 channels have been implicated in the process of pain transduction
and thus they are potential targets for the development of new analgesics. However,
the mechanisms of channel gating and modulation are still only partially understood.
The TRP domain in the cytosolic C-terminus is a conserved region among members of
the TRP family that has been signalled as a key element for allosteric channel
regulation. The main aim of this study was to examine the role of the linker region
between the TRPMS8 inner gate and the TRP box in the TRP domain (S6-TRPbox
linker) to identify residues that are essential for defining channel gating. A mutagenesis
approach was taken where step-wise substitutions of segments in the S6-TRP box
linker of TRPM8 channel with the equivalent TRPV1 sequences were obtained. The
resulting chimeric channels were studied by the electrophysiological technigue of patch
clamp in response to voltage and the TRPM8 agonist menthol. The normalised
conductance to voltage relationships were analysed using a traditional two-state model
and an allosteric model. A TRPM8 homology model based on the recently published
TRPV1 structure was developed as well to locate the studied residues in a structural
context. As for TRPV1 channels, the TRP domain of TRPM8 was found to be critical in
defining the energetics of channel activation. Additionally, it was demonstrated that the
linker region between the S6 and the TRP box of TRPM8 is structurally compatible with
that of TRPV1, suggesting a conserved gating mechanism in TRP channels.
Nevertheless, particular characteristics need to be conserved to maintain TRPM8 wild
type gating properties. In this regard, TRPM8 residues Y981, V986, N989 and N990

were revealed as molecular determinants for that precise tuning.
The results exposed in this chapter are part of the following publication:

e “The region adjacent to the C-end of the inner gate in Transient Receptor Potential
Melastatin 8 (TRPM8) channels plays a central role in allosteric channel activation”.
Taberner, F. J.; Lépez-Cérdoba, A.; Fernandez-Ballester, G.; Korchev, Y.; Ferrer-
Montiel, A. Journal of Biological Chemistry 2014, 289 (41), 28579-28594. (Annex )
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Chapter 1

INTRODUCTION

As a simplified summary, the nociceptive process can be described as follows (Figure
1-1): initially a noxious stimulus activates nocisensors or pain receptors at the
peripheral nerve endings. Then, if sufficient, this activation generates an action
potential that is propagated through primary sensory neurons to the spinal cord where
they form synapsis with secondary sensory neurons. Once there, the nerve impulse is
transmitted to different regions in the brain and then adequate decisions are made to

prevent and minimise damage “#**.

Spinal Cord

Nocicensors
| BE
—

Secondary sensory neuron

\l AL B Primary sensory neuron

Noxious stimuli

Figure 1-1. The nociceptive pathway (adapted from Moran, M. M et al %)

For a more in-depth understanding of the nociceptive process, one essential aspect is
the identification of the receptors on charge of noxious stimuli detection. In the case of
pain sensing, pungent irritants from pepper, mint, and mustard plants were used as
pharmacological tools mimicking noxious stimuli to search for the molecular identity of
these nocisensors ° (Figure 1-2). The first achievement in this respect was the cloning
of the Transient Receptor Potential Vanilloid 1 (TRPV1) channel in 1997 *. This
channel was firstly described as the receptor for capsaicin, the spicy ingredient in hot
chili peppers, and was lately found to be a polymodal receptor being also activated by

noxious physical heat (>42 °C), low pH or endocannabinoid lipids such as anandamide.

21



Structure-function studies

Moreover, its activity is modulated by numerous inflammatory mediators such as
bradykinin, ATP or NGF *7°, Further studies have shown the importance of TRPV1
channels in thermal regulation, inflammatory pain and establishment of chronic pain
conditions %3738 A|l these findings revealed TRPV1 as an integrator of noxious
stimuli that mediate acute nociceptive pain, but also as a critical player for pathological

inflammatory and neuropathic pain %*3343°,

TRPV1 channel was followed in 2002 by TRP melastatin 8 channel (TRPM8) *° that
was described as a menthol and cold receptor activated by temperatures below 23°C,
as well as strong depolarizing voltages “°*?. The gating of TRPMS is also regulated by
phophoinositides, being the phosphatidylinositol 4,5-bisphosphate (PIP;) essential for
channel function and desensitisation “***. In the somatosensory field, TRPM8 has been

4-47 "and to contribute to cold

found to be critical for mild cold sensing in mammals
pain, cold hypersensitivity after injury and, surprisingly, also to cooling analgesia
depending on the context *4°4"*° |n addition, an alteration of its normal function is

related to disorders such as breast, colon and prostate cancer or overactive bladder **
54

Together with TRPV1 and TRPM8, a third TRP channel was described as a molecular
sensor for pain in 2003, the TRP ankyrin 1 channel (TRPA1) *°. It was firstly defined as
the receptor for mustard oil, but as the other two, it was found to be activated by
different physical and chemical stimuli as noxious cold (temperatures below 17 °C),
pressure and a wide variety of irritants such a cinnamon oil, garlic or wasabi 8°°%°.
Growing evidence indicate that TRPAL acts as a similar molecular integrator as TRPV1
via its activation, sensitisation and facilitation of multiple signalling pathways, including
nociception, inflammation and oxidative stress '*%23*%° Nowadays, the family of TRP
channels is one of the largest ion channel families described, having 28 members in
mammals °*%2. They play critical roles in sensory physiology, which in addition to
nociception, include contributions to vision, taste, olfaction, hearing, touch, and thermo-
and osmosensation *"°>®3_Moreover, they are involved in many pathological processes
such as several pain disorders, neurodegenerative conditions, skeletal dysplasia,
mucolipidosis, kidney disorders, respiratory reflex hypersensitivity or cardiac hyper-

17,32,61,64

trophy
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TRPA1

Capsaicin Menthol Allyl isothioncyanate
(Chilli peppers) (Mint) (Brassica, mustard oil)

Figure 1-2. Plant products mimic physical stimuli activating TRP nocisensors.

For the pain research field the discovery of the TRP nocicensors was a breakthrough
that has revealed a complex and dynamic regulation of the pain pathway, opening the
possibility of developing new analgesics that would modulate their activity ***"
Traditionally, pharmacological intervention to treat pain had been based on drugs
acting at the level of the central nervous system, i.e. opioids, antidepressants,
anticonvulsants or sodium-channel blockers 2. This approach, mostly due to the wide
expression of the targets of these drugs and their multiple functions, results in adverse
effects such as sedation, dizziness, somnolence or loss of cognitive function &
Alternatively, acting directly on the noxious stimuli transducers at the peripheral
terminals of nociceptors would allow for the control of the generation of the pain signal
at its very beginning. Thus, side effects associated to drugs acting at the central
nervous system level would be avoided 8**3*®_|n this direction, a lot of effort is being

65,67-71

made trying to develop modulators for TRP nocisensors . However, undesired

side effects due to the involvement of TRP channels in numerous physiological

8,37,72' For

processes are preventing the development of new effective analgesics
example, in the case of TRPV1, channel blockers have been found to produce

hyperthermia and impaired noxious heat sensation .

The lack of a complete understanding about the nociceptive mechanisms involving
TRP ion channels is delaying the success of this therapeutic approach. With drug

design purposes, it is essential to identify and define regions of these proteins that

14,18,19,36,70

could be targets for potential modulators . For instance, it is needed to

identify modality-specific TRP-channel blockers that would prevent side effects related
to a complete abrogation of channel function ®; or to design uncompetitive blockers that

73

would only act on opened channels . It is also important to analyse inter-species
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differences that can have a massive impact in drug discovery. For example, modality
selectivity changes in drug action between species have been found when testing
potential TRPV1 channel blockers, suggesting that structural dissimilarities between
different species can have significant functional and pharmacological consequences .
To these ends, numerous structure-function studies on TRP channels, and structure—
activity relationships studies on small molecules as potential drugs have been carried
out. From all this work, valuable information about TRP channel functionality has been
discovered such as the binding site for agonists and antagonists, important residues for
channel function and modulation, insights into temperature sensing mechanisms and

general characteristics of channel gating 36470727484,

Electrophysiological recordings have shown that TRP channels are non-selective
cation channels with differences in the relative permeability between members of the
family ®2. Based on evidences from biochemical and structural studies, the formation
of homo- or hetero-tetrameric channels has been found essential for proper TRP
channel function 2%, Additionally, phylogenetic studies and transmembrane segment
prediction indicate that TRP channels are related to the superfamily of voltage-gated
cation channels ®®". According to this similarity, each TRP channel subunit presents a
common predicted topology of six transmembrane segments with the pore forming
region between the fifth and sixth segment (S5-S6) flanked by cytoplasmic N and C

63,87,88

termini structure (Figure 1-3). Recently, the structure of the TRPV1 ion channel

89,90

was determined by electron cryo-electron microscopy , confirming the predicted

structure for TRPV1 channel and further supporting it for the rest of the members of the

/ Pore region

TRP channel family.

Extracellular

TRP

oH domain

Intracellular

Figure 1-3. Putative TRP channel structure.
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Differences between TRP channels mainly lie in the distinct domains present in the N
and C terminus. In the N-terminal side the most common feature are ankyrin repeat
domains that have been related to channel tetramerization and protein-protein

interactions needed to build protein complexes %

. These repeats are particularly
characteristic of TRPA1 channels and in some cases are replaced by other motifs *°. In
the case of TRPMS8 the ankyrin repeats are substituted by kinase recognition domains
thought to be involved in channel function modulation **°?, Regarding the C-termini
different functionalities have been observed. For instance, in TRPV1 it presents
phosphoinositide and calmodulin binding domains and PKC consensus sites >%%. So
far in several TRP channels family members, the C terminus has been involved in the
functional modulation by phosphoinositides ****84 It has also been suggested that the
C-terminus contains the temperature sensor, at least for TRPV1 and TRPM8, since the
exchange of the C-termini between them produced the exchange in the temperature-
sensitivity of the resulting chimeras *. Nevertheless, the mechanism of temperature
gating is still under discussion and other regions near the pore have been proposed to
be responsible for temperature sensing #. Even a mechanism where the specific
heat capacity change during channel gating is the major determinant of

thermosensitive gating is gaining strength ’"°.

One special characteristic of the C-terminus shared by all three TRP nocisensors is a
moderately conserved region of about 30 amino acids, adjacent to the channel gate
following the sixth transmembrane segment (S6) named the TRP domain (TRPd).
Within this domain a highly conserved 6-mer segment is found, the TRP box %%, The
TRPd has been described as a molecular determinant of subunit tetramerization and it

is also essential to regulate channel responses to all activating stimuli %% |

n
particular, different studies point out to the role of the TRPd in the allosteric activation
of TRPV1 channel’s gate "®%'%, Noteworthy, a peptide patterned after the TRPd of
TRPV1 selectively blocked its activity *°, supporting the involvement of this domain in
protein-protein interactions that are central for coupling stimuli sensing to gating %,
Additionally, this evidence was structurally supported by the publication of a three-
dimensional model of TRPV1 at 3.4 A derived from cryo-electron microscopy images
899 This structural model depicts the TRPd as an a-helix that runs parallel to the inner
leaflet of the plasma membrane, interacting with cytosolic regions of the channel,
including the S4-S5 linker. This architecture of the TRPd is consistent with its reported
role in TRPV1 gating as it is involved in key intersubunit and intrasubunit interactions

that could be fundamental for allosteric gating.
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When a TRP channel recognises a stimulus, the energy that carries is translated
(coupling process) and the protein undergoes a series of conformational
rearrangements that eventually lead to the opening of the channel (gating process) '*.
For instance, in TRPMS8, menthol interacts with a hydrophobic pocket within the S1-S4
transmembrane bundle, and causes conformational rearrangements that lead to gate
opening "%, Understanding these coupling mechanisms is especially important for
TRP nocisensors considering their polymodal nature. The ability of these channels to
specifically sense distinct physical and chemical stimuli is related to the existence of
different sensors within the protein structure which need to act coordinately to give a
regulated response. Polymodal ion channels can be seen as multisensor entities where
each of the sensors receives its correspondent stimuli and translate it through
conformational changes to a common gate-opening mechanism. This vision involves
the development of multiple, allosterically coupled and stimulus-dependent pathways
for channel gating that need to be investigated °©*°>!", |n this context, the positioning
of the TRPd and S4-S5 loop in TRPV1 near the cytosolic side of the channel gate
appears to be ideal for an integrated control of all modes of channel activation ®.
Accordingly, it has been recently shown that mutations in the TRPd of TRPV1 affect
the allosteric coupling of the voltage sensor to the gate, and interestingly interactions
between the S4-S5 loop and the TRPd have been found 8 In TRPMS, mutations in the
TRPd attenuated menthol efficacy, suggesting that this domain influences events
downstream of initial menthol binding, giving support to an allosteric regulation of TRP

channel activity ***.

This fundamental contribution of the TRPd to TRP channel function makes it a region
with a high pharmacological potential. Furthermore, the fact that it is conserved among
several TRP channel subfamilies opens up the possibility of obtaining a family of
allosteric antagonists of TRP nocisensors targeting this domain. The main objective of
this project was to further understand the role of the TRPd in channel gating and to
give insight into the molecular requirements of this region for channel activity. With this
aim, a direct mutagenesis strategy was utilised by Francisco Taberner to study the
region linking the S6 transmembrane segment to the TRP box in the TRPd (amino
acids 980 to 993 in rat TRPMS, Figure 1-4). The first set of mutant channels consisted
of three different chimeras where short segments in the rat menthol receptor TRPM8
were sequentially and cumulatively substituted by the equivalent amino acids of the rat
capsaicin receptor TRPV1 (ChA to ChC, Figure 1-4). Then, several mutations within

these three chimeric channels were tested to further understand the obtained results.
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Intracellular

,H

TRP domain

0oocC

N \a) N
TRPM8 - VAMFGYTVGIVQENNDQVWKFQRYFL

ChA - VAMFGETVI: VQENNDQVWKFQRYFL

ChB - VAMFGETVI:K I DQVWKFQRYFL
ChC - VAMFGHTV WKFQRL‘(FL
&
- GETVL WK_QR
S6  S6.TRPbox 1P box
linker

Figure 1-4. Chimeric approach to study the S6-TRP box linker region of TRPMS.

Schematic representation of the topological model of one of the four subunits that constitute a
TRP channel. S1-S6 depict the six predicted transmembrane segments. Underneath the
cartoon, the sequences of TRPM8 (blue), TRPV1 (orange) and chimeric channels ChA
(TRPM8-Y981E/G984N/1985K), ChB (ChA-V9861/Q987A/E988Q/N989E/N990S) and ChC
(ChB-N990S/D991K/Q992N/V993lI) are represented. The region under study, the linker region
of the S6 to the TRP box (green square) is marked by an arrow. The red dashed line indicates

the transition from the S6 to the TRPd.
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OBJECTIVES

The main objective of this work was to investigate the role of the linker region between
the S6 transmembrane segment and the TRP box of TRPM8 channels in the TRPd to
identify key residues for channel gating. With this aim, a mutagenesis approach was
followed where segments of different lengths in the S6-TRPbox linker of TRPM8
channel were substituted with the equivalent TRPV1 sequences. The response of
chimeric channels was studied by patch clamp technique and analysed by means of an

allosteric model in the context of a structural homology model.

Specific goals:

e Study of the phenotype of TRPM8-TRPV1 chimeric channels by the
electrophysiological technique of patch clamp.
e Data analysis utilising an allosteric model in the structural context of a

homology model of TRPM8 channel based on the TRPV1 structure.
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RESULTS

Total and membrane protein expression studies

Mutations preventing a correct synthesis/folding of the resulting chimeric protein or
altering its trafficking to the membrane would impact the activity observed in functional
studies. Therefore, protein expression of chimeric channels was firstly explored by
western blotting and biotinylisation assays (Figure 1-5). Regarding total protein levels,
no significant differences were observed when compared to the wild type TRPMS8
channel for ChB and ChC, whereas ChA showed a decreased expression.
Nevertheless, when relative surface expression was analysed (ratio of membrane
expression from biotinylisation assays divided by total expression), all chimeric
channels displayed similar levels to wild type channels. These results indicate that
mutations included in the chimeric channels did not prevent channel expression in the
plasma membrane, although ChA was less expressed than TRPMS8 wild type, ChB and
ChC.

A B Totall/actin
Surface/total
Surface - - s oo 1.5,
c 5
Total Bl s BN s T %
, 59
oo
g-actin | e s c— c— 5 0
TN ® Q O
Sy R E P & & & s

Figure 1-5. Protein expression analysis of chimeric channels.

A) Western blotting of total extracts and surface fraction obtained by biotinylation assays from
HEK293 transfected cells with TRPM8, ChA, ChB and ChC, and TRPV1 as negative control. B)
Protein expression quantification of western blots. Dark grey: ratio between TRPM8/chimeric
channels and a-actin band density. Light grey: relative surface expression (biotinylated fraction
versus total extract). Mean+SEM is represented (N=3, number of different cultures; n>4, number
of replicates in each culture. One Way ANOVA and Bonferroni post hoc test (*p<0.001) were
used for the statistical analysis.
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Interestingly, during protein expression analysis experiments, a higher mortality was
exhibited among cells transfected with ChA (~70% versus ~10% for TRPM8 and ChB,
Figure 1-6). This observation suggested a potential toxic effect of this mutant. A
conceivable explanation for the higher mortality of cells expressing ChA could be that
this chimera, being constitutively active, is exposing cells to a constant calcium influx
causing their death. A similar effect has been demonstrated in DRG neurons after
prolonged TRPV1 activation by continuous exposure to capsaicin **. To investigate this
possibility, a simple test was designed where the number of cells detached after 48
hours of transfection was evaluated by measuring optical density (OD) for both the
pellet and the supernatant. Assuming that detached cells were dead, the ratio
ODsypematan/ ODpeller Was utilised as a measurement of cell death. Wild type TRPM8
channel and ChB were used as controls, and the inhibitor DD01050, known to be an
unspecific blocker for TRP channels *®® was used to prevent channel opening (Figure
1-6A). When cells were transfected with ChA and cultured in the presence of the
blocker a significant reduction in the percentage of cellular death reaching wild type
levels was observed. Consistently, the addition of the blocker did not alter either wild
type TRPM8 or ChB transfected cell death. This result indicates that the toxic effect
observed in ChA-transfected cells was indeed caused by the activity of the chimeric
channel, presumably by a constant influx of calcium to the cells through the open

channel.

To confirm the hypothesis that ChA was constitutively active, patch clamp experiments
in whole cell mode were conducted with cells transfected with the mentioned chimera
and cultured in the presence of 10 uM blocker DD01050. Figure 1-6B shows how at -60
mV, a potential where TRPM8 channels are essentially in the closed state in the
absence of any other stimuli %, the replacement of the external solution for an inhibitor-
free solution releases the inactivation of the channel eliciting an inward current (blue
line). This current is reversed when the blocker is added again to the solution and it is
not observed in TRPM8 wild type transfected channels (black line). Additionally, when
cells were cultured in the presence of the blocker, the lower ChA total protein
expression found before was not observed (compare Figure 1-5B and Figure 1-6C,
dark grey bars). This observation suggests that the lower total expression could be due
to the higher cellular mortality and not caused by an alteration in protein synthesis.
Relative plasma membrane expression of ChA was comparable to that of TRPM8, ChB

and ChC as previously described (light grey bars in Figure 1-6C).
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Figure 1-6. Constitutive activity of ChA.

A) Analysis of cell death 48 hours after transfection. Bar graph represents percentage of cell
death obtained by optical density (OD) measurements as the ratio ODsgypermatant/ODpelet.
MeanzSEM is represented (N=3, number of different cell cultures; n=3, number of replicated in
each culture). B) Representative patch clamp recordings in whole cell configuration at -60 mV in
HEK?293 cells transfected with TRPM8 wild type (black) and ChA (blue). C) Protein expression
analysis in the presence of 10 yM DDO01050. Dark grey: ratio between TRPM8/chimeric
channels and a-actin band density. Light grey: relative surface expression (biotinylated fraction
versus total extract). Mean+SEM is represented (N=3, number of different cultures; n>4, number
of replicates in each culture. One Way ANOVA and Bonferroni post hoc test (*p<0.001) were
used for the statistical analysis.

Electrophysiological characterisation of ChB and ChC

To further characterise the effects of the amino acid substitution on channel function,
voltage- and menthol-dependent activation of ChB and ChC was studied by whole cell
mode patch clamp technique in transiently transfected HEK293 cells. Figure 1-7A
shows representative currents in the absence and presence of 1 mM menthol in
response to the application of a family of depolarising voltage pulses. Voltage
stimulation evoked ionic currents in both chimeras, although ChB showed similar

currents to TRPM8 whereas ChC exhibited lower responses.
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Figure 1-7. Electrophysiological characterisation of ChB and ChC.

A) Representative families of whole-cell currents in HEK293 transfected cells with TRPM8, ChB
and ChC channels. The voltage protocol is plotted as an inset, consisting on depolarising pulses
from -100 mV up to +240 mV. Along the figure, black colour denotes the absence of the agonist
menthol, and blue colour represents its presence at 1 mM concentration. B) Normalised
conductance to voltage (G/G, V) curves. The conductance for each channel species was
normalised with respect to the maximal conductance obtained in the presence of 1 mM menthol.
MeanzSEM is plotted (n=4). Solid lines depict the best fit to a Boltzmann distribution. Voltage
needed to reach half maximal activation, Vg s, is marked in the x-axis for each case.

To biophysically characterise the responses of ChB and ChC, we next obtained the
conductance to voltage (G-V) curves. Using the relation G=I/(V-Vg) to calculate the
conductance from the steady-state current values from the voltage step protocol. G is
the conductance, | is the current at steady-state, V is the command pulse potential, and
VR is the reversal potential of the ionic current obtained from the I-V curves. Then

these curves were fitted to a Boltzmann equation:

(1 C':'min )
G _ Gmin + Gmax

e 500

Gmax Gmax

Equation 1-1. Boltzmann equation.
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where G is the maximal conductance under the stimulation studied, G, is the
minimal conductance at hyperpolarized potentials (s-100mV) and Vg5 is the voltage
required to reach half of the maximal conductance. F is the Faraday constant, R is the
Gas constant, T is the temperature and zy4is the apparent gating valence obtained from
the slope of the G-V curve (slope=z4-F/R-T mv?, 24=26.12-slope at 30 °C).

Then the maximal conductance value under menthol application, Gmaxmentho, Was
utilised to normalise the conductance values. This value was used for the normalisation
because voltage is only a partial activator of the channel and application of another
stimuli is needed to obtain maximal channel activity *°°. Normalised conductance to
voltage curves (G/Gna-V) were fitted again to a Boltzmann equation (solid line in
Figure 1-7C), and parameters Vg5, z4 and saturation level when voltage was the only
stimuli applied (Gmax/Gmaxmentho) Were obtained. After that, a two-state model was used
to calculate the free energy for channel opening at 0 mV and 30°C (AG,) according to

the equation %:
AGy =2z4FVy5

Equation 1-2. Free energy of channel gating according to a two-state model.

Parameters Vg s, Zg, Gmax/Gmaxmenthol @Nd AGy for all chimeric channels presented in this
study are summarised in Table 1-1 towards the end of this section. For each set of
mutants a figure with bar graphs will show variations in the parameters. For TRPM8
wild type channels, when voltage was the only stimuli applied, the parameters obtained
were: Vo5=206+4 mV, z,=0.7+0.1 and AG,=3.3£0.2 kcal/mol. In the presence of 1 mM
menthol, G/Gnax-V curve of TRPM8 wild type was shifted to more negative potentials
as it was expected for the cooling agent being a channel agonist *****° (Figure 1-7 and
Figure 1-8). Vo5 was reduced to 100+4 mV, z4 decreased to 0.5+0.1 and the free
energy for channel opening was 1.1+0.4 kcal/mol. Notice that values of Vg5 are
significantly higher than those reported by other groups (Vos(control)=122+6 mV,
Vos5(0.8 mM menthol)=-5#30 mV) '%. Nevertheless, this difference is probably
explained because gating of TRPMS8 is highly sensitive to the recording temperature.
Unlike to other studies, the temperature used here was 30°C. Since the opening
probability of TRPM8 decreases as temperature increases, a higher temperature

explains higher V, s and free energy values.
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Figure 1-8. Biophysical parameters of TRPM8, ChB and ChC.

Vos (voltage at which half of the activation is reached), zy (apparent gating valence) and AGy
(free energy difference for a two-state model at 0 mV and 30°C) obtained from the fitting to a
Boltzmann equation of normalised G/G,.-V curves. Left: control conditions. Right: 1 mM
menthol. For the statistical analysis one Way ANOVA and Dunnett’'s post hoc test (* p<0.05)
were utilised.

In the absence of the agonist, both chimeric channels ChB and ChC showed similar
values to wild type channels of z4 (0.7+0.1 and 0.8+0.1 respectively). However, ChB
displayed a lower Vg5 (160£2 mV) whereas for ChC this value was higher (250+8 mV)
than that of TRPM8. These values resulted in free energies of activation of 2.6+0.3
kcal/mol and 4.3+0.5 kcal/mol for ChB and ChC respectively (Figure 1-8, Table 1-1). It
should be highlighted that for ChC, in the absence of menthol, the calculated values
are probably underestimated. This is due to the fact that saturation of the G/Gpax-V
curve at the tested potentials was not reached, and thus the fitting to the Boltzmann
equation was not accurate. In wild type channels, saturation of the curve
(Gmax/Gmaxmenthor) iN the presence of 1 mM menthol) occurred at ~60%, in agreement
with voltage being a partial activator of TRPM8 channels. In the case of ChB, ~85% of
saturation was achieved when voltage was the only stimuli applied, suggesting a
favoured voltage-dependent channel opening. For ChC this value could not be

accurately calculated due to the same reason explained previously. When 1 mM
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menthol was applied to the bath, ChB exhibited similar values to wild type channels:
Vo5=104+2 mV, z,=0.60£0.05 and AG,=1.4+0.2 kcal/mol. On the contrary, chimeric
channels ChC, as in the absence of the agonist, exhibited much higher values of Vg5
and AGq than the wild type channel (Vos=194+2 mV and AG,=3.1+0.6 kcal/mol),
confirming the lower responsiveness of this chimera also in the presence of the agonist
(Figure 1-8).

Together with the results from ChA, these data show that, although differently, all
obtained chimeras were able to elicit an ion current flow. Thus, the S6-TRPbox linker of
TRPVL1 is structurally compatible with the gating structure of TRPM8. Replacement of
G980-1985 (ChA) in TRPMS8 by the cognate TRPV1 residues produces constitutively
active channels even at high temperatures (channels were active even at ~37°C in the
incubator), and in the absence of any agonist. Interestingly, a larger substitution (G980-
N990, ChB) restores voltage and menthol regulated activity, with a facilitated voltage-
induced gating and a similar response to menthol to wild type channels. Additional
substitutions (G980-V993, ChC) gave rise to an active channel which showed an
impaired activity when compared to TRPM8 channels to both voltage and menthol
stimulation. These differences in the activity of the chimeric channels are consistent
with the existence of structural determinants of gating modulation in the S6-TRPbox
region. Therefore, to further characterise the role of this region we aimed to determine

the individual changes responsible for the observed phenotypes.

Detailed study of ChA

In ChA only three amino acids are different between TRPM8 and TRPV1: Y981E,
G984N and 1985K (Figure 1-4). Therefore, with the aim of mapping down the residue(s)
responsible for the constitutive activity observed in this chimera, site specific
mutagenesis in TRPM8 wild type protein were carried out. Thus, mutants TRPM8-
Y981E (ChAl), TRPM8-G984N (ChA2) and TRPM8-1985K (ChA3) were generated and
their function was assessed (Figure 1-9 and 1-10). Similarly to ChA, ChAl showed
activity in resting cells when blockade by 10 yM DD01050 was removed. On the
contrary, both ChA2 and ChA3 mutant channels did not present that ChA-like
behaviour (Figure 1-9A). Instead, they showed a voltage and menthol regulated activity
(Figure 1-9B and C). In the absence of menthol, ChA2 and ChA3 exhibited a Vg5 of
211+6 mV and 192+7 mV respectively, both similar to the one observed for TRPM8
wild type (206x4 mV). The free energy required for channel opening, calculated

according to the two-state model, was 4.6+0.5 kcal/mol for ChA2 mutant and 3.5+0.5

37



Structure-function studies

kcal/mol for ChA3, slightly higher than that of wild type values (3.3+0.2 kcal/mol) in the
case of ChA2. As for ChC, values for ChA2 are underestimated because saturation
was not reached. In the presence of menthol, the Vy5 value was lower than that of
TRPM8 (7943, 53+3 and 100+4; ChA2, ChA3 and TRPM8 respectively), thus resulting
in a slightly lower free energy of activation (Figure 1-10, Table 1-1). From these
experiments we can conclude that modifications caused by the substitution of tyrosine
(Y) by a glutamic acid (E) at position 981 in TRPM8 channels are sufficient to cause
the constitutive activity of ChA. Mutations G984N and 1985K did not seem to have an
impact on channel function, rendering channels that behave similarly to TRPM8 wild
type.
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Figure 1-9. Detailed study of ChA.

Characterisation of detailed mutants of ChA: ChAl (A), ChA2 (B) and ChA3 (C). Top:
representative patch clamp recordings in whole cell configuration at -60 mV in transfected
HEK293 cells. Solid red line represents the presence of the channel blocker DD01050 and the
dashed red line its absence. Middle: representative families of whole-cell currents elicited by a
step voltage protocol from -100 to 240 mV (inset). Along the figure black colour denotes the
absence of the agonist menthol, and blue colour represents its presence at 1 mM concentration.
Bottom: G/G .-V curves. Solid lines depict the best fit to a Boltzmann distribution, Vs values
are marked in the x-axis. Data are given as meant+SEM, n=4.
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Figure 1-10. Biophysical parameters of detailed mutations in ChA.

Vos (voltage at which half of the activation is reached), zy (apparent gating valence) and AGy
(free energy difference for a two-state model at 0 mV and 30°C) obtained from the fitting to a
Boltzmann equation of normalised G/G,.-V curves. Left: control conditions. Right: 1 mM
menthol. For the statistical analysis one Way ANOVA and Dunnett’'s post hoc test (* p<0.05)
were utilised.

Detailed study of ChB

Despite the fact that ChB contains the Y981E mutation that made ChA constitutively
active, it displays voltage and menthol-dependent channel gating (Figure 1-7). The
question that naturally emerged from this result was how the addition of 5 more amino
acids from TRPV1 to ChA recovered regulated channel activity. This implies that
mutations downstream of residue G985, i.e. V986l, Q987A, E988Q, N989E and
N990S, are able to counteract the effect of mutation Y981E. Thus, those single
replacements were included in a ChA background and their phenotype analysed.

Figure 1-11 shows the obtained results.
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Figure 1-11. Detailed study of ChB.

A, D and E) Electrophysiological characterisation of ChB1, ChB4 and ChB5, respectively. Left:
representative families of whole-cell currents elicited by a step voltage protocol from -100 to 240
mV (inset in A). Along the figure black colour denotes the absence of the agonist menthol, and
blue colour represents its presence at 1 mM concentration. Right: G/G,o-V curves. Solid lines
depict the best fit to a Boltzmann distribution, Vo5 values are marked in the x-axis. Data are
given as meantSEM, n24. B and C) Representative patch clamp recordings in whole cell
configuration at -60 mV in HEK293 cells transfected with ChB2 and ChB3 respectively. Solid

red line represents the presence of the channel blocker DD01050 and the dashed red line its
absence.
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As shown in Figure 1-11B-C, ChB2 (ChA®®"#) and ChB3 (ChA®®?) presented a ChA-
like phenotype, showing an inward current upon removal of DD01050 blocker. On the
other hand, ChB1 (ChAY*®*®"), ChB4 (ChA®%*°F) and ChB5 (ChAY*°®) rendered channels
with voltage- and menthol-regulated activity (Figure 1-11A,D-E). In the case of ChB1, in
the absence of menthol, V5 value was of 123+3 mV, which is ~1.7-fold lower than that
of wild type channels (206£4 mV). This reduction led to a channel opening free energy
of 1.5+0.1 kcal/mol, less than half of the value for TRPM8 wild type channel (3.3
kcal/mol) (Figure 1-12, Table 1-1). Thus this result suggests that, although regulated
gating was recovered, addition of mutation V9861 to ChA gave rise to a channel with
higher susceptibility to voltage-induced opening compared to TRPM8 wild type.
Accordingly, ~90% of the maximal conductance was reached in the absence of
menthol, further supporting the need of less energy for channel opening akin to ChB.
This hypothesis was substantiated by the lower V5 (4416 mV) and AGy (0.4+0.6
kcal/mol) of ChB1 than TRPM8 (100£4 mV and 1.1+0.4 kcal/mol) also in the presence
of menthol (Figure 1-12). Moreover, when stimulated with the agonist, voltage-
independent currents were observed at negative potentials where TRPM8 wild type
channels are essentially closed (Figure 1-11A, blue line), indicating that the favoured

channel opening is also voltage-independent.

Similar results as for ChB1 were obtained for ChB4 and ChB5 (Figure 1-11, Figure
1-12, Table 1-1) where a tendency for lower energy needed for channel activation by
depolarisation in the absence and presence of the agonist menthol was observed. Also
the maximal conductance in the absence of the cooling agent was higher than for
TRPM8 (~80% and ~85% for ChB4 and ChB5 respectively). However, although a
favoured opening is also observed for ChB4 and ChB5, the activity at hyperpolarised
potentials shown by ChB1 was not present in those chimeric channels neither in ChB
channels. This suggests that mutations included in them could be stronger at
counteracting the alterations introduced by mutation Y981E than the one in ChB1. For
values of z4 in none of the cases significant differences between wild type and

chimeric channels were observed.

These results suggest that residues 986, 989 and 990 could be participating in
important interactions defining channel energetics. In addition, when mutations V986,
Q989E and N990S are included together in a ChA background (ChB), the tendency to
a reduced free energy of channel opening in the presence of the agonist menthol
disappears. This indicates a possible cumulative effect of these mutations in channel

function.
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Figure 1-12. Biophysical parameters of detailed mutations in ChB.
Vos (voltage at which half of the activation is reached), zy (apparent gating valence) and AG,
(free energy difference for a two-state model at 0 mV and 30°C) obtained from the fitting to a
Boltzmann equation of normalised G/G,-V curves. Left: control conditions. Right: 1 mM

menthol. For the statistical analysis one Way ANOVA and Dunnett’'s post hoc test (* p<0.05)
were utilised.

Cumulative study of mutations in ChB

To further study the role of residues 986-990 in defining channel activity, they were
sequentially and cumulatively mutated in ChA, obtaining the following chimeric

channels:  ChAV98SVQ97A  (cpB2 2)  ChAV9BOUQSSTAESEQ (o3 2)  and

ChAV/986/QI87A/EIBBQINGBOE (ChB4_2). Electrophysiological characterisation by patch

clamp revealed that all new chimeric channels had a regulated channel opening
responding to membrane depolarization steps in the absence and presence of menthol
(Figure 1-13). This result is opposed to the constitutive activity of ChA (Figure 1-6 and
Figure 1-9), although it is consistent with the recovered regulated activity of ChB1
(Figure 1-11).
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Figure 1-13. Cumulative mutations in ChB.

Electrophysiological characterisation of ChB2_2, ChB3_2 and CB4_2: A, B and C, respectively.
Left: Representative families of whole-cell currents elicited by a step voltage protocol from -100
to 240 mV (inset). Along the figure black colour denotes the absence of the agonist menthol,
and blue colour represents its presence at 1 mM concentration. Right: G/G,.-V curves. Solid

lines depict the best fit to a Boltzmann distribution, Vo5 values are marked in the x-axis. Data
are given as mean+SEM, n>4.

In Figure 1-13 it can be observed that the addition of cumulative mutations towards
ChB rendered Vo5 and AG, values lower than those of wild type in the presence and
absence of menthol that progressively approached those of the chimeric channel ChB

(Figure 1-14, Table 1-1). The z4 values were not significantly affected when compared
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to TRPM8 in any of the conditions. Moreover, incorporation of these additional
mutations to ChA progressively eliminated voltage-independent gating evoked by the
agonist menthol in ChB1 as evidenced by the decrease in the conductance at
hyperpolarized potentials (Figure 1-13 right panel). Notably, the cumulative mutations
reduced the maximal conductance evoked by only voltage stimulation as compared
with the maximum conductance in the presence of menthol (~90%, ~85%, ~80% and
~70% in ChB1, ChB2_2, ChB3_2 and ChB4_2 respectively, Figure 1-11, 1-13, Table
1-1).

Control Menthol
ChB
* ChB4_2
*
Vos " ChB3_2
(mV) ChB1
TRPM8

0 50 150 250

. % %
fa gy _ o 1
AG *
(kcal/mol) *
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Figure 1-14. Biophysical parameters of cumulative mutations in ChB.

Vo5 (voltage at which half of the activation is reached), z, (apparent gating valence) and AG,
(free energy difference for a two-state model at 0 mV and 30°C) obtained from the fitting to a
Boltzmann equation of normalised G/G.-V curves. Left: control conditions. Right: 1 mM
menthol. For the statistical analysis one Way ANOVA and Dunnett’'s post hoc test (* p<0.05)
were utilised.
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Control 1 mM Menthol

Vos z AG _ Gmax Vos z AG

(mV) 9 (kcal/mol) G ax menthor (mV) ¢ (kcal/mol)
TRPM8 2064  0.7£0.1 3.3%0.2 60% 100#4  0.5:0.1  1.1%0.4
ChA Constitutively active
Y981E (ChA1) Constitutively active
G984N (ChA2) 21116 1.0£0.1 4.610.5 45% 79+3 0.52+0.03 0.9+0.1
1985K (ChA3) 19247 0.8+0.1 3.5+0.5 70% 53+3 0.56+0.08 0.7+0.1
ChB 160+2 0.7+0.1 2.6+0.2 85% 104+2  0.6+0.1 1.4+0.2
V986l (ChB1) 1233 0.5+0.1 1.51£0.5 90% 4416 0.4+0.2 0.4+0.6
Q987A (ChB2) Constitutively active
E988Q (ChB3) Constitutively active
N989E (ChB4) 1663  0.70+0.03 2.6+0.2 80% 33+2 0.59+0.03 0.4+0.1
N990S (ChB5) 15145 0.7+0.1 2.4+0.3 90% 4045 0.5+0.1 0.5+0.1
ChB2_2 12812 0.6+0.1 1.8+0.2 85% 1243 0.6+0.1 0.2+0.1
ChB3_2 14713 0.6+0.1 2.1£0.3 80% 1614 0.5+0.1 0.2+0.1
ChB4_2 180+2  0.76x0.04 2.9+0.2 70% 85+3 0.56+0.01 1.1x0.1
ChC 25048 0.8+0.1 4.310.5 S 194+2  0.7£0.1 3.1+0.6

Table 1-1. Summary of biophysical parameters of all chimeric channels.

Vo5 (voltage at which half of the activation is reached), z4 (apparent gating valence), AG, (free
energy difference for a two-state model at 0 mV and 30°C) and Gp,ax/Gmaxmenthol (the saturation
percentage when voltage was the only stimuli applied) were obtained from the fitting to a
Boltzmann equation of hormalised G/G,-V curves.

All the observations from the detailed and cumulative mutants in ChB reinforce the
tenet that the linker region in the TRPd is pivotal for defining channel energetics. They
suggest that positions 986, 989 and 990 are implicated in the recovery of regulated
activity of ChB by counteracting the effect of mutation Y981E. Yet, a facilitated gating
mechanism respect to TRPM8 wild type channels seems to remain from ChA,
presumably because of the Y981E mutation. Changes introduced by single mutations
in ChB1, ChB4 or ChB5 seemed not to be enough to completely abolish the effect of
mutation Y981, and as a consequence higher open probability is observed than for
TRPM8 channels (Figures 1-11 to 1-14). Cumulative addition of mutations towards
ChB showed an increasingly disfavoured open state although the characteristic wild
type activity was not fully recovered. This indicates that the stabilisation of the closed
state by mutations in positions 986, 989 and 990 is additive yet not enough to fully

overcome instability induced by mutation Y981E.
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Allosteric analysis of chimeric channels

So far, the analysis of the biophysical properties of chimeric channels was based on a
two-state model in which a unique equilibrium between the open and closed states was
considered. Although this model can be useful to compare the effect of different
mutations, to build an accurate view of polymodal channels behaviour a more
elaborated model is needed. For this kind of channels it is assumed that distinct
structural domains in the protein form different sensors. Channel opening involves the
coupling between those sensors and the channel pore. In a two-state model, complete
interaction between the correspondent sensor and the pore is presumed, and thus
activation of the channel by any stimuli should render maximal opening probability.
Nevertheless, some evidences point out that it is not the most appropriate model to
describe activity of polymodal channels %% |n the case of TRPV1 and TRPMS, at
room temperature, membrane depolarization evokes responses that saturate at
approximately 50-60% of the maximum open probability obtained in the presence of
the correspondent channel agonist (Figure 1-7). This clearly shows that activation by
different stimuli is not equivalent. In addition, some groups have shown results
indicating that the process of TRPV1 channel gating induced by different activators
corresponds to different open and closed states and therefore a two-state model would

be an oversimplification ',

As an alternative to the two-state model, an allosteric approach has been proposed
and demonstrated for several voltage-activated channels such as hyperpolarization-
and cyclic nucleotide-gated channels '°"**3, According to this model, each stimulus
drives a transition between resting and activating states of its own sensor, and these
new equilibria modify the opening probability. Sensors act separately but in a
coordinated way by allosteric positive or negative coupling to the channel's gate.
Therefore, sensing one of the activating stimulus does not imply activation of the
channel with maximum open probability. In this work, the allosteric model described by

Matta et al %

was utilised to analyse the results obtained from the chimeric channels.
This model proposes the existence of independent voltage, agonist and temperature
sensors that are allosterically coupled to the channel pore and between each other.
Because all measurements in this project have been carried out at 30°C, where
temperature-induced activation of TRPM8 is not observed *°, the temperature sensor
was considered to be in its resting state and its contribution to channel gating ignored.
Furthermore, it has been assumed that the four identical menthol binding sites (one per
each of the four subunits) have to be occupied for the activation of the channel "8,

Moreover, to simplify the model, voltage and menthol sensors were considered to
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move simultaneously. Under these conditions, an 8-state allosteric model is required
for describing the gating mechanism "% (Figure 1-15).

Gate

C<——>0

D P
E
Vp<«=—>V, <«<—> My<—>NM
J Q
Voltage sensor Agonist sensor

Figure 1-15. Allosteric model.

Black arrows indicate different two-state equilibria and blue arrows allosteric coupling between
them. Blue background depicts the equilibrium between the closed (C) and open (O) states;
orange background depict the equilibrium between the resting (Vg) and active (Va) voltage
sensor states (left), and between the unbound (My) and bound (Mg) states of the menthol
sensor (right). Green letters represent equilibrium constants: L, equilibrium constant between
the closed and open states; J, equilibrium constant between the resting and active voltage
sensor states; and Q, equilibrium constant between the unbound and bound menthol site
conformations. Blue letters refer to coupling constants between different equilibria: D, coupling
constant between the voltage sensor and the pore; P, coupling constant between the menthol
sensor and the pore; and E, coupling constant between both sensors.

According to this model, three different equilibria are stablished (Figure 1-15). The first
equilibrium corresponds to the transition between the closed (C) and open (O) states of
the pore gate. This equilibrium is defined by the constant L which describes the open
probability in the absence of any stimuli. A second equilibrium refers to the voltage
sensor, and it is defined by Vg and V, which represent the resting and activated states
respectively. J defines the equilibrium constant for voltage sensor activation and

depends on voltage as:

{ J= Joexp%/

Equation 1-3. Equilibrium constant for voltage sensor activation.

where J, is the equilibrium constant at 0 mV and zg4 the gating valence.
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The coupling constant D determines the allosteric interaction between the voltage
sensor and the pore of the channel. According to this model, the probability of the

channel being in any open state when voltage is the only activating stimuli applied
(Pov) is:

1

1+J
+ —
L(1+JD)

PO,V=

Equation 1-4. Voltage-dependent open probability according to the allosteric model.

If the channel is stimulated not only with voltage but also with the agonist menthol, a
third equilibrium comes in where My and Mg represent, respectively, the unbound and
bound conformations of the menthol site. The equilibrium constant for menthol binding

corresponds to:

_ [menthol]
TR

Equation 1-5. Equilibrium constant for menthol sensor activation.

where Ky is the menthol dissociation constant and [menthol] is the applied agonist

concentration.

Equivalently to D, with the new equilibrium appears a coupling constant between the
menthol sensor and the pore called now P. In addition, in order to describe the coupling
between both sensors, a new constant, E, is defined. When sensors act independently
E=1, whereas when both sensors are allosterically coupled to each other, E differs
from 1. According to this model, the opening probability when voltage and menthol

stimuli are applied (Po v m) is:

1
POIV'"*:“ 1+J+Q+JQE
L (1 +JD +QP + JQDPE))

Equation 1-6. Voltage and menthol-dependent open probability according to the allosteric
model.
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The free energy (AGy) is calculated using the following equation where K; refers to the

equilibrium and allosteric constants considered in the model *****;

AG, = -RT In([iz4Ks)

Equation 1-7. Free energy of channel gating according to the allosteric model.

Normalised G/Gnax-V curves for voltage activation of TRPM8 wild type were firstly fitted
to Equation 1-4 utilising a z4 of 0.7 (Table 1-1) in Equation 1-3 to calculate J, (Figure
1-16 left, black curves). Values of J,=0.002, L=0.015, and D=107 gave the best fit. The
free energy for channel opening calculated from these allosteric parameters according
to Equation 1-7 was 3.4 kcal/mol (Table 1-2), very similar to the obtained from the two-
state model (3.3 kcal/mol, Table 1-1).

According to Equation 1-4, the maximum probability of voltage-induced channel gating

is:

1
Po.v,max = —1

1+ —
LD

. S S L A e

Equation 1-8. Maximum voltage-induced opening probability.

For TRPM8, Equation 1-8 renders a value of maximum open probability of ~60%,
consistently with the result obtained from the Boltzmann fit of the normalised G/Gpax
curve (Table 1-1, Figure 1-7).

Normalised G/Gnax-V curves for the different chimeric channels where then analysed in
the same way (Figure 1-16, left panel), using the values of zy obtained previously
(Table 1-1). For ChB the values of Jo, and L were similar to those of wild type channels
while the value of D, coupling constant between the voltage sensor to the pore, was
almost double than that of wild type (D=200 versus D=107) (Table 1-2). This result
indicates an enhanced coupling between the voltage sensor and the pore in the case of
ChB, consistent with the larger voltage sensitivity observed (Figure 1-7). For ChC, as it
occurred when fitting the normalised G/Gnax curve to the Boltzmann equation, the fact
that saturation was not reached hampered the application of the model. Assuming that
mutations included would not affect the voltage sensor equilibria, the value of J, for
ChB was used in the fitting of ChC. Under this assumption, a diminished coupling in the
case of ChC is suggested by the lower obtained value of D (D=30 versus D=107). This
is in agreement with the smaller voltage response recorded for this chimera (Figure
1-7). Free energies were also calculated, although no significant differences were
found between TRPMS8, ChB and ChC channels (Table 1-2).
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Figure 1-16. Fitting of G/Gna-V curves to an allosteric model.

G/Gnax-V curves in the absence and presence of 1 mM menthol (left and right respectively).
Solid lines depict the best fit to Equation 1-4 and Equation 1-6 in the absence and presence of
the agonist menthol respectively. Data are given as meantSEM, n=24. A) TRPM8, ChB and
ChC. B) Detailed mutations of ChA. C) Detailed mutations of ChB. D) Cumulative mutations of
ChB.
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When voltage was the only stimuli applied, as it happened for ChC, for chimeras ChA2
and ChA3 saturation was not achieved. As a consequence, to guide the fitting to the
allosteric model the values of J, and L were supposed to be those of the wild type
channels. Utilising those parameters, values for D were 20 and 97 respectively,
compatible with the observation that ChA2 showed a slightly lower activity when
activated by voltage, alike to ChC, while ChB3 was comparable to TRPMS8 channels.
This was confirmed by the values of free energy (Table 1-2). In chimeras ChB1, ChB4
and ChB5, as for ChB and ChC, values of L and Jy were no different from those of wild
type channels and the major impact was observed in the coupling constant between
the voltage sensor and the pore as shown by the higher values of D. This favoured
channel opening was also reflected in the lower free energy for channel opening (Table
1-2). This is in agreement with the hypothesis of mutations in positions 986, 989 and
990 in ChB being important to recover the voltage- and menthol-regulated activity

although maintaining a higher opening probability derived from mutation Y981E.

Control 1 mM Menthol
Jo L D (kcz?l,?nol) P D (kcz?ll?nol)
TRPMS8 0.002 0.015 107 34 26 2000 241
ChA Constitutively active
ChA2 0.002 0.015 20 4.5 20 2303 3.2
ChA3 0.002 0.015 97 35 30 2642 2.8
ChB1 0.003 0.010 2100 1.7 79 1855 21
ChB4 0.002 0.015 243 29 32 2857 2.7
ChB5 0.002 0.015 300 2.8 114 1900 2.7
ChB 0.003 0.010 200 3.1 35 500 3.6
ChB2_2 | 0.005 0.020 2400 0.9 195 2400 1.0
ChB3_2 | 0.005 0.010 650 21 147 1500 1.5
ChB4_2 | 0.002 0.005 1000 238 114 1900 22
ChC 0.003 0.030 30 3.6 13 90 Dy

Table 1-2. Parameters obtained from the application of the allosteric model.
Jo is the equilibrium constant at 0 mV, L is the equilibrium constant between the closed and
open states, D is the allosteric constant for the coupling between the pore and the voltage
sensor, and P is the coupling constant between the menthol sensor and the pore.

The same kind of analysis was performed in the presence of the agonist menthol using
the correspondent z4 values (Table 1-1). In addition, because equilibria of the voltage

sensor and between open and closed states in the absence of any stimuli should not

51



Structure-function studies

vary by menthol addition, parameters of J, and L were considered to be the same as in
its absence (Table 1-2). The value of Q was calculated using Equation 1-5, [menthol]=1
mM and considering K4=10 mM from Matta et al. . Moreover, voltage and menthol
sensors were considered to act independently (E=1) in all cases. As a result,
parameters D and P were calculated in the presence of 1 mM menthol. For TRPMS8
channels, P=26 and D=2000 (Table 1-2), implying that the addition of the TRPM8
channel agonist modified the coupling constant for the voltage sensor and the pore
(from 107 to 2000). Therefore, this could indicate that voltage and menthol sensors are
not completely independent as it has been assumed. However, this observation is
consistent with the leftward shift of the G/Gna—V curve in the presence of menthol
(Figure 1-7B, left or Figure 1-16, black). Moreover, in almost all chimeric channels this
increase in the allosteric constant D was observed, accounting for the responsiveness
of the channels to the agonist (Table 1-2). In addition, the most drastic changes in the
parameter D were correlated to the most deviated behaviours as for ChB1 or ChB2_2.
In relation to the coupling constant between the menthol sensor and the pore, P, similar
values to TRPM8 were obtained in all chimeric channels except for ChB1l, ChB5,
ChB2_2, ChB3 2 and ChB4_2 where higher values were observed. According to the
allosteric model, this means that the menthol sensor and the pore could be better
coupled in these chimeric channels. This effect could explain the favoured opening of
channels ChB1, ChB5, ChB2_2 and ChB3_2 in the presence of 1 mM menthol (free
energy values, Table 1-1). Taken together, results obtained from the data analysis with
the allosteric model strongly suggest that mutations within the S6-TRPbox linker in the
TRPd affect the allosteric coupling between the sensors and the pore rather that the
equilibrium constants. Especially, the coupling allosteric constant between the voltage

sensor and the pore seems to be primarily affected.

Location of mutated residues in a homology model of TRPM8

To locate the residues under study in a structural context a homology model of TRPM8
was built. Since the three-dimensional structure of TRPM8 has not been solved yet, the
channel region under study in this work was modelled by Gregorio Fernandez Ballester
based on the recently published 3,4 A-resolution structure of TRPV1 #¥%. In particular,
a homology model of the region comprising amino acids 654 to 1016 of TRPMS rat wild
type was built, including the transmembrane fragments and small parts of the N-
terminus and C-terminus. The rest of the termini and the loop S2-S3 were excluded
due to the uncertainty in the modelling derived from their large size. Figure 1-17A
shows a side view of the modelled protein structure in the closed state where a large
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open basket-like domain corresponds to the cytoplasmic N- and C-terminal fragments,
and a more compact domain corresponds to the transmembrane segments. TRPd are
coloured in red and the S6 segment of subunit 1 in blue. A detail of subunit 1 is shown
in Figure 1-17B. Top and bottom views in the closed and open states are represented
in Figure 1-17C.

A ) B i
Subunit 1
Subunit1  1oPView

Intracellular

Top view

Bottom view

Figure 1-17. Homology model for TRPM8 channel.

A) Side view of the structural model of TRPM8 based on the TRPV1 structure. The four different
subunits are depicted in green lime, blue, pink and yellow colours. TRPd are coloured in red
and the S6 transmembrane segment of subunit 1 in dark blue. B) Detail of the subunit 1 where
the different transmembrane segments are indicated. C) Top and bottom views in the modelled
closed (left) and open (right) states. Open structure is superimposed to the closed one and is
represented in orange.
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As seen in Figure 1-18, residue Y981 is located at the end of the S6 transmembrane
segment, close to the channel internal gate. In the channel closed state, this residue
lies in a hydrophobic cavity structured by the S6 and the TRPd of the neighbour
subunits. In this location, it could be involved in inter-subunit interactions with residues
Q987 and V983. Amino acid G984 seems to be creating a space to fit tyrosine 981
(Figure 1-18A, C and D).

C
A
G984 Eogs
D
S6 p— TRPd
Subunit 1 Subunit 4
Hydrophobic g
interaction
B
Open
F

vog3 G984

Figure 1-18. Residue 981 could interact with the TRPd of neighbour subunits.

A and B) side view of the TRPM8 homology model in the closed and open states, respectively.
The region where Y981 resides is delimited by a rectangle and this residue is marked in orange.
C and E) Respectively, magnification of the rectangle delimited region in A and B. D and F)
Bottom view of C and E. Residues Y981, V983, G984, Q987 and E988 are shown in sticks
representation. Subunits not involved in the interaction were removed for clarity.
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In the open state, the model suggests an outward movement that move away the C-
end of the S6 and the TRPd, breaking the interaction between residues Y981 and
Q987. This movement also keep away from Y981 amino acids V983 and G984 while it
brings closer residue E988. In addition, it places the residue Y981 in a more hydrophilic
environment (Figure 1-18B, E and F). It is possible that incorporation of a glutamic acid
to this position in TRPM8 channels (mutation Y981E), provokes a conformational
change to accommodate the charged side chain in a more hydrophilic environment that
would be presumably similar to that adopted by Y981 in the open state as in ChA and
ChALl. This new conformation would disrupt the interaction with Q987 and lead to a
permanent open state. The impact of the mutation Y981E on the hydrophobic contact
was evaluated by calculation of the theoretical free energy of interaction between the
amino acid at position 981 and the contiguous environment. Tyrosine substitution by a
glutamic acid increased the free energy of the system by +2.8 kcal/mol, indicating a
weakening of the interaction. Therefore, our findings substantiated the notion that Y981

is a key structural determinant of the inner gate energetic profile.

The question that remains to be answered is how could mutations V986l, N989E and
N990S rescue regulated gating in chimeric channels containing the Y981E mutation. In
our model, residues V986, N989 and N990 lay on a hydrophobic contact region
between the TRPd and the S4-S5 linker of the same subunit (Figure 1-19A and C).
According to the modelled structure, V986 could interact with residues R862, M863,
M859, T982 and N990, contributing to maintain both regions united. N989 could form a
hydrogen bond with Q992 that could help it to be adequately positioned to establish
hydrophobic interactions with F668, again anchoring the S4-S5 loop and the TRPd.
N990, in addition to V986, can interact with Q987 and, potentially, also with M859,
R862 and 1858. Similarly, residues mutated in ChC (991-993) are also part of this
contact beneath the S4-S5 loop suggesting that they could be involved in anchoring
this region to the TRPd as well. D991 could interact with Q987 and W994, and it could
even collide with 1669, determining the position of the S4-S5 loop. Q992 interacts with
N989 as seen, and it could also interact with F668. V993 could establish hydrophobic
interactions with 1858 and H667 that could also contribute to maintain the contact
between the S4-S5 loop and the TRPd.
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S4-S5 loop TRPd
-
Subunit 1 Subunit 1

Interaction

Figure 1-19. Residues 986-993 of the TRPd could interact with the S4-S5 loop of the same
subunit.

A and B) Side view of the TRPM8 homology model in the closed and open states, respectively.
The region where residues 986-993 reside is delimited by a circle. C and D) Magnification of the
circle delimited region in A and B, respectively. Subunits not involved in the interaction were
removed for clarity. Residues 1858, M859, R862, M863, V986 (magenta), N989 (orange), N990
(pale pink), D991 (light blue), Q992 (purple) and V993 (grey) are shown in sticks representation.

In the model predicted open state, the TRPd and the S4-S5 linker seem to move apart,
favouring the opening of the channel inner gate (compare Figure 1-19C and D). Thus,
this suggests that interactions occurring between those two regions need to be
debilitated for channel opening. In the same way, the stabilisation of this interaction
would probably result in a favoured closed state. Introduction of mutations in the
segment defined by amino acids 986-993 could reinforce the interaction with the S4—
S5 linker compensating for the conformational change promoted by Y981E mutation.

As a result, the closed state of the channel would be stabilised and the stimuli-
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regulated activity recovered. It can also be hypothesised that the stronger the
interaction of the TRPd with the S4-S5 linker, the higher the energetic stabilization of
the closed state. In agreement with this tenet is the observation that cumulative
mutants of ChB showed a progressive shift towards TRPM8 biophysical properties as
mutations in positions 989 and 990 were added (Figure 1-13, 1-14 and Table 1-1).
Moreover, the lower responsiveness of ChC could be seen as a further stabilisation of
the closed stated by strengthening the interaction between the S4-S5 loop and the

TRPd beyond wild type standards.

In conclusion, the analysis of the data in the structural context of the homology model
substantiate the theory that the S6-TRP box linker of TRPM8 may contribute to a
constellation of inter- and intrasubunit interactions that are essential for TRPM8 gating.
In particular, interactions of residue Y981 with a hydrophobic pocket in the inner pore,
and interactions of residues V986, N989 and N990 with the S4-S5 linker seem to be

essential.
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DISCUSSION

As some of the ion channels of the TRP family have been involved in nociception, they
constitute an interesting target for the design of new therapeutic tools for pain relief
1334678971 "1n this work, a mutagenesis approach was followed to further investigate the
role in TRP channel activity of the S6-TRPbox linker region in the TRPd. Three
chimeric channels of TRPM8 were initially obtained where some amino acids were
cumulatively substituted by the equivalent residues in TRPV1 (ChA, ChB and ChC,
Figure 1-4). Functional analysis of the obtained chimeras discovered that substitution
of five residues leading to ChA produced constitutively active channels (Figure 1-6).
Remarkably, incorporation of five more amino acids giving rise to ChB restored
voltage- and menthol-dependent gating (Figure 1-7, middle, Table 1-1). Finally,
additional replacements rendering ChC sensibly reduced voltage and menthol
sensitivity and raised the free energy for channel activation (Figure 1-7, left, Table 1-1).
The observed differences were not due to changes in protein expression (Figure 1-5).
The fact that all chimeric channels were functional to a greater or lesser extent
indicates compatibility of the investigated region between TRPM8 and TRPV1
channels. However, a fine tuning of the amino acids in the S6-TRPbox linker appears
to be important in defining TRPM8 wild type properties.

The recovery of the stimuli-dependent activity in ChB suggests that the alteration
induced by amino acid exchange in ChA is somehow reversed by the new introduced
residues. This could indicate that the TRPd should be maintained up to a certain extent
to establish the functional interactions needed for proper channel function. Conversely,
the reduced activity observed in ChC points out that probably it is not the conservation
of the TRPd but the existence of an optimal sequence what it is important for channel
activity. In the specific case of ChC, another possibility to consider is that the lipid PIP,
binding site could be affected. The TRPd of several TRP channels has been involved in
the regulation of their activity by this lipid ®>#+*®7 |n particular, for TRPM8, absence
of PIP,, or an altered interaction with the receptor impairs channel activity **. Thus, the
reduced activity of ChC could be explained by an alteration of PIP, binding site.
Nevertheless, mutations in the TRPd do not necessarily affect the PIP, binding *>*'8,
and this option seems very unlikely since only three amino acids were different from
the active ChB. In addition, the allosteric analysis of ChB and ChC channels suggested
that the coupling between the voltage sensor and the pore is affected in these
chimeras. In the case of ChB, this coupling is favoured leading to a higher opening
probability (higher value of D, Table 1-2). For ChC the coupling would be weakened,

rendering a less responsive channel (lower value of D, Table 1-2).
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To further understand the observed effects single mutations of modified amino acids in
ChA in a TRPMS8 wild type background were performed. These experiments revealed
that the only substitution of tyrosine in position 981 by an aspartic acid (Y981E, ChAl)
accounted for the constitutive activity of ChA. The other two mutations in ChA (G984N
and 1985K) showed a similar behaviour to TRPM8 channels (Figure 1-9). Analysing the
position of amino acid 981 in the TRPMS8 structural homology model exposed its
location in a hydrophobic pocket formed by the end of the S6 transmembrane segment
and the TRPd of neighbour subunits (Figure 1-18). In that position it could be
contributing to hydrophobic contacts between different subunits that could be essential
for maintaining the channel at its closed state. Weakening these interactions by
introducing a charged amino acid as the aspartic acid in the hydrophobic environment
could result in an increased open probability, explaining the constitutive activity
observed in ChA and ChAL.

According to the allosteric model utilised in this work, and assuming that mutation
Y981E produces a stabilisation of the channel open state (or destabilisation of the
closed state), the constitutive activity of ChA and ChAl in the absence of any
stimulation would be explained by a higher value of the equilibrium constant L than that
of wild type channels (Figure 1-15). Assuming that values of the rest of the parameters
would be the same as the ones obtained for TRPM8 wild type channels (Table 1-2),
and simulating the opening probability curves with Equation 1-4, we found that a value
of L=1 renders >50% channel activation in the whole range of voltages studied here.
Thus, an increase in L due to changes in the hydrophobic contacts in mutant Y981E
could potentially explain the activity at resting potentials of ChA and ChALl. Yet, it has
to be considered that, even though the data strongly suggests that hydrophobic
interactions explain the observed behaviour, it cannot be discarded that residue Y981
might be involved in interactions defining the architecture lower part of the pore. Single
channel patch clamp experiments would be convenient to fully characterise the
response of this chimeric channel, giving information about the single channel

conductance, opening probability and dwell times.

Again considering that mutation Y981E destabilises the channel closed state, the
recovery of the regulated activity in ChB can be seen as a stabilisation of the closed
state. The same approach of introducing single mutations was followed in the case of
ChB to perform a detailed study of the residue(s) responsible for the observed effect.
These experiments revealed that single mutations in residues 987 (ChB2) and 988
(ChB3) depicted a ChA-like behaviour, indicating that amino acids in those positions

did not have an important contribution to channel gating. On the contrary, mutations in
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positions 986 (ChB1), 989 (ChB4) and 990 (ChB5) displayed regulated activity, and
therefore they could contribute to generate the interactions needed for the stabilisation
of the closed state (Figure 1-11). The importance of these residues was further
substantiated by the experiments where cumulative mutations were introduced until
reaching ChB sequence. These new chimeric channels displayed a progressive
approach to ChB biophysical properties as more residues were replaced. Moreover, a
clear difference was observed between chimeras containing only mutation V986l
(ChB1, ChB2_ 2 and ChB3_2) and chimeras containing V986/N989E or
VO86/N989E/N990S (ChB4_2 and ChB), especially in the presence of the agonist
menthol (Figure 1-16). This supports the idea that all these three residues establish
interactions that stabilise the closed state and that the effect is additive, being all of
them needed to approach wild type behaviour. Speculatively, incorporating three more
residues of TRPV1 channel to ChB giving rise to ChC seemed to strengthen even more
the interactions of the TRPd with the S4-S5 loop, generating a chimeric channel that

presents a higher energy of activation (Table 1-1).

The allosteric analysis of these chimeric channels suggests, as for ChB, that the
allosteric coupling of the voltage sensor and the gate of the channel is favoured (effect
on the allosteric parameter D, Table 1-2). In fact, the behaviour of cumulative mutants
containing at least up to mutation N989E when voltage was the only stimuli applied
was very distinct (Figure 1-16D, left). On the contrary, in the presence of menthol they
showed very similar G/Gno—V curves to that of TRPM8 (Figure 1-16D, right). It is
possible that addition of a high menthol concentration uncovers the effect of the
favoured coupling between the voltage sensor and the pore, bringing all channels to
their maximum activation level. In ChB4_2 and ChB, maximum activation would be the
same as TRPM8 channels because mutations V9861 and N989E are sufficient to
recover the wild type stabilisation of the closed state (Figure 1-16D). In the rest of the
cumulative and detailed mutants of ChB, the effect of mutation Y981E would be still
“dominant”, and a higher opening probability would be observed even in the presence
of menthol (Figure 1-16C and D). One interesting experiment would be to obtain a
menthol dose-response curve of the ChB detailed and cumulative mutants to test
whether a lower menthol concentration is able to generate the same responses. This
would mean that less energy needs to be carried through the menthol sensor for full
channel opening, potentially due to the enhanced coupling between the voltage sensor

and the pore.
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In view of our homology model, residues V986, N989 and N990 could be interacting
with the S4-S5 loop, contributing to the attachment of this protein region to the TRPd
(Figure 1-19) and somehow favouring the closed state of the channel. Note that this
putative interaction supports a key role of these residues in the allosteric coupling of
voltage sensor movements to the channel pore since the voltage sensing domain is
predicted to be within the S4-S5 linker *°. Regarding this possibility, an altered
interaction between the TRPd and the S4-S5 loop could partially prevent the
conformational changes induced by voltage sensing to be translated to the channel
gate, and this could explain the lower activity of these chimeras compared to ChA. To
further test the importance of the interaction between the TRPd and the S4-S5 loop,
mutations in the S4-S5 linker could be carried out and their effect on channel response
studied. Mutations of residues involved in the interaction should impair channel activity.
Another alternative would be to perform a cysteine-scanning. Orderly including
cysteines in a cysteine-less channel at both sides of the putative interaction (in the S4-
S5 linker and in the N-end of the TRPd) may help to describe the interacting amino

acids, giving also information about the distance between the interacting residues.

It is important to note that this allosteric model depends on a number of simplifying
assumptions including that ligand and voltage sensors operate virtually independently
of each other (E=1); and that each channel can be treated as having only one sensor
or individual sensors that act in unison. On one hand, the independence of ligand,
voltage and temperature sensors may not be strictly accurate. For example, we found
that addition of the agonist menthol produces a decrease in the apparent gating
valence in wild type channels and also in chimeric channels (Table 1-1). The reason for
this is not clear, but it is possible that menthol directly interacts with the voltage sensor.
Indeed, charge-neutralizing mutations in the S4 and S4-S5 linker region of TRPM8 can
modulate both the gating charge and also the menthol binding **°. Moreover, we have
found that in the presence of menthol there was an increase in the coupling constant
between the voltage sensor and the pore (Table 1-2), which indicates a crosstalk
between both sensors. This is supported by evidences showing that TRPMS8 activation
by cold and menthol takes place through shifts in its voltage-activation curve, which
cause the channel to open at physiological membrane potentials. Also channel
antagonists exert their effect by shifting the voltage dependence of TRPM8 activation
towards more positive potentials. Co-application of agonists and antagonists produces
predictable cancellation of these effects, suggesting the convergence on a common

molecular process or the coupling of the sensors **°.
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8109 it has been assumed that the

On the other hand, in this work, as in previous ones
four identical menthol binding sites (one per each of the four subunits) have to be
occupied for the activation of the channel. However, it has been demonstrated that
although each channel has four independent and energetically equivalent menthol
interaction sites, every bound menthol molecule causes an equivalent stabilisation of
the open state of the channel . This adds complexity to the allosteric analysis of
channel gating. However, with the limitations that any model has, the allosteric model
utilised here accounts to a reasonable degree for the multimodal regulation of TRP

109

channels by voltage temperature, agonists and antagonists ~~, and thus it could help in

the interpretation of our data.

An alignment of different members of the TRP family was performed to analyse the
preference of certain amino acids in certain positions (Figure 1-20). This alignment
indicated that the equivalent position to 981 in TRPM8 was occupied by the negatively
charged glutamic acid (E) in TRPV1-TRPV4 channels. On the contrary, in the TRPM
subfamily hydrophobic or polar uncharged residues such as tyrosine (Y), phenylalanine
(F) or asparagine (N) were found suggesting that in the TRPM subfamily a charged
residue is not accepted. In fact, substitution in TRPM8 of Y981 by the positively

| ® as occurred with

charged amino acid lysine rendered a constitutively active channe
mutation Y981E. In the equivalent position to V986, a valine was almost the only amino
acid present along TRPV1-TRPV4 and TRPM channels. The only exception was a
serine (S) in TRPM6 and the isoleucine (I) in TRPV1. The fact that this residue has this
high degree of conservation further supports its importance in defining channel
properties. Position equivalent to N989 showed a higher variability in the TRPM8
subfamily although no negatively charged amino acids were present. This was
opposed to the TRPV subfamily where a glutamic acid was the predominant residue.
Finally, position equivalent to N990 was exclusively occupied by serine (S) in TRPV1-
TRPV4 channels and also primarily by that amino acid in the TRPM subfamily,
although other polar uncharged or hydrophobic residues as threonine, alanine or
methionine were found. This indicates that hydrophobic residues are preferred in this

position.
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- S6 - TRP box

W
TRPV2 LLLAYVLLTYVLLLNMLIALMSET--VNHVADNSWSIW
TRPV3 LLITYVILTFVLLLNMLIALMGET--VENVSKESERIW
TRPV4 LLVTYIILTFVLLLNMLIALMGET--VGQVSKESKHIW
TRPM1 LMACYLLVANILLVNLLIAVFNNT--FFEVKSISNQVW
TRPM2 LLCLYLLFANILLLNLLIAMFNYT--FQEVQEHTDQIW
TRPM3 IMACYLLVANILLVNLLIAVENNT--FFEVKSISNQVW
TRPM4 LLIVFLLVANILLLNLLIAMFSYT--FNKVHGNSDLYW

TRPM5 LLVTFLLVTNVLLMNLLIAMESYT--FOVVQGNADMEW
TRPM6 LOAVYLFVQYIIMVNLLIACENFLTLYLESQTMNVKLW
TRPM7 LOAVYLFVQYIIMVNLLIAFFNNV--YLOVKAISNIVW

TRPMS8 LVCIYMLSTNILLVNLLVAMFGYT--VGIVQENNDQVW
N ©
P L &

Figure 1-20. Alignment of members of the TRPV and TRPM subfamilies.

TRPV1 is depicted in orange and TRPM8 in blue. Residues 981, 986 and 990 of TRPMS8 are
highlighted in bold text. The beginning of the TRP box is indicated in green. Black arrow
indicates the S6 transmembrane segment.

According to the data collected we can propose a molecular mechanism for TRPM8
gating where the channel is kept at its closed state by several interactions that require
to be weakened for channel opening. In TRPM8 wild type channels at resting potential,
and in the absence of other stimuli, the energy arriving from the voltage sensor is not
enough to debilitate these interactions, and the channels remain closed. Upon a
depolarisation, the application of the agonist menthol or a decrease in the temperature
below 23°C, a higher energy will be transmitted through the channel, breaking these
interactions and allowing the flow of ions. In view of our results, some of the
interactions that would be stabilising the closed state could be divided in two groups:
hydrophobic interactions at the pore gate between the residue Y981 and the pocket
formed by amino acids of the TRPd of neighbour subunits; and interactions between
the S4-S5 loop and the TRPd (in particular residues V986, N989 and N990) (red and
green interactions respectively in Figure 1-21A). Potentially, the conformational change
provoked by the activating stimuli in the sensors is coupled to that of the S6-TRP box

linker.
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TRPM8
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ChA, ChA1
ChB2, ChB3
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ChB1, ChB4,
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»
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~77 the TRPd and the S4-S5 loop - atthe pore gate

Figure 1-21. Proposed TRPM8 gating mechanism.

Proposed gating mechanism for A) TRPM8 wild type, B) constitutively active chimeric channels,
C) chimeric channels that showed a stimuli-driven opening and D) ChC. Green colour depicts
interactions between the S4-S5 linker region and the TRPd within the same subunit. Red colour
indicates interactions occurring at the pore gate. The darker the colour, the stronger the
interactions
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In view of the proposed gating mechanism, in the case of constitutively active chimeras
(ChA, ChAl, ChB2 and ChB3), the interruption of the hydrophobic forces where Y981
is involved would result in the reduction of the energy needed for channel opening to
values that are achieved at room temperature and resting voltage (Figure 1-21B). For
chimeric channels where stimuli-dependent activity was recovered (ChB1, ChB4,
ChB5, ChB2_2, ChB3_2 and ChB4_2) incorporation of any (or a combination) of the
following mutations: V9861, N989E or N990S, would lead to a stabilisation of the closed
channel state enough to prevent channel opening in the absence of any stimulation.
However, a lower energy would be needed for channel opening in these cases
because of the facilitated gating due to mutation Y981E. For ChC, a further stabilisation
of the closed state via interactions of the S4-S5 loop and the TRPd would result in an
impaired transmission of the stimuli-sensing induced conformational changes leading

to a less active chimeric channel.

In conclusion, all the findings presented here substantiate a gating mechanism where
the TRPd acts as a coupling domain for efficient channel opening. In particular, our
results are consistent with a model where the TRPd constrains the channel gate and
also serves to couple movements of the S4-S5 loop to the pore domain. Furthermore,
they imply that protein-protein interactions of the TRPd and S4-S5 protein interface
may be targets for channel modulation and drug intervention, and provide a potential
mechanism for blocking activity of the TRPducins. These peptides are patterned
against the TRPd of TRPV1 channel and are able to selectively block channel activity
by competing for the interactions with this domain *°. Our results predict that peptides
similar to TRPducines but patterned after the S4-S5 linker, would prevent channel

activity by impeding the interaction between the S4-S5 linker and the TRPd.
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ABSTRACT

There is a general need to conduct single cell analysis at the nanoscale to further
understand fundamental cellular processes. Within the pain research field, one
interesting question that remains unanswered is whether TRPV1 channels present an
organised distribution in the membrane of sensory neurons and whether it is altered
during the establishment of a sensitised state. The main objective of this work was to
develop a quantitative capsaicin dosing system to locally stimulate TRPV1 channels at
the membrane surface of nociceptors. Local dosing was accomplished by using
nanopipettes as channels for the delivery and voltage as the driving force. To achieve a
guantitative delivery an accurate control of the nanopipette-cell distance is needed, for
what the Scanning lon Conductance Microscopy (SICM) positioning technology was
utilised. Analytical expressions to precisely describe the distribution of molecules
outside a nanopipette were obtained and compared to computational simulations. After
that, the nanodosing system was successfully utilised to deliver the TRPV1 agonist
capsaicin to the cell body of sensory neurons. Finally, an automated multipoint delivery
system was developed to assess TRPV1 response after delivery to different points at

subcellular structures such as the dendrites.

The results presented in this chapter are part of the following publication:

e “Local delivery of molecules from a nanopipette for quantitative receptor mapping
on live cells”. Babakinejad, B.; Jonsson, P.; Lépez-Cdérdoba. A.; Actis, P.; Novak,
P.: Takahashi, Y.; Shevchuk, A.; Anand, U.; Anand, P.; Drews, A.; Ferrer-Montiel,
A.; Klenerman, D.; Korchev, Y. E. Anal. Chem. 2013, 85 (19), 9333-9342. (Annex

)
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INTRODUCTION

Studying structure-function relationships of pain receptors is, beyond any doubt,
essential to understand pain transduction mechanisms. Yet, the detection of the
noxious stimuli is only the first step of pain sensing. Furthermore, in addition to the pure
transmission of the pain signal, injury-induced activation of nociceptors also initiates

the process of neurogenic inflammation .

The nociceptor itself releases
neurotransmitters, mostly substance P (SP) and calcitonin gene related peptide
(CGRP), stimulating non-neuronal cells that add extra components to the inflammatory
soup (Figure 2-1). Some of these inflammatory mediators also modify the excitability of
the nociceptors themselves, making them sensitised '. Under this inflammatory
sensitisation, both stimuli that were normally non-painful and stimuli that were only
mildly unpleasant cause enhanced pain ***?%*2%_ This modulation of the sensitivity of
nociceptors serves to ensure that protective behavioural responses are developed. For
instance, when a cut is produced in the skin, the subsequent sensitisation that takes
place generates a hypersensitivity state that gives protection to the injury to be healed
>1 " The problem arises when the sensitisation process is not reversed after
disappearance of the originating cause, situation that leads to the establishment of

chronic pain conditions **?.
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Figure 2-1. Process of neurogenic inflammation (adapted from Scholz, J. et al *)
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It has been found that TRPV1 overexpression in the surface of sensory neurons is
critical for the development of a chronic inflammatory state associated to pathologies
including diabetic neuropathy, migraine or inflammatory bowel disease #'#%"67124 A
mechanism where rapid recruitment of an intracellular pool of TRPV1 to the cell
membrane is triggered by inflammatory mediators as NGF (nerve growth factor) or ATP
has been described to explain this up regulation "**??°_ However, this is not the only
mechanism for TRPV1 sensitisation, as it has been demonstrated that some other
inflammatory mediators induce a rise in channel activity by phosphorylation changes
instead. Even long-term transcriptional/transductional modifications have been

proposed 17,127,128

Unfortunately, several attempts to develop TRPV1 antagonists for pathological pain
treatment have failed due to undesired side effects such as hyperthermia and impaired
noxious heat sensation derived from the involvement of this channel in
thermoregulation *?°. Furthermore, TRPV1 channels are not located exclusively in the

peripheral nerve system °%'%013!

which could also produce unexpected side effects.
Thus, the challenge in the design of new analgesics is to pharmacologically
differentiate between the physiological and pathological implications of TRPV1,
developing compounds that would specifically modulate TRPV1 activity that contribute
to disease processes. Regarding this approach, one of the possibilities is the
development of drugs interfering with TRPV1 sensitisation "*. For example, a peptide
inhibiting neuronal exocytosis, and therefore one of the mechanisms for TRPV1
sensitisation, has been found to have an analgesic effect and has entered the
preclinical phase **2. In this respect, a better understanding of the sensitisation process
would give more information for drug design purposes. In particular, one open question
is whether there is a specific distribution of TRPV1 channels on sensory neurons and
whether it is altered during the establishment of the sensitisation state. If that was the
case, a possible therapeutic strategy to control TRPV1 activity avoiding the cited side

effects of channel blockers could be to specifically target that specific distribution.

Although the molecular structure of ion channels is a key determinant of their
biophysical properties, nowadays it is acknowledged that ion channel localization to
specific cell surface regions is essential for proper neuronal function ?*. For instance,
ion channel redistribution has been found during cardiac failure, suggesting a critical
role of adequate ion channel location for precise function of cardiomyocytes #. There
are also cumulative examples of ion channel activity regulation by
compartmentalisation in membrane microdomains for G protein coupled receptors,

potassium channels, Na*, K* and Ca?* voltage-gated channels, and even for members
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of the TRP channel family such as TRPV1 and TRPM8 *****°_|n particular, evidences
of channel clustering as a mechanism to control channel activity for TRPV1 have been
described **°. Moreover, the morphological complexity of nerve cells with elaborate
dendritic and axonal arbours supports the idea of a polarized distribution of ion
channels and receptors ***!. As opposite to simply spherical cells, newly synthesized
cell-surface proteins could be selectively targeted to certain subcellular compartments
such as axon terminals, nodes of Ranvier, axon initial segments, soma, proximal or
distal dendritic shafts or dendritic spines. Even different channel densities at these
subcellular compartments could be found, i.e. increased or decreased densities from
proximal to distal dendrites ?*. Thus, it is unlikely to think about a random TRPV1
channel distribution. Additionally, a role of TRP channels as synaptic modulators at
central terminals of nociceptors have been proposed, revealing the expression of these

receptors not only at the peripheral terminals 8.

Methods for studying channel distribution include high-resolution immunolocalization
techniques with specific antibodies. For instance, immuno-gold techniques have a
resolution of ~25 nm, allowing the quantitative comparisons of the ion channel content
of the smallest subcellular compartments. Nevertheless, in practice, this approach is
limited by the availability of appropriate antibodies 2*. Moreover, sometimes there is
controversy about what is found by immunohistochemistry and by electrophysiological
analysis, probably due to an insufficient detection limit of the former method *2. An
alternative is to build a construction where the protein of interest would be attached to a
fluorescent tag such a green fluorescent protein. The main drawbacks of this approach
are the modification of the properties of the studied protein by the addition of the tag,
and also de technical difficulty and cost of the experiments. In addition, both
methodologies lack functional information. In this respect, although the patch clamp
technique could offer a solution, and also add functional information to the study, its
application to subcellular compartments requires high manipulation skills, preventing a
generalised use 2% One way of simultaneously study channel distribution and
functionality would be to locally stimulate receptors in different parts of the sensory
neuron while recording their activity via fluorescence-based techniques or conventional
patch clamp #***>%®_|f enough resolution is achieved, a map of receptor activity could

be produced #°14

. Having tools that allow this local stimulation would bring the
possibility of studying the distribution of TRPV1 channels and how it is affected by a
chronic sensitisation state. Our aim in this work was to develop a quantitative dosing
system to specifically deliver the TRPV1-agonist capsaicin to the surface of sensory

neurons within a nano-sized area.
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To perform a functional mapping of receptors, a rapid and localised application of their
ligand or activating molecule is mandatory. For the delivery of molecules to living
samples iontophoresis and pressure ejection from pipettes (“puffing” pipettes) are the
preferred techniques **>*". The pipette is filled with a solution of the compound that
needs to be delivered and voltage (iontophoresis) or pressure (“puffing”) is applied for
ejection. If pressure is the driving force, pushing of the solution will drive the fluid out of
the pipette independently of the charge of the molecules, and the more pressure
applied, the higher the amount of molecules delivered **’. When voltage is the delivery
force electrophoresis and electroosmosis, the motion of charged particles and liquid

under the influence of an electric field, respectively, are the forces to be considered **”

149 If the molecules to deliver are charged, electrophoresis tends to dominate, and
molecules of the same polarity as the applied voltage are expelled by charge repulsion.
The opposite is also true, and therefore molecules of reverse polarity are retained
upwards in the micropipette **°. As for pressure ejection, a direct relationship is
established, the higher being the voltage, the higher being the amount of molecules
transported '*’. In the case of non-charged molecules, electroosmosis takes control of
the delivery **°. Glass pipettes are negatively charged because the silica surface has
an excess of anionic charge **!. This negative charge density aggregates cationic
counterions on the capillary walls forming a diffuse electrical double layer. When a
positive voltage is applied, the hydrated cations in the double layer move in the

direction of the electric field, dragging the surrounding solution with them *°*,

Methods based on microiontophoresis or pressure ejection from micropipettes are
regularly used for the extracellular administration of neuroactive compounds both in
vivo and in vitro 5017158 However, the lack of a precise control of the distance
between the pipette and the cell surface has prevented these applications to become
quantitative since diffusional dilution is difficult to control **°**2*>’_ Moreover, due to the
comparable size of the micropipette opening with the cell area, the minimum area
stimulated covers a whole single cell ***'°*!%8Subsequently, these techniques do not
allow targeting of a specific area within the cell surface as the dendrites of a sensory
neuron are. To get over these limitations different groups started to combine the use of
nanopipettes with scanning probe microscopy (SPM) methods ****®*. The reduced size
of the nanopipettes versus the micropipettes allows for the delivery to smaller regions,
potentially with nanometre resolution 22, The solution for the control of the pipette’s
position came from the hand of SPM systems. This general denomination embraces
different techniques where a probe is scanned across a surface to study its topography

and surface properties. Examples of these techniques are the atomic force microscopy
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(AFM), the scanning electrochemical microscopy (SECM) or the near-field scanning
optical microscopy (SNOM) that use, respectively, a cantilever, an electrode or optical
fibre as probes '*4'% Another example is the scanning ion conductance microscopy
(SICM), which uses glass nanopipettes as the probe to be scanned over the surface. It
was originally developed by Paul Hansma in 1989 '®® and it was afterwards applied to

image the topography of live cells by the group of Yuri Korchev *°71%8,

The basic SICM set up is very similar to any patch clamp equipment: there is an
inverted microscope, a platform to deposit the sample and a pipette held in a
headstage connected to an amplifier. One of the main differences between the two
setups is that in the SICM system the pipette is arranged perpendicularly to the sample
instead of angled and the holder is mounted on a piezo-controlled translational stage.
The second key difference is that SICM utilises the ion current flowing through the
pipette as a feedback signal to control the pipette position *°’. Because pipette and
bath solutions are electrolytic solutions, the application of a voltage between an
electrode in the pipette and another in the bath leads to a flow of ions. If, while applying
a potential difference, the pipette is approached to an ion-impermeable surface (the cell
membrane, for instance), the ion current is reduced by physical prevention of the ion
flow (Figure 2-2). In patch clamp technique this effect serves to determine when the
pipette is close to the cell and the seal forming process should be started **°**™. In the
case of SICM, this reduction in the ion flow is used as a feedback signal by the
piezoelectric actuators for pipette-sample distance control. These materials are
characterised by having a controlled deformation under an applied electric field, a

property that makes them appropriate for a high precision control of the pipette position
168

lon current flow

lon-impermeable surface

Figure 2-2. Principle for SICM feedback positioning system.
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If the pipette is scanned over a cell and the SICM positioning system is set to maintain
a constant tip-sample separation distance, it is possible to obtain topographical images
of the cell surface. As the pipette travels across the sample, changes in the topography
induce changes in the ion current that are transduced to a movement in the
piezoelectric stage position to keep the distance between the sample and the pipette
constant. These displacements are recorded for each position, generating a detailed
3D image of the scanned surface. It should be noted that although this method maps
surface conductivity, in the high-salt conditions used for imaging, it is not sensitive to
differences in surface charge or the opening of ion channels and the distance feedback
only reacts to changes in surface topography ''*. Usually, the pipette is set to stop
when the current has dropped by 0.1 — 1% of the maximum current observed when the
pipette is far from the surface. Under this condition, the pipette is able to sense the
underlying surface when it is a distance of about one inner tip radius away from it
(typically 10-50 nm). This means that there is no direct contact between the pipette and
the sample and that forces exerted on the cell are generally negligible *"*. Making use
of the SCIM has allowed for the noncontact imaging of complex three-dimensional
surfaces of live cells with resolution better than 20 nm 6468172173 An example of

networks of cultured rat hippocampal neurons is showed in Figure 2-3.

A

1.8 ym

173
)-

Figure 2-3. SICM images of live hippocampal neurons (from Novak et al
A) An image of a large area of the neural network. B) Potential synaptic boutons (red arrows).
C) A higher resolution image of the dotted region in B with another possible bouton. The
process marked by a fine white arrow has a diameter of 50 nm, and is likely to be an axon.
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The fact that it is possible to obtain the topography of living cells opens up a number of
new possibilities to study biological processes with high resolution, especially when the
SICM system is combined with other research tools and modalities ****"*. For instance,
integration of the SICM with patch-clamp technique allows the use of the scanning
pipette to perform patch clamp studies in structures that would not be accessible by

conventional methods "

. In this way, recordings from openings of T-tubules of
cardiomyocytes ™, very small cells like sperm *"® or from presynaptic ion channels at
synaptic buttons in hippocampal neurons '** have been obtained. SICM has also been
combined with fluorescence techniques to study cellular dynamic processes, for
example endocytosis in combination with fluorescence resonance electron transfer
(FRET) "7, or to study the redistribution of B,-adrenergic receptors in heart failure

combined with near-field optical microscopy (SNOM) 2**%

. In addition, the precise
control of pipette position permits its use as a tool to mechanically stimulate the cell '8
Another possibility offered by the SICM technology consists on replacing the
nanopipette by a nanoelectrode, which leads to the scanning electrochemical
microscopy (SECM) technique. This combination makes it possible to simultaneously

acquire topographical and electrochemical reactivity images of living cells /%8,

In this work the SICM has been utilised to control de position of a nanopipette acting as
a dosing tool to locally and selectively deliver molecules to a surface. In this
configuration the pipette can be approached precisely over an identified specific area
or structure of the cell after topographical imaging, and then the same principles of
delivery as for the iontophoresis and pressure ejection apply. This use of SICM
technology has been demonstrated in the use of dip-pen nanolithography for deposition

145,182

of chemicals , or the delivery of antibodies to build nanoarrays '®3. All sorts of

183,187 or ions 22,145. For

molecules have been delivered such as DNA ***'% proteins
instance, local delivery of K* ions onto live cardiomyocytes allowed the position and
activity of ATP-dependent K* ion channel to be mapped 2. Even injection to cells ** or
controlled removal of intracellular content that is afterwards delivered to an analysis

platform has been demonstrated using nanopipettes *°.

As said, the main advantage of SICM for delivery purposes is the control of the
separation between the sample and the pipette, which allows a precise and quantitative
delivery to be achieved. To describe the concentration profile created outside the
delivery nanopipette several groups have developed theoretical models and
simulations "°'%2, Nevertheless, to our knowledge, the effect of an underlying surface

has not yet been addressed from a quantitative prospective. In this work we analyse
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how the delivery of molecules from a glass nanopipette is affected by different
parameters such as the applied pressure/voltage and the distance to the underlying
surface using theoretical arguments and numerical simulations. Then, the use of a
SICM-based nanodelivery system to apply the TRPV1-agonist capsaicin to dorsal root
ganglia (DRG) neurons is demonstrated, and a method for fast and local delivery to

multiple subcellular regions of these neurons is implemented.
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OBJECTIVES

The principal aim of this work was to develop a quantitative dosing system to
specifically deliver the TRPV1-agonist capsaicin to the surface of sensory neurons
within a nanometre-sized area. Voltage-driven delivery through glass nanopipettes
together with the SICM positioning technology were used to this end.

Specific goals:

e Development of analytical expressions to describe the profile distribution of
molecules being delivered outside the nanopipette.

e Comparison of analytical expressions to numerical simulations to assess the
validity of the equations.

¢ Demonstration of capsaicin delivery to DRG neurons using glass nanopipettes
and voltage as the driving force.

¢ Implementation of an automated delivery system to subcellular structures such

as the dendrites of sensory neurons.
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Chapter 2

RESULTS

Analytical expressions for the concentration profile

To locally deliver the TRPV1 agonist capsaicin to the surface of sensory neurons glass
nanopipettes were utilised as containers and channels for the delivery in combination
with the SICM positioning system. The size of the pipettes was investigated by
scanning electron microscopy (SEM), confirming an inner diameter of ~100 nm (Figure
2-4, middle). The general dosing procedure is as follows: the nanopipette is filled with
the solution to be delivered at a concentration c,, then it is approached to the cell at a
defined pipette to surface distance h, and finally pressure or voltage is applied to eject

the molecules (Figure 2-4).

r=0
Pressure or voltage _ —

A

Figure 2-4. Nanopipettes for localised delivery.

Middle: SEM micrograph of a borosilicate nanopipette, inner tip radius 50 nm. Left: Schematic
representation of the delivery pipette. Right: detail of the region in the left part delimited by a
rectangle. co corresponds to the concentration of molecules inside the pipette; R refers to the
radius of a spherical shell with its centre at the tip of the pipette, and is defined by h, the
distance between the pipette and the underlying surface; z, the vertical position where the
concentration will be calculated; and r, that refers to the radial distance on the surface from the
position just below the pipette. Black and pink dots represent, respectively, the point just at the
tip of the pipette (z=h, r=0) and the point on the surface just below the pipette (z=0, r=0). Ry and
R, symbolise the inner and outer radius of the pipette respectively, and © is the inner half-cone
angle.
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The distribution profile of the molecules being delivered from a pipette primarily
depends on the magnitude of the flow out of the pipette, which in turn depends on the
applied driving force and the pipette’'s geometric characteristics (radius and inner
angle, Figure 2-4). Generally speaking, the narrower the pipette opening, the more
limited the flow will be. Regarding the driving force, the higher it is, the more abundant
the flow will be. If voltage is the driving force, electrophoresis and electroosmosis will
drive the molecules to the outside solution. In the case of charged molecules, the
polarity of the applied voltage should favour the delivery direction. In the case of non-
charged molecules positive voltages will drive the solution out of the pipette. Diffusivity
of molecules in the outer solution will also play a role on the way molecules are
distributed outside the pipette. And finally, the distance to the surface below the pipette,
h, also impacts the distribution profile since its presence establishes the zero flow
condition at the surface. An analytical study was performed to quantify the effect of
these different parameters to the distribution profile of the molecules being delivered
from a pipette. In Figure 2-4 a scheme of the delivery nanopipette can be found where

the variables used during the analytical development are featured.

Generally, the flow of molecules, J, in any part of the pipette-based delivery system in

Figure 2-4 is given by:

J = -DVC + (Uy + Ugy + Ugo)C

Equation 2-1. General expression for the flow of molecules of the delivery system.

where D is the diffusivity of the delivered molecules, c the concentration of molecules
and up, Uep and ue, are the velocity field due to pressure, electrophoresis and

electroosmosis-driven flow, respectively.
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To understand the influence on the distribution profile of the different factors described
above, a simplified vision of the problem was first considered: the delivery when the
pipette is far enough to ignore the contribution of the surface. In this case, integrating
Equation 2-1 over a spherical shell with radius R, with its centre at the tip of the pipette
(Figure 2-4) and making the simplifying approximation that c is only a function of R, the

concentration can be calculated as:

o(R) = co {1 - eXp ('4(133&* )]

R= V27 +7

Equation 2-2. Delivery to the bulk solution.

where Q. is the integral of (u, + Uep + Ueo) OVEr any cross-section of the pipette, i.e. the
total flow leaving the pipette due to an applied pressure and electric field over it. ¢g is
the concentration of molecules in the bulk of the pipette. r is distance on the surface, z
is the position where the concentration is measured, with z=0 being the surface, and h
is the distance from the tip of the pipette to the surface (see Figure 2-4). R>R, was
assumed because close to the aperture of the pipette the distribution profile will be
more influenced by the flow out of the pipette resulting in the concentration not being

spherically symmetric.

In the case of only a pressure-driven flow, when a pressure drop (Ap) is applied over

the pipette and n is the viscosity of the bulk solution, the total flow (Qiwr.ap) Can be

approximately given by %

3R, tan(B)Ap
Qtot,Ap = 8n

Equation 2-3. Pressure-driven total flow.

When only a voltage difference (AV) is applied over the pipette, with R,(z) being the
radius of the pipette a distance z above the tip of the pipette, the magnitude of the

electric field, E, inside the pipette can approximately be written by *%*:

R, tan©

E@) =g g7 AV
P

Equation 2-4. Electric field inside the pipette.
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According to Equation 2-4, and considering the electrophoretic and electroosmotic

mobility of the molecule to deliver (pe, and Lo, respectively), the total flow (Qioav) is:

Qtot,AV = (uep + }er)TCROtan(e)Av

Equation 2-5. Voltage-driven total flow.

When both forces are applied simultaneously, the total flow is the result of the addition

of both flows separately (Equation 2-3 and Equation 2-5).

From Equation 2-2 we can conclude that the theoretical concentration profile would be
the same for both, voltage- and pressure-driven delivery provided that the total flow is
the same. From Equation 2-3 and Equation 2-5 it is possible to estimate the voltage
difference (AV) that needs to be applied to obtain the same total flow as when a

pressure drop (Ap) is applied over the pipette.

3
AV = 3R, Ap
8MN(lep + Meo)

Equation 2-6. Pressure-voltage equivalence.

To account for the effect of an underlying surface located a distance h from the pipette,
the concentration profile that would arise from an imaginary pipette facing the delivery
pipette can be added to Equation 2-2. This has the effect of setting the flow at the

surface equal to zero, resulting in the following concentration profile:

c = ¢

Qtot _ _ Q{O(
Z'GXp(' 4nDW) exp( 4HDWH

Equation 2-7. Surface effect on the concentration profile.

At the surface (z=0), the concentration as a function of the position (r), will be

described as:

c(r) = 2c¢,

- . Qrot
oo O

if Qe In2
ATDVP + h?

c=c¢

Equation 2-8. Delivery to an underlying surface.
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In Figure 2-5 the variation in the normalised concentration (c/cy) as a function of the Q.
is analysed. For the delivery to a surface (Equation 2-8) the concentration was studied
at the surface just below the pipette (z=0, r=0), and the distance to the surface was h=
5Ro (250 nm for a 50 nm radius pipette). In the case of the delivery to the bulk
(Equation 2-2), the parameters were: r=0, h=5000R, (250 pm for the 50 nm radius
pipette) and h-z=250 nm to compare both delivery situations. Equivalent pressure and
voltage are also plotted as extra x axis using Equation 2-3 to Equation 2-6 for
calculations. For the conditions given in Figure 2-5 (see figure legend), a pressure of

311 kPa is equivalent to a voltage of 10 V, which gives a total flow of 2.4 pL/s.

Delivery to a surface

clcy
h-z = 5R, 3 Delivery to the bulk
=0
h = 5000R,
| | wl Viitouegl . .
0204 09 14 19 24 28 3.3 Qg (pLis)
0819 4 6 8 10 12 14 AV(V)
Tetny ML= 1 CTPLETIEL 622
z=0 23 57 117 181 246 311 363 428 AP (kPa)

r=0

Figure 2-5. Relative concentration variation as a function of the total flow.

The relative concentration c/cy was calculated using Equation 2-2 for the delivery to the bulk
and Equation 2-8 for the delivery to the surface at different flows. Utilised parameters were:
D=2-10" m%s, Heo=Hep=1.42-10° m’V, n=1 mPa-s, ©=3° and R,=50 nm. In the case of the
delivery to the bulk, r=0, h=5000R, (250 pum for the 50 nm radius pipette) and h-z=250 nm. In
the case of delivery to the surface r=0 and h=5R, (250 nm for a 50 nm radius pipette).

In both situations it is observed that when a very small driving force is applied (low
voltage or pressure), that is, at low flow rates, the concentration of molecules outside
the nanopipette can be several orders of magnitude lower than the concentration
inside. When the flow rate increases, the concentration of molecules outside the pipette
also increases, eventually reaching c,. It can also be observed that the presence of the
surface alters the distribution profile. When the pipette is close to the surface, a higher
concentration is reached more quickly than in application to the bulk solution. For
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instance, in Figure 2-5, the voltage needed to reach half of the initial concentration in
the surface is only 0.8 V, whereas in the equivalent position in the bulk this value is
more than double (1.9 V). This reflects the impaired diffusion of the delivered

molecules when the pipette is close to the surface.

The effect of changing the position of the pipette with respect to the surface can also
be studied from Equation 2-8. Figure 2-6 represents the variation in the normalised
concentration (c/co) on the surface (z=0) as a function of the distance (r).

"far" p|pette

| D~y

"close" plpette

i

(~213 c;) 0.67

106 ¢,

~1/6 ¢,

L}
N

1
o

h =150 nm
clc

0

(~1/6 o) 0.19

Figure 2-6. Effect of changing the distance h when dosing to a surface.

Two nanopipettes at different positions are represented (h=150 nm and h=600 nm, blue and
green respectively). Black line represents the surface and includes the X axis for the graph
below (distance on the surface, r). Pink dot represents the point on the surface located just
below the tip of the pipette (z=0, r=0). Equation 2-8 was used to calculate the normalised
concentration at different points on the surface when a Qy of 50 fL/s was applied. Diffusion
coefficient was D=2-10""° m?/s. Circular graphs are colour-coded representations of the variation
of the concentration on the surface (red, maximum concentration; greenish, lower
concentration).
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As expected, the further we move on the surface from the point just below the pipette
(pink dot), the lower is the concentration (line graphs). Two distances were compared
to illustrate the effect of changing the distance between the pipette and the surface on
the concentration profile, one being four times higher than the other (h=150 nm, “close
pipette”, and h=600 nm, “far pipette”, blue and green respectively in Figure 2-6). As is
intuitively predicted, the higher the distance between the pipette and the sample, the

lower the concentration achieved at the surface (differences in blue and green curves).

Additionally, increasing the distance between the pipette and the surface also widens
the distribution profile. That is shown in the circular representations in Figure 2-6,
where the relative concentration at different points on the surface is colour-coded. In
the case of the “far pipette”, the concentration at the surface just below the pipette has
already drop to 1/6 of the initial concentration, which is equivalent to the drop of the
“close pipette” at 680 nm from the tip of the pipette. Moreover, in the case of the “far
pipette”, the concentration at 260 nm is still approximately the same as in the point
below the tip, whereas at that distance, in the “close pipette” the concentration has
already dropped to half of the value at the position under the tip pipette. This illustrates
how moving the pipette closer to the underlying surface causes the concentration
profile to be focused to a smaller area. Actually, from Equation 2-8 it is possible to
derive the radial distance where the concentration has dropped to half the
concentration at r=0 (ry2). Under the assumption that concentration at that point is

lower than the concentration inside the pipette (c<<cy), this is approximately given by:

Equation 2-9. Distance at which the concentration has dropped to half of the

concentration at r=0.

For the “close pipette” ry, will be 260 nm, and for the “far pipette” it will be 1.04 um.
Considering a circular surface of radius 2.5 um as in Figure 2-6, it means that for the
“close pipette” 1% of the surface will be covered with a concentration 2/3cy-1/3c,. For

the “far pipette”, 17% of the surface will be covered with a concentration 1/6c,-1/12¢q.

Similarly as moving away the pipette from the surface has the effect of widening the
area covered by the delivery, when an increase in the driving force is made a broader
area is exposed to the delivered molecules. Yet, in this case, increasing the applied
flow implies that the concentration is also higher. In the example represented in Figure
2-7, h was kept constant (300 nm), and the applied voltage was 200, 400 and 800 mV
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(black, green and purple respectively). The rest of the parameters were the same as in
Figure 2-6. Assuming again a circular surface, when 200 mV were applied, only ~0.2%
of the represented surface was covered by a concentration exceeding 10% of the
concentration in the pipette. This area increases to ~2% if 400 mV are applied, and to
~8% if 800 mV is the delivery force.

0.5

clc
0 8%

AV =800 mV
AV =400 mV
AV =200 mV

2%

0_1 .

0.2%

0207 1.4 5
r (um)

Figure 2-7. Effect of increasing the delivery force when dosing to a surface.

Relative concentration (c/co) calculated from Equation 2-8 versus the distance on the surface
from the tip of the pipette (r) is represented for three different applied voltages (200, 400 and
800 mV, black, green and purple respectively). These voltages correspond to total flows of 47,
93 and 187 fL/s according to Equation 2-5 and considering D=2-10"" m/s, peo=Hep=1.42-10"
m?/V, ©=3° and Ry=50 nm.

Numerical simulations

As it has been mentioned, in deriving the analytical expressions previously shown it
was assumed that the concentration profile could be described as a function of the
distance to the centre of the pipette tip only. To further explore this assumption finite
element simulations were performed by Peter Jonson utilising COMSOL Multiphysics
(for full description of the simulation routines, see “Materials and Methods” section).
Briefly, the simulations were performed such that the electric field generated in the
pipette was first modelled, followed by the total liquid flow (Q:) using the values of the
electric field as input to calculate the electroosmotic flow. Finally the concentration

profile was simulated using both the electric field and the obtained flow velocities.

At first, the delivery to a bulk solution was simulated, setting h to 5000R, (250 um for
the 50 nm radius pipette utilised here) (Figure 2-8A). The line profile is given as a

function of r at a distance z=0.5 um below the tip of the pipette. After that, delivery to a
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surface was assessed by considering the pipette positioned now a distance 5R, (0.25
pm) above the surface (Figure 2-8B). In both cases, the simulated line profiles of the
concentration at an applied pressure of 20 kPa or a voltage of 600 mV were compared
to the correspondent theoretical equations (Figure 2-8C-D). Pressure and voltage were
selected to give the same values of Q=154 fL/s following Equation 2-6.

A B
Bulk Surface clc,

1.5
z (um)

1.0

0.5

0 0
0 0.5 1.0 1.5
R (um) r (um)
C D
0.2 Eq. 2-2 051 Eq. 2-8
clc o(R) = ¢ [1 -exp(- Qo )] o(r) = 261 - exp|-— o
L N 0 4TDR ATDVF + h?
3
= g . Qfﬂf
oal Ny | R AEEE |\ T it o o2

Simulation, 20 kPa
Simulation, 660 mV
Theory

0 1.5 4 6 0 1.5 4 6
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Figure 2-8. Comparison of calculated and simulated distribution profiles.

A) and B), simulated contour profiles of the relative concentration when a pressure of 20 kPa is
applied at the top of the nanopipette when delivery was performed to the bulk (h=2500R,) (A) or
to an underlying surface (h=5Rg) (B). C) and D) Comparison of the concentration profile
between simulated values for voltage (660 mV) and pressure (20kPa) driven delivery and the
analytical expressions in Equation 2-2 (C) and Equation 2-8 (D). In C) h-z=0.5 um below the tip
of the pipette. In D), z=0. Voltage and pressure were chosen to get a total flow of 154 fL/s
(Equation 2-3 and Equation 2-5). D=2-10""° m?/s, and peo=pep=1.42-10° m*/V:s.
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In the case of delivery to the bulk, because the theoretical curve deviates from the
simulated values only at small R, we found that the assumption that the profile
distribution can be defined only as a function of the radial distance was approximately
true for positions where R>>R, (Figure 2-8C). For the studies of the effect of the
surface on the profile distribution, the simulations showed a clear change on the
contour lines close to the surface due to the imposed zero flow condition (compare
Figure 2-8A and B). Contrasting with the observed for the delivery to the bulk, in this
case the differences between simulations and theory are less pronounced (Figure
2-8D). Yet, it should be noted that even though the theoretical curve in Figure 2-8D well
describes the simulated concentration profiles for both pressure- and voltage-driven
delivery, this will not be the case when high driving forces are applied (Figure 2-9). For
values of relative concentration smaller than 0.7, Equation 2-8 describes fairly well the
distribution profile, which corresponds to applied flow rates lower than 0.5 pL/s for the

settings in Figure 2-9.
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Figure 2-9. Comparison of simulated and theoretical relative concentration as a function
of the applied total flow.

Relative concentration was calculated using Equation 2-8 at r=0, and h=5R, and the same
parameters as in Figure 2-8 (solid orange line). Green and blue dashed lines are, respectively,
the simulations for voltage and pressure-driven delivery.

Characterisation of TRPV1-responses in DRG neuronal cultures by

traditional bath application method

Before starting to use the nanodosing system for capsaicin application to dorsal root
ganglia (DRG) neuronal cultures, their response to the TRPV1 agonist was
characterised using the traditional bath application method. This compound is known to

induce an intracellular calcium increase upon TRPV1 channel activation *. Thus,
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neurons were loaded with the calcium sensitive dye Fura-2 AM, and the response to
capsaicin added to the bath was assessed by fluorescence measurements (Figure
2-10). In our experiments, ~30% of the whole neuronal population responded to the
TRPV1 channel agonist, a value slightly lower that the reported in the literature (~50%)
19519 vt in the same order of magnitude. In agreement with the bibliography, small to
medium diameter neurons (14-30 um diameter) were more responsive than large

neurons 33197198

Typical responses are shown in Figure 2-10B where a fast
desensitisation can be observed for some neurons and a slower one for others (e.g.
neurons 2 and 5 respectively, in Figure 2-10A-B). Figure 2-10C corresponds to the
immunohistochemistry image of one sensory neuron showing the development of

multiple processes.
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Figure 2-10. DRG culture characterisation.

A) Optical image of a typical neuronal culture. B) Fluorescence response of Fura-2 AM-loaded
cells in A). The colour code is shared between A and B. C) Immunochemistry image of one
DRG neuron. Primary antibody was mGap43, secondary antibody was goat anti-mouse. D)
Capsaicin dose-response curves. X axis is in logarithmic scale. In red, increase in fluorescence
was quantified; in blue the slope of the response was measured. n>30 in all cases except for
the 0.1 nM concentration where n=8 because less cells were responding to that low
concentration. Solid lines represent the fitting to a Boltzmann sigmoid.
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Two different parameters were utilised to quantify the response to several capsaicin
concentrations (Figure 2-10D): 1) the amplitude of the response, i.e. the difference
between the basal line and the maximum fluorescence level after capsaicin application;
and 2) the slope of the linear increase in fluorescence. The former is the common way
of analysing these data; the latter was performed to explore the possibility of using this
parameter in further experiments because we aimed to reduce the time needed to
quantify the response. The reason for this is that we want to minimise the exposure to
capsaicin since maintenance of a high intracellular calcium concentration has been
found to be damaging for cells. In addition, we intended to minimise desensitisation of
the channels. Both ways of analysis rendered very similar dose-response curves
(compare red and blue lines in Figure 2-10D). In both of them the opening probability
increases with capsaicin concentration provided that the lower threshold where
channels remain closed is surpassed (-4 nM). The saturating concentration
(concentration from which maximum response is developed) was ~100 nM for the
measurment in the increase in fluorescence and ~50 nM when the slope was used for
gquantification. In view of the results, this difference is probably due to the gap of data
between 15 and 100 nM concentrations that results in the Boltzmann fitting
represented in the figure. Application of capsaicin above the saturating concentration
led to channel activation with maximum opening probability. The ECs, value
(concentration needed to obtain half of the maximal activation) from the fitting to a
Boltzmann equation was also similar for both curves: 16.5 and 19.7 nM for the slope
and the increase in fluorescence, respectively. This value is in the nhanomolar range as

196,199,200

the ones described in the literature , although it is slightly smaller (~20 nM vs

~30 to 60 nM). This is probably because NGF was included in the culture media,

known to produce channel sensitisation, decreasing its activation threshold 2>,

Nanodelivery to the cell body of DRG sensory neurons

After characterisation of the neuronal culture glass nanopipettes as the ones previously
described (Figure 2-4) were utilised to deliver capsaicin to DRG neurons. The
nanopipette position with respect to the surface was controlled by means of the SICM
technology (see Materials and Methods section for a detailed description). The delivery
pipette was filled with capsaicin solution and placed over the neuronal body positioned
just below it (Figure 2-11A). Usually small to medium neurons were preferred to
increase the probability of having a capsaicin-induced response (as observed in bath
application experiments). The charge of capsaicin was considered to be zero at the

201

conditions utilised here (pH=7.4) =, and therefore positive voltages were applied to

92



Chapter 2

deliver it by electroosmosis. A negative voltage was always used as a control of null
delivery and the ion current through the nanopipette was simultaneously monitored to
ensure that the amount of capsaicin delivered was constant and did not change due to,
for example, partial blocking of the pipette (Figure 2-11B, blue trace). Cells were
loaded with the calcium-sensitive dye Fluo-4 AM and the response to capsaicin was
measured again as an increase in fluorescence as a consequence of calcium entry

trough TRPV1 channels (Figure 2-11B, upper trace).
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Figure 2-11. Experimental set up for nanopipette-based capsaicin delivery to the cell body
of DRG neurons.

A) Schematic representation of the experimental set up. A nanopipette was filled with capsaicin
at initial concentration ¢, and positioned at a distance h from the centre of the cell body of the
DRG neuron, which was loaded with the calcium sensitive dye Fluo-4 AM. Different voltages
were applied to deliver the capsaicin to the surface of the neuron. B) Representative recording
where the bottom trace shows the voltage protocol applied. Trace in blue represents the actual
measured ion current. The next trace going upwards represents the z position of the pipette.
The inset displays the accurate control of the distance between the pipette and the underlying
surface. The upper trace is the fluorescence recording, and the fit to a linear equation of the
increase in signal is showed in pink. The slope of the linear fit was measured as the response to
the applied voltage.

The nanopipette was automatically approached to the cell surface using the hopping
mode for SICM (see Materials and Methods for more details). In short, with this method
the pipette is constantly approached and withdrawn from the underlying surface at a

fixed rate to permanently asses the distance to the sample. In our case, the

93



Nanodelivery system

nanopipette was hopping 5 pm until we started the application, then the distance to the
cell was kept constant at a selected value (h). An example of a typical recording is
shown in Figure 2-11B, where it can be seen how the z-position of the pipette varied
because of the hopping, but was constant during voltage application. It can also be
observed in Figure 2-11B that the increase in fluorescence starts only after voltage
application, and ends as soon as it has stopped. Because of the short time application,
the saturation of the response obtained in bath application experiments was not
reached. Therefore, the slope of the fitting of the increase in fluorescence to a linear

equation was utilised as a measurement of the response.

To demonstrate that the fluorescence recorded responses were actually caused by
capsaicin-induced TRPV1 activation, delivery to non-TRPV1 expressing neurons was
performed (Figure 2-12A). In those cases, no responses were found either for any
applied voltage, or for capsaicin bath application afterwards. In a second set of
experiments, when a constant voltage of 0.6 V was applied to a responding neuron,
bath application of different concentrations of the TRPV1 antagonist SB ?°? showed a
decrease in the measured fluorescence signal. This result further confirmed TRPV1

channel activation using this capsaicin delivery system (Figure 2-12B).
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Figure 2-12. Capsaicin delivery to DRG neurons was proven.

A) “Voltage-response” curve of a non-TRPV1 expressing neuron. B) Inhibition curve for the
TRPV1 antagonist SB. Different concentrations of the antagonsit were applied to the bath while
capsaicin was applied using the delivery pipette. [Capsaicin](co)=100 pM, applied voltage
AV=0.6 V. C) Repeated application on the same point, AV=1V. 1°-6" application (black), 7" to
12" application (red) and 13" to 18™ application (purple). Variability on the normalised slope
and applied voltage are indicated in the graph by black arrows.

To address the reproducibility of the measurements and the degree of desensitisation
of the channels, repetition of the application to the same neuron was also performed

(Figure 2-12C). We found that up to 5-6 repetitions a consistent value for the response
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with a reasonable variability was obtained, being the difference between extreme
values ~10 to 20%. However, increasing the number of repetitions can lead to a
considerable decrease in the signal (~50%), most likely due to desensitisation of the
channels by repeated application of capsaicin **. The variation found in the applied
voltage is due to the fact that even though the same value was set in the amplifier, the
actual applied voltage was recorded and it slightly varied due to minimum changes in
the pipette resistance. In the example of Figure 2-12C a variation of 40 mV was

observed when 1 V was set as applied voltage.

“Voltage-response” curves as the ones shown in Figure 2-13 and Figure 2-14 can be
obtained by measuring the response to different voltages while keeping the distance
constant. As for dose-response curves obtained from bath application, a sigmoidal
shape was observed. It was not until a threshold voltage was applied that capsaicin
concentration achieved at the cell surface was enough to generate detectable channel
activation. Considering as detectable channel activation a signal of 10% of the maximal
response, for examples in Figure 2-13B, the threshold was 100 mV, 420 mV and 40
mV for sensory neurons 1, 2 and 3 respectively. Further increase in the voltage,
correlated to an increase in the signal recorded until saturation is observed. For
neurons 1, 2 and 3 in the same figure it can be seen that at 470 mV, 860 mV and 560
mV, respectively, 95% of the response was reached. Since the applied voltage is
directly related to capsaicin concentration, these “voltage-response” curves can be
transformed in dose-response-like curves. To calculate the equivalent concentration to
the applied voltages, Equation 2-5 and Equation 2-8 were used (parameters are shown
in the legend of Figure 2-13). Concentrations were calculated in the top and side of the
cell, and are plotted as extra x axis in Figure 2-13B (view Materials and Methods

section for more details).

In view of these calculations, for example, the concentration applied to the top of the
cell when half of the maximal response was recorded was 8.8 uM, 18.9 uM and 9.1 uM
in DRG(1), DRG(2) and DRG(3) respectively. The concentration at the cellular side
needed to record 95% of the maximal activity is, for neurons 1, 2 and 3, 0.43 uM, 0.78
puM and 0.51 pM, respectively (Figure 2-13). When compared to the values obtained
from bath experiments where the saturating concentration of capsaicin was ~100 nM
(Figure 2-10D), these results seem to be very high, especially the concentrations
reached at the top of the cell. However, it should be considered that the analysis of
these data is more complex than that from bath application. The distribution profile of
the delivered molecule predicts a steep decrease in the concentration within few

nanometres from the application point (Figure 2-6 and Figure 2-7). Thus, the very high
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concentration in the cell top does not correlate with a high concentration being applied
to the whole cell body. Furthermore, for this local application, an increment in the
voltage gives rise to both a higher probability of channel opening (if the concentration is
below the saturating threshold), and to an increase in the number of channels that are
exposed to a concentration of capsaicin over the activating threshold.
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Figure 2-13. “Voltage-response” curves from capsaicin nano-delivery to the cell body of
DRG neurons.

A) Optical images of three different DRG neurons. B) Plots of the normalised slope versus the
delivery voltage and calculated concentration on the top and on the side of the cell. Equation
2-5 and Equation 2-8 were used for calculations, and utilised parameters were: capsaicin
diffusion coefficient, D=2-10"° m?/s ***; c,=100 pM; n=1 mPa-s; ©=3°; |,,=0 (the capsaicin was
assumed to be non-charged at working pH **") and peo=1.42-10° m?/V-s. Pipette radius was
estimated for each delivery pipette from the measured electric resistance. Pipette resistance
and radius values are depicted in A). To calculate the concentration on the side of the cells they
were modelled as hemispheres, so the value of r in Equation 2-8 is substituted by R @, being
phi the angle from the top of the cell (90° for the calculation at the side of the cell). Cell radius is
displayed in A). See “Materials and methods” section for details in the calculations.
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From these experiments we can conclude that comparisons between the two different
techniques are difficult to make. However, comparisons between different cells
stimulated with the same protocol are possible. In this regard, the most noticeable
result from these experiments was the variability between different neurons, reflected in
the values of threshold and saturation voltages, or in the equivalent concentrations.
This demonstrates a variety in cell behaviour that was hidden in bath application
experiments. Moreover, it supports the hypothesis that differential TRPV1 expression is
present in different sensory neurons, because dissimilar patterns of distribution would

lead to different “voltage-response” curves as observed here.

To further investigate the operability of the nanodelivery system similar experiments to
those in Figure 2-13 were performed under different conditions (Figure 2-14 and 2-15).
In first place, changing the capsaicin concentration in the nanopipette was investigated
(Figure 2-14A-B).
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Figure 2-14. “Voltage-response” curves under different delivery conditions.

Experimental points are combined from three cells for each condition. Solid lines depict the fit to
a Boltzmann sigmoidal and the applied voltage needed to reach half of activation is marked in
the x axis. Capsaicin concentrations in the cell top and in the side of the cell are also plotted as
extra x axis. For calculations, Equation 2-5 and Equation 2-8 were used, R.=6.5 um as an
average cell radius, R;=50 nm as an average pipette radius and h=300 nm. The rest of
parameters were the same as in Figure 2-13. A) Initial capsaicin concentration 100 pM, pH 7.4.
B) Initial capsaicin concentration 200 uM, pH 7.4. C) Initial concentration 100 pM, pH 0.8.

According to Equation 2-8, doubling the initial concentration inside the pipette

translates in doubling the amount of capsaicin delivered. It would be expected then a
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leftward shift of the response curve because with a lower delivery voltage the same
concentrations are achieved. However, we did not notice this effect (Figure 2-14A-B).
For instance, as a parameter for comparison, the voltage needed to obtain half of the
maximal response only changed from 0.29 to 0.24 from 100 pM to 200 puM initial
concentrations. This lack of difference between 100 pM and 200 pM as initial
concentrations in the nanopipette was unexpected, nevertheless, in view of the
variability obtained under the same stimulation (Figure 2-13), it was not such a
surprise. Values in Figure 2-14A are the same as in Figure 2-13 although plotted all
together and fitted to a unique Boltzmann equation, which means that an average of
three very different cells has been made. Compared to calcium imaging experiments
where more than 30 cells are averaged, 3 cells is a very small number to overcome
intercellular variability. Increasing the number of cells would very likely show

differences between Figure 2-14A and B.

Combined delivery of capsaicin and protons was tested as well since acidic pH is also
a TRPV1 activator ®"">?* (Figure 2-14A and C). When compared to a control situation
where slightly alkaline pH was utilised, a shift in the curve to more negative potentials
is observed. This means that less delivery of capsaicin was needed for channel
activation in agreement with protons shifting the activation curve of TRPV1 channels
towards lower voltages "°. This suggests that protons were also delivered and acted on
TRPV1 channels. Yet, as discussed for the results with different initial capsaicin
concentrations, it should be considered that n=3 is a very small number of repetitions

to draw conclusions from this kind of experiments.

Moreover, to explore the effect of changing the distance between the delivery
nanopipette and the sample, delivery at a constant voltage was conducted while the
distance was varied. Once again, high variability between neurons was observed. Two
examples are shown in Figure 2-15 where normalised response is plotted as a function
of the separation between the pipette and the neuron. For DRG(1), 5.7 UM capsaicin
was needed at the top of the cell to record half of the maximal response obtained when
close to the surface at the applied voltage. Differently, for DRG(2), at the same
concentration a higher response was observed. It could be possible that at the applied
total flow capsaicin concentration was not enough to produce the maximal response
when the pipette was close to the cell, and therefore the normalisation made could not
be correct. However, in view of the correspondent calculated values of capsaicin
concentration, this is very unlikely because they are all above the concentration of
saturation obtained from bath experiments even at the cell side (~100 nM, Figure
2-10D).
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Figure 2-15. Capsaicin nano-delivery at different distances pipette-sample.

Normalised fluorescence response of two different neurons DRG(1) and DRG(2) (blue and
green respectively) is plotted as function of the separation pipette-cell (h). Total flow was,
respectively, 0.036 and 0.025 pL/s. Capsaicin concentrations at the top and side of the cell,
calculated as in Figure 2-13, are also plotted as additional x axis.

It should also be noticed that in DRG(1) there is a drastic reduction of the response as
the distance between the pipette and the cell increases, which is consistent with the
expected reduction in the capsaicin concentration from the theory (Equation 2-8). On
the contrary, for DRG(2) the reduction in the concentration is not accompanied by the
anticipated reduction in the response, which could be indicating a higher density of
TRPV1 channels respect to DRG(1). Also a reasonable explanation could be that
TRPV1 channels in DRG(2) present a higher opening probability than in DRG(1),
needing a lower capsaicin concentration to be opened. This would be in agreement
with the fact that although a lower total flux was utilised in DRG(2), higher responses

were obtained.

Nanodelivery to dendrites of DRG sensory neurons

After demonstrating the successful delivery of capsaicin to the neuronal body, the
objective was to achieve local stimulation of dendrites. To this end, similarly as for the
cell body experiments, neurons were loaded with the calcium sensitive dye Fluo-4 AM,
and the increase in fluorescence was measured as indicator of TRPV1 channel activity.

However, in this case confocal microscopy was used to collect fluorescence only from
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the stimulated point. At the beginning of each experiment, the laser beam and the
pipette were aligned, ensuring that only the point under the pipette where the delivery
was made was illuminated. Prior to starting the delivery, a fluorescence raster scan of
the field under study was taken (Figure 2-16B). In this way, coordinates for all points of
the picture were collected and, because laser and pipette were aligned, the SICM
software allowed the selection of the points for delivery just by clicking with the
computer mouse on the picture (Figure 2-16B, pink dots). Usually, a point in a “black

area”, a region free of cells, was selected as a negative control point.
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Figure 2-16. Successful capsaicin nanodelivery to dendrites of sensory neurons.

A) Fluoresence responses for point 1 in B) at different delivery voltages. A pulse of 2 seconds
was applied over a pipette with a radius of 50 nm filled with a solution of 100 pM capsaicin and
positioned at a distance from the surface of 300 nm. B) Confocal microscopy fluorescence
image of the Fluo-4 AM-loaded sensory neuron under study. Pink dots represent the selected
points where capsaicin was delivered. Red arrow indicates the cell body. C) Normalised
“Voltage-response” curves for points 0 (black), 1 (green), 2 (red) and 3 (blue) in B). Maximum
slope value of all points was used for normalisation. Capsaicin concentration at the point on the
surface just below the pipette [Caps]i,, was calculated as in Figure 2-13, and is plotted as an
extra x axis. Solid lines depict the fit to a Boltzmann sigmoidal distribution.
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In the example in Figure 2-16, point 0 was the negative control, points 4, 5 and 6
resulted to be unresponsive to capsaicin application, and points 1, 2 and 3 showed a
positive response. Figure 2-16B shows that the three active points belong to the same
dendrite, where point 1 is the closest to the cell body (depicted by a red arrow). The
rest of the points are likely to be part of the process of a non-TRPV1 expressing neuron
whose cell body is not within the scanned field. Changes in fluorescence of point 1 to
different voltages are shown in Figure 2-16A. As expected and as it has been
previously observed when dosing to the cell body, the higher the voltage the faster the

increase in fluorescence.

Figure 2-16C displays the analysis of the slope of the fluorescence signal for the
unresponsive point 0 (black dots) and the three responding points (1, 2 and 3, green,
red and blue respectively). This analysis revealed differences in the behaviour of
different regions of the dendrites to capsaicin application. Points 1 and 2 exhibited a
Boltzmann-like response with the concentration just below the pipette needed to reach
half of the activation around 17 puM. Differently, the farthest point from the cell body,
point 3, showed a more linear response and reached a lower maximum response,
suggesting a lower channel density. In addition, points 2 and 3 seem to need less
capsaicin to produce an observable signal respect point 1, maybe indicating a favoured
channel opening (~7.3 UM vs ~12 uM capsaicin, just below the pipette opening). Point
2 showed a similar behaviour to point 3 at low flow rates (low applied voltage), although
a higher response was recorded resembling point 1 response. A thoughtful study
needs to be done in order to extract information from these differences. However, they
could be related to a different number of channels within the dosed area, to a distinct

channel distribution or even to differences in the opening probability of channels.

These experiments demonstrated the applicability of the developed system for
automated capsaicin nanodelivery. Moreover, the fact that points that are so close as
points 1-3 in Figure 2-16 responded independently further supports the achievement of
a nano-sized delivery. Additionally, variances observed between the diverse parts of
the sensory neuron sustain the hypothesis of a differential distribution of TRPV1

channels in the surface of DRG neurons.
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DISCUSSION

The ultimate goal of this work was to make a contribution to the development of a
variety of nanotools that could help in the study of cellular processes with nanoscale
resolution. Particularly, it is of increasing interest to study the plasma membrane
organisation, where an unpredicted complexity is just starting to be unravelled .
Regulation of the spatial and temporal distribution of membrane receptors has been
recognised as an important mechanism for controlling both, the magnitude of the
cellular response and the time scale on which cellular signalling occurs 2**™. In this
work we aimed to develop a method for localised stimulation of TRPV1 channels on the
surface of sensory neurons via controlled capsaicin delivery. This nanotool could help
in the study of the enhanced pain state (inflammatory sensitisation) that follows injury,
where an increased expression of the capsaicin receptor TRPV1 is observed °"**. To
this end, the combination of nanopipettes as nanodelivery tools with the SICM

positioning system was investigated.

To quantitatively describe the profile distribution of reagents delivered from
nanopipettes analytical equations were developed where pipette geometry (radius and
half cone angle), distance to the surface, delivery forces and diffusivity were taken into
account. These expressions were then compared to computational simulations (Figure
2-8 and 2-9), revealing that defined equations described fairly well the delivery to the
bulk solution when R>R, (Figure 2-8C). The reason for the discrepancy at lower values
of R is that non-radially symmetric convective contribution to the molecular flux is
significant close to the tip of the pipette, while at larger distances diffusion dominates
the molecular flow giving the radial dependence assumed in the analytical expressions.
Additionally, although from Equation 2-2 the concentration profiles for both pressure
and voltage were supposed to be the same for a certain value of Q, Simulations
showed that this is not exactly true (Figure 2-8C). These differences between pressure
and voltage delivery can be explained because diffusion from a point was considered
to build the analytical equations, which means that the diffusion would be equal in any
direction. However, in the case of pipette delivery, the direction parallel to the pipette is
favoured because a jet of liquid is coming through it. Then, diffusion is not equivalent in
all directions, and this effect is different for voltage or pressure delivery. Nevertheless,
discrepancies are more pronounced at positions close to the pipette aperture, and,
again, when R>R, calculated pressure- and voltage-driven distribution profiles

coincide.
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When the delivery to a surface was considered, the differences between simulations
and theory were less pronounced than in the case of delivery to the bulk (Figure 2-8C
and Figure 2-9D). This is likely due to the fact that the surface has the effect of
balancing the non-equal diffusion since its existence impedes the free flow.
Nevertheless, we also found that when high driving forces are applied, the obtained
analytical expressions started to deviate from those obtained in the simulations (Figure
2-9). The reason for this behaviour is that diffusion is no longer dominating at high flow
rates, since the convective contribution from the jet of liquid will increase when
augmenting the driving force over the pipette. In conclusion, we found that for a
distance greater than one tip radius and low flow rates (under the tested conditions in
this study a total flow lower than 0.5 pL/s), the concentration profile of the delivered
molecule on an underlying surface can be accurately estimated from Equation 2-8. To
describe the delivery under other situations finite element simulations should be used.
It has also to be taken into account that even if Qi=0, there will be a small flow of
molecules due to diffusion along the axis of the pipette. Nevertheless, from simulations
we observed that this flow is small enough to be neglected compared to values of Qo

used in this work.

A thoughtful analysis of the defined equations showed that tuning of the concentration
profile can be achieved by changing either the distance between the pipette and the
surface (Figure 2-6) or the applied delivery force (Figure 2-7). For instance, moving the
pipette closer to the surface has the effect of focusing the application, reducing the
area covered by a certain concentration of the delivered molecule. Increasing the
delivery force increases the concentration that can be achieved on the surface,
although it also widens the application. If the objective is to stimulate individual
receptors on the surface of a cell, the area being exposed to an over-threshold ligand
or agonist concentration should ideally be, at least, comparable in size to the average
distance between two receptors on the surface. Potentially, with an adequate initial
concentration, pipette size and distance between the pipette and the cell, the area
exposed to an activating concentration could potentially be shaped to reach an

appropriate resolution.

In dosing experiments performed here the distance between the pipette and the cell
was set to 300 nm. This value, following Equation 2-9 gives an ry, of 510 nm. Taking
as an average cellular radius 6.5 pm, this is approximately 0.6% of the cell area. For a
flow rate of 0.5 pL/s and a diffusion coefficient of 2:10° m?s for capsaicin, using
Equation 2-8 we can estimate that the concentration just below the tip is 0.67¢, and the

concentration at ry,=0.33co. In our experiments, most of the times the concentration
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inside the nanopipette was 100 puM, which gives a concentration at ry, of ~33 uM. In
view of the saturating concentration from bath application experiments (~100 nM), the
initial concentration in the pipette could be further reduced for future experiments to
increase the resolution by reducing the activated area. Nevertheless, lower
concentrations were tested inside the delivery pipette and channel activation was
hardly observable. This is probably suggesting a problem of experimental sensitivity.
The applied concentration could exceed the activation threshold, but either because
the stimulated area is very small, or the density of channels is very low, it could be that
not enough channels are opened to produce a detectable increase in the fluorescence.
Despite that, successful delivery was demonstrated when responses to capsaicin
application were recorded from DRG neurons (Figure 2-12, Figure 2-13, Figure 2-14
and Figure 2-15). The specificity of the response to capsaicin was addressed by
different controls. On the first hand, it was demonstrated that neurons which were
insensitive to local capsaicin application did not respond to bath application (Figure
2-12A). Furthermore, the inhibition of the delivery-induced signal by the antagonist SB
supported a specific activation of TRPV1 channels (Figure 2-12B). Finally, the fact that
increasing the applied voltage produced an increase in the signal is consistent as well
with augmented TRPV1 activation by increased capsaicin concentration and

stimulation of a wider area (Figure 2-13 and Figure 2-14).

Pressure and voltage were suitable options as delivery forces, however for application
to neurons voltage was selected because it allows for a tighter control of the delivery. It
can be rapidly turned on and off, thus allowing short stimulations. This is important in
the case of capsaicin-induced activation of TRPV1 channels because a prolonged
exposure to the agonist has been found to induce acute channel desensitisation, i.e.
decrease in the signal, by a Ca®**-dependent mechanism *?®?%_ Thus, minimising the
time of exposure of the channels to capsaicin could decrease this effect. Indeed, with
the short time applications performed here (2-5 seconds), not even saturation of the
signal was observed (Figure 2-11). To evaluate the response of these short
applications we demonstrated by measuring either the increase of fluorescence or the
variation in fluorescence with time (slope) in traditional bath application experiments,
that the slope is a valid parameter to analyse capsaicin-induced TRPV1 responses
(Figure 2-10D). Also in favour of using voltage instead of pressure as the delivery
force, a higher force needs to be applied in the case of pressure delivery to obtain the
same flow because the total pressure-induced flow depends on Ry (Equation 2-3)
while for voltage driven delivery it depends only on Ry (Equation 2-5). Yet, it must be

said that from a general point of view, pressure-based delivery offers the advantage of
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being independent of the charge of the molecules and nanopipette walls. Therefore, it
is possible to simultaneously deliver molecules with both positive and negative charge,

something that cannot be accomplished by using voltage as the delivery force.

In addition to the acute desensitisation that occurs after prolonged exposition of TRPV1
channels to capsaicin, a decreased response to recurrent applications (tachyphylaxis)
has been documented 2. Under our experimental conditions, when the same short
application protocol was repeated in the same neuron, we found that up to 5-6
repetitions the value obtained for the response was consistent, and the variation
observed reasonable (decrease in 10-20% of the maximal signal). However, increasing
the number of repetitions derived in a substantial decrease in the response, most likely
due to channel desensitisation (Figure 2-12C). There are complex regulation
mechanisms of channel desensitisation that are still not fully understood 28203205206
and it is beyond the scope of this work to analyse them. Yet, our results seem to
indicate that tachyphylaxis occurs even if acute desensitisation is avoided by

minimisation of capsaicin application.

From the point of view of nanotechnology development, the fact that the first few
applications gave similar responses supports the exclusion from our experiments of the
influence of the “history of the pipette”. This effects refers to the fact that the retaining

voltage applied previous to ejection can affect the delivery .

Because negative
voltages were applied between applications or as negative control for no delivery,
capsaicin could be accumulated by electroosmosis upwards in the pipette. This could
have implicated a delay in the response due to the absence of capsaicin release at the
beginning of the application. Or it could have led to a drastic change in the rate of the
fluorescence response due to a sudden arrival of capsaicin to the tip of the pipette.
However, neither of those effects was observed (Figure 2-11B, upper trace), and, as
stated, several repetitions of the same protocol rendered similar responses, even when

a negative voltage was kept in between.

One interesting finding from the dosing experiments was that the increase in
fluorescence was abruptly stopped as soon as the application of voltage was finished
(Figure 2-11B). This observation is consistent with the fact that capsaicin is rapidly
diffusing away from the application site because of the large total volume in the dish
compared to the volume delivered (~2 mL versus few picolitres in the pipette delivery
experiments). Additionally, because the main capsaicin binding site for TRPV1 is
located intracellularly ™, this result could also indicate a rapid diffusion of capsaicin

from the cellular interior. This hypothesis is supported by patch clamp experiments
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where high capsaicin concentration was placed inside the patch pipette (100 uM) and
the current-voltage (I-V) curve was recorded. Then, application to the bath of a lower
concentration (500 nM) was performed and the procedure was repeated. When
comparing both curves, it is observed that, despite the concentration inside the pipette
being high enough to activate all channels, further activation was observed after bath
application (Figure 2-17). It seem that capsaicin could rapidly be washed from the
intracellular space, exposing to the 100 uM capsaicin inside the pipette only a fraction
of the total number of channels in the cell. Another possibility is that capsaicin could be
trapped in the plasma membrane due to its lipophilic properties ?**, not accessing the
intracellular binding site of channels far from the pipette opening. Also channel
desensitisation due to an extreme intracellular capsaicin concentration is a possible

explanation to this effect.

1 -
I/lmax
500 nM Caps bath (after)
or e .
100 pM Caps inside pipette
-0.5% , ; ,
-100 0 100
V (mV)

Figure 2-17. I-V curves of patch clamp experiments in DRG neurons.

In red, normalised current when 100 pM capsaicin was placed inside the pipette. In black,
response after bath application of 500 nM capsaicin. For each neuron maximal current was
used to normalise the responses. MeanzSEM is plotted, n=3.

Another important observation from the nanodelivery experiments was the high
variability in the responses of different neurons to the same stimulus, which was
reflected in the “dose-response-like” curves (Figure 2-13 and Figure 2-14). This
variability exemplifies one advantage of using this kind of nanotools: the opportunity of
measuring the response of independent cells. This, as opposed to techniques based
on averaging a large population of cells, allows for the study of cellular heterogeneity,
opening up the possibility of finding cellular subpopulations with specific characteristics
that could be hidden by other methods. Obviously, in order to be competitive, these
single-cell approaches need to be integrated as part of high throughput platforms. The

benefit of this particular local drug delivery method is that being integrated with the
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SICM equipment it can be automated. In this project, the integration of this system with
confocal microscopy and the automation for fast delivery to multiple subcellular
structures was demonstrated (Figure 2-16). This, together with the short time
applications utilised here, has the potential of providing dose-response curves of
several cells in just few minutes. Even the option of utilising multibarrel nanopipettes is
open to be explored, where different agonists and antagonists could be controllably
applied. For instance, a constant concentration of capsaicin could be delivered through
one barrel, and a possible channel blocker could be delivered by a second barrel using
a voltage ramp protocol. In this way, information about the effect of the molecule could

be obtained at the same time as the inhibition-response curve.

For the analysis of the “voltage-response” curves obtained in this work, it has to be
taken into account that they cannot be considered traditional dose-response curves.
This is because increasing the voltage implies not only an augment in the
concentration, but also a widening in the area being covered with capsaicin (Figure
2-7). Therefore, it is not only the capsaicin-induced increase in channel opening
probability what affects the response, but also the stimulation of a higher number of
channels. To compare the results obtained using the nanodelivery system with the
ones from bath application experiments, we can think about the concentration needed
to activate the whole cell with a maximum response. In the local dosing experiments
this value can be assimilated to the value of the concentration on the side of the cell
when 95% of the response was developed. We know that at that point the whole cell is
covered with a concentration of capsaicin enough to induce the activation of most
channels in the cell, mimicking bath application. For the cells in Figure 2-13, these
values were: 430, 780 and 510 nM, while for bath application experiments the
saturating concentration was ~100 nM (Figure 2-10D). The large difference between
both kinds of experiments could be explained because with the nanodelivery system,
channels close to the pipette are stimulated with every pulse of voltage, and with high
capsaicin concentrations. Thus, their desensitisation by repeated applications could
lead to a decreased signal, rendering a right-shifted dose-response curve. Another
explanation is that the calculated concentration on the side of the cell is actually an
overestimation, since capsaicin diffusion to the cell bottom has not been considered.
Also, although having the opposite effect on the curve, the local activation of TRPV1
channels could induce a local depolarisation of the membrane, which could in turn
increase the opening probability of neighbour TRPV1 channels since voltage acts as a

channel agonist ¢,
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All these issues make it difficult to compare between bath application and localised
delivery studies. Nevertheless, it is also from all these issues from where new
information could be extracted. The differences in the behaviour of distinct cells could
be reflecting a dissimilar distribution of TRPV1 channels. For example, the substantially
lower concentration needed to achieve half of the maximal response in DRG(1)
compared to DRG(2) in Figure 2-15, or between DRG(1) and DRG(2) in Figure 2-13,
could indicate that DRG(2) in both cases has a lower density of channels, or maybe
channels with a higher activation threshold, for instance due to a different

127 Building a more complete mathematical model to include

phosphorylation state
parameters such as channel opening probability or desensitisation could help to

unravel the information coded in these “voltage-response” curves.

In addition to successful capsaicin delivery to the cell body, the delivery system
developed here allowed the automated delivery of capsaicin to different points on the
sensory neurons, including small structures like dendrites (Figure 2-16). These
experiments showed satisfactory TRPV1 activation, demonstrating the possibility to
study channel activity within the membrane of live DRG neurons at the nanoscale. As
in the case of the experiments where the cell body was studied, variability in the
response of different points belonging to the same cell was found. Again, this could be
indicating a differential expression pattern in different cell structures. Moreover, this
localised delivery strategy could help in the development of a more physiological
peripheral pain model since the terminals could be stimulated without affecting the cell

body, mimicking what is happening in reality >°.

In conclusion, a robust and promising SICM-based nanodelivery system for capsaicin
is described in this work. Several characteristics make this tool unique for the study of
sensory neurons at the nanoscale, opening up a myriad of possibilities: 1) the
guantification of the delivery, 2) the ability to control and shape the area of stimulation
by controlling the initial concentration and the delivery force, 3) the possibility of
automation, 4) the potential of stimulating channels within subcellular structures, and 5)
the option of expanding its use to other molecules, even several of them

simultaneously by using multiple-barrel nanopipettes.
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ABSTRACT

Precise ROS measurements remain elusive mainly due to a technological challenge.
Consequently, despite the fact that ROS have been implicated in numerous
physiological and pathological conditions, including pain disorders, there is a lack of
knowledge about the molecular mechanisms of their role in these processes. In this
work we describe the development of a hydrogen peroxide nanosensor aiming for
intracellular ROS recordings. Carbon nanoelectrodes were fabricated by pyrolitic
carbon deposition on quartz nanopipettes, and Prussian blue was electrochemically
deposited for their functionalisation acting as an electrocatalyst for selective reduction
of H,O,. Carbon etching was tested as a method for increasing film stability. The
response of the amperometric sensor was studied, finding a linear calibration curve
over the concentration range of 10 uM to 1 mM. The limit of detection and sensitivity
were found to be 10 uM and ~200 A/M-cm?, respectively. Finally, the possibility of

performing intracellular recordings in sensory neurons was investigated.

Some of the results presented in this chapter are part of the following publications:

e ‘“Electrochemical nanoprobes for single-cell analysis”. Actis, P.; Tokar, S.;
Clausmeyer, J.; Babakinejad, B.; Mikhaleva, S.; Cornut, R.; Takahashi, Y.; Lopez-
Cérdoba, A.; Novak, P.; Shevchuck, A. I.; Dougan, J. A.; Kazarian, S. G.; Gorelkin,
P. V.; Erofeev, A. S.; Yaminsky, I. V.; Unwin, P. R.; Schuhmann, W.; Klenerman,
D.; Rusakov, D. A.; Sviderskaya, E. V.; Korchev, Y. E. ACS Nano 2013, 8 (1), 875-
884. (Annex IlI)

e “Nanosensors for the detection of hydrogen peroxide”. Clausmeyer, J.; Actis,
P.; Lo6pez-Cérdoba, A.; Korchev, Y.; Schuhmann, W. Electrochemistry
Communications 2014, 40 (0), 28-30. (Annex IV)
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INTRODUCTION

Reactive oxygen species (ROS) are highly reactive ions and molecules formed by the
incomplete reduction of oxygen. They include singlet oxygen (*0,), superoxide (O,-),
hydrogen peroxide (H,O,) and hydroxyl radical (OH-). In living cells with aerobic
metabolisms ROS are formed as a natural result of oxygen consumption. Additionally,
there are other pathways for ROS production such as cellular interaction with ionizing
radiation (ultraviolet light) or contaminants (tobacco), and also as by-products of
several cellular enzymes including NADPH oxidases %°"?%. Due to their high reactivity,
ROS are able to induce irreversible damage to lipids, proteins and DNA, and even elicit
cell death 2°*?'°. Among the different ROS, hydrogen peroxide can be considered one
of the most cytotoxic species because its lifetime is sufficient to allow its diffusion to
almost any cellular compartment. Moreover, it acts as a source of hydroxyl radicals,

OH’, which are the actual inductors of modifications on biological molecules #°**,

At the same time, ROS play critical physiological roles, have them been involved in
numerous signalling pathways regulating cell metabolism, proliferation, or oxidative
defence mechanisms ?°"?*°. To be able to use them as signalling molecules avoiding

the intrinsic associated dangers, cells make use of an “antioxidant defence” that acts

209,212

co-ordinately to preserve a safe ROS balance (Figure 3-1). Nevertheless, when

this homeostasis is not maintained and an overproduction of ROS occurs, a state of
“oxidative stress” is established. This unbalanced ROS state has been described as
one of the underlying causes of ageing and as a key agent for the development of
some pathogenic conditions like cancer, neurodegeneration, heart failure or chronic

pain 207:208210213.214 particularly, in the case of nociception, several studies revealed an

increase in ROS production during the development of persistent pain conditions #°. In

fact, free radical scavengers have been studied as new analgesics, proving effective

216,217 218,219

results in both neuropathic pain and inflammatory pain . Furthermore,

excessive activation of TRPV1 and TRPA1l channels by ROS induced central

sensitisation resulting in maintained pain %%,

Interestingly, it has also been
demonstrated that TRPV1 activation, in turn, increases ROS generation in primary
cultures of mouse DRG neurons, which produces an overexpression of proteins

involved in the process of peripheral sensitisation #"2%2,
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Figure 3-1.ROS homeostasis (adapted from Finkel, T et al *%).

The implication of ROS in many different physiopathological conditions has made their
intracellular determination the centre of many recent research projects. Yet, precise
measurements of ROS are technically challenging mostly due to their very short life
time, and the tight spatial and temporal regulation of their concentration 2?4, An
estimation of the average quantity of ROS that may be produced by a single cell during
induced oxidative stress lead to a rate of release of 107°-107*® mol/s per cell. These
levels of ROS, even if they are produced in a small volume like a cell, account for
extremely low intracellular concentrations #**. Additionally, the spatial regulation in ROS
production is essential for an adequate cellular function and thus the ability of studying
these processes “in situ” is crucial *°, ROS production can be so localised that a single
cell assay might not reflect a subjacent subcellular increase ?**. Together, all these

observations explain the difficulty to study cellular processes involving ROS.

An ideal method for ROS detection should be sensitive and fast enough to perceive low
concentrations in a short period, and it should have high spatial resolution to
differentiate between subcellular compartments. Furthermore, specificity is a desired
characteristic in order to dissect the contribution of different ROS to a certain process
210224 The most widely employed methods for ROS measurements are fluorescence-
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based techniques ?*>%%, A vast variety of fluorescent dyes are available commercially,
some of them allowing even for specific organelle targeting and specificity to one
particular ROS ??%. The use of these dyes has successfully been applied to the study of
different biological models such as cancer, neuropathic pain, inflammatory bowel
disease or heart failure 2'3#7226227 However, this fluorescence-based approach has
some associated drawbacks like the phototoxicity of the dyes or the difficulty in
measuring temporal and local changes due to 1) rapid photobleaching, 2) irreversibility
of the reaction between the dye and the ROS, and 3) out-of-focus contributions to the
signal. Also quantitative measurements are challenging, and sometimes localisation
specificity is hard to achieve 21?22?4226 Dbye encapsulation in nanoparticles and the
use of genetically encoded ROS reporters have been proposed as ways of overcoming
those problems, although, both are still based on fluorescence measurements and are
complicated and expensive procedures %*. An electrochemical approach has been

proposed instead as a strong alternative for ROS measurements %%,

Any molecule presenting redox activity, such as ROS, can potentially be detected by
electrochemical probes by measuring the change in current, voltage or impedance that
results from chemical reactions that involve electron exchange. Additionally,
guantification can be achieved since the analyte concentration is directly related to the
measured electrochemical signal ?®%?°. In the field of electrochemical sensors, those
based on micro- or nanoelectrodes have been proven useful for biological applications
228230 Their high sensitivity, low response time and possibility of miniaturization make
these electrochemical probes an ideal tool for high-resolution mapping of analyte
distribution at the single-cell level ?#*%*_For instance, in neuroscience research, they
are commonly used for studying neurotransmitter release or oxygen consumption in
vivo and in vitro with single cell resolution ?**?*°, For ROS detection, pioneer work in
the 90’s showed the detection of superoxide ion released by neutrophils with pyrolytic
graphite millimetric electrodes ?*’. Since then, other types of electrodes have been
investigated and further miniaturization has been achieved. Particularly, it has also
been largely demonstrated that platinization of carbon electrodes enhances the
electrocatalytic activity of carbon for the reduction of oxygen and the
oxidation/reduction of hydrogen peroxide ?**#*°. Following this approach, for instance,
ROS release from macrophages has been studied using microelectrodes 2324,
However, for real investigation of molecular mechanisms where ROS is implicated,
although single cell release offers valuable data, high resolution intracellular

measurements need to be executed 2.
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The first example of electrochemically-based intracellular recordings of ROS is also
based on the use of platinized nanoelectrodes inside murine macrophages **'.
However, and despite the nanometric dimension of the electro-active area, the outer
glass coating of the electrodes was of several hundreds of nanometers, almost
comparable to the cell size. This was probably the main cause for a successful
insertion only in 20% of the cases. This fact highlights the central limiting factor in the
use of this technology for intracellular measurements: the size of the electrodes has to
be small enough to access the intracellular milieu with minimal disruption of the cellular
membrane. In this direction, different groups are working in the development of
nanostructures suitable for accessing the interior of living cells 2°?*2. Some of these

examples are pure carbon nanotubes ?**, carbon nanotubes attached to the tip of glass

244 245

pipettes or nanowires attached to optical fibres Nevertheless, generally
speaking, this kind of nanoprobes are usually limited to monitor the membrane
potential, and the technologically complex and tedious fabrication process prevents

them to be used in a daily basis and broadly in non-expert labs #*°.

One strategy to avoid all these difficulties is the use of glass nanopipettes as the
scaffold platform to build nanosensors. With its small dimensions, a nanopipette can
penetrate the cell membrane with minimum damage *®%*’. In addition, the possibility of
functionalising them to provide sensitivity to different molecules empowers its use for

the development of versatile intracellular nanosensors 2723324

Apart from the
nanometric size, the main advantages of using this approach are the low cost and ease
of fabrication of nanopipettes, greatly enhancing the usability of these probes
compared to other technologies *"°. Moreover, nanopipette-based nanosensors offer
the possibility of incorporation to a scanning probe microscopy system, allowing for
high resolution scanning electrochemical microscopy (SECM) ?2% This technique
aims to obtain functional images of cells by mapping their surface reactivity. If
topographical images of the living sample are simultaneously obtained, this functional
information can be correlated to it, establishing structure-function relationships at the

cellular leve| 163180249

As mentioned above, platinization of carbon electrodes provides sensitivity to oxygen
and hydrogen peroxide. Deposition of platinum in nanopipette-based carbon electrodes
has been used previously to study oxygen consumption in brain slices and even to
perform intracellular measurements in melanocytes #*°. However, several drawbacks
are associated to this approach. First of all, potentials for the anodic detection of
hydrogen peroxide are in the range of 0.4 to 0.8 V, which are high enough to co-oxidize

other interfering species that can be found in cells, e.g. ascorbic and uric acid.
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Additionally, platinum-coated carbon electrodes are not selective to one specific ROS,
being sensitive not only to oxygen and hydrogen peroxide, but also to superoxide,
peroxynitrite and nitric oxide 2+2°%%! 222 | this work, a more selective electrocatalyst
compared to platinum named Prussian blue (PB) is proposed to overcome these
limitations (Figure 3-2). This compound has been described as the “artificial
peroxidase” due to its high activity in hydrogen peroxide reduction and oxidation
reactions, and its high selectivity for hydrogen peroxide in the presence of oxygen
253254 Also, because the reduction of hydrogen peroxide occurs at mild potentials, high

selectivity is achieved in the presence of other reducing compounds %,

Carbon

r_ Prussian blue
H.O, 2 H,0
+2e + 2H'

Figure 3-2. Cartoon of a carbon-filled nanopipette PB-modified for H,O, detection.

The exceptional electrochemical properties of PB have made it useful for multiple
applications in the development of different types of microsensors *°?*°, Nevertheless,
their miniaturization to the nanoscale for intracellular recordings faces the problem of a
weak adhesion of the PB film. Furthermore, the slightly alkaline media found in the
cellular environment is specially destabilizing for PB films, as well as iron complexing
agents sometimes used in biological solutions #****°, Additional coating steps have
been successfully implemented to improve film stability in microelectrodes 2°3, whereas
at the nanoscale these coatings face the same weak adhesion limitations as the PB
film. Other strategies used on macroscopic electrodes to increase stability are heat
treatment and entrapment of PB in carbon pastes, but unfortunately those are difficult
to apply at the nanoscale **"?*°, Instead, etching of nanocavities inside nanoelectrodes

260,261

has been proven useful to improve film stability of deposited materials , and thus

this strategy was addressed in this work.
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OBJECTIVES

The main objective of this project was to develop a nanopipette-based hydrogen
peroxide sensor for intracellular measurements. With this aim the deposition of the
hexacyanoferrate complex Prussian blue (PB) on a nanocavity etched inside carbon

nanoelectrodes fabricated by pyrolytic deposition on quartz nanopipettes was explored.

Specific goals:

¢ Fabrication and characterisation of nanopipette-based carbon electrodes.

¢ Functionalisation of carbon nanoelectrodes by electrochemical deposition of
PB. Stability comparison of PB deposition on etched and non-etched
electrodes.

e Dose-response study of hydrogen peroxide response of PB-nanoelectrodes:

linear response range, sensitivity and lower detection limit calculation.

Investigation of the feasibility of intracellular measurements in sensory neurons.
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RESULTS

Carbon nanoelectrode characterisation

To obtain carbon nanoelectrodes a quartz capillary was pulled into a sharp nanopipette
tip and carbon was pyrolitically deposited within the nanopipette taper (see “Materials
and Methods” for details). Figure 3-3A and B show, respectively, an optical image of
the electrode and a scanning electron microscopy (SEM) micrograph of the
nanoelectrode tip. As seen, the deposited carbon layer extended several millimetres

away from the nanopipette tip (Figure 3-3A).
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Figure 3-3. Physical characterisation of carbon nanoelectrodes.
A) Optical picture of a carbon electrode. B) SEM micrograph of a nanoelectrode tip coated with
a ~10 nm layer of chrome. C) Raman spectrum of the nanoelectrode tip.

The properties of the deposited carbon were studied using Raman spectroscopy. This
technique allows the study of the structure of materials by analysing the shift in the
energy of a monochromatic light after interaction with the sample. Raman spectroscopy
clearly displayed the D and G bands at 1367 cm™ and 1576 cm™ that characterise
graphite (Figure 3-3C). There is no evidence of the G’ (or 2D) band in the region
~2500-2800 cm™ which is observed for highly ordered graphite (not shown for clarity of
the image) ?°%. For additional characterisation of the carbon nanoelectrodes, scanning
electron microscopy (SEM) and Energy-dispersive X-ray spectroscopy (EDX) were
performed in broken pipettes (Figure 3-4).
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Figure 3-4. SEM micrograph and EDX analysis of a broken nanoelectrode.

Coloured cross indicates area where EDX analysis was performed. Blue indicates quartz sheath
and black indicates carbon layer. EDX results follow the same colour-code. Inset: high
magnification SEM micrograph of the quartz/carbon interface, showing a well-adhering carbon
layer of ~280 nm thickness. Samples were sputter coated with a 10 nm chrome layer before

SEM imaging.

For the SEM/EDX experiments pipettes needed to be broken because due to their
nano-size the manipulation was complicated. This technique provides high resolution
images of surface topography with excellent depth of field and, at the same time,
qualitative information about the chemical composition of the sample. EDX analysis
was performed in both, the glass sheath and the carbon layer (Figure 3-4, blue and
black crosses, respectively). Quartz presence in the outer part of the electrode was
confirmed by the characteristic peaks of oxygen (0,52 KeV) and silicon (1.74 KeV),
whereas carbon deposition was further supported by the EDX peak at 0.28 KeV and

the absence of any silicon peak. Additionally, SEM images of these broken pipettes
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showed a well-adhering uniform layer of deposited carbon that was around 280 nm
thick (Figure 3-4, inset).

To study the size of the carbon probes an analytical approach to estimate the apparent
pipette radius was utilised. For planar disk microelectrodes, the expression for

diffusion-limited current allows to calculate the electrode’s radius (Rejecirode) @S 2°:

ISS
Relectrode = 464nFeD

Equation 3-1. Diffusion-limited current expression for planar disk microelectrodes.

where | is the current at steady state in cyclic voltammetry experiments. In this kind of
experiments an electron mediator is used to investigate electrode’s properties. The
current generated upon redox reaction of the electrochemical active mediator at the tip
of the pipette (faradaic current) is recorded while the potential is cycled over a certain
range. Oxidation reactions are associated to positive currents (cathodic currents) and
reduction processes are in the negative range of currents (anodic currents). By using a
fast electron transfer mediator it is ensured that the redox reaction is only limited by its
diffusion to the tip of the electrode. In the case of a planar disk electrode in bulk
solution the mediator is free to diffuse radially to the active electrode and, therefore, the
obtained cyclic voltammogram (CV) is characterised by a steady state plateau
originated by its maximum turnover at the tip of the pipette. n is the number of electrons
transferred in the redox reaction undergone by the electron mediator; F is the Faraday
constant; D is the diffusion coefficient of the redox mediator and c is its concentration in
solution. The value of 4.64 originates from considering that the nanoelectrode active
element (carbon in this work) and the insulating sheath (quartz in this work) are co-
planar, and that the ratio between the overall radius of the nanoelectrode tip (including
the glass insulator part) divided by the radius of the electrochemically active area is
lower than 2 #%32%* Thus, for the application of Equation 3-1 these assumptions have to

be confirmed.

One way of studying the geometry of electrodes is to obtain approach curves to
surfaces of known activity and to compare them to those inferred from analytical
expressions of defined geometries. As in the case of the ion current for glass pipettes,
when an electrode is approached to an inert surface, the electrochemical current is
reduced because the mediator cannot be regenerated as a result of physical
obstruction of its diffusion to the electrode. As a consequence, the behaviour of the
electrochemical current can be related to the geometrical properties of the electrode.

Using the fast electron transfer mediator hexaammineruthenium(lll) chloride
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(Ru(NH3)sCl3) in the bath solution, and the SICM positioning system for feedback
control of the tip position, we obtained approach curves to an inert polystyrene surface.
After that, the experimental data was fitted to the approach curve expression for co-

planar disk shaped nanoelectrodes *°:

2.08 (L_o.;45) . 1_535}

0.358
Rgq g

Niy =

0.358
Ry g

LnR TR
[2'08 L +0.0023R,) + 1.57 + —Lg +—2 I (1+ 2;)]

.

Equation 3-2. Approach curve expression for co-planar disk nanoelectrodes.

Where Niy is the normalised current defined as the ratio of the tip current divided by the
tip current at infinite distance from the substrate. Ry corresponds to the ratio between
the total radius of the nanoelectrode tip (including the glass insulator part) divided by
the radius of the electrochemically active area (carbon in this work). L is the normalised
tip-substrate distance (pipette-surface distance divided by the nanoelectrode radius).
Figure 3-5 shows the experimental approach curve of a representative electrode

(black) as well as the fit to the approach expression, Equation 3-2 (red).
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Figure 3-5. Electrochemical characterisation of carbon nanoelectrodes.

Experimental approach curve of a representative nanoelectrode toward an insulating
polystyrene substrate (black line) and theoretical approach curve for a disk shaped electrode
with Rg=1.5 (red line). L is the dimensionless distance (distance divided by the nanoelectrode
radius). Solution was 10 mM Ru(NH3)eClz in PBS.
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In the approach experiments it can be observed how the current is reduced as the
distance electrode-surface shortens because when the pipette is close to an insulating
surface the diffusion of the mediator is physically blocked. The good fit of the
experimental data to the simulated curve for a co-planar disk electrode (Equation 3-2)
together with an Ry value lower than 1.5 in all cases (n=4), supports the use of
Equation 3-1 to estimate the pipette radius. In following experiments carbon
electrochemical response in the presence of 10 mM Ru(NH3)sCl; was measured by
cyclic voltammetry and Equation 3-1 was used to calculate the apparent pipette radius.
Utilised parameters were: n=1 for the redox reaction of the mediator hexaminruthenium

266

(1) chloride involves only one electron, D=6.3-10°cm?s for its diffusion coefficient 2*°,
and F=96485 C/mol.

The first step for electrode fabrication is the pulling of the quartz capillary which
generates a pair of virtually identical nanopipettes. The correspondent twin electrodes
were studied by cyclic voltammetry to analyse the variability induced by carbon
deposition (Figure 3-6A). This experimental approach demonstrated that both CV’s
overlapped, meaning that carbon deposition introduces minimum variability in electrode
fabrication. The calculated apparent radius of these pipettes was 28 nm given the Igs of
80 pA (using Equation 3-1). Additionally, several nanopipettes with identical pulling
parameters were prepared and carbon was deposited on them (n=7). Results are
summarized in Figure 3-6B, where the average voltammogram is plotted. The
averaged steady state current was extrapolated rendering a value of Iss of 104114 pA,

which corresponds to an apparent radius of 30+4 nm.

0, 0
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Figure 3-6. Reproducibility of carbon nanoelectrode fabrication process.

A) Representative CVs of twin nanoelectrodes fabricated from the two ‘mirror’ nanopipettes
produced in the pulling process. B) Average voltammogram from measurements on 7 different
electrodes prepared using the same pulling protocol. Average Iss was 104+14 pA,
corresponding to an apparent radius of 30x4 nm according to Equation 3-1 using n=1,
D=6.3-10"°cm?/s, F=96485 C/mol and 10 mM Ru(NH3)sClsin PBS.
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Because the radius of the electrode depends on the size of the nanopipette opening,
the possibility of controlling the apparent nanoelectrode radius by simply modifying the
pulling parameters was tested. The “heat” parameter, related to the laser power that
heats the glass prior to the actual pulling, was varied and the apparent size of the
resulting electrodes was evaluated. This parameter was selected because the outcome
of its modification was very intuitive: an increase in the heat generates sharper
nanopipettes and thus, after carbon deposition, nanoelectrodes were expected to be
smaller. A systematic study of different heat values revealed a linear correlation
between the laser heat and the final nanoelectrode size. This allows for a fine tuning of

the nanoelectrode size (Figure 3-7).
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Figure 3-7. Nanoelectrode apparent radius versus the pulling parameter “heat”.

Black dots are experimental data extrapolated from the steady-state diffusion-limited current,
red line represents the linear fit to experimental data (R*=0.99). Equation 3-1 was used to
calculate the nanoelectrode apparent radius with n=1, D=6.3-10°cm?/s, F=96485 C/mol and 10
mM Ru(NHz)eClsin PBS.

Carbon nanoelectrode functionalisation

To provide carbon nanoelectrodes with hydrogen peroxide sensitivity their
functionalisation by creation at the tip of the electrode of a nanofilm of the iron Il/iron Il
complex Prussian blue (PB) was explored. This compound is sensitive to oxidation and
reduction by hydrogen peroxide, and its ability to accept or donate electrons reversibly
allows it to behave as an electrocatalyst. Aiming to work at low potentials to avoid
contamination of the measured signal from oxidation of other intracellular substances,
the study was focused on the cathodic reduction of hydrogen peroxide. As it is

represented in the cartoon of Figure 3-8, electrons required for reduction of hydrogen
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peroxide will be taken from the oxidation of iron Il to iron Il at the surface of the PB
layer generating the oxidised form of PB (Berlin green, BG, or Prussian Yellow, PY).
These electrons will be provided back to the PB lattice by applying a constant negative

voltage that will reverse the PB at its initial state, generating a faradaic current at the

i\ Faradaic current

f

Berlin Green or .
. el Fe' Prussian Blue
Prussian Yellow

\ CATALYTIC
\ CYCLE

H20; H,0

electrode.

Figure 3-8. PB nanoelectrode functionalisation.

PB deposition at the tip of the carbon electrode makes the nanoelectrode sensitive to hydrogen
peroxide. The electrons needed for H,O, reduction are given by oxidation of Fe(ll) to Fe(lll).
This redox pair is recycled by application of a negative voltage that reverses PB to its reduced
state generating a faradaic current at the electrode.

One of the main challenges when building nanoprobes by film deposition is obtaining a
good stability, which is usually associated to a good stability of the film itself. However,
the fact that the thickness of the film is similar to the dimensions of the surface where it
is deposited decreases the success of achieving an adequate attachment. In this work,
to increase film adherence to the carbon electrodes, creation of a nanocavity into the
carbon layer prior to PB deposition was proposed. This electrochemical etching of
carbon nanoelectrodes was performed by cyclic voltammetry from 0 V to 2 V in alkaline
solution (Figure 3-9). Application of these high oxidative voltages produces oxidation of
carbon, water and chloride ions, yielding the formation of carbon oxides (COy),
molecular chloride (Cl,), molecular oxygen (O,), hydrogen peroxide (H,O,) and other
ROS. As a result, the carbon layer is corroded. Note that the current observed in Figure
3-9 does not show a steady state plateau as it was observed in the presence of the
electron mediator (Figure 3-6). This is because the diffusion limitation is not observed
since water is the solvent and therefore is present in large quantity around the

electrode.
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From the solution H,0 -new —— ROS (O, H;0,)

Cl -1e¢ —> Cl,

Electrode etching
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Figure 3-9. Etching process of carbon nanoelectrodes.

Cyclic voltammetry up to 2 V in alkaline solution produces oxidation of water, chloride ions and
carbon, generating a nanocavity on the deposited carbon. Black and red lines depict,
respectively, the first and third cycles of etching.

The etching process was studied by cyclic voltammetry in the redox mediator
ferrocenemethanol (FcMeOH), another fast electron transfer mediator. Pulling
parameters were programmed so carbon nanoelectrodes used in these experiments
would display a maximum current in the electron mediator of 30 pA. This current value
corresponds to a maximum radius of 100 nm, according to the one electron reaction of
the FcMeOH, and utilising 32.82:10° cm?/s as the diffusion coefficient ' in Equation
3-1. Figure 3-10 shows CVs at different stages of the etching process, evidencing how
this procedure changes the electrochemical properties of the carbon nanoelectrode

from those of a planar disk shaped to those of a tube-like electrode.

For planar disk electrodes (Figure 3-10A), the mediator freely diffuses in all directions,
generating a current steady state plateau in the CV as a result of reaching its maximum
conversion rate. In the example in Figure 3-10A, the calculated radius from Iss=17 pA
was 57 nm. Before the generation of a cavity, the recession of the carbon layer usually
occurs, and it can be observed in the decrease of the steady state current (Figure
3-10B). This reduction in the current is due to a diminished access of the mediator to
the carbon surface because diffusion is now limited in only one direction. In fact, the
distance of recession can be approximately calculated ***. In the example of Figure
3-10B, a decrease in the current from 17.4 to 5.9 pA indicates a recession of 0.7 times
the pipette radius which in this case corresponds to ~40 nm. Upon further etching, the

emergence of nearly symmetrical oxidation and reduction peaks with a small
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separation (Figure 3-10C, black arrows) indicates the formation of a nanocavity in the
carbon electrode. In this case, diffusion does not set the current limit anymore because
the mediator enters the tube-like electrode and it is trapped there. By cycling the
potential, the redox mediator inside the cavity is oxidized/reduced, leading to nearly
current depletion after full conversion and giving the peak shape observed in the
voltammogram. The number of cycles needed to obtain a cavity varied from 2 to 10
(n>10).

A B c .
Planar Disk Recessed Tube-like
m m
Etching Etching m
=> - fn"
A
m
|
m AN T m SN
m m m m
m m
17471 17.4¢ 400
g
3 of
= 59} f:j
Relectrode=97-5 Nnm
ol lectrod I ol i a0l | \ |
0 0.5 0 0.5 0 0.16 0.20 0.5
V (V) V (V) V (V)

Figure 3-10. CVs at different stages during the etching process.

Top: electrode cartoon. Bottom: CVs in the redox mediator ferrocenemethanol (1 mM) A)
before starting the etching process (planar disk electrode). B) after 2 cycles of etching
(recessed electrode). The recession of the carbon layer to the interior of the quartz electrode is
characterised by a decrease in the electrochemical current. C) after 2 more cycles of etching
(tube-like electrode). The formation of a cavity within the carbon electrode is denoted by the
occurrence of almost symmetrical oxidation/reduction peaks (black arrows) due to soluble
mediator trapped inside the tube-like electrode.

After etching the carbon nanoelectrodes PB-based functionalisation was investigated.
Chemical PB deposition can be accomplished by simply mixing of ferric/ferrous and
hexacyanoferrate ions with different oxidation state of iron atoms. Nevertheless, to
have a tighter control over the process, an electrochemical deposition of PB in acidic
solution containing 0.1 mM ferric chloride (FeCl;) and 1 mM potassium ferricyanide
Ks[Fe(CN)e] was performed (Figure 3-11). Under the conditions applied here of 10
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times higher concentration of ferricyanide ions versus ionic iron (Ill), and with a
potential sweep from 0.6 to -0.4 V, the most likely reaction occurring is the reduction of
the ferricyanide anion, Fe"(CNg)*, to ferrocyanide, Fe'(CNg)*, and reaction of the later
with the Fe®" from FeCls. Yet, other reactions might also be occurring like the reduction
of iron (lll) from the FeCls to iron (Il) at 0.4 V #**. Regardless the mechanism, the low
solubility of PB leads to its precipitation on the electrode surface. Successful
electrochemical PB deposition is indicated by the emergence in the cyclic
voltammogram of a set of two sharp current peaks attributed to the full reduction of the
deposited PB to Prussian white (PW) and its subsequent re-oxidation. The onset of
formation of Berlin green (BG), PB fully oxidized form, can also be observed at
potentials higher than 0.8 V (Figure 3-11B).

A
Prussian Blue (PB) Prussian White (PW)
KFe''Fe'(CN); + e+ Kt <= K,Fe'Fe'(CN),
KFe''Fe'(CN), <= Ky;a(Fe"(CN)g)aa(Fe"(CN)g)y3 +2/3 € + 2/3K*
Berlin Green (BG)
B Planar Disk ¢ Tube-like
150 8000+
PW<PB
15t cycle
z Oxidation BG
a2 0f 0t
Reduction
-150-l | — J -8000-l AL ']
-0.4 0.08 0.16 0.8 -0.4 0.08 0.16 0.8
V (V) V (V)

Figure 3-11. Electrochemical PB deposition.

A) PB reduction and oxidation reactions. B and C) planar disk and tube-like nanoelectrodes
respectively. Top: electrode’s cartoon. Bottom: CVs in the deposition solution. 1% (black) and
8" (red) cycles are represented to show PB deposition progression.
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PB deposition protocol was repeated until the current peaks started to grow apart,
indicating an increased difficulty in electron transfer by excessive thickening of the film
(compare 1°* and 8" cycle, Figure 3-11). This occurred usually between 4 to 10 cycles
after initiating the process. Once deposition was stopped the PB film was oxidized and
reduced by cycling in the same potential range in acidic solution for at least 50 cycles.
This is known as the “activation” process, where the stability of the film and electron
transfer efficiency are improved due to the incorporation of K* ions into the PB crystal
lattice **®?**. Figure 3-12A and Figure 3-12B show the voltammograms at different
points of the activation process for planar disk and tube-like electrodes respectively: 1>
cycle (black), 50™ cycle (orange) and after 2.5 hours and 100 more cycles (purple, only
Figure 3-12B).

A B
Planar Disk Tube-like
300, 3000
z 15t cycle
2 of 50'"cycle ol

100*"cycle, 2.5 h later

-300L ; . -30001 . ,
-0.5 0 0.8 -0.5 0 0.8
V (V) V(V)

Figure 3-12. PB-film activation by cyclic voltammetry.

A) planar disk nanoelectrodes. B) tube-like nanoelectrodes. 1% and 50" cycles of activation
(black and orange respectively) are plotted. 100" cycle after 2.5 hours of fabrication is also
showed for the tube-like electrode.

By comparison of Figure 3-12A and B, we can conclude that an etching step prior to
PB deposition improves sensor stability. In the case of non-etched nanoelectrodes,
characteristic PB current peaks disappear rapidly when the number of cycles
increases. Actually, a reduction of peak current up to more than 90% between the 50™
and the 80™ cycle is observed for non-etched nanoelectrodes (n>5). This fact reflects
the poor stability and low adhesion of the PB layer. Conversely, that massive current
reduction is not observed in the etched electrodes, being the peak current conserved
even after 100 activation cycles (n>5). Even when tested over time as in Figure 3-12B
(purple line) current was preserved. It should be noticed that also a higher value of

peak current is obtained for etched electrodes, which refers to a larger amount of PB
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deposited in the resulting cavity (pay attention to scale in Figure 3-12). For tube-like
electrodes, during the activation process it is observed how the two peaks narrow and
usually also approach one to the other (Figure 3-12B). This is in agreement with the
rearrangement of the PB crystal in the presence of high potassium concentration and

indicates an increase of the electron transfer rate 262>,

Hydrogen peroxide calibration

After electrode functionalisation sensitivity to hydrogen peroxide was addressed. Figure
3-13 shows a representative example of the response by cyclic voltammetry in the
absence and presence of 5 mM hydrogen peroxide (black and red lines respectively).
Bare carbon electrodes were tested as a control and no response was observed. On
the contrary, a considerable increase in the cathodic current upon hydrogen peroxide

addition confirmed the sensitivity of the modified carbon nanoelectrode to this ROS.

A B
101 s PW/PB
Activation solution

— 5 mM H202 0 B
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Figure 3-13. PB-modified nanoelectrode showed hydrogen peroxide sensitivity.

CVs in the absence (black) and presence (red) of 5 mM H,O,. A) Bare carbon electrodes and
B) PB-modified electrodes. A significant increase in the cathodic current is observed after
hydrogen peroxide addition only in the case of PB functionalised electrodes.

It should be noticed that the characteristic PB/PW peaks disappear in the presence of
H,0,, confirming that PB is actually acting as the electrocatalyst for its reduction. At
negative potentials PB oxidation is induced by hydrogen peroxide reduction. As a
consequence, a cathodic current is generated from the reduction of the oxidized PB,
recycling it. In addition, the fact that the voltage of the cathodic PB/PW peak matches
the turning point of the sigmoidal-like CV in the presence of hydrogen peroxide further
proves the role of PB as the actual electrocatalyst of the reaction. No oxidation of

hydrogen peroxide is achieved at the applied voltages as depicted by the absence of
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anodic current. It can also be observed the tendency to a current plateau in the
presence of hydrogen peroxide (-64 pA in Figure 3-13A). This is because a fast
conversion of H,0O, is achieved and the current depends only on its diffusion to the

electrode (similarly as in the case of the fast electron transfer mediator).

To study the dose-current relationship for hydrogen peroxide in the PB modified
nanoelectrodes, in depth calibration of several sensors was performed. Because the
purpose for these electrodes is to serve as amperometric sensors, i.e. they will be used
at a fixed voltage to measure intracellular changes of H,O,, we selected a unique
voltage to perform the calibrations. According to previous results (Figure 3-13), the
negative range of voltages is the optimum to ensure high sensitivity. However, voltages
lower than -200 mV should be avoided to escape from interferences of oxygen
reduction. Because each electrode will have its optimum working range, for each of
them CVs were first obtained in internal potassium solution mimicking intracellular
solution (Figure 3-14B). The recording voltage was then selected as 50 mV to the
negative side of the cathodic peak of the voltammogram (the PB/PW peak), normally
between 0 to -200 mV (-50 mV in Figure 3-14B). The reason for that was to use a
voltage at which a high response was achieved, although avoiding the peak where
small fluctuations in the voltage can lead to dramatic changes in the current. For the
calibrations, a high hydrogen peroxide concentration was added in the first place
(typically in the mM range) and the dose-response curve was obtained by further
dilutions of the solution by replacing it with H,O,-free internal solution. The same
concentration used at the beginning was added again at the end of the recording to

confirm consistence of the measurements (Figure 3-14).

A summary of the results obtained for different electrodes is compiled in Table 3-1.
These experiments revealed a linear response of the current with respect to H,O,
concentration from 10 pM to 0.5-1 mM (R*>0.99 in all cases, n=6) (an example is
shown in Figure 3-14C). Higher hydrogen peroxide concentrations showed a decrease
in the current. The limit of detection (LOD), defined as the concentration where the
signal exceeded the root-mean-square (RMS) noise by a factor of 3 was ~10 uM.
Sensitivity was normalised by the electrode area calculated from the estimated radius,
giving a value of 200150 A/M-cm? in the case of tube-like electrodes. For non-etched
electrodes the sensitivity was not studied due to their lower stability. For these

calculations a value was excluded for being extreme (see * in Figure 3-14).
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Figure 3-14. Hydrogen peroxide calibration.

A) Amperometric recording at -50 mV. Blue arrows indicate addition of H,O,, black arrows
indicate dilution of the solution by addition of H,O,-free internal solution. B) CV in internal

potassium solution. C) Calibration curve for hydrogen peroxide.

concentrations.
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Iss Reiectrode | Area-10"° Slope Sensitivity
(PA) (nm) (ecm?) | (pPA/mM) | (A/M-cm?)
29.9 98.9 3.1 361.5* 1177
18.6 61.3 1.2 12.4 105
19.1 63.1 1.3 19.1 152
9.0 29.8 0.3 12.7 457
21.5 71.1 1.6 21.2 134
31.2 92.9 2.7 36.7 135

208 60 £ 20 1.5£1.0 2010 200 £ 150

* Value excluded from the average calculation

Table 3-1. Summary of the characteristics of PB-electrodes used for H,O, calibration.
Reectode Was calculated using Equation 3-1 with n=1 for the one electron reaction of the
FcMeOH, and D=32.82-10° cm?s %*’. The area was calculated assuming a planar disk
electrode as Area=Tr-Re|emdez. The sensitivity was obtained as the slope from fitting the
calibration curve to a linear equation and it was normalised by the electrode area.

Intracellular measurements

After characterisation of the PB-modified nanoelectrodes intracellular measurements in
DRG neurons were performed (Figure 3-15). Nanoelectrodes were fabricated as
described previously and were incorporated to an angle headstage in a system
provided with a micromanipulator to facilitate cell penetration. The normal procedure for
these experiments was to obtain a CV in internal potassium solution to select the
voltage to perform the measurements (see “Hydrogen peroxide calibration” in this
section). Then, one or two concentrations of hydrogen peroxide were tested for
calibration. This is needed for each nanoelectrode because sensitivity could differ
(Table 3-1). A more extensive calibration was not performed to reduce time of
electrode preparation and to minimize manipulation since linearity of the response was
already demonstrated (Figure 3-14C). Afterwards, and maintaining constant the
selected voltage, the nanoelectrode was inserted into the neuron. For this purpose, the
electrode was placed manually by using the microcontroller to slightly touch the cell
surface. Then, the microcontroller was set to travel 1 um in the angular direction to
enter the cell. The protein kinase C (PKC) activator phorbol 12-myristate 13-acetate

219,268

(PMA) was applied to induce ROS production
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Figure 3-15. Intracellular measurements in DRG neurons.

A) Only carbon electrodes, B-C) PB functionalised electrodes. Green arrows indicate
penetration, pink arrows indicate retraction. 1 pM phorbol 12-myristate 13-acetate (PMA) was
added when indicated to promote ROS production. Reectrode, SENSItivity and recording voltage
are also depicted for each electrode. D) Detalil of the penetration (green) and retraction (pink) of
recording in C. E) Optical images of the neuron under study in C-D.
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Figure 3-15 shows representative traces of the responses obtained with bare carbon
electrodes (A) and PB-electrodes (B-D). Penetration and retraction are indicated by
green and pink arrows respectively. Optical images of the neuron that corresponds to
Figure 3-15C-D are also depicted in Figure 3-15E, showing that cells looked healthy
even 45 minutes after penetration. Even though PB-modified electrodes constitute
H.O, sensors and that the cell interior was successfully accessed, neither significant
differences in steady-state current for H,O, reduction between the extracellular and
intracellular media (Figure 3-15B) nor PMA-induced ROS production in DRG sensory
neurons (Figure 3-15C) were observed. Interestingly, we did notice that carbon
electrodes were insensitive to cell impalement, whereas PB-electrodes showed the
consistent appearance of current peaks upon cell penetration and sometimes after
electrode retraction. From these results, it seems obvious that the observed transient
spikes are related to PB functionalisation of the electrodes. If that is the case, in
addition to an increase in hydrogen peroxide, also the change in potassium
concentration from the external to the internal solution could be causing a PB-derived

signal when entering the cell.

According to Nernst equation, for PB reduction to PW (reaction in Figure 3-11A,
Equation 3-3) an anodic shift in the equilibrium potential of ~90 mV for an increase in
potassium concentration from 4 to 140 mM (from external to internal solution) is

predicted:

g RT o [PW 1
E=E, = In [PB] K] E, - 59 log K]

Equation 3-3. Nernst equation for PB/PW equilibrium.

where E is the equilibrium potential, Ey is the equilibrium potential at standard
conditions, R is the ideal gas constant (8,31 J/mol-K), T is the temperature (298 K), and
F the Faraday constant (96485 C/mol). Activities for the solids PB and PW were

considered to be 1.

The study of the potassium sensitivity of PB-electrodes was addressed by cyclic
voltammetry assays in solutions with different K* concentrations (Figure 3-16). Fulfilling
the result predicted by Equation 3-3, a 100 mV anodic shift (from -50 to 50 mV) was
observed in the PB reduction peaks between 4 and 140 mM [K*]. When a constant
potential is applied, as in the intracellular experiments, a certain ratio [PW]/[PB]-[K"] is
established. However, upon cell penetration, the potassium concentration difference

induces a decrease in this ratio as a consequence of the mentioned equilibrium
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potential shift. To accommodate to this new situation and restore the equilibrium, an

increase in the ratio [PW]/[PB] is produced, generating a negative current due to PB

reduction. Changes in potassium concentration from the external to the internal

cell milieu might be the reason for the observed cathodic spikes in the intracellular

experiments. Nevertheless, a more in-depth study needs to be conducted to

further explore this effect.
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Figure 3-16. Potassium sensitivity of PB-functionalised probes.

CVs in different potassium concentration solutions. Orange colour refers to external solution, 4
mM [K'], and blue to internal solution, 140 mM [K"]. Voltages correspondent to reduction peaks
of PB follow the same colour code. Light blue, green and purple represent 14, 44 and 394 mM

[K'] respectively.
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DISCUSSION

In this chapter, the same objective as in the previous one of contributing to the
development of new methods to study cellular biology at the nanoscale was pursued.
Yet, the aim here was to develop a tool to perform ROS intracellular measurements.
Temporal and dynamic information about cellular processes is vital to unravel important
molecular mechanisms. In particular, for processes where ROS are involved this kind
of information is essential **??*, Here we proposed the development of a selective
intracellular hydrogen peroxide nanosensor based on the functionalisation of carbon-
filled quartz nanopipettes. The main advantage of the fabrication of these sensors lies
in the easy and affordable preparation of the carbon nanoelectrodes that act as
scaffolds for further development. Compared to other similar technologies trying to
develop nanoprobes suitable for intracellular measurements, the fabrication procedure
of the nanopipette-based sensors is more affordable and applicable for non-experts.
Actually, other groups have started to fabricate them ?°°. Noticeable, this fabrication

simplicity is not incompatible with electrode quality as demonstrated here.

Obtained results indicate that the carbon layer deposited in the nanopipette displays
disordered graphitic structure and that is uniformly covering the nanopipette interior
with a thickness of approximately 300 nm (Figure 3-3 and Figure 3-4). Moreover,
approach curves to an insulator surface together with analytical expressions confirmed
good geometrical properties: a co-planar disk shape and a very thin quartz shield (Rq
value lower than 1.5) (Figure 3-5). Minimal fabrication-induced variability has been
shown as well, which represents an advantage for applicability (Figure 3-6).
Additionally, the control of the nanoelectrodes’ size was evidenced just by modifying
the pulling parameters of the quartz pipettes (Figure 3-7). All these data confirm that
the simple carbon electrode fabrication procedure presented here reproducibly
generates good quality disk-shaped carbon nanoelectrodes of tuneable size.
Undoubtedly, these are important characteristics for true and fast development of a
new technology, simply because a larger number of research laboratories will be able

of using it.

The second main strength of these nanoelectrodes is the option for further
functionalisation, what makes them a very versatile tool. Here we have shown the
effective deposition of PB, a well-known electrocatalyst that confers hydrogen peroxide
sensitivity to the carbon nanoelectrode 2**?’°, As one of the ROS, hydrogen peroxide is
involved in different cellular processes, being related also to several disease conditions

like cancer and chronic pain ?®°. Therefore, the possibility of measuring its fluctuations
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intracellularly and in real time could help in the understanding of those conditions.
Successful PB deposition was confirmed by appearance of its characteristic redox
peaks in CVs (Figure 3-11). Moreover, the difference in redox potential (AE) of the first
peak pair (PW/PB) was close to 59 mV, confirming a clear monoelectronic and
reversible behaviour predicted by the redox reaction ?*’. These evidences indicate a
regular structure of PB with homogenous distribution of charge and ion transfer rates

throughout the film >,

Nanocavity etching in carbon electrodes prior to PB deposition was analysed as a
method to improve film stability. Under the conditions tested here, this process
rendered a considerably increase of PB film adhesion (compare Figure 3-12A and B).
Hydrogen peroxide sensitivity was addressed during the study, and a linear response
was found between 0.01 and 0.5-1 mM. Higher hydrogen peroxide concentrations
showed a decrease in the current, probably caused by film instability because of a local
pH increase due to production of OH™ ?"*. Wider ranges of linear response have been
documented %%, however, for the expected low intracellular hydrogen peroxide
concentrations, this range of linearity should be sufficient ?!. Regarding the LOD,
defined as the lower concentration where the signal exceeded the root-mean-square
(RMS) noise by a factor of 3, a value of 10 UM was obtained. Compared to values of
the literature the LOD resulted not to be as satisfactory as other sensors that are in the
nM range 2%?°"%° Thijs is related to the fact that the measured signals are really small
(in the pA range), and therefore the noise rapidly becomes comparable to the actual
signal. The typical RMS noise in the system utilised by these calibrations was 0.15-
0.20 pA, which gives a signal for the LOD of ~0.6 pA. Although measures were taken
to reduce the noise, further optimisation of the shielding could conceivably improve the
LOD.

Concerning the sensitivity of the sensors, an average value of 200+150 A/M-cm? was
obtained for tube-like PB-modified carbon nanoelectrodes. In comparison to previously
described PB-based ?°"%*° and non-PB-based %'*?"* H,0, sensors where 0.2 A/M-cm?

is the maximum sensitivity observed '

, this value exhibits by far the highest sensitivity
reported. It is known that miniaturisation of electrodes improves their sensitivity by
enhancing mass transport to the electrode due to the reduced thickness of the diffusion

25 In contrast, at

layer and by allowing radial diffusion of the redox species
macroelectrodes, typically planar diffusion is observed, leading to much slower
diffusive mass transport and hence to a smaller flow of electroactive species reaching
the electrode ?°. Yet, number comparisons are difficult to make since for nano and

microelectrodes the steady state current of an electrochemical reaction scales with the
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radius ?°° and for macroelectrodes with the surface area ?’°. Thus, normalisation of the
sensitivity by the area creates an apparent higher sensitivity for small electrodes. A
more appropriate way of normalising sensitivity results from nanoelectrodes would be
to use the apparent electrode radius instead of the electrode area. If that is the case,
for the values of this work average sensitivity would be 0.3+0.2 A/M-nm. Despite all
these considerations, the obtained sensitivity is excellent, being limited by the
equipment sensitivity. Nevertheless, the variability observed among different electrodes
has to be considered, implying that a calibration has to be performed for each

electrode, preferably before and after their use.

The main reason for the development of the nano-sized sensors in this work was to be
able to perform intracellular measurements of hydrogen peroxide changes in real time.
To penetrate cells with minimum impact on cellular viability electrodes considerably
smaller than the cells need to be obtained. Here it has been reported the fabrication
and functionalisation of electrodes with a maximum electroactive radius of 100 nm.
Considering the ratio between the external quartz shield and the carbon (Rg) to be 1.5
(Figure 3-5), this gives a maximum total radius of 150 nm. This radius, based on a disk-
shaped electrode geometry, correspond to a maximum area of ~7-10™° cm?. Compared
to the calculated area of an average cell of 6.5 um radius (results from Chapter 2),
13266-10™° cm?, that makes the area of the biggest electrodes 0.05% of that of the
cell. However, the sizes referred to are based on the carbon nanoelectrodes radius
estimation assuming that etching and PB deposition do not change the overall
geometry. Because etching involves recession of the electrode, an increase of sensor
dimensions was not expected. Regarding PB deposition in tube-like electrodes, three
main possibilities may be occurring: 1) the PB could partially fill the tube not modifying
the electrode’s size; 2) the PB could completely fill the tube giving a PB-disk electrode
of the same radius as the carbon electrode, or 3) the PB could protrude from the

electrode, increasing its size.

In the ideal case of having a perfect PB disk electrode, the apparent steady state
current can be calculated considering the hydrogen peroxide as a fast electron
mediator with diffusion coefficient of 1.7-10° cm?/s ?’®. Taking Equation 3-1, with n=2
(for the reduction of hydrogen peroxide needs 2 electrons), the average radius of the
electrodes (Rpipete=65 Nm) and concentration of hydrogen peroxide of 1 mM, it gives a
theoretical steady state current of 98.9 pA. With the averaged measured sensitivity
(~200 A/M-cm?) and the average electroactive area (1.5-10° cm? Table 3-1) a value
for the current of 31.8 pA was obtained. Experimental current is then three times

smaller than the theoretical one. This means, as showed for the carbon electrodes
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(Figure 3-10), having a recessed electrode. Thus, it can be predicted that a PB
protrusion modifying the size of the electrodes is very unlikely, and instead the most
probable scenario is a slightly recessed PB layer. Thus, the average radius of the
electrodes being inserted into cells could be considered ~150 nm. An additional outlook
emerging from these results is that the small size of these probes theoretically could
enable the study of specific locations. For example, combined with fluorescence
microscopy, targeting of labelled mitochondria could be feasible since the size of these

organelles is around 0.5 to 1 um "’

In this work the possibility of inserting the functionalised nanoprobes inside DRG
neurons with apparent minimal disturbance to cell membrane has been demonstrated
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(Figure 3-15). Together with experiments in melanocytes >, this is a hallmark in the

field, since only few devices are able to perform similar type of measurements 224278,
Nevertheless, it has to be mentioned that a detailed examination of cell viability and
interaction with the pipette would be necessary to truly understand the effect of the
electrode on the cell. For instance, it has been shown that conical glass pipettes induce
significant mechanical stress on the actin cytoskeleton network, which can be of
significance depending on the object of study ?°. Also, as an inevitable disadvantage of
this type of approaches, fouling and entangling of the pipette with cellular debris limits
the re-usability of the probes, sometimes to even only one cell. Additionally, cell
membrane interaction with the electrode could modify electrode properties, so it is
advisable that a calibration is performed also after retraction of the electrode. Actually,
in Figure 3-15C, addition of 1 mM hydrogen peroxide after cellular measurements
resulted in a current of -1 pA. According to the sensitivity calculated for that electrode,
a current of -12.6 pA was expected. This reduction in sensitivity can be explained by
the PB peeling off because of mechanical stress when contacting the cell membrane.
Also a blockade of the access of the hydrogen peroxide to the PB layer due to

membrane debris could be the cause.

In intracellular measurements the appearance of negative current spikes upon cell
penetration was consistently observed (Figure 3-15). As it has been previously

reported in similar procedures for murine macrophages ***

, it is possible that those
transient peaks are related to a burst of ROS as a consequence of electrode-induced
membrane damage. In this work, this hypothesis would be supported by the fact that
this effect is not detected with bare carbon electrodes (Figure 3-15A). If that was the
case, the negative current spike after entering the cell would account for a burst of
hydrogen peroxide induced by the electrode. On the contrary, in the case of the current

spikes after the retraction of the electrode they were either positive or negative spikes
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and they did not occur in all cases (Figure 3-15B and C, pink arrows). Furthermore, the
absence of detectable PMA-induced ROS changes casts doubts on this explanation.
Another conceivable reason for the detection of those current spikes lies on the
potassium sensitivity of the PB. We showed that moving from the extracellular media
(with a potassium concentration of 4 mM) to the cell interior (with an approximated
concentration of 140 mM) produces an anodic shift of the PB redox equilibrium (Figure
3-16). When applying a constant voltage as in the intracellular experiments, this may
generate a cathodic current accounting for the negative spikes observed. A systematic
study of voltage and potassium effect on bare-carbon electrodes and PB-modified
electrodes could help to gain a better understanding about the origin of the observed

current spikes and whether they are related to ROS production or not.

Because in living cells H,O, concentration is usually maintained at nanomolar levels

under tight control by catalase and peroxidases ***

, the absence of an actual hydrogen
peroxide response in the intracellular measurements is very likely to be due to the low
limit of detection. This problem of low signal-to-noise ratio is commonly associated to
small electrodes since the reduction in size increases the resistance 2. One option to
overcome this problem is to make use of field-effect transistors (FET) because
electrochemical currents could be amplified in situ *’®?%°, In FET devices current flows
along a semiconductor path called “channel”. At one end of this channel there is an
electrode called the “source”, and at the other end an electrode called the “drain”. The
effective electrical width of the channel, i.e. its conductivity, can be varied by
application of a voltage to a control electrode called the “gate” (Figure 3-17A). Thus, a
small change in the gate-source voltage (Vgs) can cause a large change in the source-
drain current. In fact, this transconductance of a FET probe decides the level of signal

amplification 8.

In 2010, the first miniaturized FET capable of intracellular recording of action potentials
in cardiomyocytes was fabricated ?®*. As further improvement for the H,O, sensor
described here, the possibility of incorporating a FET to the probe design was explored.
The ultimate idea is to make a nanoFET transistor whose gate input would be
dependent on the concentration of the targeted analyte, hydrogen peroxide in this
case. In this way, changes in the concentration of H,O, would lead to changes in the
gate properties and, therefore, in the drain-source current (lps), the actual measured
signal. With this aim, connecting the two barrels of a double barrel carbon
nanoelectrode to build the transistor via the conductive polymer Polypyrrole (PPy) was
investigated (cartoon in Figure 3-17B). Conductive polymers like Ppy have the

advantage that the flow of current through them can be controlled by chemically-
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induced redox processes ?®2. In the case of Ppy, only the oxidised form is conductive
283 Additionally, doping of the polymer allows for its further functionalisation 24, For
the design described here, the next step would be to co-deposit PB with the Ppy so
changes in hydrogen peroxide concentration could be sensed as it has already been

demonstrated in Ppy nanowires %’

(cartoon in Figure 3-17B). The presence of
hydrogen peroxide would affect the ratio PB/PW, and hence the potential of the PB
modified electrode. For a FET electrode where PB was in contact with the Ppy, this
would be seen as a change in the gate voltage, generating an amplified signal by the

Ips.

Source Drain

Source Drain

Carbon

Gate

/’ Gate P

Figure 3-17. FET transistor.
A) Schematic of a FET-transistor. B) Schematic of the proposed FET-based hydrogen peroxide
sensor. Vgs refers to the gate-source voltage and Vps to the drain-source voltage.

With preliminary experiments we were able to get a Ppy working connection between
the two barrels of a carbon nanoelectrode. For the electrochemical deposition of Ppy a
voltage ramp from -0.6 to +0.6 V was applied to both carbon barrels to induce pyrrole
oxidation that initiates the polymerization. The current through both barrels was
monitored so the establishment of the connection could be observed. The growth of the
polymer was visualised by an increase in the Ips and the effective connection between
the two carbon electrodes confirmed by the symmetry of the curves (Figure 3-18A).
The direction of the current is opposite in both channels because the ground electrode
was shared and the potential was applied to it. SEM pictures of the electrodes showed
that the Ppy deposition was not confined to the very tip of the electrode as desired, but

was also extended a few micrometres above the tip (Figure 3-18B). Although still not
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nano-sized, the studied transistor was actually showing the characteristics of a typical
FET transistor: gate voltages below -0.35 V kept the transistor in its cut-off state while
higher voltages opened the gate by Ppy oxidation. When in the conductive state, the
probe displayed an ohmic behaviour where the source-drain current was controlled by

the gate voltage (Figure 3-18C).
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Figure 3-18. Polypyrrole-based nanoFET.

A) Ppy depositon process, B) SEM micrographs of the electrodes. No metal coating was
needed. C) Source-drain current (lsp) versus the gate-source voltage (Vgs) for a representative
FET. Source-drain voltage (Vsp) was 150 mV.

In conclusion, an inexpensive and reproducible way of producing good quality quartz
nanopipette-based carbon nanoelectrodes is presented in this work. In addition, their
functionalisation with the electrocatalyst for hydrogen peroxide reduction Prussian blue
was accomplished, demonstrating that etching the nanoelectrodes prior to
electrochemical deposition significantly increased film stability. These hydrogen
peroxide nanosensors were small enough to perform intracellular measurements
maintaining cellular viability although further improvements need to be done in order to

achieve enough sensitivity for intracellular H,O, detection.
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Structure-function studies of the TRP domain in TRPMS8 channels

We found that the S6-TRP box linker region in the TRPd of TRPMS8 is structurally
compatible with that of TRPV1. However, a fine tuning is necessary to preserve the
voltage- and menthol-dependent gating properties of the wild type TRPMS8
channels.

We demonstrated that akin to TRPV1 channels, the TRPd of TRPMS is pivotal in
defining the energetics of channel activation.

We identified positions 981, 986, 989 and 990 as central molecular determinants of
TRPMS8 channel function, primarily involved in allosteric regulation of channel

gating.

Nanodelivery system for local TRPV1 stimulation

We developed analytical expressions to calculate the concentration distribution
profile of delivered molecules through glass nanopipettes.

We successfully utilised the developed nanodelivery system to deliver the TRPV1
agonist capsaicin to sensory neurons.

We developed an automated system based on the SCIM technology and confocal
microscopy.

We demonstrated the possibility of targeting subcellular structures as dendrites.

Intracellular ROS nanosensor

We demonstrated an easy, inexpensive and reproducible way of producing good
quality carbon nanoelectrodes.

We accomplished successful functionalisation of those carbon nanoelectrodes with
the hexacyanoferrate complex Prussian blue, providing them with hydrogen
peroxide sensitivity.

We proved that etching carbon nanoelectrodes prior to Prussian blue deposition
significantly increased film stability.

We utilised the developed sensor to perform intracellular recordings in dorsal root

ganglia neurons showing that cellular viability was maintained.
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Estudios de estructura-funcién del dominio TRP en canales TRPM8

Encontramos que la region de union entre el TRPbox y el segmento
transmembrana 6 en el dominio TRP del canal TRPM8 es estructuralmente
compatible con su equivalente en el receptor TRPV1. No obstante, para preservar
las propiedades biofisicas caracteristicas del canal silvestre en su respuesta a
voltaje y al agonista mentol, es necesario que se conserven determinadas
relaciones estructurales.

Al igual que ha sido observado para los canales TRPV1, demostramos que el
dominio TRP en los canales TRPMS8 son esenciales para determinar la energia de
activacion del canal.

Identificamos las posiciones 981, 986, 989 y 990 como determinantes moleculares
de la funcién de los canales TRPMS8, estando principalmente implicados en la

regulacién alostérica del proceso de apertura y cierre del canal.

Sistema de nanoaplicacion de capsaicina para la estimulacién local de los
canales TRPV1

Desarrollamos expresiones analiticas para calcular el perfil de concentraciones
resultante de la aplicacién de moléculas usando nanopipetas.

Utilizamos satisfactoriamente el sistema de nanoaplicacion desarrollado para
aplicar localmente capsaicina, el agonista del receptor TRPV1, sobre neuronas
sensoriales.

Desarrollamos un sistema automatico de nanoaplicacion usando la tecnologia del
SICM y la microscopia confocal.

Demostramos la posibilidad de realizar la aplicacion sobre estructuras subcelulares

como las dendritas en las neuronas sensoriales.

Nanosensor para realizar medidas intracelulares de especies reactivas de
oxigeno

Describimos un protocolo facil, barato y reproducible de producir nanoelectrodos
de carbono con buenas caracteristicas.

Conseguimos otorgar a los nanoelectrodos de carbono sensibilidad a peréxido de
hidrogeno mediante la deposicion del electrocatalizador Azul de Prusia.
Comprobamos que la corrosién del electrodo antes de la deposicion del
electrocatalizador mejoraba su estabilidad.

Utilizamos el nanosensor desarrollado para llevar a cabo registros intracelulares en
neuronas sensoriales demostrando que la viabilidad celular se mantenia durante

las medidas.
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Chapter 1: STRUCTURE-FUNCTION STUDIES

Cell culture and transfection

With the aim of studying the effect of the mutations, cell culture and transfection of
Human Embryonic Kidney 293 cells (HEK293 cells) with the chimeric channels was
performed. HEK cells were cultured in DMEM-Glutamax (Life Technologies)
supplemented with 10% FBS (fetal bovine serum), and 1% penicillin-streptomicine
solution (Sigma-Aldrich) at 37 °C in 5% CO,. For patch clamp experiments cells were
seeded in 12 mm L-polylisine (Sigma-Aldrich) coated coverslips. For the rest of
experiments cells were seeded in 6-well plates. Transfection with the cDNA of interest
was carried out using Lipofectamine 2000 (Life Technologies) following the
manufacturer instructions when the culture was at ~50% of confluence for patch clamp
or ~90% for the protein expression analysis. For patch clamp experiments cells were
also co-transfected with the yellow fluorescent protein (YFP) cDNA to label transfected
cells (YFP, Clontech, Mountain View, CA). Cells were used up to 48 hours after
transfection for patch clamp experiments, and 48 hours after transfection in the rest of

experiments.

Total protein expression and surface labelling

In order to study protein expression levels of the different chimeric channels, cells were
harvested 48 hours after transfection by suspending them with PBS and collected by
low-velocity centrifugation (4000 rpm, 2 min). For total protein expression analysis,
samples were suspended in sample buffer 2X (0.125 M Tris—HCI, pH 6.8, 4 % SDS;
200 ml/L glycerol, 0.2 g/L Bromophenol blue, 0.1 M dithiothreitol, all from Sigma-
Aldrich), boiled at 95°C for 5 min and then analysed by western blot. For biotin labelling
of surface proteins, after two washing steps with cold PBS, cells were incubated in the
culture dishes for 1h with 0.9 mg/mL biotin (Thermo Scientific). Then, an equivalent
volume of Tris-buffered saline (10 mM Tris pH 7,4; 154 mM NaCl) was added to stop
the reaction and cells were again incubated with gentle agitation at 4 °C for 30 min.
After that cells were collected by centrifugation (4000 rpm, 4 min) and washed with pre-
cooled PBS. Biotinylated cells were lysed under gentle agitation for 1 hour at room
temperature using RIPA buffer (50 mM HEPES pH 7,4; 140 mM NacCl; 10 % Glycerol;
1% v/v Triton X-100; 1 mM EDTA; 2 mM EGTA,; 0,5 % Deoxycholate, and protease
inhibitor cocktail, all from Sigma-Aldrich). The lysates were centrifuged to remove the
insoluble fraction (14000 rpm, 15 min) and the supernatants were quantified using the
bicinchoninic acid assay (BCA) (Thermo Scientific, Pierce). For biotin-conjugated cell
surface proteins purification, the collected soluble fraction was incubated overnight at

4°C with an equal amount of previously equilibrated streptavidin-agarose-resin (Sigma-
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Aldrich). Beads were collected by centrifugation (3000 rpm, 5 min) and washed (RIPA
buffer), and surface proteins were eluted with sample buffer 2X and analysed by SDS-
PAGE/Western blot.

SDS-PAGE electrophoresis and western blots

Samples were electrophoresed in 10% gels and then blotted onto a nitrocellulose
membrane (pore size 0.2 um, BioRad) in a standard transfer buffer (30 mM Tris base,
190 mM glycine and 20% methanol, all from Sigma-Aldrich) using the Criterion blotter
9.4x15 cm blotting area (BioRad). Membranes were stained with Ponceau Red (Sigma-
Aldrich) to assess the transfer efficacy. The membranes were then washed in TBS
0,05% Tween and soaked in blocking buffer consisting on TBS-T with 5% non-fat dry
milk for 30 min at room temperature with gentle agitation. Membranes were incubated
overnight with the anti-TRPM8 (dilution 1:5000, gift from Dr F. Viana.) or Actin (dilution
1.10000, Sigma-Aldrich) at 4°C with gentle agitation. After washing, membranes were
incubated for 1h at room temperature with a dilution 1:50000 of the secondary antibody
(goat anti-rabbit IgG-horseradish peroxidase conjugate, Sigma-Aldrich). The
membrane was again washed with TBS-T for 5 min and the immunoreactive bands
were visualized using ECL Advanced and Amersham HyperfimTM ECL (GE
Healthcare) according to manufacturer instructions. A sensitive sheet of photographic
film (X-ray films, GE Healthcare) was placed against the membrane and manually
developed, so that exposure to the light from the reaction created an image of the
antibodies bound to the blot. Protein bands quantification was realised using TotalLab

Quant software (Totallab).

Detaching experiments

To study ChA induced cell death, after transfection with the desired channels, the
media was replaced by standard media or media containing the TRP channel inhibitor
DD01050. 48h after transfection supernatant and cells attached to the bottom were
collected separately and washed with PBS. Both pellets were collected after
centrifugation at 4000 rpm for 2 min and suspended in 0,5 to 1 mL PBS (depending on
the size of the pellet). Then, optical density was measured at 600 nm (UV/Visible
Spectophotometer, Pharmacia LKB Ultrospec Ill). The ratio between the optical density

of the supernatant and the pellet was calculated as a measurement of cell death.

Patch Clamp measurements

Patch clamp technique was used for the study of the response of TRPV1-TRPM8
chimeras to depolarising voltages and the TRPMS8-agonist menthol. Membrane
currents were recorded using patch clamp technique in whole cell configuration

(EPC10 amplifier with Pulse software, HEKA Elektronik, Germany). Patch pipettes
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were prepared from thin walled borosilicate glass capillaries (Harvard Apparatus) and
pulled with a P-97 horizontal puller (Sutter Instruments) to have a resistance of 2-4 MQ
when filled with internal solution. Pipette solution contained the following (in mM): 150
NaCl, 5 MgCl,, 5 EGTA (ethylene glycol tetraacetic acid), and 10 HEPES (4-(2-
Hydroxyethyl)piperazine-1-ethanesulfonic acid), pH 7.2 with NaOH, 280-290 mOsm.
The bath solution contained (in mM): 150 NaCl, 3 MgCl,, 2 CaCl,, 10 Glucose and 10
HEPES, pH 7.4 with NaOH, 300-310 mOsm. For chemical stimulation (1R, 2S, 5R)-(-)-
menthol at 1 mM concentration was applied in the external solution. The different saline
solutions were applied with a pump driven perfusion system (perfusion chamber RC-
25, cat 64-0232 Warner Instruments), with a rate flow of ~10 mL/min, and the buffer
temperature was kept at 30°C (Automatic Temperature Controller TC-324B, Warner
Instruments). For voltage stimulation a step protocol consisting of depolarising pulses
from -100 to 240 mV in steps of 10 mV was used. The holding potential was -60 mV,
the time interval between each pulse was 5 s, and the duration of the pulses was 50 to
100 ms. Data were sampled at 10 kHz and the series resistance was usually <10 MQ

and it was compensated to 70-90% to minimise voltage errors,.

Data were visualised and analysed using PulseFit 8.11 (HEKA Elektronik) and
GraphPad Prism 5 statistical software (GraphPad Software, Inc., CA). The
conductance—voltage (G-V) curves were obtained by converting the steady-state
current values from the voltage step protocol to conductance using the relation G=I/(V-
VRr), where G is the conductance, | is the current at steady-state, V is the command
pulse potential, and Vg is the reversal potential of the ionic current obtained from the I-
V curves. G-V curves from each different cell were fitted to the Boltzmann equation
(Equation 1-1). After that, the Gnax in the presence of 1 mM menthol was utilised to
obtain the normalised G/Gnax-V curves. Then G/Gnax-V curves were utilised along with
two different models to study the effect of the mutations on channel behaviour: a two-
I 109

state model (Equation 1-2) and the allosteric model described by Matta et a
1-15, Equation 1-6 and Equation 1-7).

(Figure

Statistical data analysis

When presented, average data were expressed as mean+SEM, where n equals the
number of repetitions and N the number of different experiments. Where appropriate,
One Way or Two Way ANOVA test was conducted followed by Bonferroni post-hoc test
to compare all pairs of data sets, or Dunnett's post hoc test to compare to a unique
control data set (GraphPad Prism 5). Statistical significance was denoted by (*), p

value is indicated in each data set.
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Molecular model building

To interpret the impact of the mutations on channel function, location of the key
residues was done by modelling the molecular structure for TRPM8 using the
structures of the TRPVL1 ion cannel in the closed (PDB code 3J5P) and open state
(PDB code 3J5R) determined by electron microscopy at 3.4A resolution %°. Sequence
alignments between rat TRPV1 and TRPM8 was performed with ClustalO ?*® from the
European Bioinformatics Institute (EBI, http://www.ebi.ac.uk). After visual inspection,
the transmembrane alignments were adjusted manually. The visualization and editing

of the molecules were done with Yasara 28%%%°

(http://www.yasara.org). The homology
modelling was performed with the standard homology modelling protocol implemented
in Yasara (v13.9.8). In the process only the small loops were modelled, avoiding the
modelling of S2-S3 or S5- pore helix loops. After side chain construction, optimization
and fine-tuning, all new modelled parts were subjected to a combination of steepest
descent and simulated annealing minimisation, keeping the backbone atoms fixed to
avoid molecule damage. Finally, a full-unrestrained simulated annealing minimisation
was run for the entire model, obtaining a satisfactory -1.597 quality Z-score for
dihedrals, and -2.992 for the overall model. The protein design algorithm and force field
FoldX *"#%? from CRG (http://foldx.crg.es) were used for protein mutagenesis, and
theoretical energy measurements. The interaction energy between different parts of the
molecule was calculated by unfolding the selected regions and determining the stability
energy of the separated molecules, and then subtracting the sum of individual energies
from the global energy of the complex. Such parameters as the atomic contact map,
the accessibility of the atoms and residues, the backbone dihedral angles, the
hydrogen bonds and the electrostatic networks of the protein were assessed with
FoldX. In addition, the model was evaluated using PROCHECK to show the residues in

293

the allowed regions of the Ramachandran plots “*°. The final molecular graphic

representations were created using PyMOL v1.4.1 (http://www.pymol.org/).

TRP channels sequence alignment

Rat TRP channels sequences were retrieved from the Universal Protein Resource
(UniProt) database. The region from the beginning of the S6 segment of TRPM8 to the
end of the C-terminus was selected and then their online platform was utilised to

perform the alignment (http://www.uniprot.org/align/).
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Chapter 2: NANODELIVERY SYSTEM

Numerical Simulations

Numerical simulations were performed by Peter Jonsson utilisihg COMSOL
Multiphysics® 4.3 (COMSOL AB, Sweden) to simultaneously solve for the
concentration, flow velocity and electric field in the studied system. The geometry used
for the simulations is shown in MM_Figure 1, utilising the cylindrical symmetry to
transform the three-dimensional problem to a set of partial differential equations in two
dimensions. The following values for the pipette parameters were assumed: Inner half-
cone angle, ©6=3°, inner pipette radius, R;=50 nm, and a quotient of the inner and outer

pipette radius of Ro/R;=0.58.
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MM_Figure 1. Pipette geometry considered for numerical simulations.

The geometry corresponds to the radial cross section of a pipette (white). r is the
position along the surface, and z corresponds to the vertical axis. Pink dot represents
the point at the tip of the pipette on the surface (r=0, z=0). h refers to the distance
between the pipette and the underlying surface, Ro and R; to the inner and outer
pipette radius respectively. © is the inner half-cone angle, and numbers indicate the

boundaries used in the simulations.

The electrical potential, W, was determined using the Electrostatics module for the 2D

axisymmetric case, which solves Lapace’s equation for W. The following boundary
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conditions were used (see MM_Figure 1 for the numbering of boundaries): 1. axial
symmetry, 2. the electric field in the z-direction given by E,=E,, 3. ¥=0 and 4.-7. “zero
charge” condition (n-VW=0, where n is a unit normal to the boundary). The electric field

194,

E:wp is related to the total voltage drop, AW, over the pipette by

E topR top

AY = W * tan©

MM_Equation 1. Voltage drop over the pipette.

where W, is the average value of the voltage at boundary 2, and Ry, is the length of

boundary 2.

To determine the liquid flow, u, in the system Navier-Stokes equations for creeping flow
were solved using the 2D symmetric Creeping flow module. The following boundary

conditions were used: 1. axial symmetry, 2. a velocity given by:

u=- ( Z(thop'rz)(Qiot,Ap)

TR, + uepEmp) €,
op

MM_Equation 2. Liquid flow.

where Qi is the flow rate through the pipette due to pressure-driven flow *** and e, is
a unit vector in the z-direction, 3. The pressure, p=0 and no viscous stress, 4. no-slip

and 5-6. An electroosmotic velocity given by:

MM_Equation 3. Electroosmotic velocity

where E; is the electric field tangential to the wall (E = -VW) and 7. no-slip (or a velocity
given by MM_Equation 3, which for the current situation is approximately equivalent to
a non-slip condition). The electroosmotic mobility can be determined from the

expression:

— 'EOErC
IJSO n

MM_Equation 4. Electroosmotic mobility

where g, is the permittivity of vacuum, C is the zeta potential of the pipette wall, €, the
relative permittivity of the electrolyte solution and n the viscosity of the bulk solution.
With {=-20 mV for a glass surface in a ~150 mM Na" electrolyte ***, £,=8.85-10™"* F/m,
& = 80 F/m and n=1 mPa-s this gives pe,=1.4-10° m?/V-s.
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The flow rate Q4 is related to the total pressure drop over the pipette, Ap, by ***:

8’7 Qtot,dp

AP =Py + —— 2P
P=Poo ™ apR tan(e)

MM_Equation 5. Relation of total flow to the pressure drop over the pipette.

where pyp is the average value of the pressure at boundary 2.

The Transport of diluted species module in 2D symmetry was used to calculate the

concentration of molecules in and outside the pipette by solving:

-DV?c + P, ,EVc +uyc=0

MM_Equation 6. Expression to calculate the concentration of molecules in and outside

the pipette.

where e, is the electrophoretic mobility, E is the electric field determined from the

electrostatic stimulations, and u, is the velocity field from the creeping flow simulations.

The electrophoretic mobility is related to the diffusivity of the molecule by:

__aD
Mep =T~

MM_Equation 7. Electrophoretic mobility.

where g is the charge of the molecule, kg is the Boltzmann factor and T is the

temperature.

The boundary conditions used were: (1) axial symmetry, (2) c=co, (3) a concentration

given by:

= - - Qtot _ _ Qtot
o=afz-on) 4”DN/(h-Z)2+I‘2) o 41:9\/@2)]

MM_Equation 8.Expression to calculate the concentration of molecules outside the
pipette.

with Qo being the total flow out of the pipette, and (4-7) no flux. Alternatively, similar

results are obtained by using a larger simulation box and c¢=0 at boundary 3.
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The simulations were performed such that first the electric field was modelled, then the
liquid flow using the values of the electric field as input for the electroosmotic flow and
finally the concentration profile using both the electric field and the simulated flow
velocities. The mesh of the simulations was chosen sufficiently fine such that no

significant change in the results was obtained using a finer mesh.

The Scanning lon Conductance Microscopy (SICM) setup

MM_Figure 2 shows a general scheme for the SICM system utilised here. The stage
consisted of a PIHera P-621.2 XY Nanopositioning Stage (Physik Instrumente) with
100x100 pum travel range that moved the sample (XY piezo stage in the figure). A LISA
piezo actuator P-753.21C (Physik Instrumente) with travel range 25 pum was
incorporated for pipette positioning along the Z-axis (Z piezo controller in the figure).
Coarse positioning was achieved with translation stages M-111.2DG (XY directions)
and M-112.1DG (Z-axis) (Physik Instrumente). Piezo actuators were powered by high
voltage amplifiers E-503 and E-505 (Physik Instrumente) and servo module E-509
(Physik Instrumente) operating in closed-loop. The setup was controlled using software
written in Delphi (Borland) and Code Composer Studio (Texas Instruments) for a
ScanlC controller (lonscope). A dual channel Axon MultiClamp 700B patch-clamp
amplifier was used (Molecular Devices). Silver/silver chloride electrodes were placed in
the bath as the reference electrode and in the pipette. All signal collection was
centralised using a DigiData 1322A digitiser (Axon instruments). A computer equipped
with pClamp 10 software (Molecular Devices) was used for amplifier control. An active
anti-vibration isolation table (Halcyonics) was used to prevent vibrations that could

affect the experiments.

The light source for fluorescence measurements was either a mercury lamp (blue light,
460-480 nm) for dosing to the cell body experiments; or a home-built laser confocal
system for delivery to the dendrites experiments (473 nm diode laser, LCS-DTL-364;
Laser Compact). In the latter case, imaging was made with an inverted Nikon ECLIPSE
TE200 microscope (Nikon Corporation), using a 100x oil immersion objective (NA =
1.3; Nikon Corporation) provided with an epifluorescent filter block. A photomultiplier
(D-104-814; Photon Technology International) was used to collect the emission light in

both cases.
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MM_Figure 2. Schematic representation of the SICM system.

Pipettes and probes

Pipettes for the dosing experiments (delivery pipettes) were pulled with a laser-based
pipette puller (Model P-2000; Sutter Instruments) using capillary borosilicate glass
(Outer diameter 1 mm, Inner diameter 0.58 mm; Intracel). From SEM images pipettes’
inner half-cone angle was shown to be ©=3° (Figure 2-4). The inner tip radius (Ro) was

estimated using the relation "

pcotan(a/2)
Ro=—7R

P

MM_Equation 9. Relation between pipette radius and pipette resistance.

Where R, is the resistance of the pipette in the bath solution, a is the cone angle (20)
and p is the resistivity of the bath solution calculated from the ion conductivity, K, as
p=1/K (K=2.4 S/m for the external solution). However, it has to be considered that this
is only an estimation because 1) the cone angle changes along the length of the pipette
and this is not considered in MM_Equation 9; and 2) the resistance at the very tip of the
pipette should also be taken into account. Nevertheless, since it is not possible to

obtain a SEM image of every used pipette is a good approximation %
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Scanning Electron Microscopy (SEM)

To analyse geometrical properties of the nanopipettes SEM images were obtained. To
increase the resolution of the images, a sputter coater was used to coat the broken
electrodes with a ~5 nm layer of chrome. SEM imaging was performed with a Zeiss

Auriga equipped with a field emission gun. Accelerating voltage was set to 5 kV.

Dorsal Root Ganglia (DRG) neuronal culture

DRG from all spinal levels were obtained and pooled from freshly sacrificed postnatal
day 0 to 2 (PO to P2) Sprague Dawley rats in Dulbecco's modified Eagle's medium
(DMEM, Life Technologies). They were enzyme digested in 0.2% collagenase (type I;
Sigma-Aldrich) and 0.5% dispase Il (Roche) in DMEM for 30 min at 37°C, and
dissociated in DMEM supplemented with 10% fetal bovine serum (FBS; Invitrogen),
penicillin (100 Units/mL; Sigma-Aldrich) and streptomycin (100 pug/mL; Sigma-Aldrich).
Neurons were plated on poly-L-lysine and laminin (20 ug/ml; Sigma-Aldrich) coated
glass bottomed plastic petri dishes (MatTek Corporation) in DMEM supplemented with
10% FBS, penicillin (100 Units/mL), streptomycin (100 pg/mL) and 50 ng/mL Neuron
Growth Factor (NGF) (all from Sigma-Aldrich). The density was 600-1000 cells/dish

and the media was renewed every two days.

Calcium imaging: Capsaicin bath application to DRG neurons experiments
Calcium imaging experiments were carried out 48 hours after cell culture. Neuronal
cultures were loaded with the calcium indicator dye Fura-2 AM, (Molecular Probes, 2
MM, 45 minutes at 37°C), in calcium solution containing 0.1% BSA (Bovine Serum
Albumin). Calcium solution contains (in mM): 1.4 CaCl,, 0.4 MgSO,, 5.4 KClI, 135 NaCl,
5 D-Glucose and 10 HEPES, adjusted to pH 7.4 with NaOH (all from Sigma-Aldrich).
After 45 minutes at 37°C, the cells were washed and incubated in calcium solution
containing 0.5% BSA for 20 minutes to allow the cellular esterases to remove the
acetoxymethyl groups releasing the actual calcium sensitive form of the dye. Baseline
changes in bound/unbound calcium ratio (340/380 nm) in response to capsaicin
stimulation were monitored with a Zeiss Axiovert inverted microscope (Carl Zeiss) fitted
with an ORCA-ER CCD camera (Hammamatsu Photonics) through a 20x air objective.
Images were acquired and processed with AquaCosmos package software

(Hamamatsu Photonics).

Immunocytochemistry
Fixation of DRG neurons was carried out 48 hours after cell culture with 4%
paraformaldehyde, for 15 minutes. Cells were washed in PBS-0.01% azide,

permeabilised with methanol (-20°C, 3 minutes), washed in PBS-0.01% azide again
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and incubated with the primary antibody (dilution 1: 200, mouse monoclonal anti
Gap43). This was followed by 3x PBS-0.01% azide washes and incubation with
secondary antibody, goat anti mouse Alexa Fluor 488 (Molecular probes, 1: 200), for
45 minutes at room temperature. After that, cells were washed with PBS, and mounted
in medium containing 1,4-Diazobicyclo-(2,2,2-octane), DABCO (Sigma-Aldrich) as an
antifading agent. Images were acquired with the software Smartcapture 3 (Digital
Scientific), connected to an upright Olympus BX43 microscope. Absence of
immunostaining in negative controls where the primary antibody was not present was

confirmed.

Delivery to DRG neurons experiments

Neuronal cultures were loaded for 20 min at 37°C with the calcium indicator dye Fluo-4
AM (Molecular Probes, Life Technologies) at 2 uM final concentration in external
solution (in mM: 140 NaCl, 4 KCI, 2 CaCl,, 2 MgCl,, 10 HEPES, 5 Glucose; all from
Sigma-Aldrich), pH 7.4 adjusted with NaOH. Then cells were washed with the same
solution at 37 °C for a further 20 min to allow complete de-esterification of intracellular
acetoxymethyl (AM) esters. Pipettes were filled with capsaicin in the same external
solution using a MicroFil™ syringe needle for filling micropipettes (World Precision
Instruments), and voltage was applied for delivery. Between applications voltage was

kept at a negative voltage (-100 to -200 mV) to prevent capsaicin from leaking out.

For dosing experiments the SICM system was utilised in hopping mode '3, where the
pipette is continuously approaching and withdrawing the surface to address its position.
The percentage of current decrease to stop the approach, was maintained between
0.3-0.5%, i.e. the pipette was stopped when the current was 99.7-99.5% of the initial
current (when far from the surface). Hopping amplitude was 5 pym. With imaging
purposes, after determining the height of a certain position, the pipette is withdrawn
away from the surface and the sample moved laterally to determine the next imaging
point. For the delivery experiments, when voltage was switched to initiate the dosing,
the pipette was approached to the surface to a pre-specified height (h) utilising the
SICM feedback control. The delivery time was kept between 2 and 5 s to minimise
exposure to capsaicin. The slope of the fluorescence increase as a consequence of
TRPV1 channel activation was used as a measurement of the response to the

capsaicin applications.

For delivery to the cell body, light illuminating the sample was blocked between
applications to reduce photodamage. For multipoint application to dendrites

fluorescence images were first obtained. The laser beam was focused to the tip of the
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pipette and aligned with it for each new pipette. By doing this, only local fluorescence
beneath the pipette was measured. To obtain the fluorescence image, a raster scan
was performed by means of the SICM technology: the platform was moved in one
direction along the X-axis recording the fluorescence until reaching the boundary of the
scanning area. Then, the sample was moved in the Y-axis and another parallel but
reversed route was imaged. This was repeated until the selected area was covered. In
this way, the coordinates of the images were recorded and multiple delivery points
could be selected from them by mouse-clicking on the desired spots. The XY stage
then automatically moved the sample to each specified delivery point, waiting in each
of them for the specified delivery time. When the application was finished the voltage
was switched back to its prior setting, and the pipette was withdrawn before the sample

was moved to the next point of delivery.

To calculate the capsaicin concentration equivalent to the applied voltages, Equation
2-2 and 2-8 were used. Parameters were: capsaicin diffusion coefficient, D=2-10"°
m?/s; initial concentration, c,=100 pM; viscosity, n=1 mPa-s, pipette half cone angle,
©=3° (0.052 rad); electrophoretic mobility, pep,=0 (the capsaicin was assumed to be
non-charged at working pH, ?°*) and electroosmotic mobility, peo=1.42-10° m?/Vs (see
“Numerical simulations” in this section). Pipette radius was estimated for each delivery
pipette from measured electric resistance (see “Pipettes and Probes” in this section for
details). To calculate the concentration on the top of the cell, r=0 and z=0 were
considered. To calculate the concentration on the cell side, neurons were modelled as
hemispheres so the parameter r in Equation 2-8 can be replaced by Reei-¢, where R
is the radius of the cell and phi (¢) is the angle from the top of the cell to the point
where the concentration is calculated. For the case of the side of the cell, this angle is
90°.

Patch clamp experiments

DRG neurons were used for patch clamp experiments. External solution contained (in
mM): 150 NaCl, 6 CsCl, 1 MgCl,, 1.5 CaCl,, 5 glucose, 10 HEPES, pH 7.4 adjusted
with NaOH. Internal solution was (in mM): 140 CsCl, 2 MgCl, 5 EGTA and 10 HEPES,
pH 7.2 adjusted with CsOH. 100 uM capsaicin was placed inside the pipette in the
internal solution and I-V relationships were obtained by 500 ms step protocol of 20 mV
from -80 to +100 mV. Then, bath solution was replaced with 500 nM capsaicin in
external solution and the step-protocol was applied again. Normalised current was

calculated using the maximum value of the current for each cell.
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Chapter 3: ROS NANOSENSOR

Carbon nanoelectrode fabrication

Nanopipettes were fabricated utilising a P-2000 laser puller (Sutter Instrument) from
quartz capillaries. For single barrel pipettes quartz capillaries with an outer diameter of
1.2 mm, and an inner diameter of 0.90 mm (Intracel LTD) were used. For double barrel
electrodes, theta quartz capillaries were used instead with an outer diameter of 1.2 mm
and inner diameter of 0.9 mm (Sutter Instrument, USA). For carbon deposition,
nanopipettes were back-filled with propane/butane mixture (20:80, Campingaz) via
Tygon tube (O.D. 2.4 mm, I.D. 0.8 mm) and inserted into a single-barrel quartz capillary
(same dimensions) which was connected to an argon cylinder. Then, the nanopipettes

were heated with a jet flame torch to deposit pyrolytic carbon (MM_Figure 3).

Carbon
Ar ‘ Butane
ﬁ 7_ _
Quartz capillary Quartz
OD: 1.2 mm , Flame  nanopipette
ID: 0.9 mm

le

Butane

MM_Figure 3. Carbon nanoelectrode fabrication.

Carbon was pyrolytically deposited in quartz nanopipettes by torch heating of butane filled
quartz nanopipettes. Top: schematic cartoon of the set up. Bottom: step-by-step pictures of the
process. Red arrows indicate the pipette’s tip.

The argon flow prevents the bending of the nanopipette tip due to overheat, and also
the oxidation of the deposited carbon layer. This approach also protected the pipette
aperture from closing through softening of the quartz pipette walls. Successful
deposition is indicated by a dark layer covering the area of the pipette exposed to the
flame. The entire fabrication process takes on average less than a minute per
nanoelectrode (a video of the procedure can be found here
https://www.youtube.com/watch?v=UdaFRHcR4BU).
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Raman spectroscopy

To study the properties of deposited carbon Raman measurements were performed
using a Renishaw 1000 confocal Raman micro-spectrometer using an Ar-ion laser, 514
nm, via a 50x objective (NA=0.75) and Peltier-cooled CCD detector. The spectra were

acquired with 1sx100 accumulations with a maximum output laser power of 20 mW.

Scanning Electron Microscopy coupled with Energy Dispersive X-ray
(SEM/EDX) Spectroscopy

To characterise the nanoelectrodes a SEM/EDX analysis was performed. For carbon-
filed nanopipettes, to prepare the electrodes, first an incision was made with a
diamond pen around the end of the barrel and then the tip was snapped. Secondly, to
increase the resolution of the images, a sputter coater was used to coat the broken
electrodes with a ~5 nm layer of chrome. SEM imaging was performed with a Zeiss
Auriga equipped with a field emission gun. Accelerating voltage was set to 5 kV. EDX
analysis was performed at the same time to confirm carbon deposition. For polypyrrole-
FET transistor SEM imaging, accelerating voltage was set to 10 kV and no coating of

the electrodes was needed due to Ppy conductive properties.

Electrochemical recordings

The set up for electrochemical recordings was similar to that previously described in
Chapter 2 although the traditional nanopipette was replaced by the carbon
nanoelectrode and instead of ionic current the faradaic current was measured. All
electrochemical measurements were carried out at room temperature using a two-
electrode configuration with the nanoelectrode back contacted with a silver wire and a
chloridized silver wire (Ag/AgCl) as the reference electrode. All reported potentials refer
to the Ag/AgCl reference electrode. Similarly to the set up in the previous chapter, both
electrodes were connected to an Axopatch 700B amplifier with the DigiData 1322A
digitizer (Axon instruments, Molecular Devices), and a PC equipped with pClamp 10
software (Molecular Devices). In the case of the double barrel experiments, the second
channel of the Axopatch 700B amplifier was activated. Unless stated differently, the
scan rate was 200 mV/s and the electrochemical signal was filtered using low-pass
filter at 1000 Hz.

For the electrochemical characterisation of carbon electrodes a 10 mM solution of
hexaammineruthenium (lll) chloride (Ru(NH3)sCl3) or a 1 mM solution of ferrocene
methanol (FcMeOH) in PBS were used. PBS contained (in mM): 7.2 Na,HPO,, 2.8
KH,PO,, and 150 NaCl (pH 7.4). To record the approach curves the parameters were
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set to make the pipette stop when the current was 80% of the steady-state current

measured in bulk solution to prevent pipette crashing.

The electrochemical etching of carbon nanoelectrodes was performed by cyclic
voltammetry from O V to 2 V in alkaline solution (0.1 M KOH, 10 mM KCI) until the
formation of a cavity occurred (typically no more than 15 cycles). Electrochemical PB
deposition at the carbon nanoelectrode was induced via cyclic voltammetry from 0.6 to
-0.4 V in 0.1 mM FeCl; and 1 mM K;3[Fe(CN)g] in 0.1 M HCI, 0.1 M KCI. For PB
deposition usually 2 to 5 cycles were needed. PB film activation followed the deposition
and was accomplished by cycling for more than 50 cycles in the same range of
voltages in 0.1 M HCI, 0.1 M KCI solution. All reagents were obtained from Sigma-
Aldrich.

Hydrogen peroxide calibration

To study the hydrogen peroxide response of the modified carbon nanoelectrodes CV’s
were obtained in standard internal potassium to mimic intracellular conditions.
Standard internal potassium solution contained (in mM): 144 KCI, 2 MgCl,, 5 EGTA
and 10 HEPES (4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid) pH 7.2 (all from
Sigma-Aldrich). Optimum voltage for measurements was chosen 50 mV negative from
the voltage where the cathodic peak was detected in the previous CV, usually between
0 and —200 mV. Then, this voltage was constantly applied for chronoamperometric
recordings while different concentrations of H,O; in internal solution were added (the
stock solution was 10 mM, from Sigma-Aldrich). Typically a high concentration was
firstly applied (in the mM range) and subsequent dilutions were made by replacing bath
solution with internal solution. A final addition of the same initial concentration of H,O,

was usually made to confirm electrode robustness during the calibration.

Dorsal Root Ganglia (DRG) cell culture
DRG neurons were prepared as it has been described in the Materials and Methods

section for the Chapter 2.

Intracellular measurements

Intracellular electrochemical measurements were carried out in a set up similar to the
one described previously (see “Set up for electrochemical recordings” in this section),
adding an upwards microscope (Olympus BX51WI, Japan). To achieve cell
penetration, an angle micromanipulator (Scientifica, UK) was operated. MM_Figure 4
shows a picture of the system. Position of the electrode and state of cells were optically
followed by a camera installed in the microscope (Watec WAT-902H Ultimate, Japan).
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Penetration was achieved by first locating the nanoelectrode slightly touching the cell
surface by means of the micromanipulator (a slight membrane deformation was
observed), and then making a precise and fast movement in the angular direction
(“nano-fencing”). The micromanipulator allows for 1 pm-step movements in any

direction, including the angular direction, by just pressing a button.

Amplifier Microscope
Digidata

Headstage

Computers : .
Micromanipulators Electrical shield

MM_Figure 4. Set up utilised for intracellular recordings.

Electrode insertion was visually identified and it was also confirmed at the end of the
experiment upon retraction of the electrode when observed that cellular membrane was
clearly attached to it. Intracellular measurements of the electrochemical current were
carried out at a constant voltage (same selection criteria as for the hydrogen peroxide
calibration) where changes in time were measured (chronoamperometry). For the
analysis of the data, recorded signals were digitally filtered with a 5-50 Hz lowpass

filter.

Potassium calibration

Cyclic voltammetry experiments were performed in solutions of different potassium
concentration to study PB-electrodes’ potassium sensitivity. Internal potassium solution
was the same used for hydrogen peroxide calibration experiments (in mM): 144 KClI, 2
MgCl,, 5 EGTA and 10 HEPES, pH 7.2, 290 mOsm. External potassium sokution

172



consisted on (in mM):140 NacCl, 4 KCI, 2 CaCl2, 2 MgClI2, 10 HEPES and 5 glucose,
pH 7.4, 300 mOsm. Different potassium concentrations were achieved by addition to
the external solution of different volumes of 1M KCI in water. All reagents are from
Sigma-Aldrich.

Polypyrrole deposition

Pyrrole polymerization was achieved by cyclic voltammetry from -0.4 to +0.7 V in 0.5 M
Pyrrole, 0.2 M LiClOy4, 0.1 M HCIO4 (all from SIGMA-Aldrich), prepared in Ar-degassed
water, pH 2. The number of cycles until connection between the two barrels was
observed varied from 2 to 10.
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Background: The gating mechanism of transient receptor potential melastatin 8 (TRPMS8) channels remains elusive.
Results: Mutations neighboring the C-end region of the TRPMS8 channel inner gate modulate allosteric coupling.
Conclusion: The region adjacent to the inner gate in TRPMS8 channels is pivotal for allosteric channel activation.
Significance: These findings increase our understanding of the allosteric mechanism of TRPMS8 channel gating.

The ability of transient receptor potential (TRP) channels to
sense and respond to environmental and endogenous cues is
crucial in animal sensory physiology. The molecular mechanism
of channel gating is yet elusive. The TRP box, a conserved region
in the N-end of the C terminus domain, has been signaled as
pivotal for allosteric activation in TRP channels. Here, we have
examined the role of the linker region between the TRPMS8
inner gate and the TRP box (referred to as the S6-TRP box
linker) to identify structural determinants of channel gating.
Stepwise substitutions of segments in the S6-TRP box linker of
TRPMS8 channel with the cognate TRPV1 channel sequences
produced functional chimeric channels, and identified Tyr®®' as
a central molecular determinant of channel function. Addition-
ally, mutations in the 986 —990 region had a profound impact on
channel gating by voltage and menthol, as evidenced by the
modulation of the conductance-to-voltage (G-V) relationships.
Simulation of G-V curves using an allosteric model for channel
activation revealed that these mutations altered the allosteric
constants that couple stimuli sensing to pore opening. A molec-
ular model of TRPMS, based on the recently reported TRPV1
structural model, showed that Tyr®®! may lie in a hydrophobic
pocket at the end of the S6 transmembrane segment and is
involved in inter-subunit interactions with residues from neigh-
bor subunits. The 986 —990 region holds intrasubunit interactions
between the TRP domain and the S4-S5 linker. These findings
substantiate a gating mechanism whereby the TRP domain acts as
a coupling domain for efficient channel opening. Furthermore,
they imply that protein-protein interactions of the TRP domain
may be targets for channel modulation and drug intervention.
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Translation of physical and chemical signals from the cellular
milieu into the electrical cues used by the peripheral nervous
system depends on specialized receptors at the terminals of
sensory neurons. These receptors include the transient recep-
tor potential (TRP)? family of nonselective cation channels,
which are involved in the response to a variety of environmental
and endogenous compounds, as well as physical stimuli includ-
ing temperature and pressure (1). Most TRP channels are
involved in several physiological processes ranging from sens-
ing temperatures, osmolarity, body temperature regulation,
pro-algesic agents, and pain (2). Particularly, TRPMS is capital
for mild cold sensing in mammals (3-5) and alteration of its
normal function is related to disorders such as prostate cancer
(6), overactive bladder (7), and ocular dryness (8).

The functional TRPMS8 is a homotetramer that allows the
flow of cations in response to temperatures below 24 °C, the
presence of cooling compounds such as menthol or icilin, as
well as strong depolarizing voltages (9 —11). Each subunit com-
prises a cytosolic N and C terminus and six membrane-span-
ning segments (S1-S6). The S5-S6 transmembrane domain
from each subunit folds into the ion-conducting pore. The gat-
ing of TRPMS is also regulated by phosphoinositides, phos-
phatidylinositol 4,5-bisphosphate being essential for channel
function and desensitization (12—14). The ability of the channel
to sense distinct stimuli depends on protein regions in each
subunit of the structure-sensitive sensors. For instance, men-
thol interacts with a hydrophobic pocket within the S1-S4
transmembrane bundle, and causes conformational rearrange-
ments that lead to gate opening (15, 16). Voltage and cold
responses depend on residues located in the S4-S5 loop and
the C terminus, respectively (17, 18). As observed in other TRP
channels, there is interplay between menthol, cold, and voltage
responses. Indeed, in the presence of menthol or cold temper-
atures, the G-V curves shift toward more physiological mem-
brane potentials (11). Notwithstanding this cross-talk, these
stimuli appear to be independently coupled to the gate through
an allosteric mechanism (19, 20).

3 The abbreviations used are: TRP, transient receptor potential; ChA, chimera
A; ChB, chimera B; ChC, chimera C.
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TRPM8 Gating Mechanism

A hallmark of most TRP channels is the presence of the so-
called TRP domain in the C terminus region (Fig. 1), adjacent to
the S6 transmembrane segment that structures the channel
inner gate. The TRP domain is a moderately conserved region
of about 30 amino acids that contains the highly conserved
6-mer segment referred to as the TRP box (Fig. 1). This protein
domain is a pivotal molecular determinant of TRP channel
structure and activity, as it contributes to their tetrameric
assembly and to regulate channel responses to all activating
stimuli (12, 21-26). A recent study in TRPV1 has shown that
the TRP domain is primarily involved in the allosteric activa-
tion of the gate of the channel (27). Noteworthy, a peptide
patterned after the TRP domain of TRPV1 selectively blocked
TRPV1 activity (28), supporting the tenet that the TRP domain
is involved in protein-protein interactions that are central for
coupling stimuli sensing to gating (15). Moreover, in TRPMS,
the TRP domain appears directly involved in phosphatidyli-
nositol 4,5-bisphosphate-mediated regulation (12). The recent
proposition of a high resolution structural model for TRPV1 in
the absence and presence of activating ligands reveals a central
role of this channel region as a determinant of the conforma-
tional change needed to activate the receptor (29).

To further understand the functional role of the TRP domain
in channel gating and unveil molecular determinants of this
process, we have investigated the contribution of the S6-TRP
box linker region in TRPMS8 channel activation (Fig. 1). We
used a chimeric approach that substituted 5-mer regions in the
S6-TRP box linker of TRPMS8 by the cognate sequences of
TRPV1 (Fig. 1). Notably, our results indicate that the linker
region of TRPV1 can replace that of TRPMS8 without a major
impact in channel expression and channel responsiveness.
Analysis of the phenotype of the chimeras identified Tyr®®" in
this region as a central structural determinant of TRPMS8 gat-
ing. Mutation of Tyr”®" to Glu and Lys (Y981E and Y981K)
rendered constitutively active channels. Noteworthy, addi-
tional mutation of segment 986 —990 in the S6-TRP box linker
restored voltage-dependent and menthol sensitivity to the
Y981E mutant. Simulation of G-V relationships of chimeric and
mutant channels with an allosteric model of gating suggests
that these residues and, in general the S6-TRP box linker, are
important for the allosteric coupling of stimuli sensing to chan-
nel activation. Our findings provide novel insights on the mech-
anism of channel gating in the TRP channel family, and sub-
stantiate the importance of the TRP domain in transmitting the
energy of stimuli recognition to gate opening.

EXPERIMENTAL PROCEDURES

TRPM8 Mutagenesis—Mutations were introduced in the rat
TRPMS construct (from D. Julius) using site-directed mutagen-
esis (QuikChange II, Agilent Technologies, Santa Clara, CA)
according to the manufacturer’s instructions. Mutants were
confirmed by DNA sequencing.

Cell Culture and Transfection—Human embryonic kidney
cells (HEK293 cells) were cultured in DMEM-Glutamax (Invit-
rogen) supplemented with 10% FBS, and 1% penicillin-strepto-
mycin (Sigma) at 37 °C and 5% CO,. For patch clamp HEK293
cells were seeded in 12-mm L-polylysine (Sigma)-coated cover-
slips. For protein expression analysis the cells were seeded in
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6-well plates. Constructs encoding the mutants were trans-
fected using the Lipofectamine 2000 (Invitrogen) when the cul-
ture was at ~50% confluence for patch clamp or ~90% for
protein analysis. Cells were used up to 48 h after transfection in
patch clamp, and 48 h after transfection in biotinylation and
Western blot assays.

Total Protein Expression and Surface Labeling—To obtain total
extracts, cells were washed with phosphate-buffered saline (PBS),
suspended in 2X sample buffer (0.125m Tris-HCI, pH 6.8, 4% SDS,
200 ml/liter of glycerol, 0.2 g/liter of bromphenol blue, 0.1 m dithio-
threitol; all from Sigma) and boiled at 95 °C for 5 min.

The biotinylation reaction was carried out in the culture
plates at 4 °C. After two washing steps with cold PBS, cells were
incubated for 1 h with 0.9 mg/ml of biotin (Thermo Scientific).
An equivalent volume of Tris-buffered saline (10 mm Tris, pH
7.4, 154 mm NaCl) was added to halt the reaction. After 30 min,
cells were recovered from the plates and washed twice with cold
PBS. Thereafter, biotinylated cells were lysed using RIPA buffer
(50 mMm Hepes, pH 7.4, 140 mm NaCl, 10% glycerol, 1% (v/v)
Triton X-100, 1 mMm EDTA, 2 mm EGTA, 0.5% deoxycholate, 10
mwm PMSF and protease inhibitor mixture (Sigma)) under gen-
tle agitation for 1 h at room temperature. The soluble fraction
was quantified using the BCA method (Thermo Scientific,
Pierce). Streptavidin resin (Sigma) was added to equal amounts
of extracts and incubated overnight at 4 °C. After washing,
biotinylated proteins were eluted with sample buffer 2 times,
and analyzed by SDS-PAGE and Western blot.

SDS-PAGE  Electrophoresis and Western Blots—Samples
were electrophoresed in a 10% gels and then blotted onto a
nitrocellulose membrane (0.2 um, Bio-Rad) using a standard
transfer buffer (30 mm Tris base, 190 mMm glycine, and 20%
methanol). Membranes were stained with Ponceau Red (Sigma)
to assess the amount of protein loaded. After blocking at room
temperature in TBS-T with 2% ECL Advance Blocking agent
(GE Healthcare Europe), membranes were incubated overnight
with anti-TRPMS (dilution 1:5,000, gift from Dr. F. Viana) or actin
(dilution 1:10,000, Sigma) at 4 °C. After washing, membranes were
incubated with the secondary antibody for 1 h (1:50,000 goat anti-
rabbit IgG-horseradish peroxidase conjugate (Sigma)). Finally, the
immunoreactive bands were visualized using ECL advanced and
Amersham Biosciences Hyperfilm™ ECL (GE Healthcare)
according to the manufacturer’s instructions.

Patch Clamp Measurements—For patch clamp experiments,
cells were co-transfected with the different channel species and
eYFP. Currents from channels were recorded in whole cell con-
figuration (EPC10 amplifier with Pulse software, HEKA Elek-
tronik, Germany). Patch pipettes were prepared from thin-
walled borosilicate glass capillaries (Harvard Apparatus,
Holliston, MA), pulled with a P-97 horizontal puller (Sutter
Instruments, Novato, CA) to have a tip resistance of 2—4 M().
Pipette solution contained (in mm): 150 NaCl, 5 MgCl,, 5
EGTA, and 10 Hepes, pH 7.2, with NaOH. The bath solution
contained (in mm): 150 NaCl, 3 MgCl,, 2 CaCl,, and 10 Hepes,
pH 7.4, with NaOH. The buffer temperature was kept at
30 °C (Automatic Temperature Controller TC-324B, Warner
Instruments).

For chemical stimulation of TRPM8, 1 mm menthol was
applied in the external solution. For voltage stimulation a step
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protocol consisting of depolarizing pulses from —100 to 240
mV in 10-mV steps was used. The holding potential was —60
mV, the time interval between each pulse was 5 s, and the dura-
tion of the pulses was 50 ms. Data were sampled at 10 kHz and
the series resistance was compensated to ~80%.

The G-V curves were obtained by converting the steady-state
current values from the voltage step protocol to conductance
using the relationship G = I/(V — V%), where G is the conduc-
tance, [ is the current at steady-state, V'is the command pulse
potential, and Vj, is the reversal potential of the ionic current
obtained from /I-V curves. Normalized G-V curves were fitted
to the Boltzmann equation,

( 17— Gmin)
G Gmin Gmax

= + —— (Ea. 1)
Gmax Gmax (—I 4 e%(V*VO‘s))

where G, ., is the true maximal conductance of the channel
species obtained in the presence of 1 mm menthol at depolar-
ized potentials, G, ;, is the minimal conductance at hyperpo-
larized potentials (=—100 mV), V, . is the voltage required to
activate the half-maximal conductance, and z, is the apparent
gating valence. The true G, ,, value was estimated from the
fitting of the G-V curves in the presence of 1 mm menthol for
wild type and each mutant (27).

For voltage-dependent gating, the free energy difference
between the closed and open states at 0 mV at 30 °C for a two-
state model (AG) was calculated using AG,,(V) = z,FV/, 5, were F
is the Faraday constant (0.023 kcal/mol mV) (22).

Molecular Model Building—The molecular model for
TRPMS8 was modeled using the structures of the TRPV1 ion
channel in the closed (Protein Data Bank code 3]J5P) and open
state (Protein Data Bank code 3J5R) determined by electron
microscopy at 3.4-A resolution (28). Sequence alignment
between rat TRPV1 and TRPMS8 was performed with ClustalO
(30) from the European Bioinformatic Institute (EBI). After vis-
ual inspection, the transmembrane alignments were adjusted
manually. The visualization and editing of the molecules were
done with Yasara (31, 32). The homology modeling was per-
formed with the standard homology modeling protocol imple-
mented in Yasara (version 13.9.8). In this process only small
loops were modeled, avoiding the modeling of S2—S3 or S5-pore
helix loops. After side chain construction, optimization, and fine-
tuning, all new modeled parts were subjected to a combination of
steepest descent and simulated annealing minimization, keeping
the backbone atoms fixed to avoid molecule damage. Finally, a
full-unrestrained simulated annealing minimization was run for
the entire model, obtaining a satisfactory —1.597 quality Z-score
for dihedrals, and —2.992 for the overall model.

The protein design algorithm and force-field FoldX (33, 34)
from CRG were used for protein mutagenesis, and theoretical
energy measurements. The interaction energy between differ-
ent parts of the molecule were calculated by unfolding the
selected regions and determining the stability energy of the sep-
arated molecules, and then subtracting the sum of individual
energies from the global energy of the complex. Such parame-
ters as the atomic contact map, the accessibility of the atoms
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FIGURE 1. Experimental strategy to explore the role of the S6-TRP box
linker region of TRPM8. A, TRPM8 model depicting in red the S6-TRP box
linker region. B, the schematic depicts a topological model of a TRPM8 sub-
unit. Below the model are shown the amino acid sequences of the TRP
domain proximal to S6 transmembrane segment of TRPM8 (blue) and TRPV1
(red). The protein regions in the S6-TRP box linker of TRPM8 replaced by the
cognate of TRPV1 are indicated in red giving rise to chimeras ChA (Gly®°-
11e8°), ChB (Gly?8°-Asn“%°), and ChC (Gly“®°-Val®®3),

and residues, the backbone dihedral angles, the hydrogen
bonds, and the electrostatic networks of the protein were
assessed with FoldX. In addition, the model was evaluated using
PROCHECK to show the residues in the allowed regions of the
Ramachandran plots (35). The final molecular graphic repre-
sentations were created using PyMOL version 1.4.1.

RESULTS

Mutations in the S6-TRP Box Linker Region of TRPM8 Mod-
ulate Channel Gating—To investigate the contribution of the
linker region between the cytosolic end of the S6 and the TRP
box in TRPMS8 channels (amino acids 980-992 in rat TRPMS,
Fig. 1A4), we used a chimeric approach whereby short fragments
of TRPMS8 were cumulatively replaced by the cognate region of
TRPV1 (Fig. 1B). Using this approach, we generated three chi-
meras, namely chimera A (ChA, Gly?®*°-11e°®°), chimera B (ChB,
Gly”®°-Asn”?%), and chimera C (ChC, Gly*®°-Val®*®) (Fig. 1B).
Chimeric channels were expressed in HEK293 cells for func-
tional characterization by patch clamp. As depicted in Fig. 24,
application of a family of 50-ms voltage pulses from —100 to
+240 mV in 10-mV steps in the absence of menthol evoked
ionic currents in ChB and ChC, but not in ChA. A similar result
was obtained when the depolarizing voltages were applied in
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FIGURE 2. Chimericreceptors are functional channels. A, representative currents elicited by a voltage step protocol (inset) in the presence or absence of 1 mm
menthol recorded from HEK293 cells expressing TRPM8 and chimeras ChA, ChB, and ChC. Normalized G-V curves for TRPMS8, ChB, and ChCin the absence and
presence of menthol are displayed at the right. Conductances for each channel species were normalized with respect to the maximal conductance obtained in
the presence of 1 mm menthol (denoted as G,,,,,). Solid lines depict the best fit to a Boltzmann distribution. Parameters derived from the fit are reported in Table
1. B, representative ion current form ChA channels evoked at —60 mV upon washing out DD01050 in the extracellular medium. DD01050 was used at 10 um.
G, Western blot of the total and surface expression of TRPM8, ChA, ChB, and ChC expressed in HEK293 cells grown in the presence of 10 um DD01050. Surface
expression was obtained by protein biotinylation. D, quantitative assessment of the surface/total and total/actin ratios of TRPM8 and ChA, ChB, and ChC from

Western blots. Data are given as mean = S.E; n = 3.

the presence of 1 mm menthol. ChB exhibited ionic currents
similar to TRPMS, whereas ChC displayed significantly lower
responses than wild type and ChB channels. To analyze channel
gating, we obtained the normalized G-V curves. Because volt-
age is a partial activator of the channel, we normalized the G-V
curves with the G ., value obtained in the presence of 1.0 mm
menthol (20). For wild type channels, the normalized G-V
curve in the absence of menthol revealed a V,, ; 0of 206 = 4 mV,
a z, of 0.71 = 0.06, and saturation of the curve at 60% of the
G o in agreement with partial activation induced by voltage of
TRPMS in the absence of menthol (20) (Fig. 24, right panel, and
Table 1). The free energy of channel gating, assuming a sim-
ple two-state model indicates that activation of TRPMS8
channels requires 3.3 = 0.2 kcal/mol (Table 1). Notice that
our V- and AG values are significantly higher than those
reported by other groups (20). Considering that gating of
thermo-TRP channels is highly sensitive to the recording
temperature, this difference is probably because we have
obtained the G-V curve at 30 °C.

In the absence of menthol, ChB displayed a G-V relationship
with a lower V, ; (160 = 2 mV), and similar conductance satu-
ration (70% of G,,,,) than wild type channels. In contrast, ChC
showed larger V,, . of 250 = 8 mV than TRPMS8 and ChB, but
similar conductance saturation (70% of G,,,,). The z, of both
chimeras was nearly identical to TRPMS8 (Fig. 24, Table 1).
These values resulted in free energies of activation of 2.6 * 0.3
and 4.3 * 0.5 kcal/mol for ChB and ChC, respectively. Accord-
ingly, our data imply that the S6-TRP box linker of TRPV1 is
structurally compatible with the gating structure of TRPMS,
and indicate that substitution of the S6-TRP box linker region
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of TRPMS8 by TRPV1 primarily affects the energetic of voltage-
dependent channel opening.

In the presence of menthol, TRPMS8 was activated at less
depolarized potentials (V, 5 = 100 = 4 mV) with a lower z, =
0.5 = 0.1, which resulted in a free energy of 1.1 = 0.4 kcal/mol.
ChB exhibited V5, z,, and AG similar to wild type channels,
namely Vj, 5 = 104 = 2mV, z, = 0.60 = 0.05,and AG = 1.4 =
0.2 kcal/mol, whereas ChC displayed much higher values
(Vos =194 £2mV;z, = 0.7 £ 0.1; AG = 3.1 % 0.6 kcal/mol)
consistent with the lower responsiveness of this chimera (Fig.
2A, Table 1). Taken together, these data indicate that replace-
ment of linker Gly®*°-1le”*® in TRPMS has an impact in channel
function, particularly the region encompassing residues Gly”*°-
11e”® that resulted in apparently channels that did not respond
to voltage or menthol.

During characterization of the chimeric channels, we
observed that HEK293 cells transfected with ChA exhibited a
large extent of cell death (=70% of transfected cells), as com-
pared with cell death induced by wild type channels, and chi-
meras ChB and ChC (=10%). This observation suggested that
ChA may induce cell death because it is a constitutively active
channel, rather than non-functional as indicated by the lack of
voltage and menthol-evoked responses. Thus, to test this
hypothesis we grew transfected cells in the presence of the cell
impermeable TRP channel blocker DD01050 whose binding
site is extracellular (36, 37). In the presence of 10 um DD01050,
we observed a significant decrease in cell death in ChA-trans-
fected HEK293 cells (=20% of dead cells). Wild type, ChB, and
ChC expressing cells were not affected by the presence of the
blocker. Furthermore, patch-clamped ChA-transfected cells

SASBMB

VOLUME 289-NUMBER 41+-OCTOBER 10, 2014

$T0Z ‘02 %4010 U0 ZIANVYNEIH TINDIIN AINN T /B10°00 :Mmmy/:dny Loy pepeojumod


http://www.jbc.org/

TABLE 1

TRPM8 Gating Mechanism

Values of biophysical parameters obtained from the fitting of the G-V curves to a Boltzmann distribution in the absence (control) and presence

of 1 mm menthol

Vos Zg AG
(mV) (kcal/mol)
TRPMS8 206+4 0.71£0.06 3.310.2
Y981E -- = =
Y981L 209+7 0.840.1 4.0+0.2
Y981F >260 mV -- --
Y981K -- -- --
GY984N 211+6 0.96%0.09 4.610.5
1985K 19247 0.81£0.09 3.5£0.5
V986l 211£10 0.61+0.07 3.31+0.5
VI86L 240+£15 1.1£0.2 6.1£1.3
V986G >260 mV -- --
VI86A >260 mV - -
VI86F >260 mV -- --
ChA -- -- --
ChAY*8d! 12343 0.53%0.07 1.5+0.1
ChA%7a 11542 0.58+0.02 1.540.1
ChAE988Q - o .
ChAN®E 16613 0.70+0.03 2.610.2
ChAN*" ISIIEES 0.69+0.06 24403
ChAY*861Q9874 12842 0.62+0.07 1.8+0.2
GChAY226/02874R880 14743 0.62+0.07 2.140.3
ChAVo86VQSTAEISEQ/NISIE 180+2 0.76+0.04 29402
ChB 16042  0.72+0.05 2.6£0.2
ChBY3v 206+4 0.81£0.04 3.840.3
ChC 250+8 0.75%0.06 4,3+0.5
ChAV*8¢F 17743 0.69+0.04 2.840.2
ChAY*8¢L 1955 0.5940.05 1.7£0.2
ChAYo%64 19843 0.76+0.04 3.540.2

exhibited reversible ionic currents at —60 mV when the chan-
nel blocker was washed out (Fig. 2B). The same experimental
paradigm did not elicit responses in wild type channels. Analy-
sis of surface expressed protein revealed that, in the presence of
DDO01050, ChA reached the plasma membrane in a similar per-
centage than TRPMS, ChB, and ChC channels (Fig. 2, Cand D).
Collectively, these findings indicate that replacement of Gly**°-
11e”®> in TRPMS by the cognate TRPV 1 produces constitutively
active channels. A larger substitution (Gly”*°-Asn®°) restores
voltage- and menthol-regulated ion channel activity. There-
fore, our results are consistent with the existence of structural
determinants of TRPMS gating in the S6-TRP box region.
Residue Tyr®®' Adjacent to the S6 Transmembrane Segment Is
a Molecular Determinant of Gating—Inspection of segment
Gly*®°-11e’®® reveals only a three-amino acid difference
between TRPMS8 and TRPV1 that constitute the mutations in
ChA, namely Y980E, G984N, and I1985K (Fig. 1). To unveil the
amino acid responsible for the constitutive activity of ChA, we
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J (200 mV) Vos z AG J (200 mV)
(nA/pF) (mV) (kcal/mol) (nA/pF)
0.59£0.10 = 10044 0.5+0.1 11+04  1.8240.19
1.62+0.30 160+5 0.61£0.04 | 22402 | 194+041
>260 mV - -
0.55+0.14 7943 0.52£0.03  0.940.1 | 2.02+0.30
1.330.18 5313 0.56£0.03 = 0.740.1 | 3.08+0.38
0.75+0.18 8742 0.51£0.07  1.0£0.1  2.06+0.36
032£0.09 = 160+12 = 0.67+0.07 = 35405  0.530.13
>260 mV - -
>260 mV - -
>260 mV - -
0.69+0.14 4416 038402  0.4%0.6 | 0.87+0.18
1.18+0.27 - - -
1.28+0.14 3312 0.59+0.03 = 04401 | 1.28+0.30
0.21+0.21 40+5 0.54£0.06 ~ 0.50.1 | 2.44+035
0.88+0.14 1243 0.6120.1 02+0.1 | 0.8940.17
0.67+0.17 1644 046£0.14 02401  0.75%0.05
0.56+0.09 85+3 0.56£0.01 = 1.1+02 | 1322024
027£0.04  104£2  0.60+0.06 = 14402  0.42+0.04
0.87+0.14 136£3 | 0.660.03 = 2.1+0.1 | 220+0.23
0.07£0.04  194£2  070+0.10  3.1+0.6 = 0.29+0.12
117£2 | 0574003 = 1501 |
1.8540.29 11446 048003  13+0.3 = 1.95+0.48
14847  0.53+0.04 = 18402

carried out site-specific mutagenesis in TRPMS8 wild type pro-
tein. As illustrated in Fig. 3A, mutation of Y981E resulted in
constitutively active channels whose activity was blocked by 10
M DDO01050. In the absence of the blocker, transfection of this
mutant also resulted in conspicuous cell death (=70% of trans-
fected cells). Conversely, neither G984N nor 1985K mutant
channels showed this phenotype, Instead, they evoked ionic
currents in response to stimulation with voltage and menthol
(Fig. 3B). In the absence of menthol, G984N and 1985K exhib-
iteda V5 0f 211 = 6 and 192 £ 7 mV, respectively. The z, and
the free energy required for opening of the channels, calculated
according to the two-state model, were 0.96 * 0.09 and 4.6 =
0.5 kcal/mol for G984N mutant and 0.81 * 0.09 and 3.5 = 0.5
kcal/mol for I985K (Fig. 3, D and E, Table 1). In the presence of
menthol, the V, ; was smaller than that of TRPMS8 (Fig. 3C,
Table 1), giving rise to a lower free energy of activation (Fig. 3E,
Table 1). Therefore, these results imply that the constitutive
activity of ChA is due to mutation of YO81E.
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FIGURE 3. Mutation Y981E, but not of G984N and 1985K, in TRPM8 produce constitutively active channels. A, representative inward ionic currents of
Y981E, G984N, and 1985K mutants at —60 mV upon washing out blocker DD01050. Cells expressing these mutants were grown in the presence of 10 um
DDO01050. B, representative currents elicited by a voltage step protocol (inset) in the presence or absence of T mm menthol recorded from HEK293 cells
expressing TRPM8 and mutants G984N and 1985K. Normalized G-V curves for G984N and 1985K mutants in the absence and presence of menthol are displayed
at the right. Conductance for each channel species were normalized with respect to the maximal conductance obtained in the presence of 1 mm menthol
(denoted as G,,,,). Solid lines depict the best fit to a Boltzmann distribution. C-£, values of V;, 5, z,, and AG derived from the fit to the Boltzmann distribution. Data

are givenasmean = S.E;n =7.

Because substitution of Tyr®®" with an acidic residue (Y981E)
rendered constitutively active channels, we assessed the effect
of mutating Tyr®®' into the basic residue (Y981K). Akin to
mutant Y981E, the expression of Y981K channels was toxic for
the cells unless the DD01050 blocker was present in the growth
medium. In addition, inward ionic currents were observed
when the blocker was removed from the bath (Fig. 4A4). This
result suggests that a charged residue at position Tyr”®* desta-
bilized the channel closed state, giving rise to constitutively
active channels.

We next evaluated the consequences of mutating Tyr™®" to
phenylalanine. Unexpectedly, Y981F channels were unrespon-
sive to membrane depolarization in the absence and presence of
menthol (Fig. 4C). This lack of channel function was not due to
death of cells expressing the channel because it did not have
constitutive channel activity as removal of DD01050 did not
evoke ionic currents. (Fig. 4B). Furthermore, the absence of
channel activity did not result from abrogation of protein
expression because the mutant channel was expressed at the
cell surface at comparable levels to wild type protein (Fig. 4F).

To further examine the role of Tyr”®! in channel gating, we
also mutated it to the aliphatic hydrophobic amino acid leucine,
which exhibits a similar hydrophobic surface to Tyr but
reduced volume. At variance with Y981F mutants, substitution
of Tyr®®! by Leu rendered ion channels that displayed voltage-
gated and menthol-elicited channel activity (Fig. 4D). In the
absence of menthol, Tyr®®" exhibited a V, 5 of 209 = 7 mV and
z,0f0.8 = 0.1, whereas in the presence of the agonist the values

981
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were 160 = 5 mV and 0.61 * 0.04 (Table 1). The maximal
conductance in response to voltage was similar to that of voltage
plus menthol (Fig. 4E). Compared with wild type channels, this
result suggests a decrease in the efficacy of menthol in opening the
Y981L mutant, as evidenced by its higher free energy for activation
(Table 1). Taken together, these findings imply that Tyr*®" con-
tributes to define the free energy of pore gating.

Mutation of the 986 —990 Region in Chimera A Restores Reg-
ulated Channel Gating—Chimera B contains the Y981E muta-
tion and displays regulated channel gating, implying that muta-
tions downstream of residue Ile”®®, namely V9861, Q987A,
E988Q, N989E, and N990S, restore voltage and menthol
gating. Thus, we next mutated sequentially and cumulatively
these residues in ChA, and evaluated the phenotype of
mutants ChAV986I, ChAV986I/Q987A, ChAV986I/Q987A/E988Q’ and
ChAVo86/QIBTAIEIBBQ/NIEIE t( determine the minimum num-
ber of mutations needed to restore regulated gating (Fig. 5).

At variance with ChA, none of the ChA mutants exhibited a
cytotoxic effect and were expressed to similar levels in HEK293
cells in the absence of the blocker DD01050 (data not shown).
Voltage-clamped cells responded to membrane depolarization
steps in the absence and presence of menthol eliciting non-
inactivating currents akin to wild type protein (Fig. 5, A-D).
Noteworthy, mutation of Val®®® to Ile in the context of ChA
sufficed to virtually abolish the constitutive activity of ChA (Fig.
5A). As depicted, ChAY?®** responded to voltage changes in the
absence of menthol with a V,, ; 0f 123 = 3 mV and z, 0f 0.53 *
0.07 (Table 1). The V. value for ChAV%¢! is ~2-fold lower
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FIGURE 4. Effect of mutations Y981K, Y981L, and Y981F on channel activity. A, representative ionic currents of Y98 1K mutants at —60 mV upon washing out
10 um DDO01050. B, representative ionic currents of Y981F mutants at —60 mV upon washing out 10 um DD01050. C, family of ion channel recordings evoked
from Y981F mutants according to the voltage-step protocol depicted as an inset. D, family of ion channel recordings evoked from Y981L mutants according to
the voltage step protocol depicted as an inset. E, normalized G-V relationship for YO81L mutant. Solid lines depict the best-fit to a Boltzmann distribution to
obtain the V, 5 and z, values. F, Western blot of the total and surface expression of TRPM8, Y981F, and Y981L expressed in HEK293 cells. Conductance was
normalized with respect to the maximal conductance obtained in the presence of 1 mm menthol (denoted as G,,,,,). Data are given as mean = S.E; n = 6.

than that of wild type channels, suggesting a higher propensity
of ChAV?®¢ t0 open (AG = 1.5 = 0.5 kcal/mol). This result was
further substantiated by the lower V,, 5 (44 = 6 mV) of ChAY?%¢!
than TRPMS (100 = 4 mV) in the presence of menthol (Table
1). Furthermore, ChAY?®**" displayed voltage-independent gat-
ing at negative potentials in the presence of the agonist (Fig. 54,
right panel), consistent with a partial coupling of the pore to the
menthol sensor. The maximal conductance in the absence of
agonist was similar to that in its presence, in accordance with a
lower free energy for voltage gating of this mutant.

Additional mutations of ChA  (ChAVY986l/Q987A
ChAV986I/Q987A/E988Q’ and ChAVQSGI/Q987A/E988Q/N989E) alSO
produced voltage-gated and menthol-sensitive ionic currents
(Fig. 5, B-D) that were similar to those recorded for ChAVY9%¢!,
In the absence of the agonist, analysis of the G-V curves, how-
ever, revealed a progressive shift toward more depolarizing
potentials with the cumulative mutations, reflected in an
increase in the V, ; (128-180 mV) and AG (1.8 -2.9 kcal/mol)
until reaching the value of the ChB (Table 1). Notably, the
cumulative mutations reduced by 40% the maximal conduc-
tance evoked by depolarization as compared with the maxi-
mum conductance in the presence of menthol (Fig. 5, B—D, and
Table 1). The z, values were not significantly affected.

In the presence of menthol, all chimeric mutants displayed a
leftward shift in the G-V curve (Fig. 5, B-D, right panels),
reflecting a lower free energy for activation (Table 1). In addi-
tion, incorporation of these additional mutations in ChA pro-
gressively eliminated voltage-independent gating evoked by the
agonist, as evidenced by the decrease in the conductance at
hyperpolarized potentials (Fig. 5, B—D, right panels).

To further evaluate the role of Val®®® reverting the constitu-
tive activity of ChA, we mutated 1986V in ChB. As depicted in
Fig. 5E, mutant ChB'*¢Y responded to voltage and menthol
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stimuli. The values of V{5, z,, and AG in control conditions
were similar to those of TRPMS (Table 1). However, the chan-
nels exhibited a diminished response to menthol as suggested
by the increase of the free energy required to open the channel
(1.1 = 0.4 kcal/mol for TRPMS versus 2.1 *= 0.1 kcal/mol for
ChB'™®¢Y). These results imply that, in addition to V986, other
residues in ChB contribute to compensate the constitutive
activity of ChA.

We next sought to determine which mutations other than
V986l could revert the overactive phenotype of ChA. To this
end, mutations Q987A, E988Q, N989E, and N990S were intro-
duced individually in ChA (Fig. 6). Functional analysis of these
mutants revealed that ChA?®®*”* and more conspicuously
ChAF®#8Q exhibited an inward current upon removal of
DDO01050 (Fig. 6A). This is consistent with the presence of con-
stitutive activity, notably larger for ChA®%5¥Q We could deter-
mine the G-V relationship for ChA?®%”# in the absence of men-
thol, but not in the presence of the agonist because the ionic
current did not allow to properly voltage-clamp the cells. Volt-
age-dependent gating of ChA*”# rendered V, . and AG val-
ues that were half those of wild type channels (Fig. 6, D-F,
Table 1).

Notably, mutations ChAN8?F and ChAN?%% abolished the
constitutive activity of ChA, and the resulting channels were
gated by voltage and menthol (Fig. 6, Band C). The V, ; and AG
for channel opening in the absence and presence of menthol
were significantly smaller than for wild type channels (Fig. 6,
D-F, Table 1). These mutants display G-V relationships shifted
toward lower voltages, consistent with a facilitated gating mecha-
nism, presumably because of the YO81E mutation. Taken together,
these results indicate that the constitutive activity of ChA can be
compensated by mutations in the adjacent region (amino acids
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FIGURE 5. Functional characterization of ChA cumulative mutations to produce ChB. A-£, representative ionic currents elicited by a voltage step protocol

inthe absence and presence of 1 mmmenthol recorded from HEK293 cells expressing chimeric channels ChAY9%¢! (4), ChAV286VQ987A (B) Ch

AV985I/Q987A/E988Q (O
'

ChAV986/Q987A/E9BBQ/NISOE (1) and ChB'?®%V (E). Right panels show the normalized G-V relationship for mutants in the absence and presence of the agonist. Solid
lines depict the best fit to a Boltzmann distribution to obtain the V;, s and z, values. Conductance was normalized with respect to the maximal conductance
obtained in the presence of 1 mm menthol (denoted as G,,,,). Data are given as mean + SE;n = 5.

986 -990), suggesting that this linker region in the TRP domain is
pivotal for coupling stimuli sensing to pore opening.

Effect of Hydrophobic Residues at Val®*® in Chimera A—A
remarkable finding of this study is that substitution of Val®®®
with a slightly larger hydrophobic residue (Ile) had such an
important impact on ChA constitutive activity, restoring regu-
lated channel gating. Thus, to learn more on the molecular
requirements of Val®*® and in general of the region 986 -990,
we next studied the effect of introducing larger (ChAY?%¢F),
similar (ChAY?®°"), and smaller (ChAY?%%4) residues than Ile.

28586 JOURNAL OF BIOLOGICAL CHEMISTRY

These mutants were expressed well in HEK293 cells without
requiring the addition of the channel blocker (Fig. 7). Akin to
ChAY?%¢L they exhibited voltage-dependent responses in the
absence and presence of menthol (Fig. 7, A-C). As seen, chi-
mera ChAY?%¢4 produced lower ionic currents than the other
two chimeras. The smaller responses of ChAY?#¢* were not due
to a reduced surface expression because all chimeric species
were expressed to a similar level (data not shown). Comparison
of the G-V relationships of ChAY?%¢! and ChA"Y“%¢* showed
that introduction of Ala shifted the curve toward depolarizing
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FIGURE 6. Mutation of residues GIn®?’-Asn®° identify residues in ChA that restore regulated gating. A, representative ionic currents of ChA%97# and
ChAF?882 mytants at —60 mV upon washing out 10 um DD01050. B and C, representative ionic currents elicited by a voltage step protocol in the absence and
presence of 1 mm menthol recorded from HEK293 cells expressing chimeric channels ChAN?8%E (B) and ChAN?°A (C). Right panels show the normalized G-V
relationship for mutants in the absence and presence of the agonist. Solid lines depict the best fit to a Boltzmann distribution. D-F, values of V,, 5, z;, and AG in
the absence and presence of menthol, derived from the fit to the Boltzmann distribution. Data are given as mean * S.E; n = 5.

potentials (Fig. 7A), with a V,, ; and AG that were closer to those
of wild type channels (198 = 3 mV and 3.5 = 0.2 kcal/mol)
(Table 1). However, at variance with TRPMS, the maximal con-
ductance in the absence menthol was similar to that in its pres-
ence (Fig. 7A). Furthermore, the ChAV**** displayed a lower
sensitivity to menthol than ChAY***' and TRPMS, as evidenced
by its higher free energy of channel activation in the presence of
the agonist (Fig. 7F).

Incorporation of leucine (ChAY?*“™) rendered ionic channels
with phenotype and biophysical properties similar to ChAY?5¢!,
except for the lower magnitude of the voltage-independent
component at hyperpolarized potentials (Fig. 7B). Accordingly,
the energetics of channel gating of ChAY?*¢" was similar to
ChAY?%¢L with V, . and AG values lower than wild type chan-
nels (Fig. 7, D—F, Table 1).

Increasing the volume of residue at Val®®*® (ChAY?%¢F)
yielded ion channels exhibiting gating properties close to
TRPMS channels that resulted from a shift of the G-V curve
toward more depolarizing potentials than ChAY**¢" (Fig. 7,
C-F,and Table 1). Taken together, these results indicate a size-
dependent effect on channel gating of ChA, whereby a Val res-
idue at position 986 in ChA produces constitutively active ion
channels, and lower or higher amino acids restore regulated
gating as a function of the residue volume as evidenced for Ala,
Ile, Leu, and Phe substitutions. Thus, it appears that amino acid
Val®®¢is located in a hydrophobic pocket that pivotally contrib-
utes to define the energetics of channel opening.
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Mutations of Val®®*® in TRPM8 Modulate Gating—Because
mutations in Val®®® restored regulated channel gating in ChA,
we next investigated the impact of mutating this position in
wild type channels. Substitution of Val®*® by Ala, Gly, and Phe
(V986A, V986G, VI86F) rendered non-functional channels, as
no response could be recorded in the absence and presence of
menthol (Figs. 8, A, B, and E). Next, we concentrated on intro-
ducing Ile and Leu residues that had a similar effect on ChA. As
illustrated in Fig. 8C, replacement of Val®®*® by Leu (V986L),
produced ion channels that displayed a G-V curve displaced to
stronger depolarized potentials than wild type channels (Fig. 8,
F-H). The maximal conductance for V986L in the presence of
menthol had to be estimated from the G-V fit because it was not
reached by depolarization up to 240 mV (Fig. 8C). Conse-
quently, the energetic of V986L mutants was significantly larger
than that of TRPMS, both in the absence (240 mV for V,, . and
6.1 kcal/mol for AG) and presence of menthol (160 = 12 mV
and AG = 3.5 = 0.5 kcal/mol). Intriguingly, when Ile was intro-
duced at Val®®® (V986]) the channels exhibited a similar voltage
sensitivity as TRPMS8 (Fig. 8D). Analysis of the G-V relationship
showed curves that were akin to wild type, including partial
activation of the channel in the absence of agonist (60% of G,,...)
(Fig. 8D). The biophysical parameters of channel activation
were comparable with those of the wild type channels (Fig. 8,
F-H, and Table 1). Collectively, these observations further sub-
stantiate that the position of Val®®® is involved in setting the
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FIGURE 7. Effect of mutations V986A, V986L, and V986F on ChA constitutive activity. Representative ionic currents elicited by a voltage step protocol in
the absence and presence of 1 mm menthol recorded from HEK293 cells expressing chimeric channels ChAY984 (), ChAY98¢" (B), and ChAY?®¢F (). Right panels
show the normalized G-V relationship for the mutants in the absence and presence of agonist. Solid lines depict the best fit to a Boltzmann distribution to obtain
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Gnax)- F, free energy of channel activation at 0 mV assuming a simple two-state model for gating. Data are given as mean =* S.E,; n = 4.*, p < 0.05 using the
Student'’s t test.
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energetic channel activation, probably by contributing to define
the allosteric mechanism of channel activation.

Mutation of the TRP Domain of TRPMS8 Alters Allosteric
Coupling for Channel Activation—TRPMS8 gating has been
described to be a complex allosteric mechanism involving sev-
eral states that functionally couple the activating stimuli to the
channel gate (19, 20, 38). Although a two-state model describes
fairly well the energetics of the gating process of our TRPM8
chimeras by voltage and menthol, this represents a simplifica-
tion of the real mechanism of channel gating. Thus, we also
evaluated our functional data using an allosteric model for volt-
age and menthol gating. Akin to other studies (19, 20, 27), we
have assumed the existence of independent sensors for voltage,
menthol, and temperature (Fig. 94). Because all our measure-
ments have been carried out at 30 °C, we considered that the
temperature sensor was in its resting state and marginally contrib-
uted to voltage and menthol gating. Under these conditions, and
accepting that voltage and menthol sensors move simultaneously,
an 8-state allosteric model is required for describing the gating
mechanism (19, 20, 27) (Fig. 94). According to this model, the
probability of channel gating is given by the relationship,

:
(1 +J+ Q+ JQE)
L(1 + JD + QP + JDQPE)

P,(V, menthol) =
1+

(Eq.2)

where J, Q, and L are the equilibrium constants of the voltage
sensor, the menthol binding site, and the pore, respectively; D
and P are the coupling constants of the voltage and menthol
sensors to the pore; and E is the coupling constant between
both sensors (Fig. 94). For the voltage sensor, J = J, exp(z,FV/
RT), where J, is the equilibrium constant at 0 mV and z, is the
gating valence. Similarly, for the menthol sensor Q = [men-
thol]/K},, where K, is the menthol dissociation constant, which
is different from the EC,, obtained from a dose-response curve
(20, 27). Notice that, in the absence of ligand, the open proba-
bility for voltage is given by Equation 3.

1

O+
BCEDD),

Py(V) = (Ea.3)

We first fitted the normalized G-V curves for voltage activation
of TRPMS8 wild type to Equation 3 to determine the values of
equilibrium constants L and J,. Using a z, of 0.7 (Table 1), the
best fit for the G-V at 30 °C was obtained with the following
values for the constants: J, = 0.002, L = 0.015, and D = 107 (Fig.
9B). Notice that the maximum probability of channel gating
according to Equation 3is givenby P, .. (V) = 1/(1 + (1/LD)),
which renders a value of 0.6 akin to the normalized G,
obtained in the Boltzmann fit (Fig. 2). We next analyzed the
normalized G-V curves for chimeric channels (Fig. 9B). As
depicted in Table 2, for chimeras ChB and ChC the values of
and L were similar to those of wild type channels, whereas the
value of D was higher than wild type for ChB (D = 256) and
lower for ChC (D = 40). These values are consistent with the
larger and smaller voltage sensitivity of both chimeras.
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FIGURE 9. Simulation of G-V curves for chimeric and mutant channels
using allosteric gating model. A, proposed 8-state allosteric model of chan-
nel activation that assumes the presence of three sensors for the activating
stimuli (V, T, and M), and the pore. The voltage and temperature sensors may
be in the resting (R) or activated (A) state, the menthol sensor in the unbound
(U) or bound (B) state, and the gate in the closed (C) or open (O) state. State
transitions are governed by equilibrium constants J, K, Q, and L. Activating
sensors are coupled to the channel gate by coupling constants D, M, and P;
and to each other by coupling constants E, E;, and E,. The figure depicts the
normalized G-V curves obtained for TRPM8 chimeras in the absence (B) and
presence (C) of 1 mm menthol. Solid lines depict the best fit to the allosteric
models. Normalized G-V curves in the absence of menthol were fitted to
Equation 3, and results are reported in Table 2. Normalized G-V curves in the
presence of menthol were fitted to Equation 2 fixing the values for the equi-
librium constants obtained in the absence of the agonist. The value of £ was
kept constant to 1.0. The values obtained for allosteric constants Pand D and
free energy are depicted in Table 2.

In the absence of ligand, mutations carried out in ChA until
reaching the ChB sequence further substantiate a major effect
on the allosteric constant D, with more modest alteration of the
equilibrium constants (Fig. 9B, Table 2). A comparable result
was obtained for mutants Y981L and V986l in TRPMS8. Muta-
tion of V986L in TRPMS, which poorly responds to voltage, also
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TABLE 2

Values of equilibrium and coupling constants for TRPM8 and mutant channels in the absence (control) and presence of 1 mm menthol obtained

from the fitting of the G-V curves to an allosteric model of gating

: L D P D
TRPMS 0.062 0.015 107 26 \ 2,000
Y981L 0.0005 0.003 1,250 124 1,300
ChAY*3! 0.003 0.010 2,100 79 \ 1,855
ChARBLoEA 0.005 0.020 2,400 195 2,400
ChA Vo86VQ987A/ESSQ 0.005 0.010 650 147 \ 1,500
Gn e 0.002 0.005 1,000 114 1,900
ChB 0.003 0.010 200 35 \ 500

ChC 0.003 0.030 30 13 90

ChAY*3¢F 0.0001 0.002 20,000 107 \ 20,000
ChA o8¢t 0.002 0.01 3,500 40 3,500
ChAVo86a 0.0003 0.004 6,800 162 \ 7,000
V9861 0.001 0.007 780 Sl 8,000
VIS6L 0.000003 0.010 1,260 11 ‘ 20,000

displayed an effect on J;, (Table 2), most likely due to the partial
activation of this mutant. Similarly, substitution of Val®®*® in the
ChA context mainly affected allosteric coupling constant D,
although for mutants ChAY?#¢* and ChAY?*“F and alteration of
Jo is also noticeable, suggesting that this position may be inter-
acting with the voltage sensor. Taken together, these results
imply that mutation of the TRP domain primarily affects the
allosteric coupling constant between the voltage sensor and
the pore, with a modest effect on the equilibrium constant of
the voltage sensor.

Simulation of the conductance data in the presence of men-
thol was carried out using Equation 2, assuming that both sen-
sors activate independently, i.e. E = 1.0. For this analysis, the
values of z,, /,, and L were maintained constant and equal to
those obtained in the absence of the channel agonist. The value
of K, was also kept constant to 10 mm (20). For TRPMS, the
addition of 1 mm menthol at 30 °C shifted the G-V toward a
hyperpolarized potential (Fig. 2). This change is well described
by Equation 2 with the following values z, = 0.5, J, = 0.002, L =
0.015, P = 26, and D = 2,000, implying that the presence of
agonist mainly modified the coupling constant for the voltage
sensor (Fig. 9C), consistent with the leftward shift of the G-V
curve elicited by the agonist. We also tested the effect of keep-
ing constant the value of D, and estimated the E and P values.
Under these conditions, we found P = 18 and E = 55. Thus, it
appears that at 30 °C TRPMS gating in the presence of menthol
was primarily driven by the voltage sensor. Consistent with this
notion, TRPMS in the presence of menthol did not exhibit a
voltage-independent conductance at hyperpolarized poten-
tials. Therefore, we evaluated the G-V curves of mutants keep-
ing E = 1.0 (Fig. 9B). Inspection of the results (Table 2) showed
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that, similar to wild type channels, menthol primarily increased
the value of the allosteric coupling constant D in the chimeras
and mutant channels. Collectively, these findings further indi-
cate that the main impact of mutations in the TRP domain is to
modulate allosteric channel activation.

DISCUSSION

The gating process of polymodal thermo-TRP channels such
as TRPMS is governed by a complex mechanism involving
allosteric conformational changes that leads to channel gate
opening. Cumulative data indicate that the TRP domain, a cyto-
solic protein region adjacent to the S6 transmembrane segment
plays a pivotal role in channel gating. In TRPV1 receptors, the
TRP domain was originally identified as an association domain
essential for assembling the functional tetrameric channel (26).
Furthermore, mutations in this domain in TRPV1 profoundly
affected channel gating by all the activating stimuli (22),
through a mechanism that involved the modulation of the allo-
steric coupling between the sensors of the activating stimuli
and the channel gate (27). These finding were structurally sup-
ported by the publication of a three-dimensional model of
TRPV1 at 3.4 A derived from cryoelectron microscopy images
(29, 39). This structural model depicts the TRP domain as an
a-helix that runs parallel to the inner leaflet of the plasma mem-
brane, interacting with cytosolic regions of the channel, includ-
ing the S4-S5 linker (Fig. 14). This architecture of the TRP
domain is consistent with its reported role in TRPV1 gating (22,
26, 27), as it is involved in key intersubunit and intrasubunit
interactions that are fundamental for allosteric gating in
response to an activating stimulus.
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A question that arises is whether the TRP domain plays a
similar role in other thermo-TRP channels, thus substantiating
its central contribution to allosteric activation in this channel
family. The most significant contribution of our study is that
the TRP domain of TRPMS and, in particular, the linker region
between the S6 transmembrane segment and the TRP box is
essential for allosteric activation of the channel. Our approach
consisted of replacing 5-mer segments of TRPMS by the cognate
amino acids of TRPV1 to evaluate the compatibility of both
sequences for channel gating. Noteworthy, we found that substi-
tution of the five residues adjacent to the S6 segment (ChA) pro-
duced constitutively active TRPM8 channels, whereas incorpora-
tion of the next five amino acids (ChB) restored voltage- and
menthol-dependent gating. Additional replacements (ChC) sensi-
bly reduced voltage and menthol sensitivity and raised the free
energy for channel activation. Simulation of the experimental
data with an allosteric model of channel activation suggested
that alteration of this region primarily affected the allosteric
coupling constants for channel activation. Taken together,
these findings imply that: (i) akin to TRPV1 channels, the TRP
domain of TRPMS is pivotal in defining the energetic of chan-
nel activation, and (ii) the linker region between the S6 and the
TRP box of TRPMS is structurally compatible and can be read-
ily substituted with that of TRPV1. A fine tuning appears nec-
essary to preserve the voltage- and menthol-dependent gating
properties of the wild type TRPMS8 channels, suggesting a con-
served gating mechanism in thermo-TRP channels.

A closer structure-function analysis of the S6- TRP box linker
region revealed that residue Tyr®' is a key molecular determi-
nant of TRPMS gating. Residues Val®®®, Asn”®°, and Asn®*°
contributed to define the regulated gating of the chimeric chan-
nel ChB. For instance, mutation of Y981E is the principal resi-
due contributing the constitutive activity of ChA. Noteworthy,
mutation of this residue in TRPMS8 channels has profound
effects in gating. Indeed, replacement of Tyr”®' by Glu or Lys
leads to constitutively active TRPMS8 channels, whereas substi-
tution by Phe renders non-functional channels, despite that the
protein is synthesized and transferred to the plasma membrane
in a similar amount as wild type channels. This result is com-
patible with a complete uncoupling of the channel gate from the
voltage and menthol sensors, such that neither stimulus is able
to open the channel. However, mutation of Tyr*®' to Leu pro-
duced functional TRPMS8 channels although with lower sensi-
tivity to both activating stimuli, thus displaying higher free
energy for channel activation than wild type channels. Taken
together, these data support the tenet that Tyr”®! is a structural
determinant of channel gating that pivotally contributes to
define the energetic profile of the inner gate.

It is noticeable that mutation V986I, N989E, and N990S in
ChA, partially Q987A, but not E988Q restored regulated gat-
ing, implying that these mutations affect channel gating and
compensate the constitutive activity of ChA. Notably, single
mutation of V986l in ChA restored regulated channel gating,
whereas additional mutations in the ChA context until reach-
ing the ChB sequence primarily modulated the energetic of
channel gating by shifting the G-V relationships toward more
depolarized potentials. Analysis of the hydrophobic amino acid
preference at Val®®*® in ChA revealed that smaller (Ala) and
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larger (Phe) amino acids than Leu and Ile produced channels
with gating properties closer to wild type channels, suggesting
that the size of the residue is important for restoring coupling to
the ChA chimera. Intriguingly, substitution of Val®®® in TRPMS
wild type channels by Ile marginally affected the free energy of
channel activation. However, when a Leu was introduced at this
position in TRPMS, a significant increase in the free energy of
channel gating was observed, indicating a fine-tuning of amino
acid at this position for activation of TRPMS8 channels.

A central question emerges, is the location of Tyr”®" and
Val®®® in the receptor structure compatible with the functional
impact of their mutation? To investigate this question, we built
homology models for TRPMS taking as a template the recently
reported TRPV1 models in the absence (closed state) and pres-
ence of capsaicin (open state) at 3.4 A (29, 39). The models
encompassed the 654 to 1016 region, including the transmem-
brane segments and the TRP domain but excluding the S2—-S3
linker and the pore loops. Although structural models have to
be used with caution, they are valuable tools that may help in
understanding the functional consequences of mutations. As
seen in Fig. 10, Tyr®®! is located at the end of the S6 transmem-
brane segment, close to the channel internal gate. In the chan-
nel closed state, this residue lies in a hydrophobic cavity struc-
tured by the four-channel subunits, and could be involved in
inter-subunit interactions with GIn®®” of neighbor subunits
(Fig. 10, A, C, and D). This location appears compatible with a
contribution of this residue to define the energy profile of the
closed state of the channel.

In the open state, our model suggests an outward movement
of Tyr”®" and GIn®®” that breaks their interaction, resulting in a
widening of the C-end of S6 (Fig. 10, B, E, and F). This confor-
mational change locates Tyr®! in a more hydrophilic environ-
ment. This mechanism of gating provides an explanation for
the phenotypes of Tyr”®' mutants. Hence, incorporation of Glu
or Lys residues at Tyr”®' would be expected to provoke a con-
formational change near the C-end of S6 to accommodate the
charged side chain in a more hydrophilic environment. This
conformation would be presumably similar to that adopted by
Tyr®®! in the open state, thus disrupting the interaction with
GIn®®*” and leading to the open state (Fig. 10D). Consistent with
this hypothesis, substitution of Tyr®' by Phe would strengthen
the hydrophobic interactions in the cavity, inducing the stabi-
lization of the channel gate in the closed state, in accordance
with the finding that Y981F requires unreachable voltages for
activation. Mutation of Tyr”®' to the smaller Leu residue also
supports this tenet, as this mutant displayed higher free energy
of activation than wild type channels, in agreement with the
stabilization of the closed state. Further support to this mech-
anism is provided by the theoretical AAG of the interaction
between the amino acid at position 981 and its environment.
Compared with wild type (AAG = 0 kcal/mol), the AAG reveals
that Y981E increased the AAG by +2.8 kcal/mol, whereas
Y981F reduced the free energy of the system to —0.81 kcal/mol,
and Y981L did not have a noticeable effect (AAG = —0.18 kcal/
mol). Therefore, our findings substantiated the notion that
Tyr’®! is a key structural determinant of the inner gate ener-
getic profile.

981
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A

FIGURE 10. Tyr®" location in the TRPM8 homology model. Side view of the TRPM8 homology model in the closed (A) and open (B) states based on the

structure of TRPV1. The region where Tyr®®’

are indicated for clarity. C and E, magnification of the rectangle delimited region in A. The residues surrounding Tyr

resides is delimited by a rectangle and the residue is shown in sticks presentation. The different structural elements

981 are presented in surface representation

and colored by chain. Subunits not involved in the interaction were removed for clarity. D and F, rotated view (45° with respect to the plane of the membrane)

of Cand E, respectively.

The position of Val®®® in the channel structural model
appears also compatible with its role in gating. This residue,
together with Asn®®*® and Asn®®, lies on a contact region
between the TRP domain and the S4-S5 linker (Fig. 10, A-C).
In particular, Val?®® is located in a hydrophobic contact with
the appropriate dimensions to hold a valine. It can also accom-
modate Ile and less favorably a Leu residue, consistent with the
modest effect of V986l and the stronger impact of V986L
mutants in TRPMS gating. Furthermore, this cavity appears too
large for Ala and overly small for Phe and, therefore, mutation
of Val®®® to these residues would be expected to have a pro-
found effect on the free energy of channel activation, as
observed when these amino acids were introduced at this posi-
tion in the context of ChA. In the model predicted open state,
Val®®® appears to move away from S4-S5 propagating the
movement of the voltage and menthol sensors to the pore
domain, which favors the opening of the channel inner gate.
Note that the putative interaction of Val”®® with residues in the
S4-S5 segment suggests a key role of this residue in the allos-
teric coupling of voltage sensor movements to the channel
pore. In support to this notion, mutation of Val®*® in TRPMS
and ChA strongly affected the allosteric coupling constant of

28592 JOURNAL OF BIOLOGICAL CHEMISTRY

voltage sensing, and for some mutants also reduced the equilib-
rium constant of the putative voltage sensor, consistent with a
direct interaction of this residue with parts of the voltage sens-
ing domain, i.e. the S4—S5 linker.

The query that remains to be answered is how could mutations
in Val®®®, Asn®®*?, and Asn”* rescue regulated gating of ChA that
has the Y981E mutation. Considering the available structural
model and our functional results, it is tempting to hypothesize that
introduction of the larger Ile at Val?®*® could strengthen the inter-
action with the S4-S5 linker (through Arg®* and Met®*® in our
model) compensating partly for the conformational change pro-
moted by Glu at Tyr”®'. As a result, the closed state of the channel
would be partially stabilized. The stronger the interaction of the
TRP domain with the S4—S5 linker, the higher the energetic sta-
bilization of the closed state, as seen when Phe is placed at Val®®®. It
follows that smaller amino acids than Val should favor a confor-
mational change that facilitates channel opening. However, the
opposite is seen, as replacement of Val*®*® by Gly in TRPMS gave
rise to unresponsive channels, and mutation V986A in ChA
produced channels that require high energy for activation. It is
plausible that these small amino acids strengthen interaction of
the TRP domain with the S4—S5 linker by partially collapsing
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Closed

TRPMS8

ChA

Open
Stimuli

&

FIGURE 11. Putative TRPM8 gating mechanism. Schematic representation of the TRPM8 pore forming segments, TRP domain, and S4-S5 loop. A, at resting,
the thermal energy is not sufficient to disrupt TRP domain/S4-S5 linker intrasubunit hydrophobic interactions (green cloud) keeping closed the channel in
TRPMS8 (red cloud). The released energy upon stimuli recognition disturbs this hydrophobic interaction provoking a conformational change in the TRP domain
that, in turn, disrupts intersubunit interactions near the channel pore provoking its opening. B, in ChA, the intersubunit interactions near the gate are
significantly debilitated (faint red cloud) by mutation Y981E destabilizing the closed state and the thermal energy suffices to open the channel gate. C, mutation

V986! in ChA may strengthen the TRP domain/S4-S5 linker intrasubunit interactions (faint green cloud), which in turn may stabilize intersubunit interactions

981

near Tyr”®! stabilizing the closed state of the channel.

the volume of the hydrophobic cavity where position 986
resides. Similarly, the residues at positions 989 and 990 may
affect the strength of that interaction, as they also have contacts
with the S4-S5 linker. Therefore, our functional data, along
with the modeled structure for the channel, substantiate the
tenet that interaction of the TRP domain and the S4-S5 loop is
pivotal for allosteric coupling of the voltage sensor and the gate
of the channel. Nonetheless, additional structure-function data
are required to demonstrate this hypothesis.

In conclusion, our findings suggest that the S6-TRP box
linker of TRPMS8 may contribute to a constellation of inter- and
intrasubunit interactions that are essential for TRPMS8 gating.
Furthermore, they are consistent with a model whereby the
TRP domain constrains the channel gate and also serves to
couple movements of the S4—S5 loop to the pore domain (Fig.
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11). The conformational change provoked by the activating
stimuli in the sensors is coupled to that of the S6-TRP box
linker, which in turn might break intersubunit interactions in
the region of Tyr®®!, favoring the channel opening. In this pro-
cess, the interplay of Tyr®®" and with the residues that delineate
the TRP domain and the S4 —S5 loop appears pivotal for a volt-
age- and menthol-evoked response in TRPM8 channels. Our
finding also signal the TRP domain and S4-S5 protein inter-
face, as well as intersubunit interactions at the end of S6 as sites
for pharmacological intervention, and provide a potential
mechanism for blocking activity of the TRPducins (28).
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ABSTRACT: Using nanopipettes to locally deliver molecules to the surface
of living cells could potentially open up studies of biological processes down pressure
to the level of single molecules. However, in order to achieve precise and
quantitative local delivery it is essential to be able to determine the amount
and distribution of the molecules being delivered. In this work, we investigate
how the size of the nanopipette, the magnitude of the applied pressure or
voltage, which drives the delivery, and the distance to the underlying surface
influences the number and spatial distribution of the delivered molecules.
Analytical expressions describing the delivery are derived and compared with

' Applied voltage/
Concentration profile

the results from finite element simulations and experiments on delivery from

a 100 nm nanopipette in bulk solution and to the surface of sensory neurons. We then developed a setup for rapid and
quantitative delivery to multiple subcellular areas, delivering the molecule capsaicin to stimulate opening of Transient Receptor
Potential Vanilloid subfamily member 1 (TRPV1) channels, membrane receptors involved in pain sensation. Overall, precise and
quantitative delivery of molecules from nanopipettes has been demonstrated, opening up many applications in biology such as
locally stimulating and mapping receptors on the surface of live cells.

he ability to controllably deliver molecules to the surface

of living cells with nanometer precision allows for the
study of biological processes with a high resolution,
theoretically down to the level of single molecules." This can
be achieved by applying pressure and/or voltage to a
nanopipette positioned in proximity of the surface of a cell.
However, in order to develop a precise and quantitative
nanodelivery system, it is crucial to describe the amount and
the distribution profile of reagents being delivered from the
nanopipette. The aim of this work is to investigate how the
delivery of molecules from a glass nanopipette is affected by
different parameters such as the applied pressure/voltage and
the distance to the underlying surface and implement a method
for fast and quantitative delivery to multiple subcellular
structures.

Historically, local delivery of molecules to cells relied on
microiontophoresis where charged compounds contained in
glass micropipettes of few micrometers in diameter are
delivered under the application of an external voltage.> This
method is today routinely used, especially for the admin-
istration of neuroactive compounds both in vivo and in vitro

-4 ACS Publications  © Xxxx American Chemical Society

with single cell resolution.*”> However, due to the comparable
size of the micropipette opening with the cell area, micro-
iontophoresis could not target a specific area within the cell
surface. In addition, absence of any feedback control that
maintains a constant distance between the pipettete and the cell
surface prevented quantitative delivery.”” To overcome these
limitations different groups started to combine delivery devices
with scanning probe microscopy methods.*” In particular the
integration of nanopipettes into a scanning ion conductance
microscopy (SICM) allowed the creation of molecular arrays
and local stimulation and mapping of molecular complexes
outside and inside living cells.'"~"

The basic SICM setup consists of a nanopipette filled with an
electrolyte solution that is immersed in an electrolytic bath. An
electrode is introduced in the nanopipette and a reference
electrode is placed in the bath. The ion current flowing between
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the two electrodes depends on the tip—substrate separation and
is used as a feedback signal to precisely control the distance
between the nanopipette and the sample. If this distance is set
constant and the nanopipette is scanned across a surface, a
topograéphical image can be reconstructed in a true non-contact
mode.'®™"® Recent improvements in SICM protocols allowed
the study of biological processes in living cells with high spatial
and temporal resolution."” >* This high resolution can be
combined with delivery of reagents through the tip of the
nanopipette via electrophoresis and electroosmosis (“nano-
iontophoresis”) or by using pressure.

The amount of molecules being delivered will depend on the
magnitude of the flow out of the pipettete, which in turn
depends on the characteristics of the nanopipette, and can be
regulated by varying the applied pressure/voltage. At low flow
rates the concentration of molecules outside the nanopipette
can be several orders of magnitude lower than the bulk
concentration inside the nanopipette. When the flow rate
increases, so will the concentration of molecules outside the
pipettete, eventually reaching the same concentration as inside.
Increasing the flow rate will also result in a larger region being
exposed to the delivered molecules. In addition, the
concentration being applied to different parts of a surface will
also depend on the distance between the pipettete tip and the
surface. When the nanopipette is far from the surface the
concentration profile is broad, whereas it becomes progressively
more localized as the pipettete approaches the surface. It is
therefore necessary to be able to predict the concentration
profile from the applied voltage/pressure and the distance to
the surface in order to achieve controlled and quantitative local
delivery of molecules. Different groups have made theoretical
models or simulations to describe the concentration outside a
pipettete due to a voltage gradient being applied over the
pipettete.”>** However, the effect of an underlying surface and
the use of pressure to deliver molecules from the pipette have
to our knowledge not been thoroughly analyzed.

In this work we investigate how the delivery of molecules
from a glass nanopipette is affected by the size of the pipette,
the applied pressure/voltage, and the distance to the underlying
surface, using both theoretical arguments and finite element
simulations. A robust delivery platform for local delivery of
molecules to subcellular areas was next developed by
integrating the nanopipette in an SICM setup. This provides
the distance control required for the quantitative delivery of
reagents as well as a way to automate the local delivery in a set
of rapid experiments. The obtained analytical expressions and
the local delivery system were finally used to (i) map the
concentration profile of the electro-active molecule ferrocene-
methanol (FcCH,OH) outside a 100 nm diameter pipette and
(ii) locally stimulate various neurites on dorsal root ganglia
(DRG) sensory neurons by delivering capsaicin, an activator of
Transient Receptor Potential Vanilloid subfamily member 1
(TRPV1) channels. The function of TRPV1 channels is to
sense and regulate temperature, but they are also involved in
noxious heat detection and pain sensation®>* and play an
important role in pathophysiological conditions related to
inflammatory or neuropathic pain such a migraine, inflamma-
tory bowel disease, chronic intractable pain secondary to
cancer, and diabetes.”’

B MATERIALS AND METHODS

Numerical Simulations. COMSOL Multiphysics 4.3
(COMSOL AB, Stockholm, Sweden) was used to simulta-

neously solve for the concentration, flow velocity, and electric
field in the studied system. The geometry used for the
simulations is shown in Figure 1, utilizing the cylindrical

z=500R+*ht— P 3 ———
g . 5
5 5.7 E
: 6. E
h :
1. i R, s 3.
: R {
z=0
r=0 4 r=500R,

Figure 1. Geometry used in the finite element simulations,
corresponding to the radial cross section of a pipette (white).

symmetry to transform the three-dimensional problem to a set
of partial differential equations in two dimensions. The
following values for the pipette parameters were assumed: 6
= 3° R, = 50 nm, and Ry/R, = 0.58.

The electrical potential, ¥, was determined using the
Electrostatics module for the 2D axisymmetric case, which solves
Laplace’s equation for W. The following boundary conditions
were used (see Figure 1 for numbering of the boundaries): (1)
axial symmetry, (2) the electric field in the z-direction given by
E, = Eyp (3) ¥ = 0, and (4-7) the “zero charge” condition
(n-V¥ = 0, where n is a unit normal to the boundary). The
electric field E,, is related to the total voltage drop, AY, over

cectric e'd By
e pipette by

E 0 R 0]

AY =¥, + _top” top
tan(0) (1)
where W, is the average value of the voltage, and Ry, is the

length of boundary 2. The value of E,,, was chosen as input
value for the simulation, where E,, = 1360 V/m gives A¥Y = 1
Vand ¥, = 0.96 V.

To determine the liquid flow velocity, u, in the system
Navier—Stokes equations for creeping flow were solved using
the 2D symmetric Creeping flow module. The following
boundary conditions were used (see Figure 1 for numbering
of the boundaries): (1) axial symmetry; (2) a velocity given by

2 2
2’(Rtop - r )Q—tot,Ap

u=— R + ”eoEtop e,

o @

top

where Qo , is the flow rate through the pipette due to
pressure-driven flow,” 1., is the electroosmotic mobility, and e,
is a unit vector in the z-direction; (3) p = 0 and no viscous
stress; (4) no-slip; (5—6) a velocity given by

u= ‘ueoEt (3)

where E, is the electric field tangential to the wall (E = —V¥);
and (7) no-slip (or a velocity given by eq 3, which for the
current situation is approximately equivalent to a no-slip
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condition). The flow rate Qo ,, is related to the total pressure

drop over the pipette, Ap, by3on
gthot Ap
Ap=p, + T
371'Rtoptan(9) (4)

where p,, is the average value of the pressure at boundary 2 in
Figure 1.

The Transport of diluted species module in 2D symmetry was
used to calculate the concentration of molecules in and outside
the pipette by solving

2 _
—DV<c + ,uePEVc + uPVc =0 (s)

where ., is the electrophoretic mobility, E is the electric field
determined from the electrostatic stimulations, and u, is the
velocity field from the creeping flow simulations. The boundary
conditions used were (see Figure 1 for numbering of the
boundaries): (1) axial symmetry, (2) ¢ = ¢,, (3) a concentration
given by

¢ = (2 = exp(=Q, /4D (h — =) +r*)
- exp(—=Q,, /47D (h + 2+ %)) (6)

with Q. being the total flow out of the pipette, and (4—7) no
flux. Alternatively, similar results are obtained by using a larger
simulation box and ¢ = 0 at boundary 3.

The simulations were performed such that the electric field
was first modeled, then the liquid flow using the values of the
electric field as input for the electroosmotic flow, and finally the
concentration profile using both the electric field and the
simulated flow velocities. The mesh of the simulations was
chosen sufficiently fine such that no significant change in the
results was obtained using a finer mesh.

Nanopipettes and Nanoelectrodes. Nanopipettes were
pulled with a laser-based pipette puller (Model P-2000; Sutter
Instruments, U.S.). Carbon nanoelectrodes were fabricated by
pyrolytic deposition of carbon inside a quartz nanopipette,
which resulted in the creation of a disk-shaped nano-
electrode.®* A silver chloride pellet was used as reference
electrode for both electrochemical and ion conductance
measurements. The nanopipettes were pulled from borosilicate
capillaries (outer diameter 1 mm, inner diameter 0.58 mm)
from Intracel, UK, resulting in an inner half-cone angle of 0 =
3° and an inner tip radius of approximately R, = 50 nm (see
Figure S-1 in the Supporting Information).*® The nanopipettes
were filled using a MicroFil syringe needle (World Precision
Instruments, U.S.). The resistance of the nanopipettes was
measured before each experiment to ensure that the tip
diameter was close to 100 nm, corresponding to a resistance of
approximately 100 MQ in PBS buffer.**

Experimental Setup. The setup for the SICM and
electrochemical measurements was similar to the setup
previously described by Takahashi et al.>*** A dual channel
Axon MultiClamp 700B patch-clamp amplifier (Molecular
Devices, U.S.) was used to measure the ion current and the
electrochemical Faraday current. A gain of 1 mV/pA and a §
kHz low pass filter was used for the ion conductance
measurements. The electrochemical signal was recorded with
a low-pass filter of 40 Hz. Application of pressure over the
pipette was done using a home-built pressure application setup
and adjusted in real time either using a feedback control similar
to the setup used by Jonsson et al.”’ or manually while

monitoring the pressure with a pressure sensor (Pressure
Monitor 100D, World Precision Instruments, U.S.).

To simultaneously obtain topographical and fluorescence
images, a home-built laser confocal system was incorporated
with the SICM setup. For the concentration mapping in bulk a
473 nm diode laser (LCS-DTL-364; Laser Compact, Russia)
was used as light source and the light was focused onto the tip
of the pipette. Imaging was made with an inverted Nikon
TE200 microscope (Nikon Corporation, Japan), using a 100X
oil immersion objective (NA = 1.3; Nikon Corporation), an
epifluorescent filter block and a photomultiplier with a pinhole
(D-104-814; Photon Technology International, UK.).

For the experiments with neurons a mercury lamp provided
with a blue light filter (460—480 nm) was used to illuminate the
selected neuron, and the fluorescence from the entire cell body
was then collected with a photomultiplier (D-104-814, Photon
Technology International, U.K.) and a green light filter (500—
550 nm). An adjustable slit was used to block light from other
cells. The light was turned off between applications to reduce
photobleaching and cell photodamage.

Mapping the Concentration Profile of FCcCH,OH. Local
delivery of molecules from a nanopipette was achieved by
delivering the electrochemically active molecule FcCH,OH
(Sigma-Aldrich) at different positions over the surface of a
carbon nanoelectrode. The scanning nanopipette was filled with
a PBS solution containing 1 mM FcCH,OH and positioned
above a fixed carbon nanoelectrode, which was held at a voltage
of +500 mV versus the reference Ag/AgCl electrode. The
scanning nanopipette was biased at +200 mV to generate the
ion current used as input signal for the feedback control of the
nanopipette—sample distance, and a constant hydrostatic
pressure of 20 kPa was used to deliver FcCH,OH. The
Faraday current was also measured when having 1 mM
FcCH,OH in the bath outside the pipette, and this value (16
pA) was used to normalize the measured Faraday current to
obtain the relative concentration of FcCH,OH at different
locations outside the pipette.

Cell Culture. Bilateral dorsal root ganglia (DRG) from all
spinal levels were obtained from freshly sacrificed postnatal day
0 to 2 (PO to P2) Sprague—Dawley rats in Dulbecco’s modified
Eagle’s medium (DMEM, Life Technologies, U.K.). Isolation
procedures were in accord with the guidelines of the UK Home
Office Animal (Scientific Procedures) Act of 1986. DRGs were
enzyme-digested in 0.2% collagenase (type I; Sigma-Aldrich)/
0.5% Dispase II (Roche, U.K.) after collection for 30 min at 37
°C and dissociated in DMEM supplemented with 10% fetal
bovine serum (FBS; Invitrogen, U.K.), penicillin (100 U/mL;
Sigma-Aldrich), and streptomycin (100 ug/mL; Sigma-
Aldrich). Neurons were plated on poly-1-lysine and laminin
(20 pg/mL; Sigma-Aldrich) coated glass bottomed plastic Petri
dishes (MatTek Corporation, U.S.) in DMEM supplemented
with 10% FBS, penicillin (100 U/mL), streptomycin (100 ug/
mL), and 50 ng/mL Neuron Growth Factor (NGF; Sigma-
Aldrich). The density was 600—1000 cells/dish, and the media
was renewed every 2 days.

Delivery of Capsaicin to Neurons. Neuronal cultures
were loaded for 20 min at 37 °C with the calcium indicator dye
Fluo4-AM (Molecular Probes, Life Technologies) at 4 M final
concentration in external solution (in mM: 140 NaCl, 4 KCI, 2
CaCl,, 2 MgCl,, 10 HEPES, and 5 glucose, all purchased from
Sigma-Aldrich, at a pH of 7.4) in order to measure calcium
influx through TRPV1 channels after delivery of capsaicin.*
Cultures were thoroughly washed with the same solution at 37
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°C for a further 20 min to allow complete de-esterification of
Fluo4-AM. Nanopipettes were filled with 200 yM capsaicin in
external solution, and a voltage difference was applied over the
pipette to deliver the molecules to the surface of the neurons.
Between delivery points, the nanopipette voltage was kept at
—200 mV to prevent capsaicin from leaking out. This will
decrease the concentration of capsaicin at the tip of the pipette,
but the concentration will rather quickly be replenished again
when the voltage is changed to positive values. This is due to
diffusion counterbalancing the depletion for the conically
shaped pipette. Delivery time was kept between 2 to 5 s to
prevent cell desensitization, and the vertical position of the
nanopipette over the cell was set to 300 nm using the SICM
software. Increasing the delivery time did not give a significant
change in the fluorescence response.

Upon stimulation of DRG neurons via delivery of capsaicin,
the slope of the fluorescence intensity increase was obtained as
a function of the applied voltage. All values were expressed
relative to the saturating capsaicin response. Data were fitted to
the expression

y = a(l + erf((A¥Y — b)/c)) (7)

using MATLAB R2012b (MathWorks, US), where g, b, and ¢
are the parameters to be fitted.

Multipoint Delivery. By using a piezoelectric XY sample
stage, the SICM could also be modified for fast and controllable
multipoint delivery of capsaicin to different parts of a DRG
neuron under computer control. Multiple delivery points were
first manually selected from a 100 ym X 100 ym topographical
and fluorescence image. The XY stage then automatically
moved the sample to each specified delivery point. The
nanopipette, filled with a 100 yM capsaicin solution, was held
at a distance of 12 ym above the surface and approached the
surface to a prespecified height (300 nm) utilizing the feedback
control of the hopping mode.*® The position of the pipette was
kept constant while the nanopipette voltage was switched to a
positive value for the delivery of capsaicin. The local increase in
fluorescence beneath the pipette was measured with surface
confocal microscopy as described previously by Gorelik et al.*®
After delivery the voltage was switched back to its prior setting
(=200 mV), and the pipette was withdrawn before moving to
the next point of delivery.

B RESULTS AND DISCUSSION

Theory. The flux of molecules, J, in any part of the system is
given by

J=-DVc+ (u, + u,, + u,)c (8)

where D is the diffusivity; ¢ is the concentration of molecules;
and u,, u,, and u,, is the velocity field due to pressure-driven
flow, electrophoresis, and electroosmosis, respectively. Integrat-
ing eq 8 over a spherical shell, radius R, with its center at the tip
of the pipette and making the simplifying approximation that ¢
is only a function of R yields

dc(R)

——47R" + (R
T «(R)Q

Qe = —D tot )
where Q,, is the integral of u, + u, + u,, over any cross-section
of the pipette (the total flow leaving the pipette due to pressure
and electric fields), and ¢, is the concentration of molecules in
the bulk of the pipette. It should be mentioned that the true
concentration profile will also contain angular dependent terms,

which close to the aperture of the pipette may have a significant
contribution to concentration profile. However, to estimate the
influence of the different parameters on the concentration
profile at R > Ry, where R, is the radius of the pipette tip, the
expression in eq 9 can be used as a first approximation.
Equation 9 has the following solution:

¢o(R) = ¢o(1 — exp(-Q,,/47DR)) (10)

According to eq 10 there is no difference in the
concentration profile for pressure and voltage-induced delivery
as long as the total amount of molecules being delivered is the
same.

When a voltage difference, AY, is applied over the pipette,
the magnitude of the electric field, E, inside the pipette can
approximately be written”®

R,(2)" (11)

where R, is the radius of the pipette a distance z above the tip
of the pipette. The total flow Q. out of the pipette due to
electrophoresis and electroosmosis is then

Qtot,A‘I’ = ('uep + ﬂeo)ﬂRO tan(g)A‘P (12)

where 6 is the inner half-cone angle of the pipette, and y,,, and
He, are the electrophoretic and electroosmotic mobility of the
molecules, respectively. The electrophoretic mobility is related

to the diffusivity of the molecule by
_ P
¥ s (13)

where g is the charge of the molecule, kg is the Boltzmann
factor, and T is the temperature. The electroosmotic mobility
can be determined from the expression

Ky = —€t L/ (14)

where ¢ is the permittivity of vacuum, { is the zeta potential of
the pipette wall, &, is the relative permittivity of the electrolyte
solution, and 7 is the viscosity of the bulk solution (7 = 1 mPa s
in this work). With { = —20 mV for a glass surface in a ~150
mM Na* electrolyte,37 €, = 80, and n = 1 mPa s, this gives i, =
14 x 107° m*/Vs.

When a pressure drop Ap is applied over the pipette Q. can
be shown to be approximately given by

37R; tan(0)Ap
Qtot,Ap = 8’1 (15)

Since the theoretical concentration profile for both pressure-
and voltage-induced delivery only depends on Q, (see eq 10),
it is possible to estimate the voltage difference that needs to be
applied to obtain the same concentration profile as when a
pressure drop of Ap is applied over the pipette. From eqs 12
and 15 this gives

RZA
A = R8P
81, + H,) (16)

If there is a surface a distance h below the tip of the pipette,
the concentration profile will change. As a first approximation
we can estimate the effect of the surface by adding to eq 10 the
concentration profile that would arise from an imaginary
pipette positioned a distance h below the surface. This has the
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effect of setting the molecular flux at the surface equal to zero,
resulting in the following concentration profile:

¢ =¢y(2 — exp(—=Q,, /47D (h — 2" +1r%)
- exp(—Q,, /47Dy (h + 2)* + 1)) (17)

At the surface the concentration then varies with the radial
position, r, as

c(r) = 2¢o(1 — exp(—Q,, /47D~ 2+ h)) (18)

where r = 0 is the position on the surface that is directly below
the center of the pipette. By moving the pipette closer to the
underlying surface the concentration profile will be focused to a
smaller area. From eq 18 it is possible to derive the radial
distance where the concentration has dropped to half the value
at r = 0, which approximately is given by

1y R J3h (19)

under the assumption that ¢ < ¢,. It should also be noted that
the expression in eq 18 only approximates the concentration
outside the pipette for low to moderate flow rates where ¢ < ¢,.
In fact, the expression in eq 18 approaches the value 2¢, when
Qyo is large instead of ¢, For a more accurate model at higher
values of the applied pressure/voltage, the concentration can be
set equal to ¢, when

Lio > In(2)
47D\ + W (20)

Comparison of Theory and Simulations. In deriving the
analytical expressions in the previous section it was assumed
that the concentration profile can be described as a function of
the distance to the center of the pipette tip only. Using finite
element simulations, we found that this is approximately true
when R > R, but is less accurate close to the tip of the
nanopipette (see Figure 2A, where the height & in the
simulation was set to SO00R,, to mimic the situation of a
unbounded pipette, and D = 2 X 107'® m?/s). This is also
confirmed by Figure 2B, which shows a line profile of the
concentration at an applied pressure of 20 kPa. The line profile
is given as a function of r at a distance z = 0.5 ym below the tip
of the pipette. Not unexpectedly, the theoretical curve deviates
from the simulated values at small r but is in better agreement
at larger r. The reason for the discrepancy is that the
nonradially symmetric convective contribution to the molecular
flux is significant close to the tip of the pipette. Nevertheless, at
larger distances diffusion dominates the molecular flux, which
gives the radial dependence assumed in eq 10. Figure 2B also
shows the line profile when instead of pressure a voltage AY =
660 mV is applied. With ., = pe, = 1.4 X 1078 m?/V s, this
gives the same value of Q. as for the case when delivering with
20 kPa pressure; Q. = 154 fL/s (see egs 12 and 15).

If there is a surface below the pipette, the concentration
profile changes as can be seen in Figure 3A, where the pipette is
positioned 0.25 um (SR,) above the surface. The diffusivity of
the studied molecules was again set to D = 2 X 107! m*/s.

The contour lines in Figure 3A are similar to the ones in
Figure 2A but change close to the surface due to the zero flux
condition there. The concentration profile along the surface (z
= 0) is shown in Figure 3B together with the theoretical
expression from eq 18, using eq 12 to get Q. = 154 fL/s. In
addition, the concentration profile from a simulation with
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Figure 2. (A) Magnitude and contour profiles of the concentration
when a pressure of 20 kPa is applied at the top of the nanopipette. (B)
Comparison between simulated values for voltage- and pressure-driven
delivery and the analytical expression in eq 10 a distance z = 0.5 ym
below the tip of the pipette.

voltage-driven delivery was also included in Figure 3B. The
applied voltage was here chosen as AY = 660 mV, which with
Hep = Heo = 142 X 107° m*/V s gives Quopaw = 154 fL/s (see eq
15), the same flow rate as for the pressure-driven delivery.
However, it should be noted that even though the theoretical
curve in Figure 3B well describes the simulated concentration
profiles for both pressure- and voltage-driven delivery, this will
not be the case for all situations (see Figure 4).

Figure 4 shows the simulated values of the concentration on
the surface at r = 0 for some different applied pressures and
voltages. The distance between the nanopipette and the surface
was either equal to R, or 10R, (50 or 500 nm) and both
pressure- and voltage-driven delivery was investigated, where in
the latter case po, = pe, = 142 X 10 m?/V s was again
assumed. The diffusivity of the studied molecules was set to 2 X
107" m?*/s. Equations 12 and 15 were used to convert the
applied pressure/voltage into values of Q. From Figure 4 it
can be seen that the expression given by eq 18 is in good
agreement with the simulated curves up to c¢/cy & 0.7, after
which the simulated values are lower than the analytical
expression. We can conclude from the information in Figures
2—4 that to accurately obtain the concentration profile for high
pressures/voltages, or for distances smaller than R, numerical
simulations need to be used.

Experimental Verification of the Models. To exper-
imentally verify the models and illustrate how the concentration
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Figure 3. (A) Surface plot and contour lines of the relative
concentration of molecules due to pressure-driven delivery at an
applied pressure of 20 kPa, when there is a surface SR, below the
pipette. (B) Comparison of the theoretical expression in eq 18 with
the simulated concentration profile on the surface (z = 0) for pressure-
and voltage-driven delivery.
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Figure 4. Simulated values of the concentration on the surface at r = 0
for pressure- and voltage-driven delivery (dashed lines). The solid line
is the theoretical expression given by eq 18, set equal to ¢, when Q,/
(47Dh) > In(2).

profile changes outside the nanopipette, a carbon nano-
electrode was placed horizontally on the surface of a Petri
dish while the nanopipette was scanned above the nano-
electrode. At the same time the redox mediator FcCH,OH was
delivered by applying a pressure of 20 kPa and a voltage of 200
mV over the pipette (see Figure SA). The carbon nano-

0.7

" |
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1-exp(-a/(r*+p?)°)+
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0.03
&
© 0.02
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0 9 =
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Figure S. (A) Schematic representation of chemical delivery to the
electrochemical sensor from the delivery nanopipette. (B) Faraday
current measured by a carbon nanoelectrode when scanning the
delivery pipette laterally above the electrode. The delivery is done by
applying a pressure of 20 kPa and a voltage of 200 mV to the
nanopipette. The dashed line depicts the outline of the electrode. (C)
Line profile of the Faraday current converted into relative
concentration of FcCH,OH. The solid line is a curve fit to eq 21.

electrode was used to measure the Faraday current resulting
from the oxidation of the redox mediator delivered out of the
pipette (see Figure SB). The dashed lines in Figure SB outline
the contour of the carbon nanoelectrode. Figure SC shows the
line profile of the Faraday current converted into relative
concentration of FcCH,OH. The solid line is a fit of the radial
data to the expression

co(r)/cg=1—exp(—a/[r* + ) +7 (21)

where @, p, and y are parameters to be fitted resulting in @ =
0.020 pm, f = 0.50 ym, and y = —0.0015. From eq 10 @ = Q,.,/
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Figure 6. (A) Height-coded topographical image of a neuron acquired with SICM. (B) Slope-coded topographical image calculated from the image
in panel A. The luminance of each pixel corresponds to the local first derivative of the topography in each pixel. (C) Basal Fluo4-AM fluorescence
image of the cell body acquired with surface confocal microscopy.®® (D) Representative recording from a local stimulation with capsaicin of a
neuron. Top trace: fluorescence intensity measured from the entire cell. Middle trace: applied voltage through the pipette. Bottom trace: vertical
position of the pipette. (E) The fluorescence response at different delivery voltages while applying capsaicin to a cell loaded with the calcium
sensitive dye Fluo4-AM. The solid line is a curve fit of the data to eq 7. (F) Theoretical concentration profile on the surface of a hemisphere with
radius 10 pym after delivery with a voltage AY = 0.44 V. The graph shows the fraction of the surface where the concentration is above the

concentration given on the y-axis.

(47D), p is the z-offset of the scanning plane from the carbon
electrode and y a small offset in the detected Faraday current.
With D = 8 x 107° m?/s for FcCH,OH,*® the fitted value of
gives Q¢ = 200 fL/s. This value is of comparable magnitude to
the value 180 fL/s obtained from eqs 12 and 15 assuming the
following parameter values: Ry = 50 nm, 8 = 3°, 7 = 1 mPa s,
Hep =0, feo = 142 X 10 m*/V s, Ap = 20 kPa, and AY = 200
mV. Thus eq 10 provides a reasonably good description of the
radial concentration profile and the absolute number of
molecules being delivered in this situation.

Application to Cells. The delivery system was finally tested
by studying the response of DRG neurons from neonatal rats
upon local stimulation with capsaicin (see Figure 6A—C). In
these cultures, around 60% of the neurons express the
nonselective cation channel TRPV1, which is involved in pain
transduction in mammals and is activated by, among others,
capsaicin, the active ingredient in chilli peppers.”>*® Activation
of TRPV1 channels leads to an influx of cations (such as Ca®")
into the cell,>” which can be monitored by measuring changes
in the fluorescence of the calcium-sensitive dye Fluo4-AM
loaded into the cells.*® Capsaicin was delivered to the cells by
applying a positive voltage to the nanopipette, and changes in
calcium concentration were recorded as a change in the
fluorescence intensity over the cell body (see Figure 6D). The
fluorescence signal will initially increase linearly with time due
to more Ca** entering the cell through the open TRPVI
channels, until a steady state situation is obtained where the

amount of Ca** ions entering the cell is balanced by the amount
of ions leaving the cell. The rate of increase is proportional to
the number of open TRPV1 channels, and thus measuring the
slope of the initial fluoroescence increase gives a measure of the
number of open TRPV1 channels. We can therefore stop the
delivery before the cell becomes saturated with Ca?",
minimizing the risk of desensitization or damage to the cell
due to high intracellular Ca®>" levels. When instead negative
voltage was applied over the pipette, or when loading the
pipette with a buffer solution without capsaicin, no increase in
fluorescence was observed.

The opening probability of TRPV1 channels depends on the
concentration of capsaicin: the higher the concentration, the
higher the opening probability. There is a lower threshold
concentration below which the channels remain essentially
closed, and an upper threshold concentration above which all
the channels are essentially open.*>*' However, in contrast to
experiments where the reagents are delivered to the entire bath,
it has here to be taken into account that as the applied voltage
increases the area being exposed to the delivered molecules also
widens. As a result, an increment in the voltage gives rise to
both a higher probability of the number of channels opening (if
the concentration is below the upper threshold) and to an
increase in the number of channels that are exposed to a
concentration of capsaicin over the lower (activation) thresh-

old.
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Figure 7. (A) Schematic illustration showing local delivery of capsaicin to various dendritic structures on a DRG neuron. (B) The applied voltage
over the pipette and the recorded local fluorescence response from the cell. The pipette was moved between eight different positions on various
neurites. (C) The fluorescence response as a function of the applied voltage for three different positions. The solid lines are curve fits to eq 7

Using eqs 12 and 18 it is possible to estimate the
concentration of capsaicin delivered to different parts of the
cell surface (see Figure 6F). To illustration this, the
concentration profile on the surface for a delivery voltage of
0.44 V was investigated (the value of 0.44 V corresponds to the
voltage in Figure 6E where the fitted curve has reached 90% of
its maximum value). With Ry = 50 nm, 6 = 3°, 17 = 1 mPas, x,,
=0 (assuming that capsaicin is uncharged at the pH used in the
experiments*’), j,, = 1.42 X 107 m?/V s, and AY = 0.44 V
inserted into eq 12, a value of Q. ay = 51.4 fL/s is obtained.
To describe the delivery of capsaicin to different positions on
the cell body, we modeled the DRG neuron as a hemisphere
with radius R,y = 10 um. The concentration on different
positions on the surface was then calculated using eq 18 with r
= R ¢, where ¢ is the angle from the top of the hemisphere.
With Q,, = 51.4 fL/s, D = 2 X 107 m?/s,* R = 10 ym, and
h = 300 nm, this gives the concentration curve shown in Figure
6F. To convert from angle, ¢, to fractional surface area, A/
Apemispherer €9 22 Was used:

A/Ahemisphere =1—cos¢ (22)

From Figure 6F it is observed that the concentration of
capsaicin is highest at the top of the hemisphere (just below the
pipette) where it is 26 uM (not shown in the figure for scaling
reasons) and is lowest at the base of the hemisphere where it is
520 nM. Accordingly, TRPV1 channels at the top of the cell
will open already at much lower voltages than 0.44 V, whereas
the channels at the base of the cell need higher voltages to open
due to the extended distance to the pipette. Since the data
points in Figure 6E correspond to the response from the entire
cell, the value of 520 nM can be seen as an estimate of the bath
concentration of capsaicin needed to activate all TRPV1
channels in the cell with maximum opening probability. This
value is comparable in magnitude to the saturating bath
concentration of capsaicin obtained previously by others,*****

Further adaptations of the model to include the open
probability of TRPV1 channels as a function of capsaicin
concentration, channel desensitization, and intracellular dif-
fusion might be included to obtain more precise values.

In addition, delivery to different locations on a DRG neuron
could be achieved by automatically moving the sample between
each voltage application. This was used to study the local
TRPV1 response to various amounts of capsaicin at different
neurites (see Figure 7A). Figure 7B shows the applied voltage
and the recorded local fluorescence signal as a function of time
when delivering capsaicin at eight different positions on DRG
neurites. The fluorescence intensity was measured in a confocal
point below the pipette in contrast to the data in Figure 6E
where the entire fluorescence from the cell body was acquired.
The ion current through the nanopipette was simultaneously
monitored to ensure that the amount of capsaicin delivered was
constant and did not change due to, for example, partial
blocking of the pipette. The rate of fluorescence increase versus
the applied voltage is shown for three different positions in
Figure 7C. The saturated signal differs significantly for different
positions, whereas the shape of the curve and the voltage where
the signal saturates is approximately the same. An explanation
for this is that the local concentration of TRPV1 channels varies
between the different positions. The reproducible shape of the
curves confirms the robustness of the delivery protocols and
paves the way for quantitative stimulation of subcellular
structures.

Implications of Pressure- and Voltage-Driven Deliv-
ery. When the pipette is placed within one tip radius above a
surface, the area being exposed to the delivered molecules is
approximately equal to the area of the tip aperture (see eq 19).
This is valid as long as the applied pressure or voltage is not too
high so that the concentration at the surface is significantly
below ¢y, which is the situation when
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Q.. <<4 In(2)zDh (23)

To be able to map and stimulate individual receptors on the
surface of a cell the area being exposed should ideally be
comparable in size to or smaller than the average distance
between two receptors on the surface. This defines the pipette
diameter required. However, since the flow rate scales as Ry
when using pressure (see eq 15), this means that if a 10 times
smaller pipette with a diameter of 10 nm, rather than the 100
nm used in these experiments, is used, then to have the same
concentration a distance h = R, below the tip the pressure
needs to increase by a factor 100 (see eq 10), which is not
practically feasible. For delivery from very small nanopipettes
(few tens of nm in diameter), it will instead be better to use
voltage-driven delivery, since the concentration at a distance h
= R, below the pipette in this case is independent of the radius
of the pipette (see eqs 10 and 12).

Voltage-driven delivery has also the advantage that only a
standard SICM setup is needed for the experiments and that
the voltage can be rapidly turned on and off, thus allowing for
short stimulus to the cells to be made. On the other hand,
pressure delivery has the advantage that it is independent of the
charge of the molecules and of the nanopipette walls. It is also
possible to simultaneously deliver different types of molecules
with both positive and negative charge when using pressure.
Using eq 16 it is possible to convert between the two and also
to calibrate the system for voltage-driven delivery by comparing
the response with that from pressure-driven delivery.

B CONCLUSIONS

In summary, we demonstrate how the concentration profile
under molecular delivery varies outside a conical nanopipette
and how this depends on parameters such as size of the pipette,
the applied pressure/voltage, and the distance to the surface.
For a distance greater than one tip radius, a simple relation
connects pressure- and voltage-driven delivery (see eq 16), and
the concentration profile of the delivered molecule on an
underlying surface can be estimated from eq 18. To describe
the delivery in more detail, finite element simulations can be
used, for example, when delivering molecules from a nano-
pipette positioned within a tip radius of a surface or when using
high pressures/voltages. We further implemented a method for
fast and quantitative delivery to multiple subcellular structures
and show how this can be used to deliver the molecule
capsaicin to locally stimulate opening of TRPV1 channels on
different neurites in dorsal root ganglia neurons.

The ability to quantitatively deliver molecules to the surface
of a cell with nanometer resolution could allow for functional
mapping of individual ion channels and receptors in live cells.
Implementation of multipoint delivery combined with confocal
microscopy and/or electrochemical microscopy makes this a
promising platform to carry out local drug delivery and
functional mapping experiments on a larger scale. The fast
multidelivery mode of the technique is also well suited for high
throughput in targeted pharmacological experiments and could
in principle be used to obtain hundreds of dose—response
curves for various points on the surface of cells in a matter of a
few minutes.
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ABSTRACT The measurement of key molecules in individual cells with minimal disruption to
the biological milieu is the next frontier in single-cell analyses. Nanoscale devices are ideal
analytical tools because of their small size and their potential for high spatial and temporal
resolution recordings. Here, we report the fabrication of disk-shaped carbon nanoelectrodes whose
radius can be precisely tuned within the range 5—200 nm. The functionalization of the
nanoelectrode with platinum allowed the monitoring of oxygen consumption outside and inside
a brain slice. Furthermore, we show that nanoelectrodes of this type can be used to impale

individual cells to perform electrochemical measurements within the cell with minimal disruption to 0

20

cell function. These nanoelectrodes can be fabricated combined with scanning ion conductance

microscopy probes, which should allow high resolution electrochemical mapping of species on or in living cells.
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he ability to dynamically probe indi-
vidual cells within their natural envi-
ronment is the next frontier in
biomedicine. In particular, manipulation
and analysis of individual cells with nano-
scale probes should greatly enhance our
understanding of processes that control
the function and fate of cells. As new tools
emerge, it has become apparent that the
ability to assess phenotypes dynamically
(i.e., gene expression, protein activities, ion
fluctuations, signaling) at the single cell
level is key to understanding cellular behav-
jor in a complex environment.! ™
Nanoscale devices are ideal single-cell
surgical tools because of their potential for
high spatial and temporal resolution record-
ings with minimal disturbance to cell
functions.>® Recently, two groups indepen-
dently developed cellular nanoendoscopes
for single cell analysis. Singhal et al. at-
tached a carbon nanotube to the tip of a
glass micropipet and showed its potential

ACTIS ET AL.

for interrogating cells down to the single
organelle level.” Similarly, Yan et al. devel-
oped a nanowire waveguide attached to the
tip of an optical fiber, to transmit visible
light into the intracellular compartments of
a living mammalian cell and detect optical
signals from subcellular regions.® However,
in general, intracellular measurements with
nanoprobes are often limited to the monitor-
ing of membrane potential. Lieber's group, for
instance, developed a nanoscale field effect
transistor (nanoFET) based on a kinked nano-
wire that was able to penetrate living cells
and record intracellular potentials.® Similarly,
Angle et al. starting from conventional tung-
sten microelectrodes® and Yoon et al. from
a pure carbon nanotube'® developed nano-
electrodes capable of intracellular recordings.

Historically, micro- and nanoelectrodes
fabricated from carbon fibers have found
vast applications in the quantitative study of
exocytosis. In neuroscience research, micro-
electrode have been used extensively for
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Figure 1. Physical characterization of carbon nanoelectrodes: (Left) SEM micrograph of a nanoelectrode tip coated with a thin
(~10 nm) layer of Cr; (right) representative Raman spectrum of the nanoelectrode tip.

the determination of oxygen consumption, reactive
oxygen and nitrogen species,'’ "' and for the analy-
tical detection of electrochemically active neurotrans-
mitters both in vivo and in vitro.''*~® Mirkin's group
pioneered the application of electrochemical probes
for the measurement of redox properties of living
cells.'” Recently, a joint effort between Amatore and
Mirkin's groups demonstrated the application of plati-
nized nanoelectrodes for the intracellular detection of
ROS species inside murine macrophages.'® However,
despite the nanometer dimension of the electro-active
area, the outer glass coating was of several hundreds of
nanometers.

Our group has been at the forefront of the integra-
tion of nanopipettes into Scanning lon Conductance
Microscopy (SICM) for high resolution topographical
imaging of living cells.'®*® Among many different
applications, we recently showed the application of
SICM for the quantitative delivery of molecules to the
surface of living cells?' and for nanoscale targeted
patch clamp measurements in neuronal cultures.??
Additionally, nanopipette probes still hold great pro-
mise as intracellular biosensors?*>~?> and as tools for
cell manipulation.2® 28 We recently developed a meth-
od to fabricate multifunctional nanoprobes starting
from double-barrel quartz nanopipettes. Pyrolytic car-
bon is selectively deposited on one barrel while leaving
the other one unchanged. We employed these nano-
probes for simultaneous SICM-SECM imaging®® and for
the measurement of the electrochemical activity of the
surface of living cells.°

Here we describe the fabrication, characterization,
and tailoring of carbon nanoelectrodes for intracellular
electrochemical recordings. We demonstrate the fab-
rication of disk-shaped nanoelectrodes whose radius
can be precisely tuned within the range 5—200 nm.
The functionalization of the nanoelectrode with plati-
num allowed the monitoring of oxygen consumption
outside and inside a brain slice. Furthermore, we show
that nanoelectrodes of this type can be used to
penetrate a single cell and perform electrochemical

ACTIS ET AL.

measurements within the cell with minimal disruption
to cell function.

RESULTS AND DISCUSSION

Carbon nanoelectrodes were fabricated using a top-
down approach, as detailed in the methods section
and in the Supporting Information (SI, Figure S1).
Briefly, a quartz capillary was pulled into a sharp
nanopipette tip, and carbon was pyrolitically deposited
within the nanopipette shaft. This procedure gener-
ated a disk-shaped carbon nanoelectrode (Figure 1)
whose radius depends on the size of the nanopipette
opening.

The carbon layer consisted of a graphitic network
with considerable disorder, as suggested by Raman
spectroscopic analysis. Raman spectroscopy is a
powerful tool for analyzing carbon materials, including
graphite-based systems.3! A representative Raman spec-
trum with clearly resolved D and G bands at 1367 and
1576 cm ™' is shown in Figure 1. There is no evidence
from the extended spectrum areas (not shown) of the G’
(or 2D) band in the region ~2500—2800 cm ' which is
observed for highly ordered graphite. This, combined
with the relatively high D:G band ratio, indicates that
the graphitic material produced is disordered in nat-
ure. Scanning electron microscopy (SEM) and Energy-
dispersive X-ray spectroscopy (EDX) confirmed the
presence of a carbon layer that extended from the
tip into the internal body of the probe, for a distance of
several mm, homogenously covering the nanopipette
interior with a thickness of ~300 nm (Supporting
Information, Figures S2 and S3).

It has proven challenging to image nanoelectrodes
smaller than ~50 nm by SEM, and alternative methods
of characterization have been developed.?**°3? In this
work, the size and geometry of the carbon nanoelec-
trodes were estimated using electrochemical measure-
ments and compared to simulated electrochemical data
of nanoelectrodes with known geometry, an approach
which gives good insight into characteristic geometry
if care is taken with the measurements (vide infra).
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Figure 2. Electrochemical characterization of carbon nanoelectrodes. (a) Reproducibility of nanoelectrode fabrication.
Average steady state current (104 + 14) pA from measurements on 7 different electrodes, prepared using the same protocol,
corresponding to an apparent radius of (30 & 4) nm. (b) Approach curve of a representative nanoelectrode (64 nm radius)
toward a polystyrene substrate. Black line, experimental data; red line, theoretical approach curve for a disk shaped electrode
with Rg = 1.5. L is the dimensionless distance (distance divided by the nanoelectrode radius). For all experiments, the solution
was 10 mM Ru(NH3)eCls in PBS. (c) Representative CVs of nanoelectrodes fabricated from twin nanopipettes (i.e., the two
'mirror' nanopipettes produced in the pulling process). The overlap of the cyclic voltammograms (red and black curves)
indicates minimal variability introduced by the carbon deposition, and the high level of precision achievable from the
fabrication process. (d) Nanoelectrode apparent radius as a function of nanopipette pulling parameters. Black dots are
experimental data extrapolated from the steady-state diffusion-limited current following eq 1; red line represents the linear

fit to experimental data (R* = 0.986).

The parameter Ry is defined as the ratio between the
overall radius of the nanoelectrode tip divided by the
radius of the electrochemically active area and it can
be an important parameter in interpreting the elec-
trochemical measurements. For example, Ry has
some influence on the lateral resolution when such
a nanoelectrode is used for scanning electrochemical
microscopy (SECM).*® Assuming an Ry of 1.5, the
apparent radius r of the nanoelectrode can be calcu-
lated from the steady-state current (Iss) of a cyclic
voltammogram by employing the expression for disk
microelectrodes:

ISS
= s 1
" = 4.64nFCD )

where n is the number of electrons transferred in the
tip reaction, F is the Faraday constant, D is the
diffusion coefficient of Ru(NH;)s>" used as the redox

ACTIS ET AL.

probe (one electron reduction), and C is its concen-
tration in solution (Figure 2a). This equation esti-
mates the nanoelectrode active area, with the
assumption that the nanoelectrode active element
and insulating sheath are coplanar. This has to be
verified by comparing simulated and experimental
approach curves of the nanoelectrode to a surface of
known activity, e.g., for an inert polystyrene surface
(Figure 2b, Supporting Information Figure $4).3334
The experimental data fit well to a simulated curve for
a coplanar disk electrode with a radius of 64 nm and
an Ry of 1.5,* in agreement with that estimated from
the steady-state limiting current with the probe away
from the surface. We performed a systematic study to
investigate the reproducibility of the nanoelectrode
fabrication, by preparing several nanopipettes (N =7)
with identical pulling parameters, deposited carbon,
and averaged their steady state current extrapolated
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Figure 3. Functionalization of a carbon nanoelectrode with platinum and analytical detection of hydrogen peroxide. (a)
Cartoon showing a carbon nanoelectrode fabricated in a single barrel nanopipette and its functionalization with platinum. (b)
Cyclic voltammograms in 1 mM ferrocene methanol in PBS of a carbon nanoelectrodes (apparent radius ~5 nm) before (black
curve) and after (red curve) platinization. The platinized nanoelectrode shows increased catalytic activity toward oxygen
reduction. (c) Detection of the oxidation of hydrogen peroxide by the platinized carbon nanoelectrode and (d) its dose

response curve.

from cyclic voltammograms. We obtained an average
Iss of 104 & 14 pA which corresponds to an apparent
radius of 30 + 4 nm (Figure 2a).

The first step in the nanoelectrode fabrication is the
laser pulling of the quartz nanopipette, which generates
a pair of virtually identical nanopipettes. The CVs of the
nanoelectrodes prepared from such a pair of nano-
pipettes overlap, and again give a limiting current
consistent with 28 nm radius (Figure 2¢, and Supporting
Information Figure S5), highlighting that the pyrolytic
deposition of carbon introduces minimal variability.
Furthermore, the nanoelectrodes show a well-defined
steady state current up to a scan rate of 500 V/s (Figure S6).
All these data from different measurements confirm
that this simple fabrication procedure reproducibly
generates disk-shaped nanoelectrodes of tunable size.

The nanoelectrode radius can be precisely controlled
by adjusting the heat delivered by the laser during the
fabrication of nanopipettes. Laser pullers have five
parameters that can be changed to obtain nanopipettes
of desired shape and size (heat, filament, velocity, delay,
and pull). Increasing the heat delivered by the laser
during the pulling process generates sharper nano-
pipettes and, thus, after carbon deposition, smaller
nanoelectrodes. In fact, there is a linear correlation
between the laser heat and the final nanoelectrode size.
This allows fine-tuning of the nanoelectrode radius
within the range 10—150 nm (Figure 2d).

Carbon itself is a fairly inert material and to detect
some redox-active species further functionalization is
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needed. For example, as we consider herein, an elec-
trodeposited platinum layer enhances the electrocata-
lytic activity by drastically reducing the overpotential
of the reduction of oxygen and the oxidation/reduc-
tion of hydrogen peroxide. Platinum deposition was
carried out by sweeping the potential from 0 to —800 mV
vs Ag/AgCl three times in a solution containing 2 mM
PtCls®>". The deposition of Pt only slightly increased the
effective geometric surface area of the nanoelectrode
(as evidenced by the voltammogram for the oxidation of
1 mM FcMeOH), but dramatically enhanced its catalytic
activity toward oxygen reduction (Figure 3b)3® We
noticed that increasing the number of cycles to 10 did
not cause increase the catalytic properties of the nano-
electrode toward oxygen reduction. These findings are
consistent with the ones reported by Yasin et al. They
showed that the nucleation of Pt on carbon is a very slow
process with a large overpotential, which leads to sur-
faces with dispersed nuclei and that the nuclei grow only
to a limiting volume before the growth stops.3” Nano-
electrodes as small as 5 nm in apparent radius (Figure 3b)
can be rapidly functionalized with Pt, and used as
analytical sensors for oxygen and hydrogen peroxide
in solution.® Hydrogen peroxide (H,0,) is a product of
cellular respiration and it plays a crucial role in biological
systems as a signaling molecule in regulating diverse
biological processes.>® Upon addition of H,0,, the cyclic
voltammogram shows an increase both in cathodic and
anodic current due to reduction and oxidation of H,0,.
The anodic current at the nanoelectrode responds
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Figure 4. Oxygen measurements outside and inside a brain slice. (a) Optical micrograph of the brain slice surface
(hippocampal area CA1), with cell body profiles and the carbon nanoelectrode depicted. (b) Current value at —600 mV vs
Ag/AgCl as a function of the nanoelectrode position inside and outside the slice. (c) Voltammograms of the platinized
nanoelectrode recorded at different distance from the brain slice: 1 (inside), 2 (surface), 3 (400 xm away). (d) Voltammograms
of the platinized nanoelectrode immersed in physiological solution in ambient conditions (top trace), after 10 min
perfusion with oxygen-saturated solution (bottom trace) and 10 min after switching off the perfusion system (middle trace).
(e) Further example voltammograms of a platinized nanoelectrode at different distance from a live brain slice. (f)
Voltammograms of the same platinized nanoelectrode in (e) at different distance from an oxygen-deprived brain slice. (g)
Decrease of cathodic current of a platinized carbon nanoelectrode (at —600 mV vs Ag/AgCl) upon penetration of a healthy
and oxygen-deprived brain slice. Error bars reflect the average of three measurements performed with the same

nanoelectrode.

linearly to increasing concentration of hydrogen perox-
ide in solution (Figure 3cd) within the biologically
relevant range of 2 uM to 2 mM* and can be detected
by both oxidation and reduction (Figure 3c). The re-
sponse in the cathodic current obviously could also
involve the reduction of oxygen as well from the aerated
solution. However, the cathodic current in the CV
amounts to —13 pA at 2 mM H,0,, much larger than
for O, (vide supra), which indicates that the cathodic
current is not solely carried by the reduction of oxygen.
Moreover, Figure 3b shows that the plateau for oxygen
reduction is only reached at potentials as cathodic as
—600 mV whereas the plateau in Figure 3c already sets in
at —200 mV. In the literature, reduction of hydrogen
peroxide at platinized electrodes is observed at similar
potentials.*’ The anodic response is free from complica-
tions due to oxygen and the limiting response (at 500 mV)
can be seen to be linear with concentration.

Having demonstrated the ability of functionalized
carbon nanoelectrodes to be used as nanosensors in
solution, we next used them to monitor the oxygen
consumption in acute brain slices.

Several groups reported the use of microelectrodes
for mapping of oxygen consumption in isolated cells*?
and in living tissue,*® but here we present the first use
of a nanoprobe for monitoring oxygen concentration
inside and outside a brain slice (three-week-old, trans-
verse 300 um hippocampal slices, prepared and main-
tained in accord with standard protocols for patch-clamp
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electrophysiology).** A platinized nanoelectrode was
integrated into a home-build micromanipulator placed
on an upright microscope. The nanoelectrode was po-
larized at —600 mV vs Ag/AgCl (for the diffusion-limited
detection of O,) and manually approached to the surface
of the brain slice (Figure 4a). Figure 4b,c shows the
decrease of the cathodic current upon approaching to
the brain slice. This is due to the local depletion of oxygen
caused by the respiratory activity of living neurons in the
brain slice. Note that the nanoelectrode was approached
and retracted (several times) over a predefined distance
from a brain slice and the cathodic current — distance
approach curve was found to be consistent (Figure 4b).
The cathodic current dropped even further from —40 to
—9 pA after insertion of the nanoelectrode into the brain
slice. This decrease is not just due to hindered diffusion
of O, within the tissue, as seen in other tissue.”> We
measured the response of a platinized nanoelectrode to
the same solution (cell growth medium) with different
degree of oxygenation. We measured a current of —90 pA
(at —600 mV) when the nanoelectrode was immersed
in the growth medium with no oxygenation. The bath
solution was then constantly perfused with a solution
saturated in molecular oxygen and the cathodic cur-
rent increased to —365pA, which is roughly 4 times
the value measured before. We then switched off the
perfusion system and, after 10 min, the cathodic
current decreased to —210pA. The current reached
the initial value of —90 pA only when a nonoxygenated
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Figure 5. Intracellular measurements in individual neurons in a brain slice. (a) Background subtracted voltammograms
before and after penetration of a neuron with the nanoelectrode. Voltage is applied vs Ag/AgCl. (b) Representative current
traces of a nanoelectrode polarized at +850 vs Ag/AgCl inside and outside a neuron. Red and blue arrows indicated,
respectively, the moment of penetration and retraction. The four traces were obtained from four different cells using the same

nanoelectrode.

solution was perfused. With the same nanoelectrode,
we measured the dependence of the cathodic current
to the distance from a live (figure 4e) and oxygen-
deprived (“dead”, Figure 4f) brain slice. The cathodic
current decreases from —365 pA (in the bulk solution)
to —135 pA in proximity of the surface of the live brain
slice, while no difference was detected close to a dead
brain slice. The electrode current decreases even
further when placed inside the slice, with a clear
difference between the live and oxygen-deprived tis-
sue (Figure 4g). Because the decrease in the O, current
in the tissue is consequent to metabolic activity, these
findings suggest the utility of these functional nano-
probes to monitor oxygen-dependent activity in brain
slices. Also, the nanometer size of the nanoelectrode
allows measurement of oxygen consumption deep inside
the brain slice with minimal damage and perturbation to
the biological milieu. Platinized nanoelectrodes were
recently used for the intracellular detection of Reactive
Oxygen and Nitrogen species (ROS/RNS) species inside
murine macrophages.'® In that work, despite the nano-
meter dimension of the electro-active area, the outer
glass coating was of several hundreds of nanometers. The
small outer diameter of our nanoelectrodes allowed us to
perform electrochemical measurement both in tissue
and in cultured cells at the single-cell level. The nano-
electrode can be precisely inserted into an individual
neuron within the brain slice to monitor intracellular
molecules. Cyclic voltammograms were measured con-
tinuously at 400 mV/s as the nanoelectrode was manually
approached to the neuron of interest. Figure 5a is a
background subtracted 3D plot that shows the anodic
scan as a function of time. At the moment of penetration
(at around 50s) a sudden increase in the anodic current
is elicited at potentials in the range 500—850 mV.
Amatore and co-workers explained such increase
as enhanced production of ROS/RNS caused by the
mechanical damage to the cell membrane."’
Interestingly, chronoamperometry measurements
(with the nanoelectrode poised at a potential of 850 mV)
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during the penetration of individual neurons within
the brain slice always elicited a similar signal: a quick
(0.1 s) increase in current followed by a relatively slow
decrease and equilibration (5 s) to a current value well
above the one measured outside the neuron (Figure 5b).
The current quickly goes back to baseline upon retraction
of the nanoprobe from the cell cytoplasm (Figure 5b).
The penetration of 5 different neurons with the same
nanoelectrode generated a reproducible intracellular
anodic current 100 fA above the baseline (Figure S7).
None of these signals are related to the value of the cell
membrane potential.***’ Even after depolarization of the
cell membrane we detected the same signals (data not
shown). We interpret this value as the measurement of
flux of endogenous intracellular molecules to the
nanoelectrode.

Furthermore, we applied this type of nanoelectrodes
to intracellular measurements in cultured melanoma
cells (Figure 6a). Melanoma is a very aggressive skin
cancer which causes significant structural modification
of melanosomes, organelles containing light-absorb-
ing pigments responsible for the scavenging of free
radicals. Melanosomes found in melanomas, instead of
protecting the cell from oxidative stress, produce free
radicals.*® Figure 6b shows that upon penetration of
the melanoma cells the anodic current quickly in-
creases followed by equilibration to a level above the
one measured in the cell media (Figure 6¢). A cell can
withstand multiple penetrations and the value of
anodic current measured inside the cell is consistent
even after repeated penetrations/retractions. Interest-
ingly, we observed a relatively large spike in current
only for the very first cell penetration while for succes-
sive penetrations the spike was either diminished or
not present at all. This may suggest a correlation
between the initial current spike and the mechanical
damage caused to the cell by penetration with the
nanoelectrode. We believe these results show the
potential of functional nanoelectrodes to probe endo-
genous species in melanoma cells and they may allow
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Figure 6. Intracellular measurements in melanoma cells. (a) Optical micrograph of a nanoelectrode about to penetrate a
melanoma cell. (b) Background subtracted voltammograms before and after penetration of a melanoma cell with the
nanoelectrode. Voltage is applied vs Ag/AgCl. (c) Representative current traces of a nanoelectrode polarized at +850 mV vs
Ag/AgCl inside and outside a melanoma cell in culture. Red and blue arrows indicated, respectively, the moment of
penetration and retraction. The four traces were obtained from four different cells using the same nanoelectrode.

the study of oxidative stress in melanomas. Current
research in our group is oriented toward the application
of surface chemistry for the detection of ROS at more
moderate potential (e.g., —50 mV).*°

We briefly mention that the nanoelectrodes we have
described have the potential to be integrated into
multifunctional nanoprobes. Starting from double bar-
rel nanopipettes, one can selectively deposit carbon
on either one? or both barrels.>® The nanoelectrodes
formed in this way can be independently functiona-
lized with platinum (Figure S8). Unmodified barrels,
filled with electrolyte solution, can be used for SICM
distance control. This channel allows the positioning of
nanoprobes with subcellular resolution and would
allow the mapping of oxygen consumption outside
living cell*? or the functional study of mitochondrial
respiration.”’

MATERIALS AND METHODS

Chemicals. Hexaammineruthenium(lll) chloride (Ru(NHs)¢Cls;
Sigma-Aldrich) and ferrocene methanol (Sigma-Aldrich) were
used as the redox species for electrode characterization. Phos-
phate buffered saline (PBS) solution was prepared from 7.2 mM
Na,HPOQ4, 2.8 mM KH,PO,, and 150 mM NaCl (pH 7.4).

Nanoelectrode Fabrication. The fabrication comprised two steps:
the laser pulling of a quartz capillary into a nanopipette, and the
filling of the nanopipette tip with pyrolitic carbon (Figure S1).

Nanopipette Fabrication. Nanopipettes were fabricated
using a P-2000 laser puller (Sutter Instrument) from quartz
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CONCLUSIONS

Here, we have demonstrated a method to fabricate
carbon nanoelectrodes whose radius can be precisely
tuned within 5—200 nm. Nanoelectrodes can be func-
tionalized using established electrochemical methods
and we showed for the first time their application for
functional measurement of metabolic activity inside
brain slices. The use of nanoelectrodes minimizes the
perturbation to the tissue because oxygen depletion is
reduced by their small area. Furthermore, the nano-
electrodes can be precisely inserted into individual
cells both in tissue and in isolated cells to perform
intracellular electrochemical measurements. The ap-
plication of these nanoelectrodes is by no mean limited
to biological measurements and we envision their
application in the emerging field of nanoscale inter-
facial science >3

capillaries with an outer diameter of 1.2 mm and an inner
diameter of 0.90 mm (Q120-90-7.5; Sutter Instrument). Para-
meters used mainly (for 30 nm radius nanoelectrodes) were the
following: heat 790, filament 3, velocity 45, delay 130, and pull
90, although the 'heat' parameter was varied to assess the effect
on nanoelectrode size.

Deposition of Pyrolytic Carbon. The nanopipette was filled
with butane gas via tygon tubing. A butane jet flame torch
lighter was used to deposit pyrolytic carbon inside the nano-
pipette taper. The reaction has to be performed within an
inert atmosphere to prevent etching of the deposited carbon
layer. Photographs of all the different steps in nanoelectrode
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fabrication can be found in the Supporting Information.
The entire fabrication process takes on average less than a
minute per nanoelectrode.?® The fabrication process is similar to
the one described by Kim et al., but it produces disk shaped
nanoelectrodes instead of carbon-ring electrodes.>* Amemiya's
group showed that nanoelectrodes can be damaged by electro-
static discharge.® In this work we never observed any apparent
damage during the fabrication and handling of the nanoelectrodes.

Platinization of Carbon Nanoelectrodes. Carbon nanoelectrodes
are platinized in a solution of chloroplatinic acid H,PtClg (2 mM)
in 0.1 hydrochloric acid. The reduction of Pt at the carbon
nanoelectrode was induced via cyclic voltammetry from 0 to
—800 mV with a scan rate of 200 mV/s.

Cyclic Voltammetry. The nanoelectrode was back contacted
with a silver wire and immersed into a solution of 10 mM
hexaammineruthenium(lll) chloride or T mM ferrocene metha-
nol in PBS. An Ag/AgCl electrode was placed in a 2 mL of bulk
solution acting as an auxiliary/reference electrode. All potentials
are quoted against this electrode. Both electrodes were con-
nected to an Axopatch 700B amplifier with the DigiData 1322A
digitizer (Molecular Devices), and a PC equipped with pClamp
10 software (Molecular Devices). All measurements were per-
formed at room temperature.

SECM Setup. The SECM instrument was similar to that pre-
viously described and operated in hopping mode.*° The Far-
adaic current was measured with a MultiClamp700B patch-
clamp amplifier (Axon Instruments). The electrochemical signal
was filtered using a low-pass filter at 1000 Hz and digitized with
an Axon Digidata 1322A (Axon Instruments). To record ap-
proach curves, the set-point was maintained at 80% of the
steady-state current measured in bulk solution (/). The scan
head of the SECM instrument consisted of a PIHera P-621.2 XY
Nanopositioning Stage (Physik Instrumente (Pl), Germany) with
100 x 100 um travel range that moved the sample and a LISA
piezo actuator P-753.21C (Pl, Germany) with travel range 25 um
for pipet positioning along the Z-axis. Coarse positioning was
achieved with translation stages M-111.2DG (XY directions) and
M-112.1DG (Z-axis) (Pl, Germany). Piezo actuators were pow-
ered by high voltage amplifiers E-503 and E-505 (PI, Germany)
and a servo module E-509 (Pl, Germany) operating in closed-
loop. The setup was controlled using software written in Delphi
(Borland) and Code Composer Studio (Texas Instruments) for a
ScanlC controller (lonscope).

SEM Imaging. SEM imaging was performed with a Zeiss
Auriga equipped with a field emission gun. Accelerating voltage
was set to 5 kV. Samples were coated with a ~5 nm layer of Cr
before imaging using a sputter coater.

Raman Spectroscopy. Raman spectra were collected from mi-
croelectrodes, prepared in the same fashion as the nanoelec-
trodes. The carbon microelectrodes were fixed, horizontally, on
a coverslip with the laser carefully focused at the end of the tip
from where the Raman spectra were acquired. Raman measure-
ments were performed using a Renishaw 1000 confocal Raman
microspectrometer using an Ar-ion laser, 514 nm, via a 50x
objective (NA = 0.75) and Peltier-cooled CCD detector. The
spectra were acquired with 1 s x 100 accumulations with a
maximum output laser power of 20 mW.

Brain Slices Preparation. Hippocampus slices were isolated
from 28 days old rats using standard, long established
techniques.®® After decapitation of the rats was performed,
the rat brain was isolated and placed into ice-cold ringer
solution, where the hippocampus isolation was performed.
The hippocampus was sliced into 350-um-thick transverse
slices, using a Leica VT1200S blade microtome. After obtaining
the cut slices, we stored them in the same solution at 34 °C for
15 min. Then they were stored for at least 1 h at room
temperature. During and after isolation, the solution was con-
stantly bubbled with a 95% O, and 5% CO, gas mixture.

Melanoma Cells Preparation. Human melanoma line, A375P, was
grown in RPMI 1640 medium (Invitrogen, Paisley, Renfrewshire, U.K.)
supplemented with fetal calf serum (10%, Invitrogen), L-glutamine
(2 mM, Invitrogen), penicillin/streptomycin (100 U/mL and
100 ug/mL, respectively, Sigma, Gillingham, Dorset, U.K.) and
phenol red (7.5 ug/mL, Sigma) at 37 °C with 10% CO,. Normal
human melanocyte line was grown as above with the addition of
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200 nM 12-O-tetradecanoyl phorbol 13-acetate (Sigma), 200 pM
cholera toxin (Sigma), 10 ng/mL human stem cell factor
(Invitrogen) and 10 nM endothelin 1 (Bachem). The cells were
obtained from the Functional Genomics Cell Bank at St
George's.>”
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Prussian Blue (PB) deposited on a nanoelectrode is the basis for an amperometric hydrogen peroxide sensor.
Carbon nanoelectrodes, fabricated from pyrolytic decomposition of butane within a quartz nanopipette, were
electrochemically etched and PB was deposited in the formed nanocavity. This procedure significantly increased
the stability of PB films while maintaining a high mean sensitivity of 50 A mol~! I cm~2 for H,0, detection at —

50 mV vs. Ag/AgCl (0.1 M CI™) at neutral pH value. Hydrogen peroxide was selectively quantified in the
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concentration range from 10 uM to 3 mM. We envision the application of these nanosensors to the intracellular
monitoring of oxidative stress in living cells.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Detection of analytes in confined environments, such as micro-
droplets or living cells, requires the development of robust nanodevices
amenable to selective and analytical detection of biologically relevant
molecules. Owing to their high sensitivity [1], low response time and
the possibility for high-resolution mapping of analyte distributions,
amperometric sensors based on micro- or nanoelectrodes allow for
the real-time investigation of biological processes at the single-cell
level [2,3]. The determination of reactive oxygen and nitrogen species
[4-7] (ROS, RNS) from single cells has gained increasing attention.
ROS and RNS are released from cells at high metabolism conditions
and they are believed to play a key role in a number of pathogenic
conditions including cancer development, neurodegeneration and
heart failure [8,9]. To identify the contribution of specific compounds
to overall oxidative stress, new selective and nano-sized sensors have
to be developed. Here, we report the modification of nanoelectrodes
with Prussian Blue (PB), a well-known selective electrocatalyst for the
reduction and oxidation of H,0, [10,11], which is one of the most
important ROS [12]. However, the stability of PB films, especially in
neutral and alkaline media, has remained critical. Common strategies
to improve the longevity of the sensor devices on macroscopic
electrodes are heat treatment [13], entrapment of PB in carbon inks/
pastes [14] and coating with polymer films [15]. Microsensors for
H,0, were based on electrodes fabricated from carbon microfibers or
metal wires [16-19]. This approach requires rather tedious manual

E-mail address: wolfgang.schuhmann@rub.de (W. Schuhmann).
1 Tel.: +49 234 32 26200; fax: +49 234 32 14683.

1388-2481/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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manipulation techniques and is limited with respect to further minia-
turization of the sensor. These sensors have been applied for monitoring
H,0, release from cells but they cannot be utilized for intracellular
detection because of the large size of the probe. We presume that the
existing limitations of PB-based H,0, microsensors are due to the
weak adhesion of the PB film if its thickness is of similar dimensions
as the diameter of the electrode. Most previous strategies for stability
improvement require additional coating steps whereas the coating
material itself is subject to the same limitations. In this communication,
we address the stability issue of PB films on electrode surfaces and
obtain a substantial additional miniaturization of H,O, sensors by
electrodeposition of PB into etched nanocavities [20,21] inside of carbon
nanoelectrodes fabricated by pyrolytic decomposition of a hydrocarbon
gas within a quartz nanopipettte [22-24].

2. Materials and methods

Preparation of carbon nanoelectrodes was described in detail
elsewhere [22]. In short, quartz capillaries (inner diameter 0.9 mm,
outer diameter 1.2 mm) (Sutter Instruments) were pulled to fine tips
with a P-2000 laser puller (Sutter Instruments). Parameters typically
used were Heat 900, Filament 3, Velocity 45, Delay 130 and Pull 90.
The obtained nanopipettes were connected to a butane/propane
(80:20) container (Campingaz) and inserted into a second, quartz tube
which was connected to an Ar cylinder. Under inert atmosphere, the
capillaries were heated with a jet torch for typically 20 s. All electro-
chemical measurements were carried out at room temperature using
a two-electrode configuration with a chloridized silver wire as the
counter-reference electrode. Solutions were prepared with ultrapure
water (SG). Cyclic voltammograms (CV) were recorded with a VA-10
potentiostat (npi) whereas for calibration curves a L/M-EPC 7B Whole
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Cell/Patch Clamp amplifier (List-Medical) was employed. The current
signals were filtered with in-built analog 100 Hz and 1 kHz lowpass fil-
ters, respectively, and additionally with a digital 50 Hz lowpass filter. In
all CVs the scan rate was 200 mV/s. All reported potentials refer to the
Ag/AgCl pseudo-reference electrode in the corresponding solution
containing CI~ (either 0.01 M, 0.1 M or 0.2 M, depending on the
experiment). The initial electrode radius r was estimated from the
steady-state current iss at —0.5 V in 5 mM [Ru(NH)3]Cl5, 0.1 M KCl
according to the relation i;; = 4.64-1-F-c-D with F the Faraday constant,
¢ the concentration and D the diffusion coefficient [25]. All electrodes
exhibited a radius between 88 nmand 153 nm. Electrochemical etching
was performed by means of CV from 0 V to 2 Vin 0.1 M KOH, 10 mM
KClI for typically 15 cycles until the formation of a cavity occurred. Elec-
trochemical deposition of PB was achieved by potential cycling from
0.6 Vto 0.4 V for 10 cycles in 0.1 mM FeClz and 1 mM Ks[Fe(CN)g] in
0.1 M HCl, 0.1 M KCl. After deposition the PB film was activated by
cycling in the same potential range in only 0.1 M HCl, 0.1 M KCl for at
least 100 cycles. Standard external K* solution contained 150 mM
NaCl, 6 mM KCl, 1 mM MgCl,, 1.5 mM CaCl,, 5 mM glucose and
10 mM HEPES pH 7.2. For the calibration curves, the concentration of
H,0, stock solution was verified by titration with KMnO,. SEM imaging
of nanoelectrodes was conducted using an EM Quanta 3 D FEG electron
microscope (FEI). SEM images showed that the RG value (e.g. the ratio
between the diameter of the glass sheath and the diameter of the active
electrodes) of the used carbon nanoelectrodes was smaller than 1.5.

3. Results

We used carbon nanoelectrodes fabricated by laser-pulling of quartz
capillaries and subsequent pyrolysis of butane/propane inside the capil-
lary. This fast and simple process (=~1 min per electrode) yields
electrodes with tunable size from nanometers to micrometers. The elec-
trodes have extremely pointy tips, which allows for electrochemical
measurements in small volumes and high-resolution SECM imaging
[23]. However, functionalization of these nanoprobes to comprise a se-
lective electrochemical sensor renders challenging due to their small
size. We have observed that the mechanical and chemical stability of
films deposited on these carbon nanoelectrodes deviates drastically
from the one observed on macroscopic electrodes. We overcome this
limitation by electrochemically etching a nanocavity into the carbon
nanoelectrodes and by electrodepositing a PB film within the nano-
cavity. In alkaline solution, the electrode material is etched anodically
by cycling the potential to 2 V. The electrochemical properties of the
resulting electrodes differ significantly from planar, disk-shaped
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Fig. 1. Etching of carbon nanoelectrodes. CVs (a) in 5 mM [Ru(NH3)g]Cl3, 0.1 M KCI at
pristine electrode (solid line) and after electrochemical etching (dashed line). SEM images
(b) of pristine (top) and etched electrode (bottom).

electrodes (Fig. 1). Whereas a cyclic voltammogram in a solution of
[Ru(NHs)g]Cl5 at an electrode before etching exhibits normal steady-
state behavior due to diffusion limitation, CVs for the etched electrodes
show nearly symmetrical oxidation and reduction peaks with a small
peak separation (36 mV). This observation indicates the formation of
a nanocavity within the carbon nanoelectrode which is surrounded by
quartz glass. Upon sweeping the potential, the complete amount of
soluble redox mediator inside the cavity is oxidized/reduced leading
to a depletion of the current after full conversion and thus, the peak
shape of the curve. The formation of a cavity is confirmed from scanning
electron microscopy (SEM) images of electrodes before and after
etching. After etching the contrast between the cylindrical hole and
the glass sheath seems higher than the contrast between the carbon
disk and the glass, suggesting the successful removal of carbon material.

PB was deposited electrochemically by cycling of the potential in
acidic solution containing Fe*> ™ and [Fe(CN)g]> . After deposition the
PB film was reduced and oxidized during more than 100 cycles in a
CV to increase the stability and improve the efficiency of electron trans-
fer (Fig. 2). This “activation” process is interpreted as the incorporation
of K* ions into the crystal lattice of PB which converts the material into
its more stable form [11]. An attempt to perform the activation on an
electrode where the PB was deposited on the planar nanoelectrode
prior to etching is shown in the inset of Fig. 2. The current peaks attrib-
uted to the reduction of PB to Prussian White and subsequent reoxida-
tion deplete rapidly with increasing number of cycles. This result
reflects the poor stability and low adhesion of the deposited material
on the flat electrode. In contrast, if the PB is buried inside a cavity
(Fig. 2, main graph), the voltammogram displays higher peak currents
irrespective of the duration of cycling, representing the larger amount
of PB and its superior stability. Additionally, peak sharpening is ob-
served which is in agreement with the anticipated rearrangement of
the PB crystal lattice indicating an increase of the electron transfer rate.

The resulting PB modified electrode constitutes a selective and sen-
sitive sensor for the detection of H,0, at a potential as low as —50 mV
at pH 7.0. The calibration of the sensor reveals a linear response of the
cathodic current with respect to H,O, concentration over a range
of nearly three orders of magnitude, namely from 10 uM to 3 mM
(R? better than 0.995) (See Fig. 3). The average sensitivity of the sensors
was 50 4 30 A mol~! | cm~2. The limit of detection (LOD), defined as
the concentration where the signal exceeded the root-mean-square
(RMS) noise by a factor of 3 was 10 uM. The upper detection limit was
determined by the stability of the PB film. At concentrations significant-
ly exceeding 3 mM H,0,; the current response of the sensor quickly
decayed. However, at intermediate H,O, concentrations the sensors
were sufficiently stable. After 2 h of operation in 0.2 mM H,0, with
constant turnover at — 50 mV the cathodic current did not decrease.
With a view to ROS detection in cultured cells, the sensor was also

4 —
0.1
T oo
29 o1
< 102+
= 0.0 05
= o
2 -

E/V

Fig. 2. Stability of PB films. CVs in 0.1 M HCl, 0.1 M KCl after PB deposition in an etched
nanocavity (r = 152 nm). Inset: CV conducted after deposition of PB on a pristine
electrode prior to etching (r = 144 nm). CVs show the 1st, 50th and 140th cycle.
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Fig. 3. Calibration of the PB H,0, sensor. Detection at —50 mV vs. Ag/AgCl in 50 mM
phosphate buffer pH 7.0, 0.1 M KCl. Raw chronoamperometry data (a) (full x-scale
35 min). Current-concentration plot (b). Inset: Double logarithmic representation.

tested in standard external K™ solution and similar sensitivity was
measured. Repeated calibrations could be recorded without loss of
sensitivity.

4. Discussion

We believe that attempts for electrochemical deposition of material
on small electrode surfaces are likely to result in a “basketball on a
matchstick” situation where an excess of deposited material is situated
on the electrode tip [26]. As a result, the layer of deposited material is
prone to dissolution and mechanical detachment from the tip. Up to
now, functionalization of nanoelectrodes was mostly reported with Pt
black as deposit [4,7,27]. We address the stability problem by depositing
the electrocatalyst PB into an etched cavity at the apex of the nano-
electrode. The increase of chemical/electrochemical stability is likely
due to the cavity preventing PB that has been dissolved or detached
from being removed from the active electrode too quickly and allowing
for immediate redeposition. However, the etching creates a channel
inside the glass sheath that has to be transversed by the analyte before
reaching the PB film inside the cavity, resulting in a loss of sensitivity
and increase of the response time due to slow planar diffusion inside
the cavity. Yet, for relatively long time scales (t > I?/4D ~ 100 ps e.g.
for a cavity of depth I = 1 um) the electrode shows fast mass transport
typical of hemispherical diffusion. As predicted for recessed electrodes
[21] the steady-state currents observed for H,0, reduction are only
slightly diminished with respect to the maximum theoretical value

expected for ideal coplanar disk-shaped geometry. Taking the average
sensitivity measured here and a typical electrode radius of 150 nm,
the resulting calculated current is only three times smaller than
the ideal value obtained from the equation is; = 4.64:r-F-c-D (with
D =1710"%cm?s ') [28].

5. Conclusion

We present a selective amperometric nanosensor for the detection
of H,0, based on PB deposited inside the cavity of an etched carbon
nanoelectrode. Sheltering the PB in the nanocavity greatly increased
the stability of the electrocatalyst while maintaining high mass trans-
port rates. Thus, the concept may be transferred to other types of
electrode modification in order to create a multitude of functional
electrochemical nanosensors. In the future, the H,0, sensor may be
applied for the study of the production of ROS inside single living cells.
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