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Abstract

The combination of fluorescence measurements of membrane potential and intracellular Ca®*
concentration allows correlating, with spatial precision, the electrical and calcium activity of a cell.
The technical advances allowing this type of measurement was achieved only recently and represents
an important step in the progress of the voltage imaging approach pioneered, over forty years ago, by
Lawrence B Cohen. Here, we show how this approach can be used to investigate the function of Ca®*
channels using the foreseen possibility to extract Ca** currents from imaging experiments. The
kinetics of the Ca?* current, mediated by voltage-gated Ca** channels, can be accurately derived from
the Ca®* fluorescence measurement using Ca?* indicators with Kp > 10 pM that equilibrate in less
than 1 ms. In this respect, the imaging apparatus dedicated to this application is described in detail.
Next, we illustrate the mathematical procedure to extract the current from the Ca®* fluorescence
change including a method to calibrate the signal to charge flux density. Finally, we show an
example of simultaneous membrane potential and Ca** optical measurement associated with an
action potential at a CA1 hippocampal pyramidal neuron from a mouse brain slice. The advantages

and limitations of this novel approach are discussed.



1 Introduction

Since the introduction of organic voltage sensitive dyes’, the membrane potential (V) change
associated with neuronal activity could be measured, at multiple cellular sites, using fluorescence.?®
This information, spatially and temporally correlated with Ca*" signals, opens the gate to the
understanding of many physiological processes underlying neuronal function.* More recently,
voltage sensitive dyes imaging was combined, in single neurons, to Ca®* fluorescence imaging,
initially using sequential recordings®® and later using simultaneous recordings with two aligned
cameras’. Under general conditions, this experimental strategy allows correlating the change of
intracellular Ca** concentration with the underlying V.. Nevertheless, if the change of intracellular
Ca®* concentration is due exclusively to Ca** influx through the plasma membrane, the measurement
of Ca** concentration can be in principle converted into a measurement of Ca®* current.® Only in this
case, when no Ca” release from internal stores occurs, the combined optical measurement of Vp,
using voltage sensitive dyes permits the study of the voltage regulation of Ca** channels.

The theory of obtaining an optical measurement of a fast Ca®* current starts with the analysis of
the dye-Ca?* binding reaction occurring in the presence of an endogenous cellular Ca** buffer. This
scenario has been initially studied by Kao and Tsien® who established that the relaxation time of the

dye-Ca®* binding reaction (tr) can be approximated by the equation:
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For all Ca®* indicators, the association constant (Kon"*®

) is fast and limited by diffusion, typically
to ~6-10° M's™, while the dissociation constant Kogr>”® may vary two order of magnitudes. Thus, tr
at different free Ca®" concentrations ([Ca®*]) can be estimated as a function of the equilibrium
constant Kp™*® = Kope?Y®/Kon™8. Whereas for high-affinity indicators with Kp < 1 pM 1 is typically
> 1 ms and depends on [Ca?*], for low-affinity indicators with Kp > 10 pM 1 is faster (typically <
200 ps) and does not depend on [Ca®']. This theoretical consideration suggests that a fast Ca**
current with duration of a few milliseconds can be reliably tracked by low-affinity indicators.

While the relaxation time of the dye-Ca?* binding reaction sets the limit of detection of a Ca®*
influx, the measurement of a Ca®* current is possible only if the total Ca®* entering the cell through
the plasma membrane is proportional to the Ca®* bound to the dye. In a previous report, we described
the conditions under which this requirement is fulfilled.'® In addition, we demonstrated that this is the
case of the Ca’* signal associated with the action potential in the CA1 pyramidal neuron of the
hippocampus.*

Here, we describe more in detail how to achieve these measurements. In particular, we describe

the necessary apparatus as well as the methodological aspects of this novel approach. We report tests



with five Ca®" indicators (Oregon Green 488 BAPTA-1, Oregon Green 488 BAPTA-6F, Oregon
Green 488 BAPTA-5N, Bis-Fura2, and FuraFF) and, for the low-affinity indicators, confirmed their
ability to track a Ca?* current by performing computer simulations. We also describe an alternative
approach of data analysis using the fit of the Ca** transient to obtain the Ca?* current from a reduced
number of trials. We finally further discuss how this novel approach overcomes the limitations of

Ca®" current measurements using electrode techniques.

2 Materials and Methods

2.1 Slice preparation, solutions and electrophysiology

Experiments were approved by the Isere prefecture (Authorisation n. 38 12 01) and the specific
protocol (n. 197) by the ethics committee of the Grenoble Institute of Neuroscience. Hippocampal
slices (250 um thick) were prepared from 21-35 postnatal days old C57BI6 mice as previously
described™* using either a VVF-200 compresstome (Precisionary Instruments, Greenville, NC) or a
Leica VT1200 (Leica, Wetzlar, Germany). Slices were cut in iced extracellular solution and
incubated at 37°C for 1 hr before use. The extracellular solution used contained (in mM): 125 NacCl,
26 NaHCO3, 1 MgS0O,, 3 KCI, 1 NaH,POy, 2 CaCl, and 20 glucose, bubbled with 95% O, and 5%
CO,. The intracellullar solution contained (in mM): 125 KMeSQOy,, 5 KCI, 8 MgSQq, 5 Na,-ATP, 0.3
Tris-GTP, 12 Tris-Phosphocreatine, 20 HEPES, adjusted to pH 7.35 with KOH. To block Na* and K*
channels in voltage clamp experiments, the external solution also contained 1 uM tetrodotoxin, 5 mM
tetraethylammonium (TEA), 4 mM 4-aminopyridine and 250 nM apamin, and the internal solution
also contained 5 mM TEA. In this work, five Ca?* indicators (all purchased from Invitrogen,
Carlsbad, CA) were used at the concentration of 1 mM: Oregon Green 488 BAPTA-1 (OGB1, Kp =
0.21 uM*), Oregon Green 488 BAPTA-6F (OG6F, Kp = 3 uM, as reported by the vendor), Oregon
Green 488 BAPTA-5N (OG5N, Kp = 35 pM*), Bis-Fura2 (BF2, Kp = 0.53 pM, as reported by the
vendor) and FuraFF (Kp = 10 uM™). Ca?" indicators were dissolved directly into the internal
solution. In voltage-imaging experiments, cells were loaded as previously described* with the
voltage-sensitive dye JPW1114 (Invitrogen). In calibrating experiments using the Ca?*-releasing
caged compound nitrophenyl-EGTA (NP-EGTA)™ (Invitrogen), the internal solution also contained
150 pM CaCl,. All other chemicals were purchased either from Tocris (Bristol, UK) or Sigma-
Aldrich (St. Louis, MO). Experiments were performed at 32-34 °C using an Olympus BX51
microscope equipped with a 60X/1.0 NA Nikon objective. Patch-clamp recordings were made using
a Multiclamp amplifier 700A (Molecular Devices, Sunnyvale, CA) and voltage and current signals



were acquired with the A/D board of the CCD camera. The V,, measured with the patch pipette was
corrected for the junction potential (-11 mV) as calculated with the JPCalc software.’ In voltage
clamp recordings, the Ca®* current was evoked by depolarising pulses from -70 mV to -10 mV and
measured in the soma by subtracting the scaled subthreshold current associated with a voltage step
from -70 mV to -60 mV.

2.2 The imaging system

A schematic of the imaging system is shown in Fig. (1a). Simultaneous UV/blue LED
illumination from the epifluorescence port of the microscope was allowed by a 409 nm dichroic
mirror (FF409, Semrock, Rochester, New York). UV light was either at 365 nm for photolysis or at
385 nm for excitation of Fura indicators fluorescence. The 365 nm LED was controlled by an
OptoFlash (CAIRN Research Ltd., Faversham, UK) and the other LEDs controlled by an OptoLED
(Cairn). The image could be demagnified either by 0.5 or by 0.25 obtaining the fields of view shown
in Fig. (1b). The two image were separated by a 593 nm dichroic mirror and acquired with a dual-
head NeuroCCD-SMQ camera (Redshirt, Decatur, GA) at 510 + 42 nm (with the “Ca** CCD”) and at
>610 nm (with the “V,, CCD”). The Ca*" image was therefore the mirrored picture of the V, image.
Whereas the camera has 80X80 pixels per head (full resolution), to achieve the speed of 20 kHz,
binned stripes of 26 x 4 pixels were imaged. To achieve simultaneous illumination and detection of
OG5N and JPW1114, both indicators were excited at 470 nm. The sensitivity of the VSD at 470 nm
was about 4 times less than that at 532 nm. Thus, while an action potential is associated with a
fractional change of fluorescence (AF/Fp) of 2-8% in the proximal apical dendrite at 532 nm, the
same signal is associated with AF/Fy of 0.5-2% at 470 nm. Using this configuration, the emission of
JPW1114 detected by the Ca®* CCD is negligible as shown in Fig. (1c) and the emission of OG5N
detected by the V, CCD is also negligible as shown in Fig. (1d). Thus, it is possible to discriminate
and quantify Ca?* fluorescence from V,, fluorescence.

2.3 Recording and analysis of Ca’* and V., optical signals

Ca’* and Vi, recordings, were performed at 20 kHz and data were initially expressed as AF/Fj.
The high acquisition rate was necessary to prevent the loss of temporal information while applying
the filtering procedure described below. Ca** recordings started 20-25 minutes after establishing the
whole cell configuration, i.e. the time necessary to achieve the equilibrium of the indicator over the
dendritic segment of recording. To improve the signal-to-noise ratio (S/N), fluorescence was

generally averaged over 9-64 trials as specified in each figure legend and corrected for bleaching



using trials without signal. All data analysis was performed using software written in Matlab (The
Mathworks, Natick, MA). The JPW1114-AF/F, signal was calibrated in terms of V, change using a
previously demonstrated protocol based on wide-field photorelease of L-glutamate from the caged
compound 4-methoxy-7-nitroindolinyl-caged-L-glutamate (MNI-glutamate).'” Briefly, a calibration
of the JPW1114-AF/F, signal can be done if an electrical signal of known amplitude is available at all
recordings sites. In many neuronal types, activation of a large portion of ionotropic glutamate
receptors makes them the dominant conductance and the resulting Vy, will be 0 mV in all the
illuminated area. In CA1 hippocampal pyramidal neurons a calibration is possible since the resting
Vi is uniform over the whole cell.*® Thus, the JPW1114-AF/F, signal associated with a saturating
photorelease of L-glutamate will correspond to a change of Vn, from the resting Vi, to 0 mV. A
representative cell where this procedure was applied is shown in Fig. (2a). The JPW1114-AF/F,
signal associated with an action potential was recorded from the initial 50 pm apical dendritic
segment of a CAL hippocampal pyramidal neuron (Fig. 2b). After this recording, we added 1 pM
TTX to block voltage-gated Na* channels and 1 mM MNI-glutamate to the external solution. Starting
from the resting Vi, (-60 mV), we uncaged L-glutamate producing a depolarisation to 0 mV. The
glutamate-induced optical signal (Fig. 2b, green) provided the calibration for the action potential.

Statistical significance was evaluated using either the paired t-test or the two-population (2P) t-test.

2.4 Computer simulations

The results of the analysis of the kinetics of the five Ca*" indicators were compared with those
obtained by computer simulations using a previously published theoretical framework.'® Briefly, we
simulated the reaction of the dye ([D]) with Ca** in the presence of 1 mM of an endogenous buffer
([B]). For comparison with voltage clamp experiments, using as Ca®* current (lcs) the current

measured with the patch electrode, we numerically solved the set of differential equations:

d[Ca“] D 2+ D 2+1_wB 2+ B 2+
i =Ic,-KQy-[Ca? |- [D]+KBpp-[DCa?t |-KBy-[Ca®T |- [B]+Kfpp-[BCa?t]
d[DCa?*
%:KBN-[Ca2+]-[D]-K8FF-[DCa2+]
d[BCa?*]
—aqr = Kow[Ca® ] [BI-Kgee-[BCa®]
d[D]  d[DCa®*]
dt ~  dt
d[B]  d[BCa*]
dt ~  dt

The value of the association and equilibrium constants of the endogenous buffer were Kon® = 2.108

MZstand Kp2 = 10° M while Kore? = Kon® KpB. The value of the association constant of all Ca?



indicators was Kon® = 6-:108 M™s?, as reported by Kao and Tsien® while Kore® = Kon™-Kp® was
derived for each different indicator from the Kp values reported above. Numerical solutions were

obtained using the Matlab function “ode45”.

3 Results

3.1 Comparative analysis of the kinetics of different Ca?* indicators.

The theoretical considerations described in the Introduction suggest that the kinetics of a fast Ca®*
current with duration of a few milliseconds can be reconstructed from the fluorescence change of a
low-affinity indicator. The ultimate strategy to test this hypothesis is to verify that the AF/Fo Ca®*
signal is linear with the integral of the Ca®* current measured, under voltage clamp, in the presence of
Na* and K" blockers (see Materials and Methods). The protocol used in these tests, illustrated in Fig.
(3a), consisted in two depolarising square pulses. The current associated with the first pulse, from -70
mV to -60 mV not evoking a Ca®* current, was scaled and subtracted from the current associated with
a pulse from -70 mV to +10 mV. This procedure permitted the extraction of the Ca** current from the
total current recording containing the leak current and the capacity transient. The integral of the Ca®*
current obtained in this way was then compared to the AF/F signal. Fig. (3b) shows results from five
representative cells each recorded with a different indicator: the first 7 ms of Ic, normalised to 1
(black traces), the corresponding normalised I, integrals (red traces) and the associated normalised
AF/F, signals (blue traces). The signals obtained in these experiments were faithfully mimicked by
the results of computer simulations, reported on the right, performed as described in the Materials
and Methods.

To quantify the difference of kinetics between the Ca?* AF/F, signal and the lc, integral we
computed the area (“S”) of the difference of the two curves normalised to 1 over the first 4 ms as
shown in Fig. (3c). The statistics of S for the five groups of cells (N = 4-12 for each indicator) is
illustrated in Fig. (3d). The values of S with the two low-affinity indicators OG5N and FuraFF, were
statistically different from the values of S with the high-affinity indicators OGB1 and BF2 (2P T-test,
p<0.02). In particular, the low affinity indicators were able of tracking fast Ca** currents. OG5N-
AF/F has S/N more than times 3 larger than FuraFF-AF/F, associated with the same Ca*" signal. For
this reason OG5N should be used for measuring relative small Ca* currents as those reported here.
However, FuraFF can be better combined with JPW1114 for simultaneous V, and Ca?* imaging’ and

should be used for larger Ca®* currents where fluorescence averaging over many trials is less critical.



The tests presented here suggest that all organic Ca** indicators with Kp for Ca** of more than 10 pM

can be potentially used to faithfully extract the time-course of a fast Ca** current.
3.2Calibration of the OG5N-AF/F, signal and extraction of the Ca®' current

An important aspect of the Ca?* imaging technique is its ability to provide an estimate of the
intracellular Ca®* concentration. In general terms, this estimate is not straightforward since the
important information may involve knowing the free Ca®* concentration ([Ca**]eree) as well as the
Ca®" that binds to the dye and to the endogenous buffer. However, for a quantitative estimate of Ic,,
the important information is exclusively the total Ca** concentration ([Ca’*]ror) entering the cell.
The estimate of [Ca?*]tor corresponding to a particular AF/Fy signal will allow determining the
charge concentration and deriving the corresponding Ic, volume density (Ica,/V).

A way to produce a [Ca?*]ror of known amplitude is to release Ca** from a caged compound. The
cell in Fig. (4a) was filled with an intracellular solution also containing 300 uM of NP-EGTA and
150 uM CaCl,. NP-EGTA before photolysis is a high-affinity Ca?* chelator (Kp = 80 nM). The Kp
decreases by a factor of 12,500 after photolysis.™® While in the pipette 50% of the NP-EGTA is
bound to Ca?*, this percentage is unknown in the cell where it is regulated by the global Ca*
homeostasis. However, when the cell of Fig. (4a) was depolarised from -70 to -10 mV, a persistent
OG5N-AF/Fy signal >20% was observed. Since this signal typically corresponds to >10 times the
signal associated with one action potential and [Ca®*]rree associated with an action potential in this
dendrite type is >100 nM%, [Ca*"]eree at -10 mV is >1 pM. Since Kp of NP-EGTA is 80 nM, at Vi,
= -10 mV, more than 92% of NP-EGTA is always bound to Ca®*. Under this condition, as shown in
Fig. (4a), the Ca®" indicator is still not saturated since a further depolarization step of +50 mV
produced a OG5N-AF/Fy signal >20%. Having established that at V, = -10 mV, ~300 uM is bound
to NP-EGTA and available for release, the calibration protocol illustrated in Fig. (4b) consisted in
applying a sequence of 16 UV pulses (of 20 ms duration every 5s) and by measuring the OG5N-
AF/F, signal associated with each pulse. The [Ca®]ror released at the pulse k follows the geometric
progression.?

k-1

[Caz+]TOT(k)=a'(3OO uM- [Caz+]TOT(j))
j=0

where [Ca*lror (k=0) = 0. The OG5N-AF/F, corresponding to a given [Ca*']ror is obtained by
fitting this geometric progression to the sequential decrease of the OG5N-AF/F, amplitude. In this
particular cell, we obtained that a OG5N-AF/F, of 1% corresponded to [Ca**]ror = 18 M. From this
calibration the Ic,,/V associated with the action potential was derived in the following way, as shown
in Fig. (4c). First, the AF/F; signal was converted into a charge-to-volume ratio (Q/V) using the



equation:

_[Ca’" ] o 2e N,y

Qv 3

dm
where e is the fundamental charge, dm is the decimetre unit and Na is the Avogadro number.

Second, the converted signal was filtered using a Savitzky-Golay filter preserving the kinetics of the

original signal.??

Finally, the Ic,,/V was obtained by applying the time derivative to the filtered signal
as shown in Fig. (4c). Previously reported data analysis using this calibration procedure indicated that
the [Ca*"Jror corresponding to a OG5N-AF/Fy signal of 1% varies from 16 pM to 24 pM.* Thus, a
standard estimate of OG5N-AF/F, = 1% corresponding to-[Ca®‘]ror = 20 UM can be applied in cells

where the calibration protocol is not directly performed.
3.3 Estimate of Ic,/V signals by AF/F, filtering or curve fitting

The OG5N-AF/F, signal associated with an action potential can be measured from a 50 pm
dendritic segment with good S/N which can be further improved by averaging several trials. The
extraction of Ic/V, however, is based on the calculation of the time derivative which requires the
signal noise to be smaller than the signal change between two consecutive samples. A way to obtain
this condition is to temporally filter the signal up to the limit of distortion of its kinetics. In our
previous report we have shown that the Savitky-Golay algorithm is an optimal filtering tool
permitting for improving the S/N of the OG5N-AF/Fy signal without significant temporal distortion
using time-windows of up to 20-30 samples.® The application of this procedure allows extracting
Ica/V from relatively large dendritic compartments and by averaging several trials. The challenge for
the improvement of data analysis was to go beyond the limitations of the filtering approach. This can
be done by fitting the raw or the filtered OG5N-AF/F, signal with a model function obtaining a
noiseless curve that mimics the time course of the OG5N-AF/F, signal. While the choice of the
model might be arbitrary, a simple function that resembles the time course of the OG5N-AF/Fy
transient is the sigmoid. In particular, the OG5N-AF/F; signal normalised to its asymptotic value can

be mimicked by the products of N sigmoid functions Y

NSigm

1
10 =] | e

=1
where t is time, ¢; and 0; are the parameters to be determined by the fit and Nsigm is the arbitrary
number of sigmoid functions. We tried several integer values for Nsigm and we found that 3 was the
minimum number of sigmoid functions always providing a fit with the same kinetics of the OG5N-
AF/Fq signal. The product of three sigmoid functions was therefore set as the general model to fit the

signal and its ability to extract Ic./V either from small dendritic regions or from relatively large



regions in single trials was assessed in the cell reported in Fig. (5a). In particular, we analyzed signals
associated with an action potential from an average of 32 trials or from a single trial (Fig. (5b)). Fig.
(5¢) shows the AF/Fy signals from the average of 32 trials in a large dendritic region of ~50 um
length (region A) and in a small dendritic site of ~2.4 um (region B). The same panel (right traces)
also shows the AF/Fq signal in region A from the single trial. Each raw signal was filtered with the
Savitky-Golay algorithm at a time-window of 10, 20 or 40 samples. Alternatively it was fitted with
the three-sigmoid model. The filtering algorithm improves the S/N but starts producing a temporal
distortion at 40 samples. The consequent distortion of the extracted Ic,/V is evident in the case of the
average of 32 trials in region A shown in the left column of Fig. (5d). While in this case the Ic./V
obtained by filtering with a time window of 20 samples has acceptable S/N, the same filtering
approach applied to extract Ic./V either from region B or from region A in a single trail generates a
noisy signal (middle and right traces). In all cases, however, the fit approach generates noiseless
curves that faithfully reproduce the time-course of the OG5N-AF/F signals from which Ic,/V signals
can be extracted. This technical improvement in data analysis is critical for many applications. In
particular, when spikes occurrence is stochastic, Ic/VV must be extracted from single trials.
Alternatively, the gain in analysis performance can be spent to extract Ic./V from small or relatively

dim regions.

3.4 Simultaneous V,, and Ic,/V optical measurements

To illustrate the ability of simultaneous Vi, and lc./V optical measurements to investigate Ca®*
currents and the behaviour of underlying Ca®* channels, we report here an analysis of the Ica/V
associated with an action potential in the initial segment of the apical dendrite of the CAl
hippocampal pyramidal neuron. In the cell of Fig. (6a), action potentials were evoked by current
injection and recorded optically in the first 50 um dendritic segment as reported in the top of Fig.
(6b). One action potential was evoked starting from V, = -60 mV and another action potential was
evoked starting from V, = -80 mV. The simultaneously recorded Ic./V signals are shown in the
bottom of Fig. (6b). The Ic,/V associated with the action potential starting from V, = -80 mV was
larger than the Ic,/V associated with the action potential starting from V,, = -60 mV. The time-course
of Ica/V can be precisely correlated with the time-course of Vy, as shown in Fig. (6¢). In 14 cells in
which this protocol was applied, the mean £ S.E.M. of the Ic./V peak in the first 50 um dendritic
segment was 7.2 + 1.7 pA/um?® for the action potential starting at Vi, = -60 mV and 10.1 + 1.4
pA/um?® for the action potential starting at Vi, = -80 mV as shown in Fig. (6d). The lca/V was
consistently larger for the action potential starting at Vi, = -80 mV (p<0.001, paired t-test). As

demonstrated in a previous report'®, the different Ic/\VV amplitude observed under the two Vp,



conditions was mainly due to activation of T-type voltage-activated Ca®* channels which recovered

from inactivation when the cell was hyperpolarised to V, = -80.%*

4 Discussion

Since the introduction of organic voltage sensitive dyes and thanks to the work of Lawrence B
Cohen and colleagues, it was expected that the improved S/N of V,, measurements®* could open the
gate to applications where an imaging approach could eventually overcome the intrinsic limitations
of electrode techniques. The more recent introduction of fluorescent Vy, probes that could be directly
injected into cells® allowed recordings of V, of less than 1 mV. %

The patch clamp technique, however, is routinely used to measure not only Vp, but also the
membrane current in “voltage clamp” mode. Our current understanding of ion channel function is
mainly derived from the use of the patch-clamp techniques. This measurement, in single-electrode or
two-electrode voltage clamp, consists in maintaining the cell at a given V, by compensating the cell
current with an injected current.”” The current measured with the electrode is therefore the
summation of the filtered currents from all different cellular regions, including remote regions where
V is unclamped.?® To study the function of native ion channels at different sites of neurons and
under physiological electrical activity, this approach is practically not applicable for a series of
reasons. First, the “voltage-clamp” condition is not applicable in a cell where Vp, is not uniform.
Second, although local current measurements from a limited number of cellular sites can be obtained
using dendritic patch clamp recordings®, not only the number of recording sites is limited with
respect to an imaging approach but each current is also the summation of currents from different
sites, filtered with respect to the site of recording. In other words, a voltage-clamp current
measurement carries no information on the site of origin of the current. Third, the physiological
behaviour of a channel occurs when V., changes physiologically, which is not the condition of
“voltage clamp”. Injecting a current to dynamically clamp the cell and reproducing a physiological
Vm change, for instance an action potential, does not solve the problem since the potential drop due
to the series resistance and the space-clamp of the cell will generate a non uniform distortion of the
Vn, form. Fourth, separation of a current mediated by a specific ion requires pharmacological block
of all other currents. Obviously, these channels are necessary for a physiological V, change. For
instance, an action potential requires Na*, K* and Ca®* channels and the study of a specific current

during this event would require the block of the other two currents.



For Ca?* currents, the imaging approach described in this report potentially overcomes all these
limitations. In contrast to patch-clamp recordings, these calcium optical currents can be measured in
conditions of a physiological change of V. The measured currents are confined to the sites where
they are recorded. The additional information on local V., change, necessary to correlate the
behaviour of the conductance with its biophysical properties, is obtained by performing combined V,
and Ca®* imaging experiments. The possibility to extract lc, from Ca®* imaging experiments was
foreseen in the past. Thus, as expected by the pioneering study of Kao and Tsien® and by the
computer simulations reported here, the kinetics of Ic, can be reconstructed without distortion and
correlated with V, change. The crucial information on the Vy, at the same site of the I, is given by
the concomitant V, optical measurement. In this way, it is possible to follow the activation and
deactivation of the channel as a function of the V, change during physiological activity. The optical
measurement of Ic, is however affected by some limitations. First, obviously, it cannot be performed
when a concomitant Ca* release from internal stores occurs. Second, it cannot be applied to measure
a slow lc, that occurs at the same time scale of Ca®* sequestration and extrusion. This, as shown in a
previous report™, will introduce a “negative current” artefact in the Ic, measurement. Third, in the
optical measurement, the calibration can be provided in terms of Ic, /V, while the evaluation of I,
requires precise morphological reconstruction of the site of recording.

The optical measurements of Ic, became possible only recently thanks to the remarkable advance
in light sources and detection devices for V, and ion imaging.®® The simultaneous measurement of
Vn and Ica/V can be also achieved using the low-affinity indicator Fura-FF and the optical settings
described in a previous article.” The S/N of Fura-FF AF/F, signal, however, is substantially lower
compared to the equivalent OG5N-AF/Fy signal. Another possibility for simultaneous measurements
of Vin and Ic/V using OG5N is its combination with a red-excitable voltage-sensitive dye such as
those described in Yan et al. 2012.3**? Such indicators would allow combining simultaneous blue
illumination for OG5N with red optimal illumination for the voltage-sensitive dye. Among these
indicators we tested Di-2-ANBDQ(F)PTEA and we found that its fluorescence excited at 470 nm
decreases in intensity when V, is depolarized (data not shown). Thus, when exciting Di-2-
ANBDQ(F)PTEA at 470 nm and at 630 nm simultaneously, the AF/F, signal associated with a Vp,
change is smaller than the equivalent AF/Fy signal obtained by red illumination only. Finally, for
signals that are consistent from trial to trial, measurements of V., and Ic./V can be obtained
sequentially with the combination of JPW1114 and OG5N by alternating optimal excitation of Ca**
fluorescence at 470 nm with optimal excitation of V, fluorescence at 532 nm.

The present approach should drastically improve our understanding of the physiological function
of Ca** channels by providing the possibility to explore the biophysics of native channels during
physiological activity in subcellular loci of the complex neuronal architecture. The method described



here is, therefore, another important brick in long history of membrane potential imaging

applications.
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Figure Legend

Fig. 1 The imaging system. (a) Schematic of the imaging system including simultaneous UV/blue
LED illumination and the dual-head CCD camera (illustrated in the picture) for simultaneous V, and
Ca®" imaging; the image from the 60X objective is demagnified by a coupler before detection. (b)
Images of a micrometer slide from the two aligned heads of the camera using 0.5X and 0.25X
demagnifing couplers; the distance between two adjacent lines is 10 pum (c) Top: Fluorescence sub-
images of the apical dendrite of a CA1 hippocampal pyramidal neuron filled with 1 mM OG5N;
resting fluorescence from the V,, camera is <5% with respect to that from the Ca®* camera; bottom:
the fluorescence transient associated with an action potential is detected with the Ca** camera and it
is negligible at the V,, camera. (d) Top: Fluorescence sub-images of the apical dendrite of another
CA1 hippocampal pyramidal neuron filled with JPW1114; resting fluorescence from the Ca®* camera
is <56% with respect to that from the V,, CCD; bottom: the fluorescence transient associated with an

action potential is detected with the V,, CCD and it is negligible at the Ca** camera.

Fig. 2 Calibration of JPW1114-AF/Fy in terms of AV,. (a) Initial apical dendritic segment of a CA1
hippocampal pyramidal neuron loaded with the VSD JPW1114; the region from where fluorescence
was averaged is outlined in yellow. (b) JPW1114-AF/F, associated with an action potential or
glutamate photorelease; the calibration protocol is applied from the resting membrane potential
which is assumed to be uniform over the cell; the massive ionotropic glutamate receptors activation
drives the illuminated dendritic area to 0 mV. The action potential trace is from an average of 32

trials; the calibration trace was from an average of 9 trials.


http://www.ncbi.nlm.nih.gov/pubmed/23169660

Fig. 3 Kinetics of different Ca®* indicators investigated in voltage clamp. (a) VVoltage clamp protocol
consisting of two 16 ms voltage pulses from -70 mV, the first one below the threshold for activation
of Ca** channels and the second one to ~20 mV; experiments were performed in the presence of Na*
and K* channels blockers; the Ca®* current (lc.) was extracted by subtraction of the scaled sub-
threshold current; the kinetics of the current was analysed in correlation with that of the Ca®*
fluorescence change in the initial 60 um segment of the apical dendrite; all data were averages of 16
trials. (b) Ic, and Ca?* AF/F, from 5 representative cells filled with 1 mM of one of the following
indicators OGB1, OG6F, OG5N, BF2 or FuraFF; the integrals of Ic, (Ic,) are also shown; signals are
normalised to their maxima over the first 7 ms after the pulse beginning; simulations of the Dye-Ca**
binding reaction are reported on the right. (c¢) From two the representative cells filled either with
OGBI or with OG5N the JIc, and Ca®* AF/Fo normalised to their maxima over the first 4 ms after the
pulse beginning; the difference between the two curves is also reported. (d) Mean + SD of the surface
of [Ica - AF/F, (S) obtained for each of the 5 indicators tested from the number of cells reported;
OGB1: 0.185+0.034, N=5; OGG6F: 0.049+0.023, N=5; OGB1: 0.007+0.018, N=12; BF2:
0.375£0.150, N=4; FuraFF: 0.002+0.023, N=6; the values of S for OGB1 with respect to those for
OGS5N, and the values of S for BF2 with respect to those for FuraFF were significantly different (2P

t-test, p<0.001* and p<0.002** respectively). Panels a and ¢ were adapted from °.

Fig. 4 Calibration of Ca®" currents using Ca** photorelease. (a) OG5N-AF/F, from the initial 80 um
segment of the cell shown on the top (region of fluorescence average outlined) associated with a
depolarisation from -70 mV to -10 mV (top) and from -10 mV to +40 mV (bottom). (b) From the
same cell filled with a solution containing 300 uM NP-EGTA and 150 pM CaCl, sequential UV-
flashes (pulses) at -10 mV produced a OG5N-AF/Fq signal of decreasing amplitude (left); the OG5N-
AF/F, amplitude vs the pulse was fitted with a geometric sequence to obtain the efficiency of each
pulse (o = 0.2 in this example); considering the Ca** photoreleased by the first pulse a signal of 1%
corresponded to [Ca*Tror = 18 UM in this specific cell. (c) Calibrated OG5N-AF/F, (middle trace)
associated with an action potential (top trace) and corresponding Ic./V (bottom trace); Data are from

an average of 64 trials. Panel a was adapted from *°.

Fig. 5 Extraction of the Ca®* current using filtering or curve fitting. (a) Fluorescence images of a cell
filled with OG5N; region A comprises ~50 um of dendrite from where fluorescence was averaged,;
region B is a single pixel. (b) Action potential signal from an average of 32 trials (left) or from a
single trial (right). (c) From the same trials above, OG5N-AF/F, signals from the average of 32 trials
in region A (left), from the average of 32 trials in region B (middle) or from the single trial in region

B (right); the signals were either unfiltered (top, blue traces), filtered with the Savitzky-Golay



algorithm at time windows of 10 (SG10), 20 (SG20) and 40 (SG40) samples, or fitted by the product
of three sigmoid functions (FIT); the filter algorithm and the fit were implemented by the “smooth”
and “Isqcurvefit” Matlab functions respectively. (d) From the filtered or the fitted traces above, the
Ica/V were calculated for the three cases: average of 32 trials in region A (left), average of 32 trials in
region B (middle) or single trial in region A (right); the approach of data fitting permits lc./V

extraction from sites of ~2.4 um using averaged trials or from larger regions in single trials.

Fig. 6 Dendritic Ic,/V associated with an action potential at different starting V.. (@) Fluorescence
images of a cell filled with OG5N and JPW1114; the region from where fluorescence was average is
outlined. (b) Optical measurements of V,, (top traces) and lc/V (bottom traces) with an action
potential starting either at Vi, = -60 mV or -80 mV. (c) Ic/V superimposed to the optically recorded
action potential in the two cases. (d) Mean = SEM of the peak Ic./V associated with an action
potential starting either at Vi, = -60 mV or V,, = -80 mV from 14 cells; the peak Ic./V was
significantly higher for the action potential starting at -80 mV (p<0.001, paired t-test).
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