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MOTIVATION The patch-clamp technique has provided many insights into neurons and the channels and
receptors that reside within them. This powerful technique offers precise measurements of the ionic con-
ductances in neurons when used in the voltage-clamp mode, while also offering precise measurements
of macroscopic cellular excitability when used in the current-clamp mode. However, traditional patch-
clamp has significant drawbacks. Manual recordings are labor intensive and subject to selection bias of
neurons that are recorded. We therefore developed a high-throughput and unbiased method that ad-
dresses the limitations of manual patch-clamp.

SUMMARY

The patch-clamp technique is the gold-standard methodology for analysis of excitable cells. However,
throughput of manual patch-clamp is slow, and high-throughput robotic patch-clamp, while helpful for
applications like drug screening, has been primarily used to study channels and receptors expressed in het-
erologous systems. We introduce an approach for automated high-throughput patch-clamping that
enhances analysis of excitable cells at the channel and cellular levels. This involves dissociating and isolating
neurons from intact tissues and patch-clamping using a robotic instrument, followed by using an open-
source Python script for analysis and filtration. As a proof of concept, we apply this approach to investigate
the biophysical properties of voltage-gated sodium (Nav) channels in dorsal root ganglion (DRG) neurons,
which are among the most diverse and complex neuronal cells. Our approach enables voltage- and cur-
rent-clamp recordings in the same cell, allowing unbiased, fast, simultaneous, and head-to-head electro-
physiological recordings from a wide range of freshly isolated neurons without requiring culturing on
coverslips.

INTRODUCTION

Since its introduction in the 1980s, the patch-clamp method '™
has taught us innumerable lessons about neurons and the chan-
nels and receptors within them. Used in the voltage-clamp (VC)
mode, it can provide accurate measurements of the ionic con-
ductances in excitable cells. Used in the current-clamp (CC)
mode it can provide measurements of macroscopic cellular
excitability. Patch-clamp electrophysiology has enhanced our
understanding of virtually every ion channel and receptor, and
has contributed to understanding of virtually every type of
neuron.”

Gheck for
Updates

Despite the power of patch-clamp recording, like all methods
it comes with some challenges and limitations. Among these are,
in its manual (physiologist-implemented) configuration, the
labor-intensive and time-consuming nature of patch-clamp
recording. It can take even a skilled physiologist ~10-15 min
to assess a single cell. This limitation (along with others) has
been mitigated by the introduction of robotic, higher throughput
methods that achieve high-resistance seals, and perform patch-
clamp physiology using suction (cell-on-a-hole) methodology to
record, rather than lowering an electrode onto each cell.”
Although cells are not visually screened and selected for
recording, the large number of cells recorded in parallel yields,
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for any given experiment (“run”), a much larger number of re-
cordings than could be obtained manually. This high-throughput
methodology has been used widely and successfully, both in
industry for drug screening®™” and in academic settings for basic
studies of physiology and pharmacology.®~'? Furthermore, the
existing manual patch-clamp technique does not allow for
head-to-head and simultaneous comparison of a broad range
of cell types, e.g., different types of neurons, under the exact
same conditions, and necessitates culturing the primary cells
on glass coverslips for extended periods of time.

Because the primary application of robotic patch-clamp sys-
tems has been in drug screening, these systems have to date
been primarily used to study channels and receptors expressed
in heterologous cell lines.®® More recently, there have been
reports of use of these systems to study cardiac myocytes and
dopaminergic neurons differentiated from induced pluripotent
stem cells (iPSCs),'"'*'* and some cardiac and cortical (the
cortical study lacks methodological and biophysical details)
cells.”® "® While these studies have provided invaluable informa-
tion about ion channels and receptors expressed in heterolo-
gous systems and excitable cell types differentiated from stem
cells (which are not always identical to primary counterparts),
there is substantial evidence indicating that the functional
properties of channels and receptors can vary, depending on
the cell background in which they are expressed.'®?°

High-throughput patch-clamp recordings from neurons have
thus far not been obtained using high-throughput robotic
methodology. Moreover, assessment of how the channels and
receptors within a freshly isolated neuron contribute to its firing
properties, while amenable to CC analysis, have not been
demonstrated on high-throughput platforms.

In this paper, we show that patch-clamp analysis of freshly
isolated neurons on a high-throughput platform is possible,
and describe methodology using dorsal root ganglion (DRG)
neurons,”’ which provide a model of a complex neuronal cell
type. Here, we specifically apply our approach to investigating
the properties of voltage-gated sodium (Nav) channels in these
neurons, whose diversity and role within the sensory pathway
is well-substantiated,””*® and capitalize on the differential sensi-
tivity of sensory Nav channels to tetrodotoxin (TTX), which
provides a pharmacological means to further characterize the
biophysical properties of DRG neurons. Our approach allows a
completely blinded, unbiased, simultaneous, high-throughput,
and comprehensive investigation of the biophysical properties
of a broad range of freshly isolated neurons, immediately after
tissue dissociation.”**> This approach is applicable to a variety
of cell types and can be used in multiple applications from exten-
sive investigations of physiology to the studies on pharmacology
in freshly isolated neurons. We also show that this methodology
permits VC analysis followed by CC analysis on the same neuron
in a high-throughput mode.

RESULTS
Freshly isolated neuron preparation and optimization
A typical experiment on automated patch-clamp systems

requires tens to hundreds of thousands of neurons.?® Thus, a
successful experiment requires certain criteria to be met: (1)
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high cell count, (2) high cell purity (i.e., no glia or tissue debris),
(3) cells with healthy membranes (i.e., cells with round and
smooth morphology, not vacuolated), and (4) in this study, to
maintain neuronal diversity, we sought to ensure that cells with
diverse sizes are retained and not filtered out during preparation.
To maximize the success with cell count, we harvested and
pooled DRG tissues from three to four (males and females) adult
C57-BL6 mice (7-9 weeks old), which was followed by dissocia-
tion (Figures 1A and 1B). As shown in the left image in Figure 1C,
after dissociation (mechanical trituration followed by enzyme in-
cubation), cell suspension was a mixture of single neurons,
undissociated big pieces, dissociated supporting cells, and
dissociated small pieces of axons and myelin. To get pure sin-
gle-neuron suspension, undissociated big pieces, dissociated
supporting cells, and small pieces of axons and myelin needed
to be removed. To remove the former, a 70-um cell strainer
was applied; to remove the latter, 15% BSA density gradient
was applied twice. As shown in the right image in Figure 1C, after
filtering with 70-um mesh and 15% BSA density gradient, rela-
tively pure single-neuron suspension was yielded. This cell prep-
aration remains suitable for ~3-4 h at room temperature, and
can support two to four runs per preparation (Table S1). A
more detailed step-by-step description of this approach is pro-
vided in the STAR Methods section.

Once the cells were transferred onto our automated patch-
clamp system in DRG media, we used a custom suction protocol
to both suck cells down toward the hole on the bottom of the well
(Figure S1), and to break into the membrane to establish the
whole-cell configuration. Because high calcium is known to
form crystals with intracellular fluoride, which enhances seal
quality,?” we perfused our cells with 20 mM Ca?* saline solution
and pulsed from —120 mV to —20 mV at 0.5 Hz for 30 cycles.
Then, we washed the cells three times with our standard external
solution to remove any residual high Ca?* and pulsed the cells
with the same protocol, as before. Finally, we waited an
additional ~2.5 min (to let cells stabilize) before applying our
experimental VC and/or CC protocols. We were able to obtain
high-quality recording from up to four experimental runs from
the same neuronal prep. Each run produced ~25-45 recordings
(Figure S2A). These recordings underwent our pre-determined
automated filters, as described next, and only the data that
passed these filters were included in subsequent analyses. The
data presented in this study came from seven independent prep-
arations. On average, cells could last for 40-50 min (the length of
our experimental run), with more cells surviving protocols such
as steady-state inactivation and recovery from inactivation, but
less so for activation protocol (Table S1).

Approach to data analysis

Unlike in heterologous expression systems, where only a single
chosen ion channel is typically expressed, any given type of
neuron (including DRG neurons) expresses a unique set of con-
ductances.?®*** To address this issue, we modified the typical
data analysis approaches that are commonly followed using
high-throughput systems. We used a combination of equation-
based fits, fit qualities, and quality check filters to identify the
wells that first successfully patched neurons, and second,
whether the quality of the recordings was sufficiently high for
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Figure 1. Workflow of the assay and cell preparation

Pooled Neurons for
Experiment

Neuron Prep Before
Optimization

Neuron Prep After
Optimization

(A) The general workflow of our new assay. We start off by harvesting DRG tissue from three to four adult mice and preparing neuronal cell suspension using

standard methods, as explained in STAR Methods.

(B) Cell suspension if filtered using a 70-pM cell mesh, followed by a two rounds of cell purification on 15% BSA density gradient in DRG media.
(C) Images of DRG neuronal cultures using the standard protocol and after implementing the filtration and purification of the neuronal suspension on density
gradients. We aimed to make sure we get as many neurons as possible while maintaining purity, healthy looking membranes, and diversity of cell sizes. Finally,

cells were loaded onto the instrument to run VC/CC experiments.

inclusion into our datasets. Because all our experiments started
with a train of square pulses from —120 to —20 mV, we used the
current amplitudes and the exponential decay (via the analysis
software, Analyzer) of the macroscopic sodium current decay
as primary filters to identify cells with real sodium currents (Fig-
ure S2A). We also used the Boltzmann function in Analyzer to
further identify the cells that were properly clamped in all our
activation and inactivation protocols.*® Finally, we imposed
filters on patch resistances (e.9., Rseries<10 MQ, [Figure S2B]J)
and capacitances (e.g., C > 10 pF, we argued that a smaller
capacitance would not be from a real neuron) as a further quality
check. A description of the filters is provided in Figure S3.

We used the unique identifier code (on our automated robotic
platform) that details every cells’ position on the patching chip
and encodes all experimental blocks to keep accurate records
of all subsequent calculations and analyses of each individual
datum. To further facilitate data analysis and filtration, we
developed a Python-based analysis script that took the
information that passed our filtration criteria in Analyzer as
input, and performed subsequent mathematical filtration of
the data and also automated data sorting and fitting functions
(Supporting Information, Code/Instructions). This pipeline
enabled rapid and robust analyses with multiple equations, as
outlined below.

Nav channels activating properties
As in manual patch-clamp analysis, the first biophysical property
we examined was Nav channel activation, in which we measured

peak channel conductances at membrane potentials between
—120 and +30 mV in a head-to-head comparison (Figures 2A-
2D). We used capacitance as a proxy for neuronal size.*® We ob-
tained activation recordings from cells with capacitances
ranging from ~10 to 40 pF (Figure 2C). As DRG neurons are
known to express different ensembles of Nav channels with
different electrophysiological signatures (e.g., voltage-depen-
dence midpoints),>* we fit the normalized conductance-voltage
(GV) relationship from each neuron with both double and single
Boltzmann equations. In cells where the two terms of the double
Boltzmann fit were very close, the fit procedure failed (signifying
that a single Boltzmann was representative of the data), and the
cell was binned in the single Boltzmann category. If the cell could
be fit by both a single and double Boltzmann model, we used the
quality of the fit (based on the root-mean-square deviation
number, which is better when a double Boltzmann fit succeeds),
to bin the data in the double Boltzmann category. The resulting
midpoints from the double (Vp1 and Vpy) and single (Vs) Boltz-
mann fits are shown (Figures 2E-2G). As expected, we found
that most of the data were better fit with a double Boltzmann
fit (indicative of multiple Nav subtypes); in addition, in both distri-
bution bins, there was an expected variability in the midpoints,
indicative of the broad range of Nav channel ensembles on a
cell-by-cell basis.

In Figure 2H, we show a plot of sodium current density as peak
Ina divided by membrane capacitance (pA/pF) as a function of
membrane potential. The current density distribution further dis-
plays the heterogeneity of Nav currents across the DRG neurons.
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Correlation between Nav channel inactivation and
membrane capacitance

We next measured the voltage-dependence of steady-state
inactivation of our DRG neurons from a 500-ms pre-pulse (Fig-
ure 3). Generally, durations that are in the range of few hun-
dreds of milliseconds are considered more implicative of
fast inactivation than slow inactivation. However, 500 ms
may appear to trigger an overall macroscopic intermediate
inactivation (some channels undergoing fast inactivation
mixed with channels undergoing slow inactivation).>’° We
recorded from neurons with capacitances ranging from ~10
to 75 pF (Figure 3A). Based on the range that we were able
to obtain, we divided these cells into three bins: 10 to <15
pF (small), 15 to <40 pF (medium), and >40 pF (large). Next,
we applied the same double versus single Boltzmann fitting
mathematical comparison to each neuron within the capaci-
tive bins (Figures 3B-3H). Small- and large-diameter neurons
express different combinations of TTX-R (tetrodotoxin-resis-
tant) and TTX-S (tetrodotoxin-sensitive) currents.®**“° Howev-
er, studies suggest that both Nav1.7 and Nav1.8 are
expressed in neurons across various diameters,®**'*? albeit
to different extents. Our results indicate that all the cells in
our smallest capacitance bin are fit better with a double Boltz-
mann (Figure 3D). The bi-phasic relationship is noticeably
visible across every neuron’s |V relationship. Expectedly, the
mean Vpy from the small bin was the most hyperpolarized of
all three bins, suggestive of the presence of the TTX-S
Nav1.7 (the V4,2 of Nav1.7 is the most hyperpolarized, which
will shift the midpoint to the left) and TTX-R Nav1.9 chan-
nels®**9=*2: whereas Vp, was relatively more depolarized,
which is suggestive of a TTX-R Nav1.8 current (the V4, of
Nav1.8 is the most depolarized, which will shift the midpoint
to the right) (Figure 3G).

We found that there were some neurons in each of the me-
dium and large capacitive bins that fit better with single Boltz-
mann (Figures 3E-3H); however, most neurons were better fit
with a double Boltzmann. Importantly, Vp; from the small bin
was significantly more hyperpolarized than the large bin, which
is consistent with a stronger presence of Nav1.6 than Nav1.7 in
the larger cells (p < 0.05). Next, we measured the amount of
non-inactivating current at the most positive potential
(+25 mV) from the steady-state inactivation curves®® (Figure 3I).
We found that the small capacitance cells had significantly
larger persistent currents than either medium or large capaci-
tance neurons (p < 0.05). This is consistent with the idea that
as the cells become larger, they express more TTX-S currents,
which have less persistent currents than TTX-R Nav
channels.®**"42
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Nav channels in larger cells recover faster from fast
inactivation

To further assess inactivation properties, we then measured the
recovery from inactivation from the same three capacitive bins
(Figure 4). This was done after depolarizing pre-pulse durations
of 20 ms (indicative of fast inactivated) or 500 ms (indicative of
intermediate inactivated), from a holding-potential of —120 mV.
To measure recovery from inactivation, we held the channels in
our cells at —120 mV to ensure that the channels were fully avail-
able, and then we pulsed the channels to —20 mV at one of the
noted durations and allowed different time intervals at
—120 mV to measure recovery as a function of time. The normal-
ized recovery following the pre-pulse in each bin were plotted
and fit with a biexponential function (Figures 4A-4F).

Our results suggested that larger neurons have faster recovery
kinetics from fast inactivation from 20 ms, as shown by the 750w
component of the recovery (Figure 4G). These faster kinetics are
consistent with a higher expression of TTX-S currents, including
Nav1.6 (along with lesser expression of Nav1.7 and
Nav1.9).24414244 Expectedly, the Trast cOMponent of recovery
was not significantly different across bins.*®> As we increased
the depolarization duration to 500 ms, we found that there
were no significant differences in either recovery time constants
across the capacitive bins (Figure 4H). These results could be
due to the accumulation of a mixture of fast and slow inactivation
in the different Nav channels that have varying kinetic properties
over the course of 500 ms.*®*” Therefore, the two populations
become inseparable. (Each member of the Nav channel family
has its own signature voltage-dependences and kinetics; over
the course of 500 ms (intermediate) depolarizations, each Nav
subtype displays varying amounts of channels in the fast and
slow inactivated states; this combined with the presence of mul-
tiple types of Nav channels could cause the populations to
become inseparable when measured with a single test pulse
after the 500 ms pre-pulse.*®*®) The pulse protocol we used in
these experiments is shown in Figure 4l.

Pharmacological block of sodium current using TTX

Sodium channels within neurons fall into two broad classes on
the basis of their sensitivity to TTX. To characterize the TTX
sensitivity of our DRG neurons across the capacitive bins, we
voltage-clamped neurons (held at —120 mV and pulsed to
—20 mV to elicit maximal current). Then we perfused 500 nM
TTX, to block all the TTX-S Nav channels (half maximal inhibitory
concentration of TTX-S channels is ~10-30 nM °°°%), and
measured peak amplitude differences before and after TTX
perfusion (Figure 5). In Figure 5A, we show fraction of TTX-S cur-
rent versus capacitance, which expectedly shows variability on

Figure 2. Activating properties of Nav channels in freshly isolated DRG neurons

(A and B) Sample traces of data that were either better fit with single (A) or double (B) Boltzmann equations.

(C) The distribution of capacitances of the cells that were used in our final analysis. The capacitances were measured experimentally for all cells.

(D) The standard VC protocol that was used to elicit the currents. The cells were held at —120 mV, followed by depolarizing step-pulses.

(E-G) All the GV data from each neuron. Each relationship displays normalized conductance as a function of membrane potential. The relationships in this panel
were run with both single and double Boltzmann functions, and (F) if the fit quality mathematically was better with double, Vp (i.e., V1,2’s) and Vp, were binned in

(F); (G) if single Boltzmann worked better, the Vs was put into the bin in (G).

(H) The current densities of each neuron shown as pA/pF as a function of membrane potential.
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Figure 3. Steady-state inactivation of Nav channels using a 500-ms pre-pulse
(A) The distribution of the capacitance sizes we got from our experiments that were used in all subsequent analyses.

(B and C) Samples of single (B) versus double (C) Boltzmann traces/curves.

(D) The current-voltage (IV) relationship for neurons within the 10-15 pF capacitive bin. The neurons within this bin have a clear biphasic distribution, and most of
the Nav channels in these cells do not fully inactivate, i.e., there is a residual persistent current, as indicated but the low ends of the IV curves.

(E) The middle bin (15-40 pF) has the broadest distribution and falls in-between (D) and (F).

(F) The Nav channels in cells in the large bin (>40 pF) tend to fully inactivate, as indicated by the low ends of the curves that display minimal persistent currents.
(G) Distribution of cells that fit better with double Boltzmann function. The V4,2’s suggest that the smaller cells are more heterogeneous, and likely possess both
Nav1.7 (with the most negative inactivation V,) and TTX-R currents, but as the cells become bigger, as in third bin, the Nav1.7 effect becomes smaller.

(H) Displays the distribution of cells that were better fit with single Boltzmann. Whereas none of the cells in the small bin fit with single Boltzmann, some were better

fit with a single Boltz in the mid and larger bins.

(I) The plot of non-inactivating current (persistent current) in each bin. *Indicates p < 0.0001 for (G), p = 0.0406 (small versus mid), p = 0.0226 (small versus large) for ().

the smaller (10-15 pF) end of the spectrum. In the medium-sized
(15-40 pF) capacitances, there is an increase in the TTX-R
component, which is likely dominated by Nav1.8. In the large
(>40 pF) bin, there is an increase in the TTX-S current, which is
likely predominantly Nav1.6,>**"42%4 as suggested by the data
shown in Figure 3. The variability of the distribution of the sensi-
tivity to TTX in each bin and sample traces are shown in
Figures 3B and 3C.

Measuring ionic conductance and cellular excitability
within the same neuron

Only a few published studies have used high-throughput robotic
patch-clamp for CC, and to date, robotic patch-clamp platforms
have not achieved CC and VC in the same cell. In this study, we
used a potassium fluoride (KF)-based intracellular solution to
perform both VC and CC experiments on the same neurons.
We first performed the same voltage protocol we used to mea-
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sure steady-state inactivation and applied the same double
versus single Boltzmann fitting (Figures 6A and 6B). As
expected, in the absence of cesium, the outward potassium cur-
rent caused the normalized current relationship to go below 0 as
the membrane potential became more depolarized*® (Figure 6A).
As before, most of the cells were better fit with a double Boltz-
mann (Figure 6B), and the overall trend of the midpoints was
consistent with Figure 3. Next, we applied —50 pA of current to
the same neurons and ramped it up to +60 pA over the course
of 500 ms (reliable resting membrane potential measurements
using this system requires further optimization from the instru-
ment manufacturer; these include compensation for leak current
that causes Nav channel inactivation in CC mode). In Figure 6C,
we show the number of spikes per ramp versus cell capacitance.
These data suggest that there is variability in excitability, and that
overall, excitability may be lower among the larger neurons. This
is consistent with threshold differences between different-sized
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Figure 4. Recovery from 20-ms (fast) and 500-ms (intermediate) inactivation

(A-F) (A-C) Data divided up using the same bins as above for 20 ms, and (D-F) for 500 ms.

(G) Displays the distribution of Taug,s; and Taugey from 20 ms across the bins. There was no statistical difference in the fast component of recovery across the
bins, but there was a clear and significant slowing of the Taugow kinetics as the cells became smaller, indicative of the stronger presence of TTX-R channels.

**Indicates p = 0.0054, ***p < 0.0001.
(H) At 500 ms, there were no significant differences across bins.

(I) The protocols that were used to measure the kinetics of recovery from 20- or 500-ms depolarizations. The S, M, and L designations on the X axis (G, H) refer to

small (10-15 pF), medium (15-40 pF), and large (>40 pF) neurons, respectively.

neurons, which have been previously investigated.®® Sample AP
and macroscopic sodium and potassium currents from the same
neurons (capacitances: ~12, 15, 23 pF) are shown in
Figures 6D-6F.

DISCUSSION

Traditional whole-cell patch-clamp electrophysiology is the
gold-standard approach for high-fidelity analysis of the biophys-
ical properties of excitable cells.”>*" However, manual record-
ings have limitations, which make investigations of freshly iso-
lated excitable cells, particularly complex neuronal cells,
remarkably challenging. Each particular cell type is home to
various ensembles of ion channels, which can range from having
multiple subtypes of the same family of channels that conduct
the same ion, to ones that conduct different ions. For instance,
in the cardiac tissue, multiple potassium and calcium currents
are expressed that contribute various phases of the cardiac
AP®°?; a similar situation exists in the central and peripheral ner-

vous systems, where multiple Nav currents contribute to excit-
ability.?3**4053% Gaining a better understanding of any of
these cell types requires a set of electrophysiological enhance-
ments to the traditional technique that we provide here. In this
proof-of-concept study, we applied adaptations to an auto-
mated high-throughput electrophysiological platform to the
study of DRG neurons, which provide a model of neuronal cell
types that manifests a high degree of diversity, and is relevant
to pain, a global unmet medical need.®” However, this approach
is also applicable for the study of other excitable cell types.
DRG neurons serve to detect a multitude of sensory modal-
ities. DRG neurons have specialized membrane properties—
each neuronal membrane is home to various types of ion chan-
nels and receptors, which are present in varying ensembles
that serve different purposes. These include Nav, potassium
(Kv), and transient receptor potential (TRP) channels, among
others.?®* The interplay of these channels and receptors is
essential for the normal functioning of DRG neurons and for
pathological outcomes when their normal function is modified
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(A) The fraction of Nav current inhibited by TTX versus capacitance. There is variability in TTX response (smaller cells). In cells with capacitances from ~20 to 40
pF, there is a stronger presence of TTX-R (likely Nav1.8/9). The data were fitted with a simple linear regression equation to display the trend of TTX sensitivity of
cells as a function of capacitance. The dotted lines display the 95% confidence intervals.

(B) The variable distribution of fraction of the current blocked across each bin, and (C) sample traces from cells that are circled in (A).

in diseased states. These properties made DRG neurons a good
case study for application of the novel approach described in this
paper.

We chose to apply our approach to investigate DRG neurons
because they express multiple Nav channels. Nav1.7-1.9 are
predominantly expressed in peripheral neurons and Nav1.1/6
are expressed in both central and peripheral neurons.®*°8-5°
Among these channels only Nav1.8 and Nav1.9 are resistant
to TTX, and the remaining isoforms can be blocked by low
nanomolar concentrations of TTX.*° Nav1.7 is regarded as
the major Nav isoform that acts as a threshold channel to
trigger APs in small DRG neurons, and a malignant hyperactiv-
ity of this channel is responsible for several pain syn-
dromes.®"%? Furthermore, we have previously demonstrated
a physiological interaction between Nav1.7 and Nav1.8 chan-
nels, which is essential for regulating neuronal firing of DRG
neurons in which these two channels are present. Importantly,
we have recently shown that gain-of-function variants in Kv7.2
and Kv7.3 channels significantly attenuate firing of DRG neu-
rons that express strong gain-of-function mutations in
Nav1.7 channels from patients with the pain disorder inherited
erythromelalgia.®®®* Thus, the ability to record multiple ion
conductances in VC mode and to assess neuronal excitability
properties in CC mode in the same cell (which is possible us-
ing the existing manual patch-clamping method, but is chal-

8 Cell Reports Methods 3, 100385, January 23, 2023

lenging to achieve), as we have successfully done in this study
will be a major advantage to better understand well-func-
tioning sensory physiology.

Previous studies have developed other robotic-based patch-
clamp methods that investigate in vivo electrophysiological
properties of cells.®>®” The method developed by Kodandara-
maiah et al.%¢ provides a means for analyzing temporal imped-
ance changes in live animals, with direct applications described
in cortex and hippocampus areas. The technique developed by
Annecchino et al.®® uses a photon-based method that is also
used for in vivo recordings from the neocortex and cerebellum
of mouse brains. The approach described in this study provides
a novel methodology for investigating the in-depth electrophys-
iological properties of freshly isolated cells (e.g., peripheral
DRG neurons), in vitro. The most direct comparison to our
approach is traditional manual patch-clamp recordings of pri-
mary cells that have undergone dissociation, isolation, and
culturing on glass coverslips. In this case, the throughput is in
the order of ~1-10 cells per day, whereas with our novel
approach it is possible to record from up to 200 cells per day
(Tables 1 and S1). Another previously published method added
automation to traditional manual patch-clamp rigs that use
glass pipettes (as opposed to planar patch in our setup).®7°
This method possesses many of the same advantages of tradi-
tional patch-clamp, with the added benefits of automation;
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(A) Inactivating current-voltage (IV) relationship of Nav channels in KF internal solution. Protocols are on the right.

(B) Comparison of double versus single Boltzmann approach, as before (the biggest cell we got in these experiments was 30 pF). *Indicates p = 0.0104.
(C) Number of AP spikes that were elicited using a standardized ramp CC protocol.
(

D-F) Sample VC and CC traces for high and low spiking neurons are shown.

however, it does not provide the advantages of increased
throughput or the option of head-to-head comparison of multi-
ple cell-types, as in our method.

In summary, our results demonstrate that patch-clamp
analysis of freshly isolated neurons on a high-throughput
platform is possible. Using DRG neurons as a model, we
describe an approach that allows a completely blinded, unbi-
ased, simultaneous, high-throughput, and comprehensive
investigation of the biophysical properties of a broad range of
freshly isolated neurons, immediately after tissue dissociation.
Notably, this methodology permits CC analysis following VC
study, on the same neuron, in a high-throughput mode. This
approach provides a basis for high-throughput physiological
and pharmacological study of a variety of types of freshly iso-
lated neurons.

Key advantages

By taking advantage of a robotic automated patch-clamp sys-
tem, our approach allows for a high-throughput and simulta-
neous (under the same recording conditions) analysis of a broad
range of neurons. Although this study describes Nav channels in
DRG neurons, our approach can be used to investigate the prop-
erties of other native ion channels and/or receptors, including Kv,
Cav, and TRP channels, among others, in a variety of types of
excitable cells.

Another key advantage of this approach is that every step from
cell selection to final inclusion/exclusion of a datum in a setis un-
biased and automated, although having an experienced electro-
physiologist validating every step is crucial. The extensive quality
control and mathematical filtrations we impose onto the dataset
further minimizes the impact of the experimenter’s subcon-
scious bias.

The development of our Python analysis script enables us to
mathematically fit (and quality control) the same datum with
multiple equations. Using the parameters of the resulting
fits, we can determine if a neuron more likely expresses Nav
channels (or other conductances) that are biophysically
similar, or whether it expresses a set of biophysically distinct
Nav subtypes. Our experiments were performed in primary
cells, and it is highly unlikely that any given neuron expressed
just one Nav subtype; thus, a caveat is that, if most of the Nav
current is composed of subtypes that are biophysically
similar, then a single Boltzmann function could fit better
(e.g., a neuron that mostly expresses Nav1.1 and Nav1.6). In
the case of smaller neurons where both TTX-R and TTX-S
(mostly Nav1.7) current is expected to be expressed, our Py-
thon script suggests that cells fit better with a double Boltz-
mann. We should note, however, that the presence of a spe-
cific channel can still be investigated using pharmacological
assays when isoform-selective reagents are available, and
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Table 1. Comparison of our assay to traditional manual patch-clamp, with respect to freshly isolated DRG neurons

Overnight Diverse neuron,
VC/CC in Cell Data coverslip head-to-head
Type Cells recorded/day Perfusion same neuron selection analysis incubation comparison
Current method ~1-10 yes no experimenter subconscious yes no
bias bias
Novel assay up to ~200 (Assuming 2 preps/day) yes yes blinded unbiased no yes

More information on the numbers associated with our assay can be found in the supplemental information.

multiple channels could be investigated if these reagents are
easily washed out.

Cell preparation for traditional patch-clamping typically in-
volves overnight culturing typically at 37°C of the dissociated
neurons on glass coverslips.?*?° This process may conceivably
alter the cell biology of these neurons. However, our approach al-
lows for an investigation of neurons within hours of dissection and
dissociation from the intact tissue. Thus, recordings can be ob-
tained temporally closer (as well as head-to-head) to when the
cells were in an intact animal. This advantage could work in con-
cert with our assay’s ability to perform VC and CC in the same
freshly isolated cell to provide measurements of the biophysical
properties of these cells after relatively short times, ex vivo. A
comparison of the traditional versus our method is provided in Ta-
ble 1. Finally, this method could be used to perform analyses on
animals treated with drugs or injected with adeno-associated vi-
ruses, etc. in a high-throughput manner, providing new avenues
of research into DRG neurons.

Major limitations

Whereas the unbiased cell selection in this approach is an impor-
tant advantage for many types of studies, it is a limitation if one
seeks to investigate the effects of a transiently transfected
construct in a native primary neuronal background. Because
the patching and recording of the cells occurs randomly, we
could not currently force the robotic system to pick only the cells
that, for instance, express a fluorescent tag. This limitation may
be slightly remedied if one uses a functional marker that normally
does not exist in the cell type of interest as a co-transfecting
marker.”" Alternatively, transfected cells could be isolated by
cell sorting using GFP fluorescence. This idea is based on the
standard use of GFP tags that are commonly used in manual
patch-clamp recordings to identify the cells that express the
cDNA of interest. These potential approaches should be tested
and developed in future studies.

The second major limitation is that, in neurons, it is currently
not possible to patch any of the neuronal processes (e.g., axons
and dendrites). As shown in Figure 1C, our cell preparation pro-
cess culminates in isolated and round neurons; thus, all the re-
cordings are from neuronal somas (recording from processes
is also challenging using manual patch-clamp).

We also found that success rate is lower for the analysis of Nav
activation than inactivation. This is because Nav channels have
fast kinetics, which when combined with very large sized cur-
rents can cause clamping challenges.

The requirement for high cell counts is also a technical chal-
lenge, because it requires pooling of neurons from multiple ani-
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mals. However, as tissue collection methods are further opti-
mized, this challenge may be overcome.

Finally, although we implemented this new methodology using
one particular robotic patch-clamp platform, the Sophion Qube
system, we would note that with appropriate modification, this
approach could be used on other similar high-throughput auto-
mated electrophysiological platforms.

Concluding remarks

In the aggregate, our results demonstrate the feasibility of patch-
clamp analysis of freshly isolated neurons on a high-throughput
platform. This approach allows a blinded, unbiased, simulta-
neous, high-throughput, and comprehensive VC investigation
of freshly isolated neurons, immediately after tissue dissociation.
Moreover, CC analysis can be carried out following VC study, on
the same neuron, in a high-throughput mode. This approach pro-
vides a basis for high-throughput physiological and pharmaco-
logical study of a variety of types of channels and receptors
within multiple types of freshly isolated neurons.
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Microsoft Excel Microsoft https://www.microsoft.com/en-us/microsoft-365/excel
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Stephen G.

Waxman (stephen.waxman@yale.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

o All the data published in this paper will be available from the lead contact upon request.
® The Python code is available as supporting information in this manuscript.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Animal studies followed a protocol approved by the Department of Veterans Affairs West Haven Hospital Institutional Animal Care
and Use Committee. Experiments were performed using both male and female animals. DRGs from three to four 7-9.5-week-old
male and female C57BI/6 mice were harvested and dissociated according to our previous report>* with some modifications that
are described below.
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METHOD DETAILS

Preparation of DRG neurons from adult mouse

DRGs (at least 24 DRGs from each mouse) were harvested and immediately put in ice-cold complete saline solution (CSS) (in mM:
137 NaCl, 5.3 KClI, 1 MgCl,, 25 sorbitol, 3 CaCl,, and 10 HEPES, adjusted to pH 7.2 with NaOH). After all the DRGs were har-
vested, DRGs were transferred to 37°C enzyme solution - 0.5 U/mL Liberase TM (Roche) and 0.6 mM EDTA in CSS for a
20-min incubation at 37°C, followed by a 15-min incubation at 37°C in another enzyme solution - 0.5 U/mL Liberase TL (Roche),
0.6 mM EDTA, and 30 U/mL papain (Worthington Biochemical) in CSS. DRGs were then centrifuged and triturated in 0.5 mL of
1.5 mg/mL BSA (low endotoxin) and 1.5 mg/mL trypsin inhibitor (Sigma) in DRG media [DMEM/F12 (Invitrogen) with 100 U/mL
penicillin, 0.1 mg/mL streptomycin (Invitrogen), 2 mM L-glutamine (Invitrogen), and 10% fetal bovine serum (Hyclone)]. After trit-
uration, undissociated pieces were removed by filtering through a 70-pm mesh (Becton Dickinson). To remove small supporting
cells and small pieces of dissociated axons and myelin, density gradients with 15% BSA were applied twice. Cells were pelleted
and re-suspended with 1 mL DRG media, layered on top of 15% BSA solution and centrifuged at 250 g for 10 min at 4°C; pelleted
cells were then re-suspended with DRG media and went through a second round of 15% BSA purification. The cell pellet was re-
suspended with 1 mL of DMEM/F12 (4°C) to get single-cell suspension. Five uL of cell suspension was counter stained with five pL
of trypan blue to check neuronal number, viability, and purity. Single-cell suspension [225 + 75 K (mean + SD) live neurons total]
was diluted to 3 mL in DMEM/F12 (4°C) before delivering to the 384 well chip on the Qube-384 instrument (Sophion A/S, Copen-
hagen, Denmark). An aliquot of the cell suspension was plated on a 35-mm Tissue Culture-treated culture dish and imaged using a
Nikon microscope (Eclipse TE2000-U Inverted Microscope).

Automated patch-clamp

Automated patch-clamp recording was used for all experiments. Sodium currents were measured in the whole-cell configuration us-
ing a Qube-384 automated voltage-clamp system. Intracellular solution contained (in mM): 120 CsF (or KF for CC experiments), 10
NaCl, 2 MgCl,, 10 HEPES, adjusted to pH7.2 with CsOH. The extracellular recording solution contained (in mM): 145 NaCl, 3 KCl, 1
MgCl,, 1.5 CaCl,, 10 HEPES, adjusted to pH7.4 with NaOH. Liquid junction potentials calculated to be ~7 mV were not adjusted for.
Currents were low pass filtered at 5 kHz and recorded at 25 kHz sampling frequency. Series resistance compensation was applied at
100% and leak subtraction enabled. The Qube-384 temperature controller was used to maintain recording for all experiments at 22 +
2°C at the recording chamber. Appropriate filters for series resistance (<10 MOhm) and Nav current magnitude (more than baseline in
the inward direction, 0 nA) were routinely applied to exclude poor quality recordings. Data analysis was performed using Analyzer
(Sophion) and Prism (GraphPad Software Inc., La Jolla, CA, USA) software. More relevant information could be found in supplemental
information.

Activation protocols
To determine the voltage-dependence of activation, we measured the peak current amplitude at test pulse potentials ranging from
—120 mV to +30 mV in increments of +5 mV for 500 ms. Channel conductance (G) was calculated from peak Iya:

Gna = Ina/V — Ena (Equation 1)

where Gy, is conductance, Iy, is peak sodium current in response to the command potential V, and Eyn, (Mmeasured on IV relation-
ships) is the Nernst equilibrium potential. Calculated values for conductance were fit with the Boltzmann equation:

G/Gmax = 1/ (1 + exp[Vi2 — V] / k) (Equation 2)

where G/Gax is Nnormalized conductance amplitude, V,, is the command potential, V4, is the midpoint voltage and k is the slope.

Steady-state inactivation protocols

The voltage-dependence of fast-inactivation was measured by preconditioning the channels from —120 to +30 mV in increments of
5 mV for 500 ms, followed by a 10 ms test pulse during which the voltage was stepped to —20 mV. Normalized current amplitudes
from the test pulse were fit as a function of voltage using the Boltzmann equation:

I/lmax = 1/ (1 +exp[Vip — Vi /K) (Equation 3)
where |nax is the maximum test pulse current amplitude.

Double Boltzmann for both activation and inactivation
Double Boltzmann fit was using the following equations:

B

exp((x — x01) /k1) (Equation 4)

C = exp((x — x02) / k2) (Equation 5)
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Y =y0+Ax(p/(1+B)+(1 —p)/(1+0C)) (Equation 6)

Where y0 is offset, A is span, x01 and x02 are midpoints, k1 and k2 are slope factors, and p is fraction.

Recovery from inactivation protocols

Recovery from inactivation was measured by holding the channels at —120 mV, followed by a depolarizing pulse to 0 mV, then the
potential was returned to —120 mV for different time periods. This was followed by a depolarizing 10 ms test pulse to 0 mV to measure
availability. Recovery from inactivation was measured after pre-pulse durations of 20 ms and 500 ms and fit with a biexponential func-
tion of the form:

SpanFast = (YO — Plateau) x PercentFast * 0.01 (Equation 7)
SpanSlow = (YO — Plateau) * (100 — PercentFast) x 0.01 (Equation 8)
Y = Plateau+ SpanFast * exp(— KFast * t) + SpanSlow * exp(—KSlow x t) (Equation 9)

where tis time in seconds, Y0 is the Y intercept at t = 0, KFast and KSlow are rate constants in units the reciprocal of t, PercentFast the
fraction of the Y signal attributed to the fast-decaying component of the fit.

QUANTIFICATION AND STATISTICAL ANALYSIS

Normalization was performed in order to control the variations in sodium channel expression and inward current amplitude and in
order to be able to fit the recorded data with a Boltzmann function (for voltage-dependences) or a bi-exponential function (for
time courses of inactivation). The Sophion Qube is an automated electrophysiology instrument that is blinded to cell selections
and experimentation, and selection is performed in a randomized manner. All subsequent data filtering and analysis is performed
in a non-biased manner, in which automated filters are applied to the entire dataset from a given Qube run. Fitting and graphing
were done using Prism 9 software (Graphpad Software Inc., San Diego, CA), unless otherwise noted. All statistical p values report
the results obtained from tests that compared experimental conditions to the control conditions. One-way ANOVA: when each con-
dition was being compared other conditions; or t-test: when overall 2 conditions were being compared. A level of significance o= 0.05
was used with p values less than 0.05 being considered to be statistically significant. All values are reported as means + SE of means
(SEM) or errors in fit, when appropriate, for n recordings/samples. Values are presented as mean + SEM with probability levels less
than 0.05 considered significant. The declared group size is the number of independent values, and that statistical analysis was done
using these independent values.

The Python code, associated equations, and instructions to use the code are available as supplemental information (https://doi.
org/10.5281/zenodo.7411103).

e3 Cell Reports Methods 3, 100385, January 23, 2023


https://doi.org/10.5281/zenodo.7411103
https://doi.org/10.5281/zenodo.7411103

	High-throughput combined voltage-clamp/current-clamp analysis of freshly isolated neurons
	Introduction
	Results
	Freshly isolated neuron preparation and optimization
	Approach to data analysis
	Nav channels activating properties
	Correlation between Nav channel inactivation and membrane capacitance
	Nav channels in larger cells recover faster from fast inactivation
	Pharmacological block of sodium current using TTX
	Measuring ionic conductance and cellular excitability within the same neuron

	Discussion
	Key advantages
	Major limitations
	Concluding remarks

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Mice

	Method details
	Preparation of DRG neurons from adult mouse
	Automated patch-clamp
	Activation protocols
	Steady-state inactivation protocols
	Double Boltzmann for both activation and inactivation
	Recovery from inactivation protocols

	Quantification and statistical analysis



