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Diversity of dynamic voltage patterns in neuronal dendrites
revealed by nanopipette electrophysiology

Using quartz glass nanopipettes, we can perform
electrophysiology at the level of nanoscale neuronal
compartments. In this work, we reveal a diversity of
synaptically-driven voltage dynamics in fine neuronal
dendrites by directly recording their membrane potentials
for sustained time periods using nanopipettes. The array of
voltage dynamics we observed consists of oscillating periods
of firing activity and silence, spontaneous events, bursting
events and a novel class of events in the form of transient
and sustained hyperpolarisations.
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Dendrites and dendritic spines are the essential cellular compartments in neuronal communication, con-
veying information through transient voltage signals. Our understanding of these compartmentalized
voltage dynamics in fine, distal neuronal dendrites remains poor due to the difficulties inherent to acces-
sing and stably recording from such small, nanoscale cellular compartments for a sustained time. To over-
come these challenges, we use nanopipettes that permit long and stable recordings directly from fine
neuronal dendrites. We reveal a diversity of voltage dynamics present locally in dendrites, such as spon-
taneous voltage transients, bursting events and oscillating periods of silence and firing activity, all of
which we characterized using segmentation analysis. Remarkably, we find that neuronal dendrites can
display spontaneous hyperpolarisation events, and sustain transient hyperpolarised states. The voltage
patterns were activity-dependent, with a stronger dependency on synaptic activity than on action poten-
tials. Long-time recordings of fine dendritic protrusions show complex voltage dynamics that may rep-
resent a previously unexplored contribution to dendritic computations.

Introduction

Dendrites and dendritic spines receive a diverse range of chemi-
cal and electrical inputs and play an essential role in neuronal
communication. Synaptic transmission involves the release of
neurotransmitters from the presynaptic terminal, opening
ligand receptors and leading to a local voltage change in the
postynaptic terminal." Direct connection between neurons by
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gap junction channels can also directly modulate the membrane
potential via diffusive ionic flow.> The integrated outputs of
these local voltage changes have been studied for decades using
the patch-clamp technique® at the level of the soma.

During propagation, voltage signals are often transformed
at the level of dendrites and dendritic spines. They can be
amplified, filtered or summed,* which are processes at the
basis of dendritic and neuronal computations.”” More
recently, voltage signals have been studied at the level of
narrow axons'® and also at level of apical dendrites from
human cortical neurons.® However, studying voltage
dynamics at finer, more distal neuronal dendrites has
remained largely elusive. The nanoscale size of these cell
compartments poses a challenge to the probing and charac-
terisation of their local voltage dynamics'' and furthermore,
to understanding the nature of computational mechanisms
within dendrites.*"*

Two approaches were recently developed to surmount this
obstacle. One approach employs voltage-sensitive dyes™® and
can be used in vivo,"* offering the ability to study activity
across multiple cells.'® Another approach makes use of quartz
glass nanopipettes, which can offer insight into voltage
dynamics localised to domains of nanoscale cellular compart-
ments, as recently demonstrated with direct recordings of
voltage signals from dendritic spines over short time periods™®
in vitro and from dendrites in vivo."”
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Nanopipettes offer several advantages over optical and
other nanoscale electrophysiology methods. Nanopipettes are
capable of considerably greater temporal resolution than can be
achieved by imaging voltage-sensitive dyes with typical galvo- or
resonant scanning microscopes (30-60 Hz vs. 10 kHz), while
offering better signal-to-noise ratios. They can also achieve a
higher signal-to-noise ratio compared to extracellular electrodes
or intracellular metallic electrodes'®'® and importantly, they can
be readily incorporated into existing electrophysiology hardware,
simply replacing conventional micropipettes when one wishes to
target smaller cellular compartments.

Here, we investigate the spontaneous dynamics of the mem-
brane potential in rat and mouse neuronal dendrites in vitro,
obtained directly using nanopipettes. Intriguingly, in record-
ing signals over long time frames, on the order of an hour or
more, repetitive, dynamic voltage patterns were observed, such
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as large amplitude oscillations, repetitive and fast spiking, and
bursting events. Interestingly, we also report transient hyper-
polarised states in neuronal dendrites. The long-time record-
ings of neuronal dendrites we report here reveal an unexpected
variety of dynamic voltage patterns that might reflect local
information processing in dendritic nanodomains.

Results

Using nanopipettes, we recorded electrophysiological signals
from dendrites of rat and mouse neurons in vitro (Fig. 1a),
obtaining long-lasting and stable recordings of more than an
hour. Nanopipette size was characterized by recording
current-voltage responses (Fig. 1b) and inputting the calcu-
lated resistance into our tip sizing model (Methods, ESI nano-
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Fig. 1 Electrophysiology of dendrites using nanopipettes. (a) Bright-field microscopy image of a nanopipette recording from a cultured (23 days
in vitro) primary mouse neuronal dendrite. Scale bar, 5 um. (b) Current—voltage relation for a typical nanopipette. Resistance is measured using a
linear fit and this is used to determine the size of each nanopipette. (c) Distribution of nanopipette tip diameters, mean size is 17.1 + 8.8 nm, n = 131.
Each point within the violin represents a distinct recorded diameter. (d) Recording from a neuronal dendrite taken with a nanopipette, with a dur-
ation of almost one hour. Red dashed box shows a 2 s trace with transient firing activity. Baseline —80 mV, scale bar, 20 mV, 100 s, inset, scale bar:
10 mV, 100 ms. (e) Distribution of the resting membrane potential (RMP) in dendrites recorded with nanopipettes. Mean RMP is —=74.5 + 17.3 mV, n =
54. Data points within the violin are the RMP from each independent recording. (f) Measured potential during approach of the nanopipette to a den-
drite (orange box) and following contact with cell (blue box), marked by sharp decrease in potential. Scale bar: 20 mV, 50 s. (g) Power spectral
density (PSD) of measured potential in the bath before contacting dendrite (orange PSD corresponds to orange box in f) and after forming a patch
(blue PSD corresponds to blue box in f). Exponential fitting to PSDs identifies a change in the decay of the frequency contributions to the signal.
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pipette conductance model, Fig. S11). The mean aperture size
of nanopipettes used was 17.1 + 0.8 nm (n = 131) (Fig. 1c).
Nanopipette recordings revealed large amplitude spontaneous
activity from neuronal dendrites (Fig. 1d) and exhibited low
levels of noise (mean bath noise: 0.5 + 0.02 mV and mean
noise during recordings: 1.7 + 0.1 mV, n = 54 neurons). We
found that the distribution of resting membrane potentials
(RMP) recorded from dendrites with nanopipettes (Fig. 1e) was
in line with somatic recordings under physiological conditions
(mean V,: —74.5 + 2.35 mV, n = 54 neurons, indicating an
excellent seal between the nanopipette tip and the dendrite
membrane.'® Electrical contact with cells was achieved by
physical contact alone (Fig. 1f and Fig. S2t), with no negative
pressure or electroporation used. The recorded potential (V,y,)
remained stable during the approach to each dendrite, fol-
lowed by a sharp decrease at the point the nanopipette tip and
dendrite were in focus together, indicating intracellular access,
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occurring with no pressure change or electrical stimulation.
Following this the tip-membrane contact was left unperturbed
and spontaneous activity was recorded. The power spectral
density (PSD) of the signal before and after contacting the cell
revealed an increased amplitude at all frequencies after intra-
cellular access (Fig. 1g). The PSD of the signal before contact-
ing the cell showed no specific peaks in frequency, while after
contact, there were prominent peaks around 10 Hz, a charac-
teristic frequency of electrophysiological neuronal signals.>® To
obtain further confirmation that a successful contact had been
established with the cell membrane, we characterized nano-
pipette noise by fitting an exponential to the PSDs of the nano-
pipette bath and patch signals. We observed that when the
nanopipette was in contact with the cell, the PSD displays a
more negative slope, in line with changes reported for nano-
pipette  noise resulting from  different molecular
environments.>"?*
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Fig. 2 Dendritic spontaneous activity. (a) Sample of a typical nanopipette electrophysiological recording from a neuronal dendrite displaying spon-
taneous activity. Scale bar: 10 mV, 100 ms. (b) The characteristics of a single event (red dashed box from a) decomposed as a combination of a rising
and decaying segment. Three parameters characterize the event, the rise time, 7,5, the peak amplitude, Ageai. Of the event and the decay time, 4,
estimated by fitting an exponential function. Scale bar: 10 mV, 2.5 ms. (c) Distribution of determined Ap..« values as a function of their baselines in
mice (blue) and rat (orange) neuronal dendrites. Lines show the principal axes of each distribution calculated from their respective inertia tensors. (d)
Distribution of Ageai. 7rise and z5¢ from rat cortical neuron dendrites (mean values given by black lines). Mean Ageai = 49 + 11 mV, z4ee = 3.5 + 0.9 ms,
75 = 5.4 + 3.7 ms (n = 7537). (e) Same as in (d) but for mouse cortical neuron dendrites. Mean Apca = 37 + 10 mV, 75 = 2.4 + 0.6 ms and 75, = 12.4
+14.8 ms (n = 2882).
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To describe the electrical properties of neuronal dendrites,
we studied local spontaneous activity (Fig. 2a). Spontaneous
activity events were decomposed into single events, character-
ized by fast rise and slow decay times, followed by stable base-
lines (Fig. 2b). Events from both rat and mouse neuronal den-
drites were characterized using three parameters: the rise time
Trise, the decay time 75, and the amplitude, Apcai (ESI data ana-
lysis sectiont). We report a trend common to both datasets -
the amplitude, Apcax, increases at more hyperpolarised base-
line values, indicating that the degree of depolarization during
a voltage transient was greater at more negative Vy, (Fig. 2c). To
identify how the baseline voltage influenced the amplitude,
the largest eigenvalue of the inertia tensor of the data points
was computed (ESI data analysis sectionf). We found little
difference between the major axes computed for rat and
mouse neuronal dendrites. From this analysis, an upper limit
of —15 mV to —8 mV for V,, during voltage transients was
determined. The mean transient amplitude of spontaneous
activity was higher for rat than mouse dendrites (49 + 0.13 mV,
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n = 7537 and 37 + 0.19 mV, n = 2882, respectively, p < 0.0001, ¢
test with Welch correction), while the rise and decay dynamics
of dendritic transients were increased and decreased respect-
ively in rat dendrites (rat: rise time: 3.5 + 0.01 ms, decay time:
5.4 + 0.04 ms, n = 7537; mouse: rise time: 2.4 + 0.01 ms, decay
time: 12.4 + 0.3 ms, n = 2882, p < 0.0001, ¢ test with Welch cor-
rection) (Fig. 2d and e). We also measured event characteristics
as a function of distance from the soma to the point along the
target dendrite where the nanopipette made contact and
found no correlation using linear fitting (Fig. S371).

To further investigate the voltage properties of mice neuro-
nal dendrites using our nanopipettes, bursting events were
induced by using a pro-bursting solution (with 0 mM MgCl,
and 6 mM KCI)** (Fig. 3a). Bursting activity was quantified by
determining three parameters (Fig. 3b): the amplitude, Apyrst,
of the highest peak in a burst, the duration, Ty, of a burst
and the inter-event interval (IEI) time, AT} The mean burst
amplitude was 36.9 + 0.8 mV (n = 445 bursts, Fig. 3c), the
mean burst duration was 70.3 + 0.95 ms (n = 445, Fig. 3d), and
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Fig. 3 Dendritic fast bursting events. (a) Example of repetitive fast oscillating burst recorded from a neuronal dendrite. RMP —74 mV, scale bar:
10 mV, 50 ms. (b) Single burst from red box (a) characterized by a large bursting amplitude, Ayt @ total bursting duration, Ty, and an inter-event
interval, ATgst, Within the burst. Scale bar: 10 mV, 10 ms. (c)—(e) Distribution of the three parameters Apyurst, Tourst. and ATgyst. Mean values of each
with standard deviation are: Apurst: 36.9 + 16.7 mV, Tpurst = 70.3 + 20 ms and ATyt = 9.2 + 3.8 ms (n = 445). (f) Agurst, @s a function of the baseline
voltage for each burst. Inset: example of a bursting event, with baseline and A, labelled. (g) Distribution of the number of peaks per burst: Npeaks
=75+3.1

12248 | Nanoscale, 2023, 15, 12245-12254 This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr03475a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 11 May 2023. Downloaded on 2/3/2026 9:15:54 AM.

(cc)

Nanoscale

the mean IEI was 9.2 + 0.2 ms (n = 445, Fig. 3e). We observed
that Apurse decreases as the baseline voltage becomes more
depolarized, correspondingly membrane potential rarely
exceeded an upper value of —15 mV to —10 mV during a burst
(Fig. 3f), as observed for spontaneous transients, suggesting a
limit to depolarization within these dendrites and in line with
the calculated inertia tensor (slope = —0.83). Finally, we found
that the number of peaks per bursting event is in the range
5-11. On rare occasions, more than 11 peaks were observed
(Fig. 3g). However, no significant correlation between the
number of peaks within one burst and its amplitude was
found.
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Fig. 4 Two spontaneous regimes: silent and active regimes. (a)
Examples of silent and stable behaviour, and (b) high levels of activity in
traces. n = 18 969 (rat) and n = 3536 (mice) silent epochs. n = 2702 (rat)
and n = 195 (mice) active periods. Mean duration of silent regime in rats
is 31 + 1 ms and 63 + 12 ms in mice. Mean duration of active regime is
121 + 3 ms in rats and is 529 + 78 ms in mice. (c) Normalized counts of
the occurrence of the stable regime being observed at a given baseline
voltage in rat neuronal dendrites. (d) Normalized counts of the active
regime being observed at a given baseline voltage in rat neuronal den-
drites. (e) Normalized counts of the stable regime being recorded at a
given baseline voltage in mouse neuronal dendrites. (f) Normalized
counts of the active regime being recorded at a given baseline voltage in
mouse neuronal dendrites. Mean frequency (in events per minute) of
silent regime observed in rats is 96.5 + 51.1 and in mice is 69.4 + 32.9.
Mean frequency of active regime observed in rats is 13.8 + 6.6 and in
miceis 5.4 + 1.2.
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During long-term recordings, two categories of neural
activity were chiefly observed, one characterized by an absence
of electrical activity, and the other by frequent and fast poten-
tial changes. The first is a silent regime, which was defined as
regions of the trace during which potential changes were
small, with no event above 5 mV (ESI data analysis sectionft).
In contrast, the second type of behaviour corresponds to an
active regime, defined by a high frequency of neural activity
(ESI data analysis sectiont). In neuronal dendrites, periods of
stable silence (n = 3536 for mouse and n = 18969 for rat,
Fig. 4a, Fig. S4a and c}) and abundant firing (n = 195 for
mouse and n = 2702 for rat, Fig. 4b, Fig. S4b and df}) were ana-
lysed. In rat dendrites, we found that the silent regime was
largely independent of the baseline voltage (Fig. 4c), in con-
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Fig. 5 Hyperpolarised events in neuronal dendrites. (a) Spontaneous
hyperpolarisation event recorded from a dendrite. The hyperpolarisation
occurred in an otherwise silent period with a baseline at —80 mV (hori-
zontal dash line) and became hyperpolarised at a voltage below
—100 mV. Scale bar: 10 mV, 100 ms. (b) Sustained period of hyperpolar-
isation lasting seconds. Trace shows alternating states of hyperpolaris-
ation and spontaneous activity. Scale bar: 20 mV, 20 s. (c) Traces of
hyperpolarisations (light orange) and their average (orange bold curve).
(d) Sustained hyperpolarisation events (light blue), and their average
(Dark blue, bold curve). (e) Full width at half minimum of hyperpolaris-
ations against the baseline at each event. (f) Amplitude distribution of
sustained hyperpolarisation events (taken as the most negative value
recorded during the event) versus surrounding baseline.
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trast to the active regime (Fig. 4d), where voltage changes
occurred at approximately —70 mV. The silent regime in rat
dendrites contrasted with the silent regime in mice dendrites
(Fig. 4e), as the latter was mostly observed at —50 mV. In
mouse dendrites (Fig. 4f), the active regime onsets in the
range —55 mV to —40 mV. We found that the frequency of
regimes was somewhat variable between neurons. Silent
regimes tended to be shorter than active regimes in both rat
and mouse neurons, but occur at higher frequency (ESI, data
analysis sectiont).

Intriguingly, throughout our recordings of neuronal den-
drite spontaneous activity, we occasionally observed spon-
taneous, transient hyperpolarisations (10 in 9 recordings)
(Fig. 5a) and longer, sustained periods of hyperpolarisation
(36 in 49 recordings) (Fig. 5b). Hyperpolarisation transients
featured sharp decreases in potential, followed by a slower
recovery to the baseline potential (Fig. 5¢). Sustained hyperpol-
arisation events were considerably longer than hyperpolaris-
ation transients and featured slower dynamics, lasting over
periods on the order of seconds (Fig. 5d), in contrast to hyper-
polarising transients, which had durations lasting hundreds of
ms (Fig. 5e), determined by measuring their full width at half
minimum. There was also a trend of longer events at lower
baseline membrane potential. We measured the amplitude of
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long hyperpolarisation events (defined as the minimum
voltage per event) and found this to be independent of the
baseline (Fig. 5f).

To elucidate the origin of the signals reported here, as well
as verify whether noise resulting from a variable contact
between the nanopipette tip and cell membrane contributes to
the activity patterns, we compared activity levels and event
characteristics from neuronal dendrites in the absence
(Fig. 6a) or presence of pharmacological agents blocking either
action potentials (Fig. 6b) by inhibiting voltage-gated sodium
channels (Tetrodotoxin, [TTX]) or excitatory NMDA receptors
(3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid, [CPP]),
AMPA receptors (2,3-dihydroxy-6-nitro-7-sulphamoyl-benzo(F)
quinoxaline, [NBQX]) and inhibitory GABA, receptors (picro-
toxin) (Fig. 6¢). To account for the dynamic spontaneous
activity levels observed across recordings, activity levels in each
condition were quantified by dividing recordings into 10 s
long bins and counting the number of events per bin (ESI,
data analysis sectiont), termed binned event count (Fig. 6d).
Blocking action potentials significantly reduced the activity as
indicated by the decreased binned depolarization event count,
the number of periods where events were observed and the
number of times large groups of events were found close
together. In addition, depolarization events recorded in the
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Fig. 6 Dendrite spontaneous activity is dependent on action potentials and synaptic activity. (a) Sample trace from a mouse neuronal dendrite in
basal condition (RMP = —63 mV). (b) Reduced activity in the presence of TTX (1 pM) (RMP = —62 mV). (c) Spontaneous activity is inhibited by synaptic
blockers (CPP, 10 uM, NBQX, 10 uM and picrotoxin, 100 uM, (RMP = —72 mV). Scale bar: 10 mV, 50 ms. (d) Level of spontaneous activity in each con-
dition quantified by events count in 10 s windowed segments (basal condition n = 167 bins, TTX n = 74 bins, synaptic blocker n = 345 bins). Means
indicated by black horizontal lines. Binned event count means are 30 + 5 (basal), 11 + 4 (TTX), O + O (synaptic blockers). Kruskal-Wallis test per-
formed followed by Dunn'’s post hoc test (Basal vs. TTX and basal vs. synaptic blockers, p < 0.0001; TTX vs. synaptic blockers, p = 0.0003). (e)
Amplitude of events recorded from neuronal dendrites in basal (mean: 18.7 + 0.1 mV, n = 5045) and TTX (mean: 18.4 + 0.2 mV, n = 8010) conditions
(p = 0.9812, Mann—Whitney test) (f) rise time of events observed in basal (mean: 7.5 + 0.1 ms, n = 5045) and TTX (7.2 + 0.2 ms, n = 8010) conditions
(p = 0.1076, Mann—Whitney test). (g) Decay time determined for events recorded in basal (mean: 6.6 + 0.1 ms, n = 5045) and TTX (mean: 7.6 +
0.3 ms, n = 8010) conditions (p < 0.0001, Mann—Whitney test).
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presence of TTX show similar amplitudes (Fig. 6e) and rise
times (Fig. 6f) but increased and differently distributed decay
times compared to the basal condition. Notably, blocking
synaptic receptors virtually abolished activity: only two
depolarization events were detected and they showed lowered
amplitude (12.2 + 1.1 mV) and a similar slower rise time (7.3 +
1.0 ms) and slowed decay time (16.5 + 1.8 ms) compared to the
basal condition. In addition, hyperpolarization events were not
detected in the absence of action potentials (TTX) or synaptic
activity (CPP, NBQX, picrotoxin).

Conclusion and discussion

Our nanopipette approach is ideal for exploring local fluctu-
ations of membrane potential over hour-long time scales in
cellular compartments that are inaccessible to conventional
patch-clamp pipettes because of their very small size (tens to
hundreds of nm). Nanopipettes featured very low levels of
noise and permitted detection and consequent analysis of
voltage dynamics in neuronal dendrites. Experiments were
successfully performed in both rat and mouse cell cultures in
different set-ups, demonstrating the robustness and repeatabil-
ity of our method.

Previous reports of nanopipette electrophysiology required
electroporation to achieve recordings of up to 30 minutes in
culture.'®!” In contrast, we recorded from neuronal dendrites
for up to 73 minutes with no electroporation. Contacting a
dendrite was sufficient to access V,, and observe voltage
dynamics. Despite this difference, characterisation of dendritic
membrane potentials yielded transients with rise and decay
dynamics that are in agreement with previous observations,
while having amplitudes of 40 to 50 mV, significantly higher
than those previously reported and notably with no signal
deconvolution performed to recover these amplitudes.

Our analysis of transient events observed from dendrites
suggests that they typically depolarized to between —15 mV
and —8 mV at most, which could be related to the activation of
ion channels such as calcium channels.?*?* In addition, here
we reveal novel dendrite voltage dynamics, such as bursts and
hyperpolarisation events. The substantial hyperpolarisation
events we have identified may be related to inhibitory postsyn-
aptic potentials,®® however with larger amplitudes than pre-
viously reported.”’° The amplitude of hyperpolarisation we
observed might be explained by the more confined geometry
of the dendrites compared to soma. Hyperpolarization events
were not found when action potentials or synaptic activity were
blocked. However, because these events were only observed in
a limited number of traces, it remains unclear whether they
were really dependent on action potentials and synaptic
activity or they were just rare events. Their origin thus remains
to be further studied.

We modified activity levels using pharmacological blockers
of action potentials or synaptic activity. Dendrites recorded in
the absence of action potentials showed reduced activity, while
it essentially ceased in the presence of synaptic blockers. This
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indicates that the voltage transients are caused by activation of
NMDA and/or AMPA and/or GABA, receptors. This is in line
with previous findings from studies done on apical dendrites
in acute brain slices and in vivo, where transient voltage
dynamics are predominantly attributed to NMDA receptor
activity.>® This opens an avenue of future exploration for the
precise cause of these dynamics through selective blocking of
NMDA receptors, also offering the chance to link these in vitro
findings with evidence obtained in acute tissue slices and
in vivo.

In this report we have described multiple motifs of events
observed using nanopipettes to target individual dendrites
from a neuronal network. There is a diversity to the spon-
taneous activity, with multiple events such as fast bursting,
rapid and large hyperpolarisation, and oscillation between two
distinct regimes of activity, active and silent. It is known that
through localized ion channel behaviour, voltage signals can
be processed in a linear’ and non-linear manner®! at the level
of neuronal dendrites.* Altogether these processes form the
basis of dendrite level signal operations, or, dendritic
computations.’™® The variety of dynamic voltage patterns that
we report here may be direct observation of these transform-
ations, and may result from a combination of local channel
conductances and/or reflect the underlying network electrical
activity. Further clarifying the nature of these patterns through
more targeted pharmaceutical approaches and in additional
models (different developmental stages, co-cultures) should be
a key goal of future works and will provide new insights into
dendritic processing at the nanoscale.

Materials and methods
Neuronal cultures

Cortical tissues were isolated from postnatal day 1 rats
(Sprague-Dawley rats from Charles River) and digested in
Dulbecco’s modified Eagle’s medium (Thermo Fischer
Scientific, UK) containing 0.1% Trypsin and 0.05% DNase
(Sigma Aldrich, UK) for 20 minutes in an incubator. The
tissues were dissociated to single cell suspension by trituration
through 1 mL and 200 pL Gilson pipette tips and the suspen-
sion was centrifuged at 600 rpm for 5 minutes. The super-
natant was replaced by Neurobasal medium containing 2%
B27 and 0.25% Glutamax (all from Thermo Fischer Scientific,
UK) and the cell pellet was gently resuspended. Finally,
100000 cells were plated in MatTek dishes (P35G-1.5-14-C,
MatTek Corp., Ashland, MA, USA). The cultures were main-
tained by replacing half of the medium every 7 days. A similar
protocol was followed for mice cortical cultures, except that
16-day-old embryos were used, and tissues were dissociated
using trituration through pipette tips without digestion.
Electrophysiological experiments were performed at days
14-24 after cells were cultured. Prior to recording, rat neurons
were cultured and imaged in 35 mm diameter MatTek dishes
at room temperature. Rat neurons were washed with PBS and
the cell medium was replaced with extracellular buffer (NaCl:
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140 mM, KCI: 5.5 mM, MgCl,: 1 mM, CaCl,: 1.8 mM, HEPES:
10 mM, glucose: 10 mM). To record bursts from mice neurons
a pro-bursting solution was used, which was the same as the
extracellular buffer but 6 mM KCl and 0 mM MgCl,.

Nanopipette fabrication and size determination

Quartz glass nanopipettes were produced using a Sutter P2000
pipette puller (P2000/F, Sutter Instruments, USA). To fabricate
a nanopipette, a quartz capillary is clamped in two holders,
themselves under tension. A laser is directed onto the centre
of the capillary, heating the glass, and melting it, at which
point the capillary is pulled apart. As it is pulled, the molten
glass is stretched and tapered to a small opening. Flaming/
Brown type pipette pullers (such as the P1000 or P97 from
Sutter Instruments) are not capable of producing nanopipettes
with diameters on the order of 10s of nm."® Additionally, boro-
silicate glass capillaries cannot be used to produce nanopip-
ettes because of their lower melting temperature. Nanopipettes
were fabricated from quartz glass capillaries (outer diameter
0.5 mm, inner diameter 0.2 mm) that contain a glass filament
of approximately 160 pm in diameter annealed to the inner
wall. The purpose of this filament is to ameliorate the filling of
the resultant nanopipette with electrolyte solution through
capillary action.

The nanopipettes we used in this work are well character-
ized, having previously been demonstrated in myriad nano-
pore sensing experiments,**** and their size previously con-
firmed by electron microscopy.>* For routine in situ character-
isation of nanopore size, a current-voltage curve is recorded
for each nanopipette prior to an experiment. To obtain the
conductance G of the nanopipette, we measured the slope of
the resulting current-voltage curve and used it with eqn (1)
(based on a conical tip model described in ESI and shown in
Fig. S1f) to estimate the diameter, d, of the nanopipette
opening.

i 3.2DG + 4LG
" moD — 3.2G

(1)

where D is the inner diameter of the unpulled capillary, L is
the length of the taper from the portion of the nanopipette
where the inner diameter is D to the opening, where the inner
diameter is d, and ¢ is the conductivity of the solution inside
the nanopipette.

Nanopipette electrophysiology

Nanopipettes with mean diameters of 17.1 nm made from
quartz glass capillaries (parameters given in Table S1}) were
used for intracellular recordings. Nanopipettes were
assembled into a conventional pipette holder, and the holder
was inserted into the amplifier headstage. A pressure control
system was connected to the pipette holder, but we observed
that applying positive or negative pressure had no observable
effect on our ability to contact a cell. It is likely that no useful
pressure difference could be generated given the nanometric
tip size, as the pressure drop scales with R™*.>
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Before approaching a cell, the amplifier (Axon Axopatch
200B, Molecular Devices, USA) was operated in voltage clamp
mode to record an IV curve to ascertain the tip resistance and
thus, diameter. Recordings were performed in I = 0 Mode,
meaning the current was clamped to 0 A and the potential
measured was that across the nanopipette required to main-
tain 0 current.*® The sampling rate was 10 kHz and the built in
four-pole Bessel filter was set to 2 kHz. Preliminary measure-
ments suffered from drift in the nanopipette position, conse-
quently cell contact was lost after 1-2 minutes. To increase
stability, the original motor-driven micromanipulator
(Patchstar, Scientifica, UK) was replaced with a piezo-based
micromanipulator (uMp, Sensapex, Finland) which is phys-
ically smaller and has a finer positioning resolution at 5 nm.

Following previously reported protocols for nanopipette
electrophysiology,'®'” we filled nanopipettes with 3 M KCI to
minimise filtering effects caused by impedance mismatch
between the nanopipette and the cell.'® The mean nanopipette
tip resistance was found to be 55 + 24 MQ, much larger than
the typical 3-7 MQ using conventional patch clamp micropip-
ettes,'® justifying the need for such high salt concentration.
Nanopipettes were filled by placing the blunt end of the capil-
lary into a bath of 3 M KCl, placing that into a vacuum jar and
evacuating it. Rapidly releasing the vacuum caused the solu-
tion to be pushed from the bath up and into the nanopipette
tip.

To contact dendrites, nanopipettes were initially
approached at speed 2 on the uMp (10 pm s~ ). When the tip
appeared to be almost in the same focal plane as the dendrite
of interest, the speed was decreased to 1 (1 pm s ). Within 30
s of further approach if no change in V;,, was seen, the speed
was decreased to ‘S’ (the slowest uMp speed, dynamic with
control wheel rotation rate, on the order of 100 nm s '). The
final stages of this approach are illustrated in Fig. S27 using
data from the approach before a successful dendritic patch.
This slow approach regularly led to a slight decrease from
0 measured potential to values ranging from —5 to —20 mV.
Following small movements in the z-positioning of the tip, a
sudden rapid decrease in potential was observed, indicating
electrical contact to the membrane. No further manipulation
of the tip-membrane contact was made at this point in terms
of pressure changes or attempts to electroporate the mem-
brane. After a period on the order of tens of seconds the poten-
tial stabilised in terms of baseline suggesting a stabilisation of
the interface between the nanopipette tip and cell membrane.

Drugs

All drugs are from Tocris except for picrotoxin, which is from
Sigma.

Statistical analysis

Statistical analysis were performed using GraphPad Prism soft-
ware v8 (USA). All data are expressed as mean =+ standard error
of the mean (SEM). Statistical significance was determined by
two-tailed unpaired Student’s t-test with Welch correction,
Mann-Whitney test or Kruskall Wallis with Dunn post hoc test.

This journal is © The Royal Society of Chemistry 2023
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Data availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Author contributions

N. R. directed the project. J. Mc H. and S. M. performed elec-
trophysiological recordings. J. Mc H., S. M., and D. H. analysed
data. D. M. and A. F. V. prepared and maintained cell
cultures. G. S. K. S. contributed to the implementation of the
research. J. Mc H.,, S. M., D. H,, C. F. K,, U. F. K., and
N. R. designed experiments and data analysis. J. Mc H., S. M.,
D. H., and N. R. wrote the manuscript. N. R. and J. Mc H.
devised the project. All authors contributed to the critical revi-
sion of the manuscript.

Abbreviations

Apurst Burst amplitude

Apeak Transient amplitude

CPP 3-(2-Carboxypiperazin-4-yl)propyl-1-phosphonic acid

IEI Inter-event interval

NBQX 2,3-Dihydroxy-6-nitro-7-sulphamoyl-benzo(F)
quinoxaline

PSD Power spectral density

RMP Resting membrane potential

Thurst  Burst duration

Tfit Decay time

Trise Rise time

TTX Tedrotoxin

Vin Membrane potential

ATyurse  ISI duration
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