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Targeted intracellular voltage recordings from
dendritic spines using quantum-dot-coated
nanopipettes

Krishna Jayant'?34*, Jan J. Hirtz23#4, llan Jen-La Plante®, David M. Tsai'%34,
Wieteke D. A. M. De Boer?345, Alexa Semonche?, Darcy S. Peterka?3#, Jonathan S. Owen?,
Ozgur Sahin?3, Kenneth L. Shepard'346 and Rafael Yuste?3#

Dendritic spines are the primary site of excitatory synaptic input onto neurons, and are biochemically isolated from the
parent dendritic shaft by their thin neck. However, due to the lack of direct electrical recordings from spines, the influence
that the neck resistance has on synaptic transmission, and the extent to which spines compartmentalize voltage,
specifically excitatory postsynaptic potentials, albeit critical, remains controversial. Here, we use quantum-dot-coated
nanopipette electrodes (tip diameters ~15-30 nm) to establish the first intracellular recordings from targeted spine heads
under two-photon visualization. Using simultaneous somato-spine electrical recordings, we find that back propagating
action potentials fully invade spines, that excitatory postsynaptic potentials are large in the spine head (mean 26 mV)
but are strongly attenuated at the soma (0.5-1mV) and that the estimated neck resistance (mean 420 MQ) is large
enough to generate significant voltage compartmentalization. Nanopipettes can thus be used to electrically probe

biological nanostructures.

~0.001-0.1 um?) and narrow neck (diameter ~0.1 um, length

~1 um), are the primary site of excitatory synaptic input in
the cortex'. Their function and plasticity are essential for long-term
potentiation*?, brain development* and memory formation®. Spine
morphology, and, in particular, the shape and size of the spine
head, are correlated with changes in synaptic strength during synaptic
plasticity®. However, exactly how these morphological features
influence synaptic transmission is still unclear. The spine neck
forms a diffusion barrier, biochemically isolating the spine head
from its parent dendritic branch”®. Moreover, this diffusional regu-
lation may dynamically change as a consequence of synaptic activity®.
A less understood property of the spine neck is its ability to electri-
cally influence synaptic potentials'>19-1, Specifically, neurotransmit-
ter activation of receptors located on the spine head cause excitatory
postsynaptic potentials (EPSPs) that trigger calcium accumulations in
the spine’, and eventually propagate downstream as dendritic and
somatic EPSPs!®. The spine neck is believed to play a major role
during this signal processing operation by filtering the EPSP as it
invades the dendrite while allowing back propagating action
potentials (bAPs) and dendritic signals to fully invade the
spine!>!6, a feature that shares remarkable similarities with the
operation of semiconductor diodes. Previous studies on spine
electrical properties and electrical compartmentalization have either
been computational'*'*® or indirect, through optical measure-
ments>>10131619-23 Byt even with this wealth of experimental and
theoretical evidence, estimates of EPSP amplitudes, spine neck
resistances (R,eq) and basic spine biophysical mechanisms
contradict each other!®!>18-212425 wijth no clear consensus yet.
A major limitation is the small size of spines, which has rendered

D endritic spines, characterized by their small head (volume

conventional patch-clamp electrophysiology impractical. While
optical measurements of voltage in spines are gaining precedence®,
they still suffer from poor signal-to-noise ratio (SNR)!621-2426 Ag an
alternative, and to ensure a more complete understanding of spine
membrane biophysics, we explored the use of nanoscale electrodes
to directly measure from the spine head.

Nanowires?’~3!, nanotubes®’, nanopipettes*® and sharp tip
electrodes*~*” have recently gained significant attention as mini-
mally invasive intracellular electrodes and are ideally poised to
revolutionize intracellular neurotechnologies®®. However, only a
few reports®>*3%37 have directly demonstrated their use in intra-
cellular recordings from neurons. Notably, whole-cell patch-clamp
recordings from large axonal terminals and pre-synaptic terminals
(size ~2-5 um) were recently established using high-impedance
patch pipettes®*??. Although these reports present major advances
in the ability to record from small compartments, their applicability
to directly probe thin dendrites, axons and small synaptic structures
such as dendritic spines, which together represent the majority of
the structural features of all nervous systems, remains elusive.
Moreover, while whole-cell electrophysiology ensures a giga-seal
and sensitive voltage clamp measurements, a major limitation,
especially when probing small compartments (~1um) is the
washout of intracellular fluid and organelles, which can potentially
lead to non-physiological conditions. Ideally, the intracellular probe
and associated sensing module should be (i) extremely small to
reduce membrane damage during entry, ensure tight membrane
coupling and guarantee registry to subcellular structures;
(ii) designed to reduce signal filtering, ensure high bandwidth and
high SNR; and (iii) applicable in cultures, brain slices and in vivo
preparations. In this Article, we describe and demonstrate quartz
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nanopipette electrodes with tip diameters between 15-30 nm as
direct electrical interfaces to dendritic spines.

Experimental overview

We first used neuronal cultures and identified neurons with promi-
nent dendritic arborization. After establishing the somatic whole-
cell recording, bAPs were elicited, which propagate back through
the dendrite***! into spines (Fig. la). Since bAPs are known to
invade spines with very little loss*? they served as a ‘control signal’
standard for the nanopipette spine electrical measurement
(Fig. 1b). Diffusion of a dye (Alexa-488, Alexa-594) from the
patch pipette ensured two-photon visualization of dendrites and
spines (Fig. lc,d). To assist in tip localization and targeting
spines, we coated the pipettes with CdSe/CdS/ZnS quantum
dots*® (QDs) that have a broad two-photon absorption spectrum
and high fluorescence quantum efficiency (see Methods,
Supplementary Fig. 1 and Supplementary Note 1). Nanopipettes
were then slowly advanced towards the spine of interest. When per-
forming targeted spine recordings in slices, layer 5 pyramidal
neurons were identified and the procedure described above in cul-
tures was repeated. The nanopipette was subsequently advanced at
an oblique angle to guarantee registry (Supplementary Fig. 2).

Nanopipette/cell interface

Nanopipette entry into the cellular membrane can occur either
through impalement or electroporation. In impalement-based
entry the nanopipette pierces the cell membrane, similar to conven-
tional sharp microelectrode operation (model A, Fig. 2a).
Electroporation-induced entry, on the contrary, occurs when the
pipette gains intracellular access through an induced nanopore in
the lipid bilayer (model B, Fig. 2b). Model A usually results in the
formation of a permanent membrane shunt resistance® (Rgpune)-
The Rgyne in conjunction with the RC time constant of the
pipette (R.C.) and the membrane (R,,C,,) causes a pronounced
transient during entry, which plays an important role in determin-
ing the steady-state resting membrane potential (RMP)
(Supplementary Fig. 3 and Supplementary Note 2). Here R, Ry,
C. and C,, denote the pipette and cell membrane resistance and
capacitance, respectively. If Rgyne is much larger than R, the
trough in the impalement transient is close to the actual RMP.
Transient analysis of the circuit described in model A, clearly
suggests that in the presence of an appreciable Ry,yy, small struc-
tures (Cy, ~0.001-0.1 pF) dissipate charge quickly, precluding an
accurate estimate of the RMP. Model B on the contrary, results in
attenuation of the signal due to the resistive divider formed at the
pipette/membrane interface. Here, Ryores Reeal @and Gy, influence
the RMP and overall steady-state condition. If Ryore is extremely
high, the shunting effect is negligible (Supplementary Fig. 3) but
intracellular voltages are scaled.

Nanoelectrodes exhibit an increased impedance that sub-
sequently leads to filtering effects®3”444¢ (that is, via R.C.). To
reduce this filtering, the filling solution comprised of 3 M KCl to
ensure lowest possible resistance. The extracellular chloride concen-
tration of 126 mM, however, creates an ionic gradient right at the tip
of the pipette, which influences and determines the measured
pipette resistance R., current noise and 3-dB bandwidth (fs4p)
(see Methods and Supplementary Fig. 5a—e). The analytically deter-
mined tip diameter under such conditions was found to be in close
agreement with scanning electron microscopy (SEM) measure-
ments (Supplementary Fig. 5c), and provided information on the
optimal range of tip diameters to use. To mitigate the effect of
pipette wall capacitance, active capacitive compensation
(Supplementary Fig. 6) was delivered through the amplifier.
Together with the measured R, ~60-240 M), this ensured highest
recording bandwidth (see Methods) with figp~1-2 kHz. An
accurate measurement of f;gp was critical to the deconvolution
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Figure 1| Experimental overview. a, Schematic describing the dual patch-
nanopipette recording and associated signal transmission mechanisms to
and from the spine. APs originate in the axon hillock and propagate both
forwards (towards the post-synaptic cell) and backwards into the dendrites
and spines. bAPs invade spines (inset) across the spine neck.
Neurotransmitters released from the pre-synaptic axonal terminals activate
receptors located on the spine head and cause spine head EPSPs (inset).
Nanopipettes are labelled with QDs through adsorption (top right). b, SEM
of a typical quartz nanopipette (scale bar, 100 nm) and respective bright-
field image (inset, scale bar, 2 pm). ¢, Simultaneous somato-dendritic
recordings from layer-5 pyramidal cells using QD-coated nanopipettes.
Scale bar, 20 um. d, Nanopipette probing a spine. Scale bar, 1.5 um.

procedure to correct for electrode filtering effects (see Methods
and Supplementary Note 2).

Somatic and somato-dendritic recordings

We first compared somatic nanopipette recordings of action poten-
tials (APs) in hippocampal cultures against conventional patch and
sharp microelectrode recordings (Fig. 3a). The nanopipette was
advanced into the soma and a brief oscillation was applied to gain
intracellular access. On entry, we observed spontaneous APs and
were able to elicit an AP response through brief current injection
if required. The characteristics of recorded signals could be well
explained by model A (Fig. 2a). We found that AP properties,
namely, rise time, decay time, half width and RMP (Fig. 3b) com-
pared favourably to conventional patch and sharp microelectrodes
(tip diameter ~100 nm). However, RMP obtained using both the
nanopipette (-51+9.4mV, n=5) and the sharp microelectrode
(-61 14 mV, n=>5) clearly indicated the presence of a membrane
shunt, which resulted in a slightly depolarized RMP (Fig. 3b).
Input resistances measured using hyperpolarizing current pulses,
ranged from 90-140 MQ for the whole-cell recordings and
78-120 MQ for nanopipette recordings (n=3), suggesting that
even in the presence of the shunt, nanopipettes were reporting
physiologically relevant values. AP amplitudes and decay times,
however, showed that nanopipette recordings were filtered due to
the pipette’s impedance, the effect of which could be deconvolved
(Supplementary Fig. 3 and Supplementary Note 2) to reveal full
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Figure 2 | The nanopipette membrane interface. a,b, Equivalent circuit describing the nanopipette membrane interface during penetration- (a) and
electroporation-based (b) entry. Here R, and C, denote the pipette resistance and capacitance, respectively. Rs, Rshunt, Rseal @and Ryore represent the access,
shunt, seal and pore resistance respectively. R, represents the membrane resistance, C., the membrane capacitance, Cpore the pore capacitance and Eres; the
reversal potential of the leak channels, respectively. All of which combine to determine the RMP. V4 is the diffusion potential, which under grounded bath
conditions can be approximated to zero. 6 denotes the inner cone angle, which is used to calculate the tip diameter as a function of resistance. Potential
noise contributions are highlighted in red. The parasitic capacitances from the pipette holder and amplifier electronics were found to be negligible and hence

omitted for simplification.

signal recovery. Somato-dendritic recordings (Fig. 3c-e) confirmed
that the nanopipettes were able to faithfully track bAPs (Fig. 3c),
EPSPs (Fig. 3b) and inhibitory post-synaptic potentials (IPSPs) in
the dendrite without the need for signal averaging. One important
difference between somatic and dendritic recordings with nanopip-
ettes is that with dendritic recordings we did not impale the pipette
into the dendrite but rather applied a gentle ‘touch and buzz’ to elec-
troporate the membrane (model B in Figs 2b and 3f, see Methods).
When a similar touch-and-buzz protocol was applied to the soma
during a simultaneous whole-cell patch-clamp recording, we
observed highly attenuated APs in the nanopipette channel
(Fig. 3g). The ‘buzz’ could either be an oscillation or a voltage
pulse. However, using model B (Fig. 2b) and the measured pipette
properties, we were able to recover the amplitude and timescale of
the AP transient (Fig. 3g) through deconvolution (see Methods
and Supplementary Note 2). Together, these recordings demon-
strate that nanopipettes are capable of resolving both APs and
subthreshold activity with high SNR.

Simultaneous somato-dendritic recordings in slices (Fig. 4a,b)
revealed stable registration of bAPs (Fig. 4c,d) with high SNR.
Both impalement- and electroporation-based nanopipette entry
were compared. Although, impalement-based entry resulted in
higher SNR, electroporation-based entry enabled more stable and
reliable recordings (Fig. 4c, top), which when deconvolved, closely
followed the somatic AP (Fig. 4c, bottom). Impalement often
caused a resistance drop over time, as observed from the patch-
clamp recording, and also resulted in shorter recording times due
to the formation of an appreciable membrane shunt (not shown).
This indicates that to prolong the recordings in small structures
(such as dendrites, spines and accompanying dendritic shafts), it
is prudent to use electroporation-based entry rather than to phys-
ically impale the structure. We corroborated this effect in dendrites
via simultaneous nanopipette recordings and Ca®" imaging
(Supplementary Fig. 7). We observed that with weak stimulation
(that is, touch and buzz with a short-duration electroporation
pulse application), duration of recordings could last longer
(max ~15-30 min), signals were stable over time (Fig. 4d) and conco-
mitant Ca®" imaging and electrophysiology was possible. Mechanical
advancement followed by strong electroporation (buzz with either

longer pulses or increased frequency of stimulation), however,
improved the SNR due to the lower pore resistance, but resulted
in a concomitant shunt, which was reflected by the rise in baseline
fluorescence (Supplementary Fig. 7 and Supplementary Note 3).

Nanopipette recordings in the soma, however, were not affected
by the impalement (~70 mV amplitudes with half widths ~2 ms;
Fig. 4e), which further corroborates the transient models
(Supplementary Fig. 3) and specifically the effect of membrane
capacitance on the recording. Together, somato-dendritic record-
ings in culture and slice preparations indicate that AP amplitudes
and timescales are unchanged right up to the spine neck. Given pre-
viously reported impedance estimates of the neck (~500 MQ)'* and
the spine head (~several giga-ohms at rest)*’, AP invasion into the
spine should occur without any loss in signal amplitude, on the
basis of electrical equivalent-circuit analyses.

Direct electrical recordings from dendritic spines

Dendritic spines were located along both the main apical dendrite
and proximal oblique branches. Quantum-dot-coated nanopipettes
were then steered towards the targeted spine and a touch-and-buzz
approach was used to gain intracellular access. The electroporation
buzz results in the formation of a small pore in the membrane*®
(Fig. 5a). This was performed in both culture (Fig. 5b) and slice
preparations (Fig. 5c). Since the nanopipette tip was too small to
effectively allow dye to diffuse out, pipette entry into the spine
was corroborated through QD desorption from the tip surface.
The exact mechanism of QD desorption is unclear but we reason
that it could occur during the insertion and interaction of the
pipette tip with the lipid-bilayer core, which is hydrophobic. As
shown in Fig. 5b, after the QD-coated nanopipette touched the
spine and an electroporation buzz was applied, QDs were found
on the surface of the spine head, (Fig. 5b, middle). The QDs were
subsequently found to move with the spine head (Fig. 5d, right),
confirming the targeted approach (see Supplementary Fig. 8
for close up). We first probed spines in culture preparations
(Fig. 5d-f) using simultaneous somato-spine electrophysiology.
We observed that both evoked and spontaneous bAPs invade
spines with the signals in the nanopipette exhibiting high SNR
(Fig. 5d; spine, upper trace, and soma, lower trace) without the
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Figure 3 | Nanopipette recordings from cultures. SNR and somato-dendritic coupling. a, Spike triggered average (STA) of APs recorded from the soma using
patch-clamp (top), 100 nm glass microelectrodes (middle) and quartz nanopipette electrodes (bottom) under membrane penetration. Note that the initial
rise in the patch-clamp recording is due to current injection from the patch electrode. The sharp and nanopipette AP recordings were spontaneous.

b, Comparison of RMP, AP rise time, half-width and decay time properties between patch, sharp and nanopipette electrodes. Note that nanopipette recordings
often result in a membrane shunt leading to a more positive RMP. c-e, Somato-dendritic recordings using patch-nanopipette electrodes show simultaneous
registry of APs (c), EPSPs (d) and IPSPs (e) in both channels with high SNR. Dendritic recordings were initiated through membrane electroporation. The slow
increase in RMP baseline in ¢ is indicative of the electropore resealing, which causes a gradual change in Ryor. Grey stars in d,e denote EPSP and IPSP peaks
that can be clearly resolved across the nano-orifice. f, Infrared differential contrast interference (IR-DIC) images of nanopipette electroporation in the somatic
membrane (left, scale bar, 5 um) and dendritic membrane (right, scale bar, 5 um). g, Deconvolved AP amplitude (through inverse filtering) using measured
time constants and voltage divider ratios during a simultaneous patch-nanopipette recording from the same soma. The deconvolved waveform is temporally
similar to the actual AP waveform. The nanopipette recording was established through electroporation and not membrane penetration.

need for any signal averaging. Depending on the degree of electro-  somatic AP, suggesting full invasion (Supplementary Fig. 8c,d).
poration and penetration, the amplitude and timescale of the decon-  Interestingly, however, we often found that as the nanopipette was
volved bAPs that invaded spines were found to be similar to the brought in close proximity to the spine head, the nanopipette
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Figure 4 | Nanopipette recordings from neocortical slices. a, Oblique illumination image of simultaneous somato-dendritic recordings in slices from layer-5
pyramidal neurons (left, large field of view, scale bar, 40 pm) and right (close up, scale bar, 10 um). b, Two-photon image of simultaneous somato-dendritic
recordings (scale bar, 10 um). ¢, Deconvolved somato-dendritic recordings show full bAPs propagation up to 100 um from the soma. Dendritic recordings
were initiated through electroporation-induced entry. d, Simultaneous somato-dendritic recordings (red-dendrite, blue-soma) show stable and repeatable
time-locked bAPs registry. Dendritic recordings were initiated through electroporation. The formation of a stable Ryore and Reeal allowed prolonged (15-30 min)
recordings. e, STA of raw somatic APs through mechanical impalement using nanopipettes (inset: break-in transient, blue). Note the RMP and amplitude of

the AP revealing a high Repunt.

recorded APs that preceded the initial rise in the post-synaptic EPSP
(measured in the soma) by ~2-4 ms (Fig. 5e). The timescale
between the AP peak and the post-synaptic EPSP rise suggests
that in these cases the pre-synaptic axon terminal or axon fibre
might have been accidentally probed prior to spine entry. Given
that the size of the axon fibre is extremely small, it is more likely
that we probed the pre-synaptic terminal prior to spine entry. The
second peak in the post-synaptic EPSP response is clearly indicative
of a poly-synaptic connection, commonly found in cultures®.
Although we did not intend to target the pre-synaptic axon terminal,
our results suggest that the nanopipette is also capable of intracellu-
larly interfacing to small pre-synaptic structures. To further corro-
borate pipette spine interaction and entry, we injected current
through optimally compensated (bridge) nanopipettes upon
touching the spine and measured the resulting voltage changes in
the somatic patch pipette and nanopipette (Fig. 5f), respectively.
We clearly observed a fast voltage change in the nanopipette with
very little capacitive charging, indicative of a small membrane
capacitance. An increase in resistance was also observed.
The voltage waveform at the soma, however, was clearly filtered,
indicative of R,eq and dendritic impedance-induced signal con-
ditioning. It is important to point out that the voltage waveform
in the spine head could be attenuated/shunted due to the nature
of the pipette/spine interface, which precludes a clear measurement
of the transient. Extending the study to neocortical slice prep-
arations, we clearly observed bAPs invasion in spines (Fig. 5g)
and pre-synaptic APs (Fig. 5h) when the nanopipette entered the
putative pre-synaptic axon terminal prior to spine entry. Thus,
nanopipettes may be used to study the coupling between the pre-
and post-synapse at the single-synapse level. The spike triggered

average of raw bAPs (Fig. 5i) waveforms clearly revealed that
bAP invade spines with nearly no loss in temporal structure
(that is, rise time and half width). However, the amplitude of the
bAP is scaled due to the nature of the interfacial impedance,
which was easily deconvolved (see Methods and Supplementary
Note 2). To characterize the extent to which electroporation and
mechanical penetration disturb the physiology of the spine, we
performed simultaneous electrophysiology and calcium imaging
in the spine head (see Supplementary Figs 9 and 10 and
Supplementary Note 3). We found that with the touch-and-buzz
approach, the pore formed was small enough such that stable
Ca?* imaging in the spine head was still possible concomitantly
along with electrophysiology. This was observed both with the
nanopipette in the spine and just after retraction of the nanopipette
from the spine head. Mechanical penetration followed by electro-
poration, however, resulted in a large influx of Ca®" into the
spine head. Such an entry allowed measurements of RMPs and
improved the SNR, however, at the cost of overall duration
(Supplementary Fig. 11).

On nanopipette entry into the spine head, the RMP of the spine
head rapidly reached -65mV to —55 mV (Fig. 5j, top, also see
Supplementary Note 2). We immediately observed spontaneous
EPSPs with amplitudes reaching ~25 mV to 30 mV, rise times of
~1-2ms and half widths of ~5ms (Supplementary Fig. 12 and
Supplementary Note 4). Concomitantly monitored somatic EPSPs,
however, were negligible (~0.5 mV, Fig. 5j, bottom) with near base-
line fluctuation. Since the RMP was stable over the time course of
the recording, the driving force for the EPSPs was likely unaltered
and the variability in EPSP amplitudes is most likely due to differences
in quantal content.
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Figure 5 | Nanopipette recordings in spines reveals electrical compartmentalization. a, Electrical equivalent circuit of the passive dendritic spine. E,est, leak
reversal potential; R, spine head passive membrane resistance; Cy,, spine head passive membrane capacitance; Egn, synaptic reversal potential; gsyn,
synaptic conductance; Ryore, pore resistance; Rsea, seal resistance; Rneck, Neck resistance; Re, pipette resistance; C,, pipette capacitance; Ryendrite, dendritic
resistance; Ry, dendrite passive membrane resistance; C,(q4), dendrite passive membrane capacitance; £y, dendrite reversal potential. bAPs invade the
spine across the voltage divider formed by the parallel combination of Ryore//Rm//1/ Gsyn and Rneck- EPSPs in the spine head propagate into the dendrite
across the divider formed between Rieck and Ryendrite- b.€, Dual somato-spine recordings in cultures (b, scale bar, 1.5 um, panels (i)-(iii) and callout) and
slices (¢, scale bar, 20 pm left, 3 um, inset middle). Dendritic and spine nanopipette recordings were restricted to within 7100 pm from the soma to avoid
space clamping and bAP attenuation. Note the QD (labelled red) desorption during nanopipette entry into the spine in the callout. d-i, Spine and pre-
synaptic axon terminal recordings in cultures (d-f) and slices (g-i). d, bAPs invasion into spines. Somatic AP (bottom) and bAPs in the spine head (top)
reveal that the nanopipette is capable of registering bAPs without the need for averaging. e, STA of nanopipette recordings in the pre-synaptic axon terminal
and post-synaptic soma. Note the characteristic 2-4 ms time delay between the pre-synaptic AP peak and onset of the post-synaptic EPSP (inset: raw data,
scale bar, 2 mV, 500 ms). f, 15 pA current injection into the spine head leads to a large potential change in the spine channel, but a filtered output at the
soma. The voltage transient in the spine head is not clearly observable, which we attribute to shunting. g, bAPs registration in spines probed in slices. h, STA
of putative pre-synaptic terminal recordings in slice preparations. Note the very short delay between the putative pre-synaptic AP peak and the post-synaptic
EPSP rise measured at the soma. i, STA of raw bAPs and somatic APs. Note the close fit in rise time and half width indicating the bAPs invade the spine
with nearly no loss in temporal structure. jk, EPSPs in spines. j, Spontaneous break-in into the spine head (top) in cultures and corresponding somatic
recordings (bottom). Note the large and fast rising spontaneous EPSPs registered in the spine that are completely filtered from the soma. The grey shaded
region is zoomed in to show the typical rise and decay kinetics of the potential transient. k, Raw EPSPs in spines from slices (marked stars) are larger than
somatic EPSPs (~0.5 mV flickers). Note the sudden registration of EPSPs in the soma (grey bar, bottom) that signify concomitant inputs from other spines.
I, Deconvolved Rk (left), EPSP amplitudes (middle) and RMPs (right) in the spine head. The range of deconvolved EPSP amplitudes is in accordance with
the spontaneous data from j (top). The range for R.eck indicates that EPSPs that invade a low input resistance dendrite will be heavily attenuated, which is in
line with data from jk.
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With electroporation-induced entry, intracellular access to the
spine head occurred across a high pore resistance (Ryore) (Fig. 5a).
Although this lead to RMPs and amplitudes being scaled by the
voltage divider, it provided a more stable recording configuration
and improved the duration of recordings in the spine head
(Fig. 5k, top, and Supplementary Figs 11 and 13). As observed in
Fig. (5k, top), raw EPSPs in the spine head (marked by star) were
still larger than corresponding EPSPs in the soma that were barely
detectable above the noise floor (~0.5mV). Occasionally, we
found that somatic EPSPs (~1-1.5mV) were detectable, and
while some of these somatic EPSPs were clearly from other synaptic
inputs, a few peaks were time-locked with spine head EPSPs
measured with the nanopipette (Fig. 5k, shaded region and
Supplementary Fig. 13). We attribute this time-locked somatic
signal to simultaneous co-active inputs that originate from other
spines, which integrate to form the somatic signal, and not from
the recorded spine (Supplementary Fig. 13).

Our spine recordings indicate that EPSP amplitudes in the spine
head are large, exhibit a fast rising phase (~<5 ms) but are greatly
attenuated, and sometimes even undetectable in the soma. What
is the origin of this strong attenuation of EPSPs? At steady state,
the magnitude of the spine head EPSP is determined by the
voltage divider expressions between R,.y, dendritic resistance
(Rdendrite) and synaptic conductance (Ggyy). But the downstream
somatic EPSPs are solely determined by the voltage division
between Rgendrite and Ryeq (Fig. 5a and equations (1,2)):

Rn +R ndrif
EPSPspine_head = Esyn ek dendrhe 1 (1)
Rneck + Rdendrite + G
syn
EPSP = EPSP _ Raoarie 2
soma/dendrite — ( )

spine_head
Rneck + Rdendrite

where Eqy, is the synaptic reversal potential. Thus, the EPSP attenu-
ation depends on both R and Ryendrite- Since the spines studied
were very close to the soma, and the Rgendriee Of pyramidal cells
ranges ~10-15 MQ within 100 um from the soma!?, our measured
spine head EPSP amplitudes of ~25 mV and somatic EPSPs of
~0.5-1 mV would imply a high Rjq. This would suggest that
EPSPs are isolated from the parent dendrite by the spine neck.
To estimate R, EPSP amplitudes and RMPs, we used equival-
ent-circuits analysis and measured time constants (Fig. 5I,
Methods and Supplementary Note 2), and found a range for R
(425 +£101.62MQ, n=6 spines, Fig. 51, left), EPSP amplitudes
(26.70 £ 13.8 mV, total of 39 EPSPs, n =6 spines, Fig. 51, middle),
and RMPs (-52 +6.38 mV, n =3 spines, Fig. 5, right) in the spine
head. These estimates are consistent with earlier theoretical and
optical reports®!®. However, since our selection of spines had relatively
long necks (~1 pum), and that EPSP attenuation likely depends on neck
length'®, our estimates of Ryeq may be higher than previous reports.
Lastly, EPSPs and the observed RMPs (Fig. 5j) in the spine head
during spontaneous entry were in close agreement with the deconvolved
parameters (Fig. 51, middle and right).

Conclusion

We have demonstrated a direct intracellular interface to spines using
nanopipettes and detected bAPs and EPSPs in the spine head
without the need for signal averaging. We find that spine head
EPSPs are large (~26 mV) compared to downstream somatic
potentials (~0.5 mV), and, using circuit models and experimentally
determined parameters, we estimate a high neck resistance. Our
results thus suggest that EPSP attenuation from the spine to soma
is influenced by spine neck resistance, which could play an impor-
tant role in shaping synaptic transmission and enabling nonlinear
dendritic signal processing™'°.

Additional work will make this technique even more precise
and accurate. For example, the use of lipid layers and biomimetic
coatings®®2 could improve the seal resistance, enabling stable
long-term recordings in spines and simultaneous spine and
dendritic recordings to directly measure R, The demonstration
of nanopipettes as direct electrical interfaces to spines and putative
pre-synaptic axon terminals presented in this study will inform on
future designs and expand the scope of nanoelectrodes in the
electrophysiology>® of small neuronal structures.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods

Primary hippocampal neuronal cultures and acute slice preparation. Animal
handling and experimentation was done according to the US National Institutes of Health
and Columbia Institutional Animal Care and Use Committee guidelines. Hippocampal
neuronal cultures were generated from embryonic day (E)18 or postnatal day (P)0 neonatal
C57BL/6 mice as previously described™, with few modifications. Briefly, pregnant dams or
neonatal pups were anesthetized and euthanized. Hippocampi were dissected and
subsequently incubated in 0.25% Trypsin + EDTA (Life Technologies, 25200-056) and
5 ug ml™" DNAse I (Sigma, D5025) at 37 °C for 20 min with gentle agitation. After two
washes with plating medium containing 5 pg mlI™" DNase I, hippocampi were gently
triturated using fire-polished glass Pasteur pipettes until a homogenous cell suspension was
obtained. Cells were then plated onto 12 mm poly-L-lysine coated coverslips (Corning,
354085), with and without an astroglial feeder layer. Astroglial feeder layers were produced
by exposing previously plated days in vitro (DIV) 4-7 hippocampal primary cultures to a
high-glutamate excito-toxic solution for 15 min, allowing a minimum of two additional
days for nonviable neurons to detach from the coverslip surface. Once the astroglial layer
reached desired confluency, 5 uM cytosine -p-arabinofuranoside (Sigma-Aldrich, C1768)
was added to culture medium to inhibit further proliferation. Astroglial feeder layers were
ready for use approximately 1 week after plating. Neurons were cultured for 2-4 weeks
prior to experimentation, with maximal spine density occurring between 14-28 DIV.
Cultures were maintained at 37 °C under 5% CO,. 50% of culture medium was exchanged
with fresh medium every 3 days.

For acute slice experiments, coronal sections of the neocortex of P7 to P20 old
C57BL/6 mice of both sexes were prepared using a Leica VT1200S vibratome. The
animal was decapitated (following deep anesthesia via inhalation of isoflurane in
case of animals older than P12), and the brain quickly removed. Slices of 300 um
thickness were prepared in ice-cold slicing solution containing (in mM): 93
N-methyl-p-glucamine, 2.5 KCl, 1.2 NaH,PO,, 30 NaHCO3, 20 HEPES, 25 glucose,
5 Na-ascorbate, 3 Na-pyruvate, 10 MgSOy, 0.5 CaCl,, pH adjusted with HCl to 7.3,
bubbled with 95% O, and 5% CO,. After a short recovery period (4-8 min) in
35-37 °C warm slicing solution, slices were kept at room temperature in artificial
cerebral spinal fluid (ACSF) until transferred into a recording chamber.

QD preparation. Refer to Supplementary Note 1 for detailed preparation.

Electrophysiology. Neurons (culture and slices) were visualized using an Olympus
BX-61 or BX50WI microscope equipped with oblique illumination and a water
immersion 40x/0.8 numerical aperture (NA) objective (Olympus). Whole-cell
patch-clamp recordings (pipette resistance ~4-7 M(Q) were obtained using pipettes
pulled from borosilicate glass (1.5 mm and 1 mm outer diameter (OD), 0.86 mm
and 0.5 mm inner diameter (ID), Sutter Instruments) and established using a
Multiclamp 700B amplifier (Molecular Devices). The RMP was maintained at
—-65mV to —70 mV via slow current injection if necessary. The external bath
contained ACSF comprising (in mM): 126 NaCl, 26 NaHCOs3, 1.145 NaH,PO,,

10 glucose, 3 KCI, 2 MgSO, and 2 CaCl,, osmolarity ~300 mOsm. Patch pipettes
were filled with internal solution containing (in mM): 130 K-gluconate, 5 NaCl,

2 MgSO,, 10 HEPES, 5 EGTA, 4 MgATP, 0.4 Na,GTP, 7 Na,-phospocreatine, 2
pyruvic acid, 0.002-0.01 Alexa 488, pH adjusted to 7.2, ~280-290 mOsm). For Ca>*
imaging experiments, 50-100 pM Fluo4 and 1-5 pM Alexa 594 were added to the
internal solution. Nanopipettes (inner tip diameters ~15-30 nm) were fabricated
using a P-2000 laser puller (Sutter Instruments) and made from quartz capillaries
(1 mm OD, 0.5 mm ID, Sutter Instruments). Program parameter range: Heat:
770-850; FIL: 5; VEL: 45-52; DEL: 130-155; PUL: 155-180. It is important to note
that program parameters vary from puller to puller. The nanopipettes were first
back-filled and then front-filled with 3 M KClI (resistance range ~60-240 M),
dipped in QD solution (3-5 times rapidly to ensure uniform coating) and carefully
bridge compensated prior to recording through the built-in module in the
multiclamp 700B and Axon 900A amplifiers (Molecular Devices). The Axon 900A
was specifically used with pipette impedances above 180 MQ due to the improved
input impedance (boot strapped, R;, >1,000 GQ) and capacitance compensation
range of the amplifier. Bandwidth extraction was carried out both before and after
the application of compensation through the bridge mode. Briefly, a current pulse
was injected. The resulting voltage response at the rising edge of the current pulse
(Fig. 2g) was fit to extract the time constant 7p. Dividing 7p by the measured value of
the pipette resistance R., the pipette wall capacitance C, was determined. The 3-dB
bandwidth was calculated using the expression f3qp = 1/(2nR.C.). The 3-dB
bandwidth was also corroborated using impedance spectroscopy (CH Instruments
760D). Entry into spines was carried out either through mechanical impalement or
electroporation (‘touch and buzz’). For electroporation-induced entry, brief 1V,
500 ps pulses were applied until entry was established. Alternatively, oscillations of
varying durations (50-500 ps) were utilized until entry was established. Offsets
(-2 to -5 mV) were zeroed prior to spine entry. Current clamp signals from both the
nanopipette and patch pipette were filtered by a 4-pole Bessel filter (4 kHz) and
acquired at 10 kHz (NI-DAQ 6251, National Instruments) using a PC equipped
with custom software (PackIO®®) written in LabView (National Instruments).
Nanopipette inner diameters (I.D.) were calculated through the expression

LD. = 2/(nRpotan(6/2)), where R,, is the measured pipette resistance, 6 is the
measured cone angle and ¢ is the overall conductivity. Tip diameters were measured
by first coating the nanopipettes with ~10 nm of gold with a sputter coater
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(Cressington 108 Sputter Coater), then imaged with a scanning electron microscope
(SEM, Hitachi S-4700, n = 5). The beam current was set to 10 uA and the
acceleration voltage was 15 keV. The cone angle was extracted using Image]

(US, National Institutes of Health) (range ~2.5-3.0°). Resistances were first
measured when both the internal and external bath solutions were matched

(3 M KCl) to avoid rectification. The assumed ¢ ~30 Sm™ yielded a near perfect
fit to the SEM measured tip diameters 25-30 nm. With the external bath replaced
with ACSF and with the same pipette filling solution (3 M KCl), ¢ was found to
reduce ~11 S m™" to match the measured resistance with measured tip diameters
indicating a large concentration gradient at the tip. These results were corroborated
with 1 MKCl, 6~11 S m™! (ref. 56) as the filling solution and was found to be in
agreement with the measured tip diameters.

Deconvolving EPSP amplitudes, RMP and the R,.q. When bAPs invade spines,
they encounter a voltage divider™, that is, across Req and Ry, (Fig. 5a). Here, R;,,
denotes the passive membrane resistance and is much larger than Ry This voltage
divider facilitates full bAP invasion. To register full bAP amplitudes in the spine
head using nanopipettes, R, needs to be nearly unchanged even after pipette entry.
This can occur only if the seal resistance between the pipette and the membrane is
extremely high (Reea1 > Rim). But what happens if Ryore and Ry, are significantly
lower than Ry,? Ryor together with Ry not only forms a voltage divider at the spine
head nanopipette interface (Fig. 5a) but also lowers Ry,,. This causes a lowering in the
bAP amplitude that invades the spine from the dendrite. Since this attenuation
occurs across the neck resistance and the pipette/spine head interface, an accurate
measure of the pipette interface properties should shed light on the possible range of
R;eck- By estimating the voltage divider ratio at the spine head/nanopipette interface
(Fig. 5a) from RMP measurements and voltage transient on spine head entry,
estimating the measured bAP amplitudes in the spine head, extracting a range of
Rieal and Ry values from simultaneous patch-nanopipette recordings in the soma
under identical entry conditions, and by inverse-filtering the waveforms using the
measured electrode time constants (that is, R.C.), we calculated the range for Ryeck,
EPSP amplitudes and RMPs (Fig. 51 and see Supplementary Note 2 for details).

Imaging. Two-photon laser scanning microscopy of spines®® ensures minimal
photodamage due to the short dwell time per pixel, allows for prolonged
experimentation and guarantees rejection of background fluorescence due to
excitation in a small volume. Targeted nanopipette experiments were performed
with a custom-made two-photon laser scanning microscope based on a modified
Olympus BX50WI microscope (Olympus), controlled with either Fluoview
(Olympus) or Scan Image 2015 (Vidrio Technologies), with a Ti:sapphire laser at
800 or 940 nm as light source (Coherent) model: Chameleon Ultra II, 140 fs pulses,
80 MHz repetition rate. A 40x/0.8 NA objective (Olympus) was used to acquire
images. Images were collected using Fluoview 2.1.22 (Olympus) or Scan Image
2015a (Vidrio Technologies). Laser power was modulated by a Pockels cell (350-160,
Conoptics). Optical signals were separated through a 565 long-pass dichroic, using a
535/20 emission filter for the green signal and a 605/20 emission filter for the red
signal, and amplified through photomultiplier tubes (H7422-P40 Hamamatsu)
connected to a signal preamplifier (Model 5113, Signal Recovery AMETEK
Advanced Measurement Technology). The fluorescent fill of the patched neuron and
nanopipette QD coating was confirmed before two-photon imaging using
epifluorescent illumination via a mercury lamp and appropriate emission filters.

For two-photon Ca®* imaging, changes in fluorescence were recorded using the
green channel (535/20 emission filter), via Scan Image control in bidirectional
scanning mode with an acquisition rate of 15 Hz. Neuronal morphology and spines
were located using the red channel (605/20 emission filter). Excitation wavelength
was 800 nm. Motion correction was used to account for movement during
experimentation®. Signals were extracted using custom-written Matlab software.
Aflf was calculated by defining a baseline fluorescence f; (100 frames) and
normalizing the signal trace f to this value. Spine fluorescence signals were extracted
using a hand-drawn region of interest around the spine. Care was taken not to
include the dendrite. Background fluorescence was found to be extremely low and
was not subtracted.
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