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29  ABSTRACT:
30 Inner ear hair cells detect sound-induced displacements and transduce these stimuli into
31 electrical signals in a hair bundle that consists of stereocilia that are arranged in rows of
32 increasing height. When stereocilia are deflected, they tug on tiny (~*5 nm in diameter)
33  extracellular tip links interconnecting stereocilia, which convey forces to the mechanosensitive
34  transduction channels. Although mechanotransduction has been studied in live hair cells for
35 decades, the functionally important ultrastructural details of the mechanotransduction
36 machinery at the tips of stereocilia (such as tip link dynamics or transduction-dependent
37 stereocilia remodeling) can still be studied only in dead cells with electron microscopy.
38 Theoretically, scanning probe techniques, such as atomic force microscopy, have enough
39 resolution to visualize the surface of stereocilia. However, independent of imaging mode, even
40 the slightest contact of the atomic force microscopy probe with the stereocilia bundle usually
41  damages the bundle. Here we present a detailed protocol for the hopping probe ion conductance
42  microscopy (HPICM) imaging of live rodent auditory hair cells. This non-contact scanning probe
43  technique allows time lapse imaging of the surface of live cells with a complex topography, like
44  hair cells, with a single nanometers resolution and without making physical contact with the
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sample. The HPICM uses an electrical current passing through the glass nanopipette to detect
the cell surface in close vicinity to the pipette, while a 3D-positioning piezoelectric system scans
the surface and generates its image. With HPICM, we were able to image stereocilia bundles and
the links interconnecting stereocilia in live auditory hair cells for several hours without noticeable
damage. We anticipate that the use of HPICM will allow direct exploration of ultrastructural
changes in the stereocilia of live hair cells for better understanding of their function.

INTRODUCTION:

Despite the fact that stereocilia bundles in the auditory hair cells are big enough to be visualized
by optical microscopy and deflected in live cells in a patch clamp experiment, the essential
structural components of the transduction machinery such as tip links could be imaged only with
the electron microscopy in dead cells. In the mammalian auditory hair cells, the transduction
machinery is located at the lower ends of the tip links, i.e., at the tips of the shorter row
stereocilia® and regulated locally through the signaling at the tips of stereocilia®3. Yet, label-free
imaging of the surface structures at this location in live hair cells is not possible due to the small
sizes of stereocilia.

The mammalian cochlea has two types of auditory sensory cells: inner and outer hair cells. In the
inner hair cells, stereocilia are longer and thicker compared to those in the outer hair cells®. The
first and second row of stereocilia have a diameter of 300-500 nm in mouse or rat inner hair cells.
Due to the diffraction of light, the maximum resolution achievable with a label-free optical
microscopy is approximately 200 nm. Hence, visualization of individual stereocilia within first and
second rows of the inner hair cell bundle is relatively easily with optical microscopy. In contrast,
shorter row stereocilia in the inner hair cells and all stereocilia of the outer hair cells have
diameters around 100-200 nm and cannot be visualized with optical microscopy®. Despite recent
progress in super-resolution imaging, this fundamental limitation persists in any optical label-free
imaging. All current commercially available super-resolution techniques do require some sort of
fluorescent molecules®, which limits their applications. In addition to limitations due to the need
for specific fluorescently tagged molecules, exposure to intense light irradiation has been shown
to induce cellular damage and might influence cellular processes, which is a great disadvantage
when studying live cells’.

Our current knowledge of the ultrastructural details of hair cell stereocilia bundles has been
obtained mostly with various electron microscopy (EM) techniques, such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM), freeze-fracture EM, and recently
with 3D techniques such as serial sectioning with focused ion beam or cryo-EM tomography®16,
Unfortunately, all these EM techniques require chemical or cryofixation of the sample.
Depending on the time scale of the phenomena, this requirement makes a study of the dynamic
processes at the tips of stereocilia either impossible or very labor intensive.

Limited efforts have been made to image hair bundles of live hair cells with atomic force
microscopy (AFM) 1718, Since AFM operates in physiological solutions, it could, in theory, visualize
dynamic changes in the stereocilia bundles of live hair cells over time. The problem lies in the
principles of high-resolution AFM, which implies certain physical contact between the AFM probe
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and the sample, even in the least damaging “tapping” mode!®. When the AFM probe encounters
a stereocilium, it usually crashes against it, damaging the structure of the hair bundle. As a result,
this technique is not suitable for visualizing live, or even fixed, hair cells bundles’'8, The problem
may be partially alleviated by using a large ball-shaped AFM probe that imposes only
hydrodynamic forces to the surface of the sample?°. However, even though such a probe is ideally
suited to test mechanical properties of the sample??, it provides only a sub-micrometer resolution
when imaging the organ of Corti?? and still applies to the sample a force that may be substantial
for the highly sensitive stereocilia bundles.

Scanning ion conductance microscopy (SICM) is a version of scanning probe microscopy that uses
a glass pipette probe filled with a conductive solution?3. SICM detects the surface when the
pipette approaches the cell and the electric current through the pipette decreases. Since this is
happening well before touching the cell, the SICM is ideally suited for non-contact imaging of live
cells in physiological solution?*. The best resolution of SICM is on the order of single nanometers,
which allows resolving individual protein complexes at the plasma membrane of a living cell?>.
However, similar to other scanning probe techniques, SICM is able to image only relatively flat
surfaces. We overcame this limitation by inventing hopping probe ion conductance microscope
(HPICM)?8, in which the nanopipette approaches the sample at each imaging point (Figure 1A).
Using HPICM, we were able to image stereocilia bundles in live auditory hair cells with nanoscale
resolution?’.

Another fundamental advantage of this technique is that HPICM is not only an imaging tool. In
contrast to other scanning probe techniques, the HPICM/SICM probe is an electrode widely used
in cell physiology for electrical recordings and local delivery of various stimuli. lon channel activity
does not usually interfere with HPICM imaging, because the total current through the HPICM
probe is several orders of magnitude larger than the extracellular current generated by the
largest ion channels?>. However, HPICM allows precise positioning of the nanopipette over a
structure of interest and subsequent single-channel patch-clamp recording from this structure?®.
This is how we obtained the first preliminary recordings of single channel activity at the tips of
the outer hair cell stereocilia®®. It is worth mentioning that even a large current through the
nanopipette cannot produce significant changes of the potential across the plasma membrane
due to enormous electrical shunt of the extracellular medium. However, individual ion channels
can be activated mechanically by flow of liquid through the nanopipette3® or chemically by local
application of an agonist3..

In HPICM, the image is generated when a nanopipette sequentially approaches the sample at
one point, retracts, and then moves in lateral direction to repeat the approach (Figure 1A). A
patch clamp amplifier constantly applies voltage to an AgCl wire in the pipette (Figure 1B) to
generate a current of ~1 nA in the bath solution. The value of this current when the pipette is
away from the surface of the cell is determined as a reference current (/ref, Figure 1C). Then, the
pipette moves in the Z axis to approach the sample until the current is reduced by an amount
predefined by the user (setpoint), usually 0.2%-1% of the /. (Figure 1C, top trace). The system
then saves Z value at this moment as the height of the sample, together with X and Y coordinates
of this imaging point. Then, the pipette is retracted away from the surface (Figure 1C, bottom
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trace) at a speed defined by the user, usually 70-90 nm/ms. After retraction, the pipette (or, in
our case, the sample — see Figure 1B) is moved laterally to the next imaging point, a new
reference current value is obtained, and the pipette once again approaches the sample, repeating
the process. The X-Y movement of the pipette is preferred in an upright microscope setup that is
typically used for recordings of the hair cell mechanotransduction currents. In this setting, the
HPICM probe approaches the hair cell bundles not from the top but at an angle32. However, the
best resolution of HPICM imaging is achieved in an inverted microscope setup (Figure 1A,B),
where the movement of the sample in X-Y directions is de-coupled from Z-movement of the
nanopipette, thereby eliminating potential mechanical artefacts.

Using HPICM, we obtained topographic images of mouse and rat inner and outer hair cell
stereocilia bundles, and even visualized the links between the stereocilia that are about 5 nm in
diameter?%?’, The success of hair cell bundle imaging with this technique relies on several factors.
First, the noise (variance) of the nanopipette current should be as small as possible to allow the
lowest possible setpoint for HPICM imaging. A low setpoint allows HPICM probe to “sense”
stereocilia surface at a larger distance and at any angle to the probe approach and, surprisingly,
improves X-Y resolution of HPICM imaging (see Discussion). Second, the vibrations and drifts in
the system should be decreased to less than 10 nm, since they contribute directly to the imaging
artefacts. Finally, even though the HPICM probe and the specimen stage are moved in Z and X-Y
axes by the calibrated feedback-controlled piezo actuators that have an accuracy of a single
nanometer or better, the diameter of the nanopipette tip determines the spread of the current
(sensing volume) and hence the resolution (Figure 1A). Therefore, before imaging live hair cells,
it is vital to pull the adequate pipettes, reach the desired resolution with calibration samples, and
achieve low noise in the recording system.

For at least a couple of decades, the SICM technique has not been commercially available and it
has been developing by only few labs in the world with the leading lab of Prof. Korchev in the
Imperial College (UK). Recently, several SICM systems became commercially available (see Table
of Materials), all of which are based on the original HPICM principles. However, imaging
stereocilia bundles in the hair cells requires several custom modifications that are technically
challenging (or even impossible) in the closed “ready-to-go” systems. Therefore, some
component integration is needed. Since HPICM setup represents a patch clamp rig with more
stringent vibration and drift requirements and a piezo-driven movement of the HPICM probe and
the sample (Figure 1D), this integration is relatively easy for any researcher, who is proficient in
patch clamping. However, a scientist without proper background would definitely need some
training in electrophysiology first. Despite remaining challenges such as increasing the speed of
imaging (see Discussion), we have been able to image stereocilia bundles in live hair cells with
nanoscale resolution without damaging them.

This paper presents a detailed protocol to perform successful HPICM imaging of the live auditory
hair cell bundles in young postnatal rat or mouse cochlear explants using our custom system. The
integrated components are listed in the Table of Materials. The paper also describes common
problems that can be encountered and how to troubleshoot them.
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PROTOCOL:

The study was performed in accordance with the recommendations in the Guide for the Care and
Use of Laboratory Animals of the National Institutes of Health. All animal procedures were
approved by the Institutional Animal Care and Use Committee (IACUC) at the University of
Kentucky (protocol 00903M2005).

1. Manufacturing and testing the nanopipettes

1.1 Create a program in the micropipette puller to obtain pipettes with a resistance between
200 and 400 MQ, which corresponds to inner tip diameters of approximately 50-70 nm. The
parameters will depend on the micropipette puller. To obtain short pipettes with non-flexible
fine tips, check in the operational manual of the puller.

1.2 Use borosilicate glass capillaries with outer/inner diameters of 1/0.58 mm and an inner
filament to facilitate filling. The length of the pipette is crucial because it determines the
frequency of the lateral mechanical resonance of the pipette. The longer is the pipette, the lower
is the resonant frequency and the harder is to avoid this resonance.

NOTE: The user should try to manufacture the shortest pipette the holder can accept. The length
of nanopipettes in this experiment is usually 15-25 mm (Figure 2A).

1.3 Fill the nanopipette up to its middle point (Figure 2A) with a bath solution, either
Leibovitz’s L-15 or with Hank’s Balanced Salt Solution (HBSS) supplemented with 20 mM D-
glucose (to adjust osmolarity). To avoid potential artefacts, use the same solution that will be
used in the bath for recordings.

1.4 Using an optical microscope with a magnification of 10x, check for any bubbles at the tip
of the pipette (Figure 2B). The bubbles would prevent the current flow. It is harder to remove
bubbles in the pipettes that have been pulled several hours before the experiment. Therefore, it
is recommended to pull new pipettes with every experiment.

1.5 Once the pipette is free of bubbles, mount it in the HPICM pipette holder (Figure 2C).

1.6 Place the sample (tissue or calibration standard) on the custom-build chamber and add 4
mL of the above-mentioned bath solution.

1.7 Place a custom-build chamber on the HPICM stage and introduce the ground electrode in
the solution.

1.8 Make sure that the voltage being applied to the pipette by the patch clamp amplifier is
zero.
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1.9 Move the pipette in Z until it touches the liquid.
1.10 Set the amplifier offset to zero and then add +100 mV to check the pipette current.

1.11 Calculate the resistance and the diameter of the pipette, based on Ohm’s law:

R_V
]

where R is the resistance (MQ), V is the voltage applied to the nanopipette (mV) and / is the
current flowing through the nanopipette (nA).

1.11.1. Calculate the inner diameter of the pipette as described elsewhere according to the

following formula?:
~ 1000

IDry R
NOTE: The ideal resistance value is between 200 and 400 MQ. Pipettes with a resistance higher
than 400 MQ might lead to an unstable current due to their small size (< 50 nm inner diameter).
On the contrary, pipettes with resistances smaller than 200 MQ are too large (> 70 nm inner
diameter) and would not resolve small features. Its recommended to start imaging with the
pipettes of 200 MQ resistance, as they are easier to manufacture and tend to provide less
electrical noise.

2. Minimizing sample drifts and vibrations

NOTE: To decrease the mechanical noise in the system during imaging, mount the samples on
the custom-built chambers that utilize thick glass slides (~1.2 mm):

2.1 Remove the glass portion off a 50 mm glass-bottom dish, leaving the plastic walls intact.

2.2 Glue the plastic portion of the cell culture dish on top of the thick glass slide with silicon
glue.

2.3 Mount the calibration sample in the middle of the chamber (on top of the glass slide)
using either silicon glue or thin double-sided tape.

2.4 Firmly secure the chamber onto the HPICM stage using double-sided tape.

2.5 During imaging, close the Faraday cage and cover it with a blanket to minimize electrical
interference and thermal drift, correspondingly.

3. Testing the resolution with AFM calibration standards

NOTE: It is strongly recommended to image AFM standards (see Table of Materials) before
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imaging live cells in order to troubleshoot the system and test its resolution in the X-Z-Y axes. The
calibration standards have silicon dioxide pillars and holes of different shapes but fixed
heights/depths (i.e., 20 or 100 nm) on a 5 x 5 mm silicon chip. Starting with the 100 nm calibration
standard is recommended, to guarantee that the Z resolution is below 100 nm. After achieving a
successful high-resolution image of the pillars or holes in this calibration sample (Figure 3A),
move to the 20 nm standard. If the imaging of the latter standard is successful (Figure 3B), the
resolution in the Z axis is guaranteed to be below 20 nm and appropriate for the imaging of the
hair cell stereocilia bundles!?. The following steps are used to image both calibration standards.

3.1 Attach the calibration standard to the chamber with silicon glue.

3.2 Add 4 mL of HBSS to the chamber to cover the calibration sample. Then, secure the
chamber to the XY stage of the HPICM setup using double-sided tape.

33 Clamp the magnetic holder of the ground electrode to the stage near the chamber and
immerse the electrode into the bath solution (Figure 1B).

3.4 Mount the nanopipette into the holder, immerse it into the batch solution, and set its
current to ~1 nA following the steps described in Section 1.

3.5 Position the nanopipette approximately above the center of the calibration standard
using a course patch-clamp manipulator. Visual inspection is usually enough for this positioning,
since the area covered by silicon dioxide structures is relatively large (1 x 1 mm). In contrast to
the organ of Corti explants (see below), calibration standard is non-transparent and, therefore, a
more precise positioning guided by optical imaging is not possible for this sample.

3.6 Increase the setpoint while monitoring the signal from the sensor of the Z piezo actuator
on an oscilloscope in a real time. After establishing a stable repeatable Z approach cycle (as in
Figure 1C, bottom), decrease the setpoint to the value that is just above the point of instability.
This procedure would ensure the optimal setpoint for this particular nanopipette.

3.7 Move the pipette down at a speed of ~5 um/s with a patch clamp micromanipulator until
it reaches the sample. At this moment, the bottom level of the real-time Z positioning signal
(Figure 1C) will increase, indicating that the nanopipette is withdrawn due to “sensing” the
sample surface. Any further movement of the nanopipette will result in further positive shift of
Z-positioning signal.

NOTE: Be careful not to exceed the upper limit of Z piezo actuator movement.
3.8 Start imaging at low resolution (see Table 1). Due to uneven mounting of the AFM
standard, the highest point of the area of interest may be unknown. Therefore, set the amplitude

of pipette retraction (hop amplitude) to at least 200-500 nm.

3.8.1 Once the highest point of the sample in the imaging area is identified, decrease the hop
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amplitude. A smaller hop amplitude allows faster scanning, which is preferred for high resolution
imaging due to diminished effects of the drifts and decreased vibration.

3.9 Before moving the pipette to a new X-Y location, retract it about 200 um in the Z axis to
prevent any undesired collisions with the sample.

NOTE: In cases when the nanopipette is not aligned with the center of the calibration standard,
it is possible that the scanning starts just off the area of surface features.

3.10 After the area of interest is found, start imaging at a higher resolution (see Table 1).

4 Making custom-built chambers to secure the cochlear explants

NOTE: Mount the cochlear explants in the chambers with custom-built clamping systems that
utilize either flexible glass pipettes (step 4.1) (Figure 4A) or dental floss (step 4.2) (Figure 4B). The
glass pipette chamber could be sterilized and used for the cultured organs of Corti, while dental
floss chamber provides a more secure holding of the sample and a control over stereocilia bundle
orientation during mounting. These custom-built chambers need to be prepared in advance, but
they can be cleaned and re-used in several imaging sessions.

4.1 Make a chamber using flexible glass pipettes

4.1.1 Pull two thin and flexible glass fibers from glass capillaries using a pipette puller. Our pulled
glass fibers typically measure 1 to 2 cm in length and are fairly flexible.

4.1.2 Place a small drop of the silicone elastomer on top of a glass coverslip. Use coverslips of 2
cm in diameter.

4.1.3 Place the ends of two glass fibers on the silicone drop and arrange the fibers to have a small
degree of separation between them (Figure 4A).

4.1.4 Place the coverslip on a hot plate to quickly cure the elastomer (1 to 3 min).

4.1.5 Glue the coverslip onto the glass bottom of the chamber described in Section 2 using a small
amount (1-3 uL) of silicone elastomer and allowing it to cure overnight.

4.2 Making a chamber using dental floss:
4.2.1 Remove the glass portion of a 50 mm glass-bottom dish, leaving the plastic walls intact.
Then glue the plastic portion of the cell culture dish on top of a 1.2 mm thick glass slide with

silicon glue.

4.2.2 Mount one plastic coverslip (6.5 x 6.5 mm) with the same glue to the center of the chamber.
Then repeat the process with another coverslip on top of the previous one.
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4.2.3 Mount two small tungsten or gold-plated wires (12 mm of length and ~0.5 mm in diameter)
with silicon glue, each one at opposites sides of the cover slides. Glue them far enough (> 10-15
mm) from the cover slides (Figure 4B).

4.2.4 Separate two dental floss strands and place them on top of the cover slides and secure
them to the wires by making a knot. Leave a small gap between both strands (Figure 4B, short
arrows).

4.3 Clean the chambers after every use

4.3.1 Gently remove the tissue from the chamber using fine tweezers and lightly scrape any tissue
residues left behind.

4.3.2 Rinse the chamber first with 70% ethanol and then with distilled water.

4.3.3 Repeat the rinse cycle if needed.

4.3.4 Place the chamber upside down on a filter paper to let it dry until next experiment. The
chambers do not need to be sterilized, unless culturing of the organ of Corti is planned after the
imaging.

5 Dissecting the rodent organ of Corti

5.1. Perform dissection of the young postnatal cochlear explants as described in detail
elsewhere®3.

5.2. For HPICM imaging, dissect the organ of Corti from mice between postnatal days 3 and 6 (P3-
6), and from rats between postnatal days 3 and 8 (P3-8).

NOTE: Older hair cells are more susceptible to the damage during dissection and, therefore,
cannot be used for hours-long time lapse HPICM imaging.

5.3. Do not forget to remove the tectorial membrane before HPICM imaging.

5.4. Immediately after dissection, secure the tissue in one of the chambers described in Section
4, either placing it under the flexible glass pipettes or under the two dental floss strands (Figure
4). Pre-fill these chambers with 4 mL of the room temperature bath solution (to minimize bubble
formation).
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6 Imaging of the auditory hair cells

6.1 Mount the chamber with a freshly isolated organ of Corti on the X-Y piezo stage using
double-sided tape and make sure that it is firmly secured to minimize chamber drift in X and Y
axes (Figure 1B).

6.2 Follow steps in Section 1 to place a new nanopipette and check for the correct pipette
resistance.

6.3 Using patch clamp micromanipulator, position nanopipette over the hair cell region, while
observing the organ of Corti explant in an inverted microscope.

6.4 Check if the system is stable with a setpoint of 0.5% or lower by recording the real-time
current and Z positioning signal on the oscilloscope (as in Figure 1C). If Z signal is not stable, try
to decrease the cutoff frequency of the low-pass filter of the patch clamp amplifier. However, it
cannot be lower than the response time of Z piezo actuator (to avoid pipette collision with the
sample due to delayed current readings).

NOTE: In practice, 5 kHz setting of this filter is found to be optimal. It is better to replace the
nanopipette, if Z-signal is still unstable.

6.5 Once a stable a stable recording is achieved, determine the optimal setpoint and
approach the sample with HPICM pipette as described in the steps 3.6-3.7 above.

6.6 First, perform low resolution imaging (see Table 1), using a hop amplitude of at least 6 to
8 um. To image tall structures such as the hair cell stereocilia bundles, make sure that the hop
amplitude is enough to avoid collision with these structures.

NOTE: If the hop amplitude is not enough, the pipette will not be able to jump over a stereocilium
and there will be an imminent collision. The collision of the HPICM probe with a stereocilium may
damage the hair bundle. Therefore, in cases when the height of the stereocilia bundle is
uncertain, use a bigger hop amplitude.

6.7 Get familiar with the topography of the organ of Corti by first performing and/or studying
images obtained with scanning electron microscopy (Figure 5).

NOTE: If the HPICM image is uniform with the heights smaller than 1 um in every imaging point,
the pipette is likely scanning the glass bottom and not the tissue. Alternatively, the pipette may
“land” on a different region of the cochlear explant, away from the hair cells.

6.8 If the pipette needs to be moved to a new X-Y location, retract it about 500 nm to avoid
collisions with any tall features within the tissue. Repeat low-resolution HPICM imaging until the
region of interest with the hair cells is found.
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6.9 After the region of interest is found, start imaging at a higher resolution (see Table 1). Try
to spend less than 15 min when imaging a whole hair bundle.

NOTE: The hair cell bundles in the live tissue are not still but may change their orientation, for
example, due to shape changes in the underlying supporting cells. Therefore, the images may
exhibit movement artefacts if the image acquisition is too slow.

6.10 Once again, determine the tallest features in the low-resolution images before the
decreasing the hop amplitude for high-resolution imaging. For a region of interest covering entire
hair cell bundle, reduce the hop amplitude to 4-5 um, while for a relatively small and “flat” region
within the bundle (e.g., 2 x 2 um) reduce the hop amplitude even further, down to a less than 1
um, thereby increasing the speed and resolution of imaging.

7 Image processing

NOTE: Imaging artefacts are common in HPICM imaging. Some of them can be corrected by image
acquisition parameters, while others require post-processing either with a specialized SICM
viewer or with more general data-processing programs like Imagel or MatLab. Here we describe
the most common artefacts and how we fix them with SICM viewer.

7.1 Perform slope correction

NOTE: It is not obvious for a beginner, but human eye cannot resolve sub-micrometer size
features at the surface of a cell, if the imaging area has an overall slope of equal or larger size
(Figure 3A,B, left). Therefore, it is necessary to determine the average slope of an imaged area
(by fitting HPICM 3D image data to a single plane) and subtract it from the HPICM image (Figure
3A,B, middle).

7.1.1 Click Open to open an image with SICM viewer.

7.1.2 Select the Image Correction tab.

7.1.3 Select the Correct Slope tab.

7.1.4 Press the Correct Slope button for an automated slope correction.

7.2 Perform line alignment

NOTE: As mentioned before, mechanical and/or thermal drifts as well as cell movement artefacts
represent a significant problem in HPICM imaging. A small drift with a speed of less than a
micrometer per minute is usually not noticeable in a regular patch clamp setup. Yet, it could

produce artefacts of several tens of nanometers in HPICM imaging, which is significantly larger
than the resolution of HPICM. Therefore, it is not uncommon to encounter sudden jumps in Z
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axis between two neighboring HPICM scan lines during imaging. This could be corrected by
analyzing differences between starting (and/or ending) Z-values in these neighboring scan lines.

7.2.1 Click Open to open an image with SICM viewer.
7.2.2 Select the Image Correction tab.
7.2.3 Select the Correct Slope tab.

7.2.4 Choose the width of lines to be aligned. Press on the button ButtonDestripeLineFit for an
automated line alignment correction.

7.3 Perform noise reduction

NOTE: While obtaining images with HPICM, small fluctuations in the nanopipette current can lead
to the nanopipette stopping far from the surface of the sample, especially with low setpoints. It
results in the appearance of small white dots in the image. In order to correct this imaging
artefact, it is necessary to identify the imaging points with the Z-value significantly larger than
that of the neighbors and replace this value with an average of the neighbors. This is be done by
an adjustable median filter.

7.3.1 Click Open to open an image with SICM viewer.

7.3.2 Select the Image Processing tab.

7.3.3 Select the Noise reduction tab.

7.3.4 Set the Threshold filter (um) for the pixels to be removed.

REPRESENTATIVE RESULTS:

The protocol presented in this paper can be used to visualize any live cells with complex
topography. Following these steps, we routinely obtain images of live rat auditory hair cell
bundles (Figure 6B,D). In spite of having lower X-Y resolution when compared to SEM images,
our HPICM images can successfully resolve the different rows of stereocilia, the shape of the
stereocilia tips, and even the small links (~5 nm in diameter) connecting adjacent stereocilia
(Figure 6F). In addition, HPICM images have information in 3D that SEM images lack. Given the
non-contact nature of this type of imaging technique, we were also able to perform continuous
time-lapse HPICM imaging of the same hair cell bundle for several hours (i.e., 5-6 h regularly)
without damaging the bundle cohesiveness (Figure 7). Thus, HPICM exhibits a great potential for
the study of dynamic structural changes of the hair cell bundles over time.

Although we provide several ranges for pipette size, current setpoint, low- and high-resolution
parameters, and hop amplitudes, each user might need to slightly optimize their settings to
obtain successful HPICM images of live hair cell bundles. Smaller setpoints produce better quality
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images. However, with a very low setpoint, the system might interpret small fluctuations in the
current as encountering the cell surface and this will lead to the “white dot” noise in the image
(Figure 8A). Similarly, large hop amplitudes might increase the lateral resonance of the pipette
and also produce noisy pixels (Figure 8B). In contrast, if the hop amplitude is too small or the
setpoint is too high, the nanopipette might collide with the sample and lead to imaging artefacts
or even damage the hair bundle (Figure 8C,D). We recommend performing the imaging at lower
resolution while tweaking all these parameters to minimize damage to the sample or to the
nanopipette.

FIGURE AND TABLE LEGENDS:

Figure 1: Principles of hopping probe ion conductance microscopy (HPICM). (A) An electric
current passing through the nanopipette generates a “sensing volume” at the tip of the pipette.
To image complex structures like the hair cell stereocilia bundles, the pipette approaches toward
the cell surface from above and retracts after detecting the surface. After a lateral move at each
step, the pipette continues to “hop” above the sample generating the image of the cell. Notice
that the hop amplitude must be sufficient for the pipette to “climb” to a stereocilium. Illustrated
hop amplitude would work for left-to-right scanning (from smallest to a tallest stereocilium,
indicated by an arrow). However, it is too small for right-to-left scanning when the pipette meets
the tallest stereocilium first. (B) Experimental setup. A custom-made chamber with the organ of
Corti explant is mounted on a XY nanopositioning stage with an aperture for optical microscopy
observation. The nanopipette is moved by a separate ultra-fast Z piezo actuator. To position the
nanopipette over the region of interest, Z actuator is mounted on a conventional
micromanipulator (not shown) together with the patch clamp amplifier headstage. Ground
electrode is mounted on a magnetic holder and inserted into the bath. (C) Representative
recordings of the pipette current (top trace) and Z position of the pipette (bottom trace) during
imaging. When the pipette is away from the cell surface, the reference value of the current
passing through the pipette is determined (/). Then, the pipette is moved toward the sample
(approach). When the “sensing volume” meets the cell surface, the pipette current starts
decreasing. The command for withdrawal is issued when the current decrease reaches a setpoint,
which is typically 0.2% - 1% of I.er. (D) Schematics of the equipment that need to be added to a
conventional patch clamp setup for HPICM imaging. A dedicated patch clamp amplifier records
the nanopipette current (I) that is used by SICM controller in HPICM mode to generate command
signalsto X, Y, and Z axes. Instrumentation amplifier provides offset, scaling, and low pass filtering
to these signals, if needed. Unfortunately, X/Y/Z signals from the controller cannot be applied
directly to the piezo actuators due to large errors caused by hysteresis and creeping that are
inherent to piezo ceramic. Therefore, each piezo actuator (translation stage) has a build-in
motion sensor that sends feedback signal to the proportional-integral-derivative (PID) controller
that pre-shapes the command signal to correct for these errors. Note that relatively slow X and
Y axes could use PID controllers that are built in the piezo amplifier, while a faster Z axis requires
a dedicated fast PID controller.

Figure 2: Nanopipette fabrication and filling. (A) An approximately 2 cm-long nanopipette filled
with the intrapipette solution (HBSS). (B) An image of the bubble (arrow) that is typically formed
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after filling the pipette. The bubble usually moves away within few minutes of microscope
illumination (an LCD digital microscope at 10x). (C) A nanopipette mounted into the SICM head.
The arrow points to the AgCl electrode inside the pipette. Notice that the pipette holder is silver
painted and grounded to minimize radiative electrical pickup from the Z piezo actuator.

Figure 3: Imaging of AFM calibration standards to determine adequate stability, vibration
isolation, and electrical noise in the system. (A) Raw (left), post-processed (middle), and 3D
(right) images of the HS-100MG calibration standard. The surface profile of the standard is shown
schematically at the top. Since the standard is never aligned perfectly perpendicular to the
nanopipette, the post-processing slope correction is needed to reveal small vertical features of
the sample. (B) Similar raw (left), post-processed (middle), and 3D (right) images of the HS-20MG
calibration standard that has smaller, 20-nm deep indentations. Note that greyscale of a pixel in
an HPICM image indicates the height of the sample at that point.

Figure 4: Mounting of the organ of Corti explant. (A) The explant is held by two glass pipettes
that are glued to the glass-bottom Petri dish. (B) The explant is secured by two dental floss
strands (arrows) in a custom-made imaging chamber. Inset shows magnified image of the organ
of Corti.

Figure 5: Navigation of the HPICM probe to the hair cell region. (A) SEM image of the cochlear
explant showing rows of inner (IHCs) and outer (OHCs) hair cells and distinct types of supporting
cells. (B) Representative HPICM image of the cells in Kolliker’s organ. (C) An HPICM image of the
Hensen’s cells. Note that these two types of supporting cells have very distinct shapes, which
helps determining whether the HPICM probe landed to an area that is radial or peripheral to the
hair cells.

Figure 6: Comparison between scanning electron microscopy (SEM) and hopping probe ion
conductance microscopy (HPICM) imaging of stereocilia bundles in young postnatal rodent
inner hair cells. (A,C) SEM images provide sub-nanometer resolution of the surface details but in
the cells that are fixed and shrunk due to critical point drying. In addition, SEM images do not
allow 3D analysis. (B,D) HPICM images (left) have a worse resolution (~5-10 nm) but they are
obtained in live cells, allow time lapse imaging, and carry information on exact heights, which
allows 3D reconstruction and measurements (right). (E,F) Extracellular links between stereocilia
are evident in both SEM (E) and HPICM (F) images (arrows). Cell ages: A, postnatal day 5 (P5)
mouse; B, P6 rat; C, P8 mouse; D, P5 rat; E, P7 mouse; and F, P5 rat. In all HPICM images, greyscale
of a pixel indicates the height of the sample at that point.

Figure 7: Continuous time lapse HPICM imaging of stereocilia bundle. (A) An overview of an
inner hair cell bundle from P5 rat showing distinct shorter row stereocilia. (B) Time lapse imaging
of the region of interest indicated in (A) throughout six hours. Note that, in contrast to a typical
patch camp experiment, the hair cells show no signs of deterioration for several hours in vitro.
This is due to careful dissection and the absence of any mechanical disturbances to the cell.

Figure 8: Common artefacts while imaging with HPICM. (A) Effect of a too low setpoint. Low-
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resolution HPICM images of the same live inner hair cell bundles in P3 mice acquired with
setpoint 0.05% (left) and 0.07% (right). Notice a white dot noise that disappears with higher
setpoint. (B) Effect of a too high hop amplitude. White dot noise also appears in an HPICM image
of a P7 rat inner hair cell bundle obtained with a large hop amplitude of 5.8 um (left). This noise
disappears when the same bundle is imaged with the hop amplitude of 3.4 um (right) due to the
decrease of vibrations in the system. (C) Too low hop amplitude results in colliding of the HPICM
probe to the stereocilia and dragging them (arrows on the left panel). Increasing the hop
amplitude just enough to “climb over” stereocilia eliminates this artefact (right) but may also
increase imaging time, resulting in a noticeable drift (vertical lines in the right panel). Stereocilia
bundle of a live outer hair cell from P7 rat. (D) Too high setpoint causes a squared shape of
stereocilia tips (arrows) in an HPICM image (left), again due to colliding of the nanopipette to the
stereocilia. Decreasing setpoint (with simultaneous decrease of the hope amplitude to eliminate
white noise) improves the imaging (right). Stereocilia bundle of a live inner hair cell from P6 rat.

Table 1: Typical times of HPICM imaging depending on the size of imaging area and the scanning
resolution.

DISCUSSION:

To obtain successful HPICM images, users need to establish a low noise and low vibration system
and manufacture appropriate pipettes. We strongly recommend the use of AFM calibration
standards to test the stability of the system before attempting to perform any live cell imaging.
Once the resolution of the system is tested, users can consider imaging fixed organ of Corti
samples to get familiar with the imaging settings before attempting any live cell imaging.

The optimal setpoint for imaging varies between different pipettes, depending on the individual
shape of their tips (that is unknown until examined by electron microscopy) and on the amount
of dirt attached to the tip, which is also unpredictable. Nanopipettes with an optimal setpoint
higher than 7% should be discarded.

During imaging of live cells, the amount of dust and debris in the extracellular solution increases
over time. All these particles can end up at the tip of the pipette, causing a reduction in the
current and making it impossible to continue scanning the tissue - the image will turn completely
white since the feedback will “think” that the nanopipette is always in the vicinity of the sample.
If this happens, it is recommended to retract the pipette in Z-axis from that area of the tissue.
This retraction could clear the “dirtiness”. If the pipette is still dirty, it is necessary to change the
pipette and move to a different area of the sample. Then, the user can continue to scan the tissue.

As of today, the most essential limitation of the HPICM is the amount of time required to take an
image at high resolution while working with samples with complex topography. Depending on
the resolution desired, images can take up to half an hour or more. In images acquired for longer
than fifteen minutes, the drift may become evident and specific structures may be shifted and
harder to distinguish. This is happening because the living cells are constantly moving or changing
their shape over time. To visualize molecular events and changes in cells’ structures over time,
further developments are needed to optimize the temporal resolution of the HPICM??,
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The noise of the nanopipette current represents another limitation because it sets the minimal
practically achievable setpoint. The current generated by the nanopipette in the solution
attenuates quickly (inverse proportional to the cubic distance from the pipette tip), thereby
establishing a “sensing volume”, beyond which the nanopipette cannot “sense” the surface. We
have previously developed a model of this phenomenon and showed that the lateral resolution
of the SICM probe is determined by the cross-section of this “sensing volume” with the cell
surface, which could be extremely small at low setpoints®. This is particularly important for
imaging hair cell tip links that have a diameter of ~5 nm233, On the first glance, the pipettes with
smaller inner diameter would result in better resolution of HPICM imaging. This is indeed true
for relatively large pipettes (>50 nm). However, decreasing the inner diameter of the nanopipette
below ~50 nm results in unproportionally large increase of the pipette noise and, hence, the loss
of resolution at low setpoints that are essential for imaging stereocilia bundles. As of today, we
do not know how to solve this problem and we are working on finding the proper solution.

In summary, this paper presents a detailed protocol for the visualization of stereocilia bundles in
live mammalian auditory hair cells with HPICM. The biggest advantages of the HPICM are: i) its
ability to visualize label-free nanoscale structures at the surface of living cells without touching
them; and ii) to probe the function of these structures with patch clamp recordings and/or local
nanoscale delivery of mechanical or chemical stimuli. To the best of our knowledge, these
advantages are unique to HPICM. Of course, there are some disadvantages. First, due to
limitations on the height of the structures to be imaged, HPICM may not be suitable for imaging
extremely tall structures, such as stereocilia bundles of the vestibular hair cells in the mammalian
ampullae. Second, HPICM is still developing and further improvements in the speed and
resolution of imaging are needed. However, the physical principles of HPICM and our own
experience suggest that it is possible. We do believe that HPICM will provide unique data on the
function of individual protein complexes at the stereocilia surface.
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Figure 8 Click here to access/download;Figure;Fig8_artefacts_v2rev-gf.tif
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Table 1 Click here to access/download;Table;Table_Resolutions.xlsx %

Resolution [Image area (um)|Lateral Resolution (nm) |Time per image (minutes)
Low 20x20 2300 <20

Low 10x10 2156 <15

Low 5x5 275 <4

High 20x20 <200 <20

High 10x10 <110 <15

High 5x5 <55 <4
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Table of Materials
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(1).xls

Name of Material/ Equipment

Company

Catalog Number

Comments/Description

Analog oscilloscope for real-time monitoring of

Analog oscilloscope B&K Precision 2160C . .
nanopipette current and Z-axis approach
HS-100MG; HS- Th 100 and 20 librati tandard
AFM calibration standards TED PELLA Inc ’ ese an nm calibration standards are
20MG used to test the performance of HPICM system

Benchtop vibration Isolator

AMETEK/TMC

Everstill K-400

Active vibration isolation

World Precision

Borosilicate glass capillaries for the

Borosilicate glass capillaries 1B100F-4
8 P Instruments (WPI) nanopipettes
To be added to the bath solution to adjust
D-(+)-Glucose Sigma-Aldrich G8270 . )
osmolarity
National Instruments
Digitizer PCl-6221 Multi-channel input/output digitizer

Corporation

Fast analog Proportional-
Integral-Derivative (PID)
control for Z movement

Standford Research
Systems

SIM900, SIM960,
SIM980

Instrumentation modules integrated in an
external PID controller for Z movement. It
requires a fast response that is usually not
implemented in commercial piezo amplifiers.

rRequired to sniela electromaghnetic

Faraday cage AMETEK/TMC Type I o
Glass bottom dish World Precision FD5040-100 Used as the dish for the chamber for the tissue
Instruments (WPI)
Hanks' Balanced Salt Solution Gl!oco,.'l_'hermo Fisher 14025092 Extracellular (bath) solution
(HBSS) Scientific
Instrumentation amplifier provides required
Instrumentation amplifier Brownlee Precision Model 440 offsets, filtering, and secondary magnification
or attenuation
Laser-based micropipette Micropipette puller to fabricate the
Sutter Instrument P-2000/G nanopipettes. Laser is needed for sharp quartz

puller

pipettes.
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Lebovitz's L-15, without

Gibco, Thermo Fisher

e 21083027 Extracellular (bath) solution
phenol red Scientific
Used for " ! itioni fthe Z pi
Micromanipulator Scientifica PatchStar sed Tor “course” positioning ot the - plezo
actuator
Microscope Nikon Eclipse TS100 Inverted optical microscope

Patch amplifier

Molecular Devices

Axopatch 200B

The patch clamp amplifier measures the
current through the nanopipette

Piezo amplifier (XY axes)

Physik Instrumente
(P1)

E-500.00, E-
505.00, E-509.C2A

Amplification and PID control for XY piezo
translation stage

Custom amplifier consisting of ENT 400 power

Piezo amplifier (Z axis) Piezosystem jena ENT 400 & 800 supply and two ENT 800 amplifiers in parallel to
achieve max current of 1.6 nA
Used in the fabrication of the chambers for the
Plastic Coverslips TED PELLA Inc 26028 Seal rication ¢ rsTor
tissue
Custom controller based on SBC6711 digital
lonscope, UK . . .
SICM controller & software* ) N/A signal processing board from Innovative
(ionscope.com) .
Integration Ltd
World Precision Used to attach the flexible glass fibers to the
Silicone elastomer (Sylgard SYLG184
(Sylgard) Instruments (WPI) chamber for the tissue
. The Dow Chemical Used to glue the different parts of the chamber
Silicon glue 734 )
Company for the tissue
Used for holding the dental floss strands in the
Tungsten rod A-M Systems 717500 8 .
chamber for the tissue
. . Physik Instrumente . . o
XY piezo nanopositioner (P P-733.2DD XY translation stage with capacitive sensors
Z piezo nanopositioner Piezosystem jena RA 12/24 SG Ring piezoactuator with a strain gage sensor

*lonscope does not sell separate SICM controllers anymore. There are few other commercial systems: NX12-Bio and NX10 SICM,




Park Systems, Korea and SICM modules from ICAPPIC Limited, UK (icappic.com). All these systems are based on the original

HPICM principles. However, imaging stereocilia bundles in the hair cells requires several custom modifications that are technically
challenging (or even impossible) in the closed “ready-to-go” systems such as lonscope or NX12-Bio/NX10. Currently, there is only one
modular system (ICAPPIC) that has the flexibility to suit any SICM/HPICM experiment but requires some component integration.
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November 30, 2020

Vineeta Bajaj, Ph.D.
Review Editor
JoVE

Dear Dr. Bajaj:

Enclosed please find the revised manuscript JoVE62104, "Stereocilia Bundle Imaging with
Nanoscale Resolution in Live Mammalian Auditory Hair Cells". We appreciate the positive and
very constructive comments of the reviewers and believe that we have made all necessary
changes. Below we provide a point-by-point response to each one of the issues raised by the
Editor and the Reviewers. We also uploaded a version of the manuscript with all changes
highlighted in blue.

We thank you for your consideration of our manuscript.

Sincerely,

am S
A. Catalina Vélez-Ortega, PhD Gregory |. Frolenkov, Ph.D.
Assistant Professor of Physiology Professor of Physiology

seeblue.

Lab: Physiology — Room MS-617, 800 Rose St, Medical Science Building | Lexington, KY 40536-0298 | 859-323-8730
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Editorial comments:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling
or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the submitted
revision may be present in the published version.

Reply: Done.

2. Please rephrase the Short Abstract/Summary to clearly describe the protocol and its applications in
complete sentences between 10-50 words: “Here we present a protocol ...”

Reply: Done.

3. Please ensure for in-text formatting, corresponding reference numbers should appear as numbered
superscripts after the appropriate statement(s).

Reply: Done.

4. JoVE cannot publish manuscripts containing commercial language. Please remove all commercial
language from your manuscript and use generic terms instead. All commercial products should be
sufficiently referenced in the Table of Materials and Reagents.

For example: lonscope, UK (ionscope.com), NX12-Bio and NX10 SICM, 137 Park Systems, Korea; and
SICM modules from ICAPPIC Limited, UK (icappic.com), (World Precision Instruments, Inc., Saratosa,
FL), 3M, St. Paul, MN, (The Dow Chemical Company, Alberta, Canada), AFM (Ted Pella), Sylgard, etc.

Reply: We have removed mentioning of the companies and their products from the text of the
manuscript.

5. Please include an ethics statement before your numbered protocol steps, indicating that the protocol
follows the animal care guidelines of your institution.

Reply: Done.

6. We cannot have paragraphs of text in the protocol section. Please move lines 133-166 to the
introduction section instead.

Reply: Done.

7. Please include volume and concentrations throughout the protocol.

Reply: Done.

8. Please ensure that all text in the protocol section is written in the imperative tense as if telling someone
how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be described in the
imperative tense in complete sentences wherever possible. Avoid usage of phrases such as “could be,”
“should be,” and “would be” throughout the Protocol. Any text that cannot be written in the imperative
tense may be added as a “Note.” However, notes should be concise and used sparingly.

Reply: Done.

9. Please ensure you answer the “how” question, i.e., how is the step performed?

Reply: Done.

10. There is a 10-page limit for the Protocol, but there is a 3-page limit for filmable content. Please



highlight 3 pages or less of the Protocol (including headings and spacing) that identifies the essential
steps of the protocol for the video, i.e., the steps that should be visualized to tell the most cohesive story
of the Protocol.

Reply: Essential steps in the protocol for the video are highlighted in yellow — they occupy less than two
pages total.

11. Please obtain explicit copyright permission to reuse any figures from a previous publication. Explicit
permission can be expressed in the form of a letter from the editor or a link to the editorial policy that
allows re-prints. Please upload this information as a .doc or .docx file to your Editorial Manager account.
The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has been modified from
[citation].”

Reply: N/A - None of the figures of this manuscript were previously published.

12. Please do not abbreviate the journal titles in the reference section.

Reply: Corrected.

13. Figure 2: Please hide or remove the commercial term.

Reply: Done.

14. Please sort the materials table in alphabetical order.

Reply: Done.

Reviewer #1
Major Concerns:

1. Please give more general information on the technique in the protocol's introduction (lines 147-159).
For example, indicate who defines the setpoint and how it is predefined (line 152). Please describe what
is considered as an "imaging point" and indicate how big it is (lines 154-156). Please indicate the speed at
which the pipette retracts from the sample (line 154). Please explain why the sample is moved instead of
the pipette. Is this relevant to the protocol? How is the sample's movement controlled? (line 155). Please
indicate how the sample size is determined.

Reply: We have now indicated that the setpoint is defined by the user (line 136). We have also described
acquisition of the imaging point as follows: “...the system saves Z value ... as the height of the sample,
together with X and Y coordinates...” (lines 136-138). We are confused by the reviewer’s question about
the size of the imaging point. Since piezo actuators can move the nanopipette with a single nanometer
precision or even better, the user may set a sub-nanometer pixel size during acquisition of HPICM
images. Yet, this “instrumentation” pixel size will have nothing to do with the actual resolution. Throughout
the paper, we discuss in detail all the factors that affect the resolution and, therefore, determine a
reasonable pixel size that the operator has to choose. Practical values are shown in Table 1.

We have also specified that the speed at which the pipette retracts from the sample is also user-defined
and provided the typical range of this speed (lines 138-139). Finally, we described the benefits of pipette
versus sample movement in X-Y direction (lines 142-147) and indicated that “the HPICM probe and the

specimen stage are moved in Z and X-Y axes by the calibrated feedback-controlled piezo actuators that
have an accuracy of a single nanometer or better” (lines 157-158).

2. Please indicate how the calibration sample is attached to the chamber (line 229. Step 3.1).



Reply: Following the Reviewer's comment, we have explained that the calibration sample is attached to
the chamber with silicon glue in Step 3.1.

3. Please indicate how the ground electrode is secured to the chamber (line 231. Step 3.4).

Reply: We have clarified in Step 3.3 that the ground electrode has its own magnetic holder that can be
position close to the stage to allow the immersion of the electrode in the bath solution. We also labeled it
on the Figure 1B.

4. Please define "hop amplitude” in line 239. This seems like a critical concept that is not explained nor
defined. In line 245, the authors state that "the hop amplitude can be decreased significantly after
obtaining the low-resolution images and determining the highest features within the imaging region."
Please explain the relationship between hop amplitude and image resolution.

Reply: As suggested by the Reviewer, in Step 3.8, we have defined the hop amplitude as the amplitude
of nanopipette retraction during scanning of the sample. We have also explained that “a smaller hop
amplitude allows faster scanning, which is preferred for high resolution imaging due to diminished effects
of the drifts and decreased vibration”.

5. Please explain how the center of the calibration standard is identified (step 3.5).

Reply: We have explained in Step 3.5 that the nanopipette is positioned over with the center of the
calibration sample with patch clamp micromanipulator under visual inspection. We also indicated in this
step that, in case of the organ of Corti explants, it is possible navigate the pipette more precisely by
observing the tissue and the pipette with an inverted microscope.

6. Please indicate how the chambers are stored and whether they are kept sterile or sterilized before
used (step 4).

Reply: We have added the Step 4.3.4 as following, “Place the chamber upside down on a filter paper to
let it dry until next experiment. The chambers do not need to be sterilized, unless culturing of the organ of
Corti is planned after the imaging.”

7. Please indicate how the organ of Corti explants are attached to the custom-build chambers (line 285,
Step 5).

Reply: We have explained in Step 5, that the organ of Corti explants are secured under either two flexible
glass pipettes or two dental floss strands. This is also shown in Figure 4A and 4B, correspondingly.

8. Please indicate the volume of bath solution added the tissue-containing chambers for image acquisition
(line 288, step 5)

Reply: Done. The volume is 4 mL.

9. In line 292, the authors recommend securing the chamber to the HPICM stage to minimize sample
drifts. And in line 315, the authors recommend spending less than 15 minutes when imaging a whole hair
bundle to minimize the effect of the drift due to the constant movement of living cells over time. A
distinction between stage and sample drift would help understand the drift' importance and how to
minimize it. Please explain and discuss the differences between the drifts indicated in line 292 and line
315.

Reply: We clarified our terminology in step 6.1 and indicated that the chamber is firmly secured to
minimize its drift in X and Y axes. In step 6.9, we are now using a different terminology, “Keep in mind
that the hair cell bundles in the live tissue are not still but may change their orientation, for example, due
to shape changes in the underlying supporting cells. Therefore, the images may exhibit movement
artefacts if the image acquisition is too slow”. Usually, “chamber drift” and “cell movement” artefacts



produce different distortions in HPICM images, since chamber drift affects the whole image while cell
movements occur only in a group of the cells.

10. Please explain how to check and assure stability in the system (line 295. Step 6.3).

Reply: We have re-phrased this step (now 6.4) as follows, “Check if the system is stable with a setpoint
of 0.5% or lower by recording the real-time current and Z positioning signal on the oscilloscope (as in
Figure 1C). If the Z signal is not stable, replace the nanopipette.”

11. Please explain why the noise appears as white dots in the images acquired at low setpoint or high
hop amplitude. Is there a way to differentiate between noise coming from debris and noise coming from a
low setpoint or a high hop amplitude?

Reply: We have now described it in the step 7.3: “While obtaining images with HPICM, small fluctuations
in the nanopipette current can lead to the nanopipette stopping far from the surface of the sample,
especially with low setpoints. It results in the appearance of small white dots in the image as seen in
Figure 8A, left.” We also re-phrased this explanation in the Representative Results: “with a very low
setpoint, the system might interpret small fluctuations in the current as encountering the cell surface and
this will lead to the “white dot” noise in the image (Figure 8A).“ This noise is indistinguishable from the
one occurring when the nanopipette encounter a floating piece of debris during its approach to the
sample and, therefore, they both filtered out in the same way during post-processing (see new section 7).

12. Please define "sensing volume" in line 461.

Reply: Following Reviewer's comment, we have explained it as follows, “The current generated by the
nanopipette in the solution attenuates quickly (inverse proportional to the cubic distance from the pipette
tip), thereby establishing a “sensing volume”, beyond which the nanopipette cannot “sense” the surface.
We have previously developed a model of this phenomenon and showed that the lateral resolution of the
SICM probe is determined by the cross-section of this “sensing volume” with the cell surface, which could
be extremely small at low setpoints®5.”

13. Please explain the relationship between the setpoint, pipette diameter, resolution, and noise.

Reply: A special paragraph in the Discussion is dedicated to this (lines 569-581). “The noise of the
nanopipette current represents another limitation, since it sets the minimal practically achievable setpoint.
The current generated by the nanopipette in the solution attenuates quickly (inverse proportional to the
cubic distance from the pipette tip), thereby establishing a “sensing volume”, beyond which the
nanopipette cannot “sense” the surface. We have previously developed a model of this phenomenon and
showed that the lateral resolution of the SICM probe is determined by the cross-section of this “sensing
volume” with the cell surface, which could be extremely small at low setpoints?. This is particularly
important for imaging hair cell tip links that have a diameter of ~5 nm'232, On the first glance, the pipettes
with smaller inner diameter would result in better resolution of HPICM imaging. This is indeed true for
relatively large pipettes (>50 nm). However, decreasing the inner diameter of the nanopipette below ~50
nm results in unproportionally large increase of the pipette noise and, hence, the loss of resolution at low
setpoints that are essential for imaging stereocilia bundles. As of today, we do not know how to solve this
problem and we are working on finding the proper solution.”

14. Please indicate the band pass filter used for data acquisition and how this may affect the experimental
outcome.

Reply: We have re-phrased step 6.4 as follows, “Check if the system is stable with a setpoint of 0.5% or
lower by recording the real-time current and Z positioning signal on the oscilloscope (as in Figure 1C). If Z
signal is not stable, try to decrease the cutoff frequency of the low-pass filter of the patch clamp amplifier.
However, it cannot be lower than the response time of Z piezo actuator (to avoid pipette collision with the
sample due to delayed current readings). In practice, we have found that 5 kHz setting of this filter is
optimal. It is better to replace the nanopipette, if Z-signal is still unstable.”



15. Several materials and equipment were not listed in the Table of Materials. Please include the
information on the puller and capillaries used to fabricate the pipettes, the material used to prepare the
custom-built chambers, the calibration standards, and the software used to acquire the experimental data
and perform the processing.

Reply: Following the Reviewer's comment, we have updated our Table of Materials.

Minor Concerns:
16. Please indicate the preferred direction of the HPICM probe in figure 1A.

Reply: We have indicated the preferred left-to-right direction of scanning with an arrow in Figure 1A. We
have described it in the figure legend as follows, “lllustrated hop amplitude would work for left-to-right
scanning (from smallest to a tallest stereocilium, indicated by an arrow). However, it is too small for right-
to-left scanning when the pipette meets the tallest stereocilium first.”

17. In Figure 3-7, please indicate the meaning of the grayscale (um).

Reply: We are again confused by the comment. All our HPICM images in Figure 3, Figure 5 (B and C),
Figure 6 (B, D, and F) and Figure 7 do have grayscale calibration bars. However, Figure 4 show optical
images, while Figure 5A, Figure 6 (A, C, and E) show scanning electron microscopy images. In all of
them, grayscale cannot be meaningfully interpreted in a quantitative way. Perhaps, the Reviewer wanted
us to mention that, in all HPICM images, the greyscale of a pixel indicates the height of the sample at that
point. We have mentioned it now in the figure legends.

18. Please label the glass capillaries in figure 4A and wires in figure 4B.

Reply: Done

19. Please indicate the outer and inner hair cells in figure 5.

Reply: Done

20. In Figure 7 and text, please clarify if the sample was constantly imaged for 6 hours or one image was
taken every hour.

Reply: We have clarified that the sample was continuously imaged for 6 hours.

Reviewer #2:
Major Concerns:

1. The authors describe the advantages of their protocol/technique, but what are the disadvantages? And
drawbacks. Please discuss comprehensively.

Reply: We would like to thank the reviewer for this particular comment. We now discuss disadvantages
in many places of the manuscript: i) an original SICM requirement of a relatively flat surface that was
alleviated by HPICM (lines 110-113); ii) the requirement for personnel with the electrophysiological
background (lines 170-174); iii) relatively slow imaging with HPICM (lines 561-567); and yet not optimal
resolution of HPICM (lines 569-581). To summarize major advantages and disadvantages, we re-phrased
the last paragraph of the Discussion as follows: “The biggest advantages of the HPICM are: i) its ability to
visualize label-free nanoscale structures at the surface of living cells without touching them; and ii) to
probe the function of these structures with patch clamp recordings and/or local nanoscale delivery of
mechanical or chemical stimuli. To the best of our knowledge, these advantages are unique to HPICM. Of
course, there are some disadvantages. First, due to limitations on the height of the structures to be
imaged, HPICM may not be suitable for imaging extremely tall structures, such as stereocilia bundles of
the vestibular hair cells in the mammalian ampullae. Second, HPICM is still developing and further



improvements in the speed and resolution of imaging are needed. However, the physical principles of
HPICM and our own experience suggest that it is possible. We do believe that HPICM will provide unique
data on the function of individual protein complexes at the stereocilia surface.”

2. How difficult, demanding, time and money consuming is it to establish the procedure for a scientist with
and without patch clamp experience? Please describe comprehensively in the text.

Reply: Following the reviewer's comment, we have added the approximate cost of materials/equipment in
the table of materials. We also clarified in the Introduction that HPICM “integration is relatively easy for
any researcher, who is proficient in patch clamping. However, a scientist without proper background
would definitely need some training in electrophysiology first.” According to our experience, a scientist
with a proper background becomes excited very easily by HPICM capabilities, while a scientist without
proper background either in electrophysiology or in electrical engineering may have hard time
understanding even basic principles of HPICM.

3. I may ask the authors to include a comprehensive section about the analysis and processing of the
data to provide a detailed protocol for the visualization of stereocilia bundles as claimed in line 470.

Reply: Done. See entirely new section 7.

Minor Concerns:
Introduction-Section:

4. line 61: Could the authors please describe the local mechanisms that regulate signalling at the tips of
stereocilia?

Reply: We are referencing two recent papers (refs #2 and 3) that provide substantial evidence for such
local mechanisms regulating mechano-electrical transduction at the tips of stereocilia. The mechanisms
themselves are still subject of intense investigation and, therefore, it is hard to speculate about them in

the Introduction. In fact, we are developing HPICM technique in order to study these mechanisms.

5. line 108: | am not sure whether an 11-year old publication can be described as "only recently”

Reply: Words “only recently” have been removed.

6. line 128 and lines 283/284: | was wondering about why the technique apparently is limited to maximally
8 days old rodents and hence only allows for analysis of premature hair cells? | think this is also some
important information for readers interested in analyses of the inner ear.

Reply: We have clarified that “older hair cells are more susceptible to the damage during dissection and,
therefore, cannot be used for hours-long time lapse HPICM imaging” (lines 329-331).

Protocol-Section:

7. The first paragraph of the protocol-section addressed the equipment and the technique as such. To
increase clarity, | was wondering whether it was possible to introduce a subheading at that point.

Reply: We have moved this paragraph to the Introduction.

8. lines 139 (following): The authors describe the need of integrating several components into available
recording systems. For non-expert readers, it may be beneficial to briefly describe those component, to
highlight the difficulties and pitfalls of integration and maybe also to present a schematic of the setup with
all components in a Figure (the setup is hard to appreciate from the presentation in Figure 1B in its
present form). Is it possible to give approximate costs for the setup and also minimally required time to
establish the procedure (let’s say from a working pclamp setup).



Reply: Following the reviewer's comment, we have added the cost for materials/equipment in the Table
of Materials. We have also added to the Figure 1 a new panel D, which describes the most essential
equipment that needs to be added to a standard patch clamp setup. As to the time required to assemble
and troubleshoot the HPICM rig, it is highly variable, depending on qualification and experience of the
researcher.

9. line 176: Could the authors please specify the "resonance” expected to increase with the length of
pipettes.

Reply: We have clarified in the step 1.2 that “The length of the pipette is crucial because it determines the
frequency of the lateral mechanical resonance of the pipette. The longer is the pipette, the lower is the
resonant frequency and the harder is to avoid this resonance.”

10. Figure 2C: Could you please also give a scale in this image?

Reply: Done.

11. line 180: D-glucose apparently is added to the solution to adjust the osmolarity. Please, give this
information also here in the text.

Reply: The Reviewer is correct; glucose was added to adjust osmolarity. This info has been added to the
text.

12. line 185: | was wondering, why it is more difficult to remove bubbles from "older" pipettes, as | have
not yet noticed this correlation.

Reply: We were also puzzled by this phenomenon since we also never noticed it in the larger pipettes
used for patch clamping. Therefore, we have admitted it by saying, “For the reasons that we do not yet
understand, it is harder to remove bubbles in the pipettes that have been pulled several hours before the
experiment.”

13. line 202: Apparently the ideal pipette resistance value range is rather large and between 200 - 400
MQ. Can the authors maybe precise this (narrow it down) a bit, or is 200 MQ exactly as good as 400 MQ.

Reply: There is a compromise that we have explained as follows: “In our experience, the ideal resistance
value is between 200 and 400 MQ. Pipettes with a resistance higher than 400 MQ might lead to an
unstable current due to their small size (< 50 nm inner diameter). On the contrary, pipettes with
resistances smaller than 200 MQ are too large (> 70 nm inner diameter) and would not resolve small
features. Its recommended to start imaging with the pipettes of 200 MQ resistance, as they are easier to
manufacture and tend to provide less electrical noise.” The exact value depends on what the researcher
wants: a stable recording with a worse resolution or a better resolution with the recordings that may be
unstable.

14. line 205 "...and will be unable to..": Maybe, the authors could change this to "...impeding resolution
of..." or something like that.

Reply: Corrected.

Minimizing sample drifts and vibrations + making custom-built chambers (Sections 2+4)

15. | fully understand that minimizing vibrations/movements of the tissue and the setup are crucial for
these kind of recordings. As an electrophysiologist, | was wondering whether a setup optimized for
standard patch clamp (as far as vibration is concerned) is suitable or whether the vibrations even need to
be lower. Maybe this is also important information for other readers and should be mentioned in the next
(together with highlighting the need for vibration-reduced tables, etc.)



Reply: Again, we thank the Reviewer for the comment. We have clarified that “HPICM setup represents a
patch clamp rig with more stringent vibration and drift requirements” (Introduction) and that “a small drift
with a speed of less than a micrometer per minute is usually not noticeable in a regular patch clamp
setup. Yet, it could produce artefacts of several tens of nanometers in HPICM imaging, which is
significantly larger than the resolution of HPICM” (step 7.2).

16. | find the sections on custom-built chambers (Section 2+4) quite difficult to understand and | guess
that this may be more easy to understand by means of the video. Nevertheless, the authors should revise
these sections (2 + 4) to increase clarity and also show a schematic representation of these custom-built
devices.

Reply: We have added additional info (steps) to the Sections 2 and 4 to improve clarity. We have also
explained the reason why we are using two types of chambers. “The glass pipette chamber could be
sterilized and used for the cultured organs of Corti, while dental floss chamber provides a more secure
holding of the sample and a control over stereocilia bundle orientation during mounting.”

17. Figure 4: The described components (coverslip, wire, floss, etc.) are difficult to appreciate and should
be highlighted in the figure. The cochlear structures are very difficult to see in the image inset.

Reply: We have now labeled the components of the chambers in Figure 4. The goal of the inset,
however, is to show the organ of Corti mounting rather than the cochlear structures. Higher magnification
would show these structures better but would not show the mounting.

Testing the system’s resolution (Section 3)

18. Line 219: Do the authors advise calibration of the system on a daily basis or only once week,
month, ... (this should be mentioned in the text).

Reply: We apologize for the apparent confusion. HPICM system doesn’t need often calibrations, because
every axis is driven by a piezo translation stage (or an actuator) with a build-in movement sensor
(calibrated during the setup, see new Figure 1D). The rationale for imaging of the AFM standards is to
test the stability and the noise of the system and, hence, the practically achievable resolution. We have
clarified it now as follows. “We strongly recommend imaging AFM standards (see Materials table) before
imaging live cells in order to troubleshoot the system and test its resolution in the X-Z-Y axes.”

19. Figures 5, 7B, 8: Insert blank between value and unit above scale bars

Reply: Corrected.

20. line 265: Should it be "of" rather than "off"?
Reply: Corrected

21. line 481: change "advise" to "advice"

Reply: Corrected



