Weinreb and Moses, Brain Stimulation, 2022 - Supplementary

Weinreb and Moses, Brain Stimulation, 2022 - Supplementary

Supplementary methods 2
1. INEUIONAL CUITUTES ...ttt ettt ettt et et e b e s be b e bt eaeebe b e enee st eseentensentanaenbetenne 2
1.1, NEUIONAL CUITUTES ...ttt st e se et beese e e seeseensensensensessensessessensenne 2

1.2. Calcium imaging

1.3. Network disconnection and pharmacological blockade..............ccccoeieinniecinnnnecccen 2
1.4. Membrane integrity IMAZING .......ceevererrrrererreieieiereieeietestesessesessesessesessesessesessesesseseesessesensesens 3
2. US NEUTOSHIMUIATION ...ttt 3
2.1. Generation Of US PUISES .....c.couvueueueuiriririeieieieiririeietei ettt ettt ee 3
2.2. Design of the eXperimental SYStEM........c..ccireireiriiirieirerree ettt 3
2.3. Computational simulation of the experimental SyStem ...........ccccccuvurueueueirnneieccrinieeeeeeens 4
2.4. Verification of the experimental SYSteIM..........ccccuvueueueueiriririeieieiirireeeeeesee et eneas 4

2.5. US pulse parameters

3. EXPerimental PrOCEAULE .........c.eutuiririririeieiiitteiet ettt ettt etttk et
4 ANALYSIS 1otttk h ettt bbb bt h et st b ek b ettt et besenene 5
4.1 ROISELECHION. ...t 5
4.2, RESPONSE AELECLION. ...c.euvuitiiteiiteiit ettt ettt ettt ettt ettt eb et e b eae e eas 5
4.3. ReSPONSE CRATACTEIISTICS ....vvveveuivenieteieieietetete ettt ettt ettt b et sae e ese et eb et ese s eneneenenas 5
4.4, SEAtISICA TESES ......viiiieiiiiie e 5
4.5, FIUIE MELNOAS ... cuiieiieieiieteiieieetee ettt ettt b et ese s enensenenas 5
4.6. Temperature CalCULATION ......c.c.couririeueuiiiirieieiei ettt ettt 5
RETETENCES ...ttt 6
Supplementary figures 7
Fig. S1. Primary hippocampal cultures plated on glass - eXample ..........c.cccoeevueueuecinrineeeecnineeereeeene 7
Fig. S2. Experimental SYStem arChit@CtUIE .........ceveuirieriiereieteieesiese ettt eseseeseaesesaesesesessesessesennes 7
Fig. S3. Culture assembly in experimental Chamber..........ccc.ccvrieirieirieieieieeieeeeeee e 8
Fig. S4. Hydrophone measurement fOr 4 PULSES........c.c.eeririririeueiirininirieieietiriseeieieseese et enenens 8
Fig. S5. TLC verification of the ultrasonic fOCUS...........coeiriiiriiireire e 9
Fig. S6. Cell and background ROI selection - €Xample .........cccoueereirieinieinieinieneeeeeeeeieee e 9
Fig. S7. Analysis of hydrophone voltage during US using passive cavitation detection (PCD)............... 10
Fig. S8. Example response to repeated stimulations with inCreasing pressure..........oeveeeeveveereeereeenees 10
Fig. S9. Response attrition = PrOZIESSION. ......cueveuerieririeriieriteeesiesesteseeseseeseseeseseeseseesessesessesesesessesessessssenees 10



Weinreb and Moses, Brain Stimulation, 2022 - Supplementary 2

Supplementary methods
1. Neuronal cultures
1.1. Neuronal cultures

Living rat hippocampal neural cultures were prepared according to
established protocols [1,2]. Microscope images of an example culture can be
seen in Fig. S1. Cultures were used from day in-vitro 14 to 28.

In detail, circular glass coverslips 13 % 0.1 mm (ThermoFisher #0) were
cleaned by immersion in 65% nitric acid (Merck 100456) for 2 hours,
washed 3 times in DDW, washed 3 times in pure ethanol (Gadot ABS AR),
passed through a butane flame, and placed in 24 well plates each ~15.5 mm
in diameter and height (ThermoFisher 142475). Coverslips were then coated
in PLL by immersion for 24 hours in 1 ml of a filtered solution of 0.01%
PLL (Sigma P4707) in 8.5 pH borate buffer [4.75 mg/ml borax (Sigma
B9876), 3.1 mg/ml boric acid (Sigma B6768), and 2.5 mM hydrochloric acid
(Bio-Lab 32% AR) in DDW]. They were then washed 3 times with 1 ml
DDW and incubated for 24 hours in an incubator at 37 °C 5%CO, in 1 ml
plating medium consisting of MEM+3G solution [MEM medium with no
glutamine (Gibco 21090-022) with added 20 pg/ml gentamicin (Sigma
G1272), 6 mg/ml glucose (Sigma G5146), and 2 mM GlutaMAX (Gibco
35050-038)] with added 50 pl/ml fetal bovine serum (Gibco 12657-029),

50 pl/ml heat-inactivated donor horse serum (BI 04-124), and 1 pl/ml B-27
Supplement (Gibco 17504).

Pregnant Wistar rats (Envigo HsdHan: WIST) were anesthetized with 0.6 ml
of 40 mg/ml (in DDW) intraperitoneal sodium pentobarbital (CTS Chemical
Industries Pental) and killed by rapid cervical dislocation. Fetal brains were
collected from embryos at embryonic day 19, and hippocampi were dissected
out into oxygenated ~4 °C L15+2G solution [L15 medium (Gibco
21083-027) with added 20 pg/ml gentamicin and 6 mg/ml glucose]. Tissues
were then incubated for 30 minutes at 37 °C in a papain solution [L15+2G
with added 0.2 mg/ml I-cysteine (Sigma C7880), 1 mM CacCl, (Fluka
21098), 0.5 mM EDTA (Merck 108421), 1.5 mM NaOH (BDH 30731),

1 mg/ml DNase (Sigma DN25), and 0.25 mg/ml papain (Sigma P4762)]. The
papain solution was then replaced with a trypsin inhibitor solution [plating
medium with added 2.5 mg/ml bovine serum albumin (Sigma A7906) and
2.5 mg/ml trypsin inhibitor (Sigma T6522)]. The trypsin inhibitor solution
was then replaced with plating medium, and tissues were dissociated
mechanically by repeated trituration through a fire-polished Pasteur pipette.

Dissociated cells were plated on the glass coverslips at 850 x 10° cells per
well, equating to a density of ~4.5 x 10° cells/mm?. Plates were then stored in
an incubator at 37 °C 5%CO,. The medium was changed 4 days after plating
to 1 ml of medium made to block glial proliferation [3] [MEM+3G with
added 100 pl/ml heat-inactivated donor horse serum, 20 pg/ml floxuridine
(Sigma F0503), and 50 pg/ml uridine (Sigma U3750)]. After an additional 4
days, the medium was changed to 1.5 ml of the final medium [MEM+3G
with added 100 pl/ml heat-inactivated donor horse serum]. 0.5 ml of the
medium were then replaced every 1-2 days. Resulting cultures are estimated
to contain ~10% glial cells [4].

Alternatively, for cultures undergoing viral transfection, a serum “free”

AP, Action Potential; APV, 2-Amino 5-Phosphonopentanoic Acid; CNQX,
Cyanquixaline; DDW, Double-Distilled Water; FDM, Fused Deposition Modeling;
FOV, Field of View; GABA, Gamma-Aminobutyric Acid; IC50, Half Maximal
Inhibitory Concentration; MS, Mechanosensitive; NMDA, N-Methyl-D-Aspartic Acid;
NaV, Voltage Gated Sodium; PCD, Passive Cavitation Detection; PET, Polyethylene
Terephthalate; P1, Propidium lodide; PLA, Polylactic Acid; PLL, Poly-L-Lysine; RF,
Radio Frequency; ROI, Region of Interest; RR, Ruthenium Red; SD, Standard
Deviation; TLC, Thermochromic Liquid Crystal; TTX, Tetrodotoxin; UB, Unstimulated
Baseline Activity; US, Ultrasound

medium [Neurobasal medium (Gibco 21103-049) with added 20 pg/ml
gentamicin, 2mM GlutaMAX, 12.5 pl/ml fetal bovine serum, and 40 pl/ml
B-27] was used instead of the plating medium and final medium. This serum
“free” medium with added 20 pg/ml floxuridine and 50 pg/ml uridine was
used instead of the medium used to block glial proliferation.

All media were filtered at 0.45 pm before use.
1.2. Calcium imaging

The chemical fluorescent calcium indicator Fluo-4 was used to optically
monitor neuronal activity. The genetically encoded indicator GCaMP was
used in a single experiment. Intracellular calcium levels (as a proxy for
neuronal activity) were characterized by taking the fluorescence intensity,
subtracting the mean baseline intensity, and dividing by it (this is designated
as AF/F) [5]. The imaging medium included 1.5 mM CacCl, to accurately
represent Ca®" concentrations in the cerebrospinal fluid [6], which can
significantly affect neuronal excitability [7].

This process is now described in detail. In preparation for imaging with
Fluo-4, a culture was removed from incubation and placed into a 35 x 10 mm
petri dish (Corning 430165) with 1 ml of 37 °C imaging medium and 4 pl of
Fluo-4 solution [1 pg/ul Fluo-4-AM (ThermoFisher F14201) in DMSO]. The
dish was then placed in a dark container on an orbital shaker (MRC
DOR-2828) at the lowest shaking speed for 1 hour. The medium was then
replaced with 2 ml of room temperature imaging medium. After preparation,
the culture was kept in the dark until imaging (10-40 min).

Alternatively, where explicitly stated, GCaMP was used. 1 pl/ml of a
GCaMP6s [8] AAV9 viral vector solution (>1 x 10'* vg/ml) was added to the
culture when the media was changed at day 4 in-vitro. On the day of
imaging, the culture was placed into a petri dish with 2 ml 37 °C imaging
medium. After preparation, the culture was kept in the dark until imaging
(10-40 min). [pAAV.Syn.GCaMP6s.WPRE.SV40 was a gift from Douglas
Kim & GENIE Project (Addgene viral prep #100843-AAV9)]

The imaging medium used consisted of 130 mM NaCl (Bio-Lab AR),
45 mM sucrose (J.T.Baker 4072), 10 mM glucose, 10 mM HEPES 1M
(Sigma HO0887), 4 mM KCI (Merck 104936), 1.5 mM CaCl, and 1 mM
MgCl, (Sigma M8266) in DDW adjusted to pH 7.4 with 1M NaOH [1].

Imaging was performed using a mercury short-arc light source (Zeiss
FluoArc), with a fluorescent filter set comprised of an excitation filter at
455-495 nm (Omega Optical XF1073), a dichroic long-pass filter at 505 nm
(XF2010), and an emission filter at 510-560 nm (XF3084). Images were
collected using an Electron Multiplying CCD camera (Andor iXon Ultra 897
EMCCD). Illumination intensity was adjusted to prevent visible
photobleaching. Imaging was done at an acquisition rate of 8 Hz unless
stated otherwise. Fluo-4 is known to have a rise time on the order of a few
milliseconds [9], and so an acquisition rate of ~1 kHz (909 Hz) was used in a
single experiment where a high temporal resolution was required.

1.3. Network disconnection and pharmacological blockade

Stock solutions of pharmacological agents were prepared ahead of time at
%100 the final target concentration in DDW and stored at -20 °C for no more
than 6 months in airtight vials. On the day of the experiment, vials were

thawed at room temperature and used only once.

Synaptic transmission blockers were used to disconnect the network:
Bicuculline methiodide (Sigma 14343) at a concentration of 40 uM to block
GABA, receptors, CNQX (Sigma C239) at 20 uM to block non-NMDA
glutamate receptors, and APV (Sigma A5282) at 20 uM to block NMDA
glutamate receptors.

TTX citrate (Alomone Labs T-550) at 1 uM was used to block Nay channels.
RR (Sigma R2751) at 30 uM was used to block TRPA, TRPV, TREK-2, and
Piezo type MS channels. GsMTx-4 (Alomone Labs STG-100) at 1 pM was



Weinreb and Moses, Brain Stimulation, 2022 - Supplementary 3

used to block Piezol, TRPC1, TRPCS, and TRPC6 type MS channels.
Suramin sodium (AdipoGen AG-CR1-3575) at 100 pM was used to block P2
purinergic receptors.

Following are potency values for these pharmacological agents: Bicuculline
GABAA Kp=1.2 uM [10]. CNQX AMPA ICso = 0.3 pM, Kainate
1Cso=1.5 uM [11]. APV NMDA glutamate receptors Kp = 1.4 uM [12].
TTX Nay channels ICsp < 15 nM [13]. RR TRPA1 ICs = 3.44 uM, TRPV1
1Cs0 < 1.44 pM, TRPVS ICsp = 0.121 pM, TRPV6 ICso = 9 uM, TREK-2
1Cs50=0.2 uM [14-17]. GsMTx-4 general MS channel Kp = 0.5 pM, Piezol
Kp =0.155 uM [18-20]. Suramin P2X ICso = 10.1 uM, P2Y,

ICso = 16.2uM, P2Y, ICso =47.8 pM [21,22].

1.4. Membrane integrity imaging

PI (Sigma P4170) was used at 5 pM to detect membrane poration.
Intracellular fluorescence of PI was compared from before stimulation to 10
minutes after. An increase of over 5% in fluorescence was considered
indicative of a compromised membrane.

PI was added to the imaging medium similar to the process described for
pharmacological agents. PI imaging was done using a mercury short-arc light
source, with a fluorescent filter set comprised of an excitation filter at
503-552 nm (Omega Optical XF1074), a dichroic long-pass filter at 555 nm
(XF2017), and an emission filter at 650-690 nm (XF3030). This optical filter
set was manually swappable with the optical filter set used for calcium

imaging, allowing imaging of the two processes in the same experiment.
2. US neurostimulation
2.1. Generation of US pulses

The acquisition computer controlled a function generator (BK Precision
4079) to emit a sine wave at 500 kHz, which was fed for the desired duration
of the US pulse into an RF power amplifier (Industrial Test Equipment
Powertron 500 A, Class B, 0 Q output impedance). The amplifier drove a US
transducer (Sonic Concepts H-104, focusing bowl type, 400 W,

radius=64 mm, radius of curvature = 63.2 mm) through an impedance
matching circuit (Sonic Concepts H-104 NRE, 2Q). The amplifier output
current was monitored using a wideband current monitor coil (Pearson
Electronics 2100) connected to an oscilloscope. The oscilloscope was also
connected directly to the amplifier output to monitor the output voltage.

Fig. S2 shows a schematic of the system architecture.
2.2. Design of the experimental system

The experimental system was designed to minimize the occurrence of
acoustic reflections and the formation of standing waves. A schematic of the

system can be seen in Fig. 1A.

The US transducer was mounted on one side of the chamber, with the
geometric acoustic focus positioned at the center of the culture. Simulations
showed that the center of the culture was displaced by 2.7 mm from the area
of maximal pressure within the acoustic focus, but since the reduction in
pressure was under 10%, we maintained this positioning. US was applied
parallel to the culture, from the side. This allows the microscope objective
and the air chamber housing it to be positioned at a 90° angle and outside the
acoustic path. Also, in this orientation a much smaller cross-section of the
culture glass coverslip is projected towards the US source, further
minimizing reflections from the coverslip. At the opposite end of the
chamber an acoustic absorber (Precision Acoustics AptFlex F28,

thickness = 10 mm) was positioned to prevent reflection from the chamber
edge. The absorber dissipates ~94% of the incident acoustic pressure at

500 kHz [23].

The design of the system is now described in detail. The water chamber had
a tube at the bottom where the microscope objective (Olympus LMPLFLN
10X, working distance = 21 mm) was positioned such that the optical focus

was at the center of the culture. At the top of the tube, a circular glass
coverslip 25 x 0.2 mm (Deckglaser #2) was glued, which allowed the
objective to image the culture through the glass, from outside the chamber.
The long working distance of the objective enabled a chamber design that
positioned the objective and its tube away from the acoustic focus,
minimizing reflections.

The water chamber was mounted on an optical table by two arms extending
horizontally out from its sides, attached using thumbscrew clamps to metal
posts. This enabled adjustment of the chamber height relative to the
microscope such that the focus of the objective was positioned at the center
of the culture while ensuring that there was no contact between the objective

and the glass coverslip at the top of the tube.

Inside the water chamber, there was a much smaller inner chamber where the
culture was located. The inner chamber was suspended from arms that
slotted into the external chamber, such that the inner chamber could be easily
removed for cleaning between experiments, while its position during the
experiment was held constant. As with the objective tube, there was a hole at
the bottom of the inner chamber where a circular glass coverslip

13 x 0.15 mm (ThermoFisher #1) was glued to enable imaging of the culture.

In order to allow the passage of US through the inner chamber, the chamber
wall oriented towards the transducer, and the one opposite to it, were
composed of a 12 pum thick mylar sheet (Jolybar Filmtechnic) glued to the
chamber at the edges. Due to the relatively small difference in the acoustic
impedances of mylar and water (~3 x 10° and ~1.5 x 10° kg-s™'-m
respectively) [24] and due to the thickness of the mylar sheet being much
smaller than the US wavelength at the frequency used (~5 mm), the sheet
was nearly transparent acoustically, with its transmittance calculated to be
over 99.99%. Thus, US could pass through without significant reflection.
Transmission of US through a thin sheet was calculated using the following
formula [25]:

1
102, Z\* . ,2nd
J”z(z—z-z—l) sin® ==

D - transmitted pressure (as a fraction of the incident pressure), Z; - acoustic

D=

impedance of the surrounding material, Z, - acoustic impedance of the sheet
material, d - sheet thickness, 4 - wavelength in the sheet material.

A separate “forceps” part was used to hold the coverslip with its culture, and
to position it within the inner chamber. This part had small grooves that held
the coverslip from its edges. The inner chamber was first filled with the
imaging medium, and then the “forceps” part with the coverslip was inserted
into slots in the inner chamber and lowered into the medium. The culture was
thus reproducibly positioned and held at an exact and constant location
within the inner chamber. The top of the imaging chamber remained open to
allow the introduction of pharmacological agents to the medium. A
schematic of how these parts fit together can be seen in Fig. S3.

Solid parts were designed using the FreeCAD parametric modeler software
[26] and 3D-printed using an FDM printer (MakerBot Replicator). The water
chamber was printed using standard PLA filament. The inner chamber and
“forceps” parts were printed using clear, food-safe, PET filament
(taulman3D t-glase). This PET filament was used for several reasons. First,
since the imaging medium was in direct contact with the inner chamber, a
food-safe material was chosen to minimize the entry of unknown chemicals
into the medium that could have affected the physiology of the culture.
Additionally, PLA was not used because it can leach lactic acid into the
medium [27], and lactic acid may affect neuronal physiology [28]. Finally,
PET has an acoustic impedance relatively similar to that of water (~1.9 x 10°
and ~1.5 x 10° kg-s™'-m respectively) [24,29,30] which minimizes the
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reflected pressure of US at the water PET boundary. This was calculated to
be ~11% of the incident pressure using the following formula [31]:

Z,—Z
p=f2T 4

Z,+ 7,

R - reflected pressure (as a fraction of the incident pressure), Z - acoustic

impedance.

Gluing of the mylar sheets and glass coverslips to the printed parts was done
using a medical-grade cyanoacrylate adhesive (Loctite 4011) due to its
relatively high resistance to water and fast curing time. Adhesion was aided
by using a medical-grade polyolefin primer (Loctite 7701) before applying
the adhesive.

2.3. Computational simulation of the experimental system

US simulations were performed using the k-Wave software toolbox [32] for
Matlab, which supports the simulation of propagating acoustic waves in
heterogeneous media in both 2D and 3D configurations.

For simplicity, and to improve performance, simulations were configured to
be linear and lossless. Non-linear distortions increase with frequency and
pressure and are minimal at the relatively low frequency and pressure used in
this study (~2° phase shift of the peak per cm at 0.5 MHz 1 MPa in water)
[33]. Absorption losses are also low for these frequencies (~3.4 x 10* dB
loss per cmat 0.5 MHz in water) [34].

Running spatially extensive, 3D, high-resolution simulations has very large
computational demands. For this reason, the simulations were split into two:
lower-resolution simulations were performed over large distances, and then
higher-resolution simulations were performed at the focal point, where the
higher resolution was required to describe the smaller structures accurately.
Pressure measurements from the lower-resolution simulations, at the
boundary of the higher-resolution areas, were interpolated and used to
describe the source pressures that were then implemented for the
higher-resolution simulations.

Low-resolution simulations were run at a spatial resolution of 500 um, and
high-resolution simulations were run at 50 pm. Most simulations were run

for a duration of 0.1 ms, corresponding to ~150 mm of distance traveled by
the acoustic wave.

The simulated space was first designed in FreeCAD using the same models
from the experimental system design. 3D models were exported from
FreeCAD as STL files and then converted to voxel volumes using the Mesh
Voxelisation software package [35] for Matlab. These voxel volumes were
then used to define the material properties of the simulation space in k-Wave.

Simulations were configured with the following material properties (speed of
sound, density): water - 1497 m/s, 999 kg/m’; air - 346 m/s, 1.184 kg/m’;
glass - 5640 m/s, 2230 kg/m’. [36]

2.4. Verification of the experimental system

The pressure output from the transducer was measured using a calibrated
hydrophone (Onda HNR-0500) placed at the acoustic focus in a large water
tank. The relation between the voltage at the output of the function generator,
as set by the computer, and the actual pressure of the US pulse generated by
the transducer was linear over the entire applicable range.

The actual duration of the extremely short stimulation pulse (2 cycles of 2 us
duration each) was verified using the hydrophone in a large water tank. The
pulse duration at -6 dB was 3.96 ps, and the pulse duration at -20 dB was
11.04 ps. This confirmed that there was no prolonged ringing in the
transducer, and that the pulse indeed diminished very rapidly.

Reflections in the experimental system were examined using the hydrophone
positioned ~1 mm above the center of the face of the culture glass, within the
experimental chamber. Reflections to pulses of duration in all the range used,

from 4 ps to 40 ms, were below 10% of the pulse amplitude, and diminished
to under 1% within 0.5 ms after the pulse. The hydrophone measurement for
4 ps pulses is shown in Fig. S4. The presence of the hydrophone in the
chamber can itself generate reflections, and thus during the actual
experiments reflections are probably even weaker.

The location and size of the US focus were examined using a TLC sheet
(SFXC R25C5W). The TLC sheet was positioned vertically at the location of
the culture, with the culture glass removed, within the experimental chamber
(Fig. S5A). Fig. S5B shows the response of the sheet to repeated 100 ms US
pulses, with pronounced color changes indicating the location of the US
focus, in good correspondence with the simulated focus localization.

2.5. US pulse parameters

All US pulses used in this study were single pulses with a fundamental
frequency of 500 kHz.

Repeated stimulation of connected cultures (‘Single US pulses stimulated
Sfully connected neuronal cultures’ Section, Fig. 2A) used a pulse duration of

40 ps, a peak pressure of 0.67 MPa, and a 15 min interval between pulses.

For disconnected cultures, both with and without TTX (‘Single US pulses
stimulated pharmacologically disconnected neurons’ and ‘AP blockade
abolished the response to US’ Sections, Fig. 2B-E), a pulse duration of

40 ms and a peak pressure of 0.35 MPa was used. To avoid attrition effects,

only the first pulse applied to each culture was used in the analysis.

Membrane poration assays (‘US stimulation was not associated with
membrane poration’ Section, Fig. 3) used pulse durations of 4 ps and 40 ms,
and a peak pressure of 0.35 MPa. The example shown in Fig. 3 is from a 4 ps
pulse. Again, only the first pulse applied to each culture was taken as the

measurement.

Stimulation with extremely short and with standard duration pulses
(‘Extremely short US pulses stimulated disconnected neurons’ Section,

Fig. 4A,B) used a peak pressure of 0.35 MPa, and again only the first pulse
applied to each culture was used. The high sampling rate analysis

(Fig. 4C,D) used pulses with peak pressures of 0.35-1 MPa, and the effective
stimulations were taken.

Pharmacological blockade experiments (‘P2 receptor blockade did not
eliminate the response to US, efficacy increased with pressure’ and ‘MS ion
channel blockade did not affect the efficacy of US’ Sections, Fig. 5) used a
pulse duration of 40 ps. In experiments with suramin (Fig. 5A,B) and with
RR (Fig. 5C,D), the first pulse was taken for each culture. Experiments with
suramin used a peak pressure of 0.35 MPa or 0.67 MPa. Experiments with
RR used a peak pressure of 0.5 MPa. Experiments with GsMTx-4 (Fig. S5E,F)
used pulses with peak pressures of 0.5-1.32 MPa, and the first pulse at each

increasing pressure was taken.

Attrition experiments with a 25 min recovery time ( ‘Attrition effects were
dominant and occurred at the single-cell level” Section, Fig. 6A,B) used a
pulse duration of 40 pus and a peak pressure of 0.5 MPa. Experiments with a
3-day recovery time (Fig. 6C) used a pulse duration of 40 ms and a peak
pressure of 0.35 MPa. The first pulse of the experimental day was taken for
each culture. Experiments with repeated stimulation at increasing pressures
(Fig. 6D,E) used a pulse duration of 40 ms, peak pressures of 0.35 MPa and
0.67 MPa, and a 2 min interval between pulses, with a second 0.35 MPa

pulse given between them.
3. Experimental procedure

The amplifier was initialized and stabilized for 10 minutes with no input and
the transducer disconnected. The water chamber with the transducer and
absorber was filled with distilled water that was degassed by boiling for 10
minutes, and any remaining bubbles were removed by pipetting. After

immersion in water the transducer was connected to the amplifier, and a few
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pulses of US were executed to verify the functionality of the system. The
inner chamber was rinsed outside of the water chamber in DDW 10 times,
before being filled with 8 ml of imaging medium at room temperature. The
coverslip with the culture was placed into the inner chamber, which was then
placed into the water chamber, which was then covered with aluminum foil
to protect from external illumination.

Spontaneous activity was imaged, and the illumination was then turned off to
prevent unnecessary photobleaching. Cultures that showed no spontaneous
activity were excluded from further testing. Pharmacological agents were
first mixed in 1ml of imaging medium and this solution was then added to
the culture and gently mixed by pipetting. Illumination and imaging were
resumed after a 10 min incubation time.

Illumination was controlled with an automated shutter that was closed
between stimulations. The shutter was opened for 15 seconds before and
after each stimulation. The voltage and current applied by the amplifier at the
transducer were monitored during each stimulation to detect any changes that

may indicate disconnections or faults with the system.

We excluded stimulations where cultures showed tearing or separation from

the underlying glass. These cultures were not further stimulated.
4. Analysis
4.1. ROI selection

Automatic ROI selection was performed for each culture, using a calcium
image sequence of spontaneous activity acquired prior to the
pharmacological disconnection of the network. This image sequence was
combined with image sequences of the disconnected network acquired
during stimulation, and all were taken together and analyzed, searching for
spatially contiguous areas of high temporal variance. ROIs were defined as
areas that are in the size range expected for neuronal cell bodies (using the
CellSort software toolbox for Matlab) [37]. In this manner, only cells that
were spontaneously active in the connected network or that became active
during the experiment were selected and analyzed. Fluorescence intensity
traces for each cell were generated by averaging the intensity of all pixels
inside the cell’s ROL

Background ROIs were automatically defined by taking the mean calcium
intensity image over the entire experiment and selecting the area of least
intensity for each quadrant of that image. An ROI with a similar size to those
used for cells was then defined at each such area. A background intensity
trace was generated by averaging all the pixels inside all background ROIs
together.

An example of the results from this process of ROI selection can be seen in
Fig. S6.

4.2. Response detection

For each US stimulation, a time window was taken from 5 seconds before to
10 seconds after the stimulation time point. The fluorescence intensity trace
over this time window was taken for each cell’s ROI. The intensity trace
taken from the background ROIs over this same time window was then
subtracted from the cell’s ROI intensity trace, thus eliminating global

illumination artifacts.

The mean and SD of the trace intensity were taken, and all outlier points
(points more than 2 SDs above that mean) were discarded. This process was
repeated until no outliers remained. The final mean and SD were then used.

The same process was done for the derivative of the intensity [4].

A cell was considered to be responsive to a stimulation if two criteria were
satisfied. First, that there was a point within a window of 2 seconds
immediately following the stimulation, where the intensity was higher than

the intensity at the beginning of the trace plus 3.5 times the intensity SD.

Second, that there was a derivative, within that same window, that was
bigger than the derivative mean plus the derivative SD. Responses were
ignored if the intensity at the end of the trace was more than a single SD

below the intensity at the beginning of the trace. [4]

To characterize the unstimulated baseline activity (UB), the same method
used to find responses within the time window immediately after the
stimulation, was used on the time window immediately before the
stimulation. This generated an estimate that included real spontaneous
activity, in addition to false positives generated by system noise and the
detection method.

4.3. Response characteristics

The amplitude of a response was determined by finding the frame with the
maximum intensity within a window of 2 seconds immediately following the

stimulation, and then averaging the intensity over 5 frames around this point.

The duration of a response was defined as the time from the initiation of the
stimulation to the first frame following the frame with the maximum

intensity where the intensity was below 50% of the maximum.

The latency of a response was defined as the time from the initiation of the
stimulation to the first frame where the intensity was above 50% of the

maximum.
4.4. Statistical tests

Comparisons of the percentage of active cells responsive to stimulation
(Figures 2B, 4A, 5A,C,E, 6A) were calculated using the one-sided
two-sample t-test method provided in Matlab. Comparison between
unstimulated background activities in these figures was calculated using the
two-sided method.

Examination of the spatial clustering of responsive cells (‘Single US pulses
stimulated pharmacologically disconnected neurons’ Section) was calculated

using the one-sided two-sample t-test method provided in Matlab.

Comparisons of mean response characteristics (amplitude, duration, and
latency) were calculated using the two-sided two-sample t-test method
provided in Matlab.

All tests passed multiple comparison correction using the

Benjamini-Hochberg procedure with an FDR of 0.1.
4.5. Figure methods

Boxplot figures (Figures 2B, 4A, SA,C,E, 6A) were drawn using the [oSR
Matlab toolbox [38].

Response trace figures (Figures 2C-E, 4B-D, 5B,D,F, 6B,C,E) were drawn
using the shadedErrorBar software package for Matlab [39].

4.6. Temperature calculation

Temperature increases in brain tissue due to US absorption were calculated
using the following formulas, which ignore heat loss into the surrounding
material [40]:

0 _ans
pc
)AL
PGy

Q - rate of heat generation per unit volume, o - absorption coefficient, p, -
pressure amplitude, p - density, ¢ - speed of sound, AT - temperature
increase, At - US duration, C,, - specific heat capacity.

The following parameter values were used for temperature calculation:
absorption coefficient [41] - 1.05 Np-m™' (at 0.5 MHz, with Np the Neper
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logarithmic unit), density [42] - 1081 kg-m?, speed of sound [43] -
1510 m-s™, and specific heat capacity [44] - 3640 J-K'-kg™'.
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Supplementary figures

Zole

Fig. S1. Primary hippocampal cultures plated on glass - example
Fluorescent and transmitted light imaging of the same FOV from an example rat primary hippocampal culture. Example images were taken 18 days after plating and were acquired
with a Leica SP5 confocal microscope using a 10x objective. Left: Transmitted light. Right: Fluorescent calcium imaging using Fluo-4. Scale bar: 100 pm.

Control Microscope Shutter
Computer Camera

Function Generator RF Amplifier Current Impedance Transducer
Monitor Matching

Fig. S2. Experimental system architecture

US pulse generation and microscope imaging were controlled using custom software running on Matlab. US pulses were generated by controlling a function generator, whose output
was then amplified, and delivered to the transducer through an impedance matching circuit. Voltage and current running between the amplifier and impedance matching circuit were
continuously monitored to verify the functionality of the electronics and the transducer. An automated shutter was closed between stimulations to prevent photobleaching.
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Fig. S3. Culture assembly in experimental chamber

The culture is held from the sides in small grooves in the “forceps” part, which is then slotted into the inner chamber which itself is then positioned into slots in the water chamber.
The inner chamber remains open from the top to allow introduction of pharmacological agents to the medium, and contains the imaging medium. The water chamber contains, as its
name implies, water. The two sides of the inner chamber, which face towards and away from the US transducer, are comprised of a 12 pum thick acoustically transparent mylar
membrane. Cross scale: 10 mm.
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Fig. S4. Hydrophone measurement for 4pus pulses
The hydrophone was positioned ~1mm above the center of the face of the culture glass within the chamber. For 4 us pulses reflections were found to be minimal, remained below 7%
of the pulse amplitude, and diminished to under 1% within 0.3 ms.
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Fig. S5. TLC verification of the ultrasonic focus

A TLC sheet was used to verify the location and size of the US focus. The sheet was placed vertically at the location of the center of the culture. Temperature increases cause the
color of the sheet to transition from red to green to blue over a range of 25-30 °C, while changes in pressure have less of a well-defined effect. The horizontal dark line drawn on the
center of the sheet marks the position where the culture is normally located. A: Zoomed in picture, taken at an angle, of the sheet before application of US pressure. B: Same as A,
but during repeated 100 ms US pulses. The center of the US focus can be seen in blue. C: Zoomed out view of the sheet positioned in the US stimulation system, under water.

Fig. S6. Cell and background ROI selection - example

Example of automated ROI selection for active cells (green circles) and background (orange squares). Cell ROIs were automatically defined over cell-sized areas of high temporal
variance, thus selecting only active cells for analysis. Background ROIs were automatically defined over areas of lowest brightness. Left: Transmitted light. Right: Fluorescent
calcium imaging using Fluo-4. Scale bar: 100 pm.
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Fig. S7. Analysis of hydrophone voltage during US using passive cavitation detection (PCD)
The hydrophone was placed within the inner chamber, immersed in imaging media, ~1 mm above the center of the face of a culture. PCD was performed according to McLaughlan et

al. (2010) [45]. Shown is the peak of the spectra at the 4th harmonic of the US frequency (mean+SD, left), and the sum over the broadband noise regions of the spectra (mean+SD,
right). Broadband regions were defined as the spectra above the 4th harmonic without including regions with any further harmonics. Pulses with pressures 0.07-1.64 MPa, and
durations 2-20,000 cycles were analyzed. Results were normalized by hydrophone acquisitions with no US applied (0 MPa). n(2 Cycles)=10, n(20, 200, 2K, 20K Cycles)=5 each,

n(0 MPa)=31.
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Fig. S8. Example response to repeated stimulations with increasing pressure
Calcium trace from a single cell in a disconnected culture responding to successive stimulations with increasing pressure. Shown are only the first stimulations at each increase in
pressure (0.5, 0.67, 0.83, 1, 1.16, and 1.32 MPa). This cell responded to the first 0.5, 0.83, 1.16, and 1.32 MPa stimulations, but did not respond to the first 0.67, and 1 MPa

stimulations.
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Fig. S9. Response attrition - progression
Percentage of generally active cells responsive to repeated stimulation at a constant pressure, with a 25 min recovery time between pulses, in disconnected cultures. After an initial

successful stimulation at the given pressure (1% - 9.5+2.5%, UB=3.940.9%), the following three stimulations at the same pressure had a low efficacy, not significantly different from
their unstimulated baseline activity (2™ - 3.5%1.1%, UB=2.2+0.3%; 3" - 3.6:0.9%, UB=2.3+0.6%; 4" - 3.240.8%, UB=2.5+0.5%) (mean+SEM, n*=9 each). These three following

stimulations also didn’t significantly differ in efficacy from each other. UB - unstimulated baseline activity.
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