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Fig. 9| Two-photon laser microsurgery has micrometer precision. a,Ina

sample triplet-recordings, the cell in red was targeted for 4 pm x 2 pm sine-square
axotomy. The dotted areais enlarged in the second row. Dashed circle highlights

the site of axotomy. Note the neurites within microns in thex, yand z planes

(white arrow heads) were intact after axotomy. b, Same as a with cellin orange
targeted for 4 pm x 2 pm sine-square axotomy. ¢, Same as awith cell in orange
targeted for 4 pm x 5 um sine-square axotomy. Adapted fromref. 16, CC BY 4.0

(https://creativecommons.org/licenses/by/4.0/). d, Empirical test of lateral
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precision. The neurite closest to laser surgery site in the xy plane for all samples
wereintact, observed at 61.0 + 3.7 min postsurgery (n =33) (median=3.4 um,
minimum=1.2 um, mean precision of top 50% =1.7 + 0.1um). e, Empirical

test of axial precision. The neurite closest to laser surgery site in the zplane

for all samples were intact, observed at 60.7 + 3.7 min postsurgery (n=30)
(median =6 pm, minimum =2 pm, mean precision of top 50%=3.2+ 0.3 um). The
red dotted lines represent 75% quartile, median and 25% quartile, respectively,
from top to bottom.
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Fig.10 | Sample experiments with two-photon laser axotomy. a, Control
experiment shows establishment of axon-evoked spikes and corresponding
excitatory postsynaptic potentials (EPSPs), followed by no presynaptic spike
after axotomy, yet presence of EPSPs due to spiking isolated axon. Blue traces
and periods show stable synaptic responses. b, Within minutes, the translation
blocker CHX reduced EPSPs (red traces and periods) elicited by stimulation
ofisolated axon. ¢, EPSP amplitude (amp) weakened postaxotomy with but

not without CHX (n=connections). This revealed that axonal but not somatic
protein synthesis affected release. d, CHX reduced postaxotomy EPSPs
compared with controls. e, Analysis of PPR. f, CV (Wilcoxon test, 0=11°+2°,
P<0.001) agreed that CHX reduced presynaptic release (Student’s t-test for (d,e);
**P<0.01,**P<0.001). The error bars represent the standard error of the mean.
Scale bars for traces,y=0.8 mV and x=20 ms. Adapted from ref.16. CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).

Troubleshooting
Step Problem Possible reason Solution
10,14,15, Bad brain slice and cell quality Tissue degeneration Speed up dissection and slicing, aim to finish within 15 min
ey Allow ACSF to cool down to almost O °C before beginning dissection and
slicing. An alternative is to put fresh ACSF in the —20/-80 °C freezer to make
a ACSF slush
Lower the CaCl, to 1 mM and raise MgCl, to 2 mM for dissection, slicing and
recovery. This is recommended for mouse older than postnatal day 16
Perform slicing with a high-quality slicer, with minimal blade vibration along
the vertical axis
Severed neuronal processes Research on the orientation of neuronal processes in the system of interest.
during slice preparation Arrange the brain tissue such that the neuronal processes are approximately
parallel to the cutting plane. The result can be verified with contrast-enhanced
microscopy, which allows neuronal processes to be traced and facilitate
healthy cell selection
Presence of detergents, which Separate labware for electrophysiology from those for other experiments.
may dissolve the lipid-rich cell Never use detergent to clean. Most electrophysiology solutions are mild and
membrane nonsticky, meaning repeated rinsing with ddH,O is sufficient. Use 70% ethanol
if necessary
Incorrect osmolality of solutions Calibrate the osmometer to ensure proper functioning. Measure and adjust
osmolality of solutions to the correct range. Incorrect osmolality often results
in cells being bloated or shriveled up
Toxicity from the bare silver Regularly recoat the electrodes with 6% sodium hypochlorite solution.
of electrodes This ensures the presence of a silver chloride layer on the electrode surface
n Air bubbles trapped in internal Air bubbles introduced during When using a microfil or microloader tip to load the internal solution,
solution inside micropipette, pipette filling progressively pull out the tip to match the solution front in the micropipette
which could cause electrical - - - .
A Gently flicker the loaded micropipette to remove remaining bubbles
electrode and internal solution
14 Hard to form gigaohm seal The micropipette is clogged Refilter the internal solution. Make sure the tube used for the filtered solution
internally is clean and free of manufacturing faults. We had an experience where
microcentrifuge tubes came containing micro fibrils, which were only visible
under high magnification
The micropipette is blocked Use high-quality ddH,O and reagents, and clean containers to prepare ACSF.
from the outside Filtering is generally not needed. Dirt/salt deposits can also come from the
perfusion system, which can be cleaned by first running through ~100 mL
70% ethanol or ~20 mL 0.5 M HC, followed by ddH,O. Changing the perfusion
tubing quarterly is also recommended. The pipette may also be blocked by
cell debris, which can be prevented by careful maneuver of micropipettes.
The micropipettes should never touch the tissue before being directed to
patch a cell. If this happens by accident, change to a new micropipette
Incorrect osmolality of solutions See troubleshooting for Step 13,17, 18, 19, 46
The opening of the micropipette Calibrate the micropipette puller program. Typically, increasing the pull
is too big velocity and heat would help shaping a smaller tip, making it easier to be
sealed by the membrane
15 Targeting of the subsequent cell  The slice is being dragged while Use only diagonal movement for patching to minimize the dragging. When

disrupts the previous seals

the micropipettes that have
already formed a seal stay static

the tissue moves, gently reposition the pipettes to where the initial seal was
formed

The positive pressure applied
when approaching the target cell
is too high, causing cells to be
dislodged

Reduce the positive pressure. Alternatively, use a manometer to standardize
the pressure applied. 3-4 Psi or 0.25 bar is a good initial point for this system-
specific calibration
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Troubleshooting (continued)

Step Problem Possible reason Solution
The micropipette drifts Properly secure the micropipettes on the micromanipulator. We recommend
clamping the pipettes by the glass directly instead of the pipette holders.
This reduces the pivoting motion of pipette
The opening of the micropipette See troubleshooting for Step 17
is too big
16 Does not break through The opening of the micropipetteis  Calibrate the micropipette puller program. Typically, decreasing the pull
too small velocity and heat would help shaping a bigger tip, making it easier to break
through the sealed membrane
The seal is not properly formed, See troubleshooting for Step 17 and 18
that is, not reaching gigaohm
Leaks in pressure tubing Make sure all the joints and stopcocks are secured and that the tubing system
is not leaking. Change these components if in doubt
Various individual or combinations When the typical brief 0.5 s gentle suction pulses do not work, try longer
of issues from above suction pulses that last 2-3 s each. This can be accompanied by a gradual
ramp up of suction within each pulse. If this fails, lock in a small amount
of negative pressure in the tubing-micropipette assembly. To prevent cell
contents from being aspirated, the locked-in pressure should be released
as soon as breakthrough happens. Although not recommended as the first
methods to try due to difficulty, nonmechanical breakthrough is also possible.
One way is voltage clamping the cell at =140 mV to inject a large current,
which must be rapidly switched to current clamp after breaking through
to prevent cell damage. A final resort is to use the amplifier ‘buzz’ function
to cause current to oscillate, which can rupture the patch. Yet this method
generally leaves the cell unhealthy and should be used sparingly
Breaks through before applying Bad slice and cell quality, causing ~ See troubleshooting for Step 13, 17,18, 19, 46
suction leaky cell membranes
The seal is mechanically ruptured  See troubleshooting for Step 18
or poked through before desired
timing
19 Distorted electrophysiology Series resistance is too high Calibrate the micropipette puller program. Typically, decreasing the pull
signatures velocity and heat would help shaping a bigger tip, making access better to
reduce series resistance
21 Unstable recording High noise introduced into Make sure the equipment is properly grounded. The patching rig should be
recording shielded in a Faraday cage to block the electromagnetic field interferences
The postsynaptic response is Set a threshold for the minimum synaptic strength as a quality selection
small, which can be masked criterion. We found 0.3 mV to be a good cutoff to ensure accurate measurement
by noise of signals
23,33 Beading of neuronal processes Phototoxicity Attenuate the laser to tune down the laser power and/or shorten laser pixel
or abnormal electrophysiology dwell time. The signal can be compensated by increasing the photomultiplier
properties tube gain, loading a higher concentration of fluorescence dye or using optics
with high numerical aperture to collect the emitted photons. Averaging
multiple images of the same frame also reduces the influence of shot noise
At high magnifications, the dwell time per unit area may effectively be
prolonged. Therefore, the laser power can be lowered and/or the line scan
speed can be increased to avoid phototoxicity
Only shine the laser on samples when necessary. For initial search of the
presynaptic axon and distance estimation, take an image stack for examination
to minimize laser exposure
25 Losing the patched cells Targeting the axon disrupts the See troubleshooting for Step 18
patched cells, due to tissue
movement
The fluorescence dye from Residual positive pressure during ~ Make sure positive pressure is fully released just before entering the slice
the axon stimulation pipette approaching
obscures the field of view
Cannot visualize the axon Dye-filled ACSF gets pulled back Gently apply some positive pressure to push nonfluorescent ACSF out form
stimulation pipette tip with into the pipette when the positive  the tip. Then, release the positive pressure again and stop pressure flow
two-photon imaging pressure is released immediately before the pullback happens. It is possible that this needs to be
repeated a few times to achieve
17,30 No responses, possibly after The axon is damaged during Restart from Procedure 2. Be mindful that the stimulation pipette should

initial responses

positioning of stimulation pipette

not come into direct physical contact with the target axon. Always have the
stimulation pipette staying on one side of the axon and do not cross, as this
prevents the axon from being damaged
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Troubleshooting (continued)

Step Problem Possible reason Solution
Vibration on air table displaced the Use separate air tables for individual setups. Alternatively, perform this
axon stimulation pipette experiment when no one else is using the same air table
Equipment not stable Clamp down all equipment and secure the pipettes on micromanipulators
The axon stimulation pipette is Replace the micropipette and correctly fill it with ACSF
filled with internal solution instead
of ACSF, leading to incorrect ion
concentration gradients locally
near the axon stimulation site
Presence of antidromic action Synaptic contacts or postsynaptic  Restart from Procedure 2. See troubleshooting for Step 18
potentials but not postsynaptic cell patch/health compromised
responses
Consistent antidromic action Cells other than the target axon Restart from Step 27 by choosing another axon stimulation position. A few
potentials but vastly different are recruited by the stimulation micrometers away can make a big difference
postsynaptic responses pipette. This could sometimes
manifest as multiple responses
with a single spike due to different
synaptic latencies
37 Triggering fails Incorrect wiring between the Check the electrophysiology software for the designate port for transmitting
digital acquisition boards for the triggering signal. Then, check the imaging software for the designated
electrophysiology and imaging port for receiving the triggering signal. Wire the correct ports between the
electrophysiology and imaging digital acquisition boards. If the designated
ports are already in use for other purposes, change the port numbers. This
function is available in most software
Digital acquisition boards become Reset the digital acquisition boards via the software
tripped up in an error state,
possibly from the experimenter
ending acquisition before the
commanded protocol has finished
Timing
Calibrate laser power

Calibration only: 30 min

With installation of custom laser attenuator and power meter diode: 1 day

Find neuronal connection

Acutesslice preparation recovery: 90 min

Patch two to three cells: 20 min

Establish target axon stimulation

20-30 min

Two-photonlaser axotomy
5-10 min

Electrophysiology recording of connection withisolated axon

1h

Anticipated results

This protocol combines two-photon laser microsurgery and targeted axon stimulation to
examine axonal signaling. By measuring the reliable axon-evoked antidromic action potentials,
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this provides atractable means to isolate the axon with micrometer precision and minimal
tissue perturbation.

Here, we provide experiment examples'. Figure 10a shows a control experiment where
cell1is connected to cell 2. After establishing a stable baseline recording, axon stimulation
pipette was calibrated to reliably evoke spikes. It is noteworthy that the axon-evoked spike
amplitude would appear to be smaller than that of soma evoked. This is because of the voltage
drop across the series resistance, which gives the false impression of a contribution to the
membrane potential, V,,. By contrast, axon-evoked spikes bypass this problem. Two-photon
axotomy was then performed toisolate the cell 1axon fromits soma. After ~-10 min, the
postsynaptic responses recovered and remained stable for >1 h post-axotomy, indicating
ahigh degree of autonomy in the isolate axon to sustain synaptic release.

Figure 10b shows a similar experimental design as Fig. 10a, with cell 3 connected to cell 4.
Instead, the RNA translation blocker cycloheximide (CHX) was washed in, which suppressed
neurotransmission (Fig. 10a-d). Analyses of PPR and of CV both suggested that the observed
suppression was presynaptic (Fig. 10e,f). Together, the axotomy experiment provided
strong support that local protein synthesis in axons sustains release during high-frequency
neurotransmission’. This provides a new perspective on how neurotransmission and memory
are dynamically regulated by protein synthesis.

Postsynaptic signaling has long been dominating health and disease models, leading to
anunfortunate bias and a prevailing view that the presynapse has a relatively passive role. This
is probably a consequence of the fact that patching postsynaptic cells is easier than patching
presynaptic cells, leading to scenario akin to looking for the lost car keys under the streetlight
because thatis where it is easier to search. Our axotomy method, thus, provides amuch-needed
tool to uncover hitherto unappreciated forms of presynaptic signaling in brain health and
disease.

Data availability

All experimental data are presented as individual data points and are available in both the
primary research article' and in this protocol. They are also available from the corresponding
authors on reasonable request.

Code availability

All custom code used for data acquisition and data analysis are available from the corresponding
authors onreasonable request, as well as in the following Zenodo and GitHub links via
https://doi.org/10.5281/zenodo.7854025 and https://github.com/pj-sjostrom/MultiPatch.
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Extended DataFig. 1| 2-photon axotomy works flexibly with different
microscope designs. a, A setup with epi-stage photomultiplier tube (PMT)
detectors. The Ti:Sa laser generates femto-second pulses in the infrared (IR)
spectrum. The IRbeam s reflected by the galvo-galvo scanner through dichroic
#1and the objective to the sample, where fluorescence is generated by 2-photon
excitation. The emitted fluorescence is collected by the objective and reflected
by dichroic #1into the detector assembly. Dichroic #1 thus transmits the IR beam
but reflects visible light. The IR-blocking filter between the dichroics ensures
that the laser beam does not reach the PMTs. Dichroic #2 splits the emitted
fluorescenceinto red (e.g., RFP or Alexa 594) and green (e.g., GFP or Alexa 480)
thatis detected by the PMTs. IR transmission through the sampleis collected

b Sub-stage detector configuration
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by the condenser and guided to a separate detector, which enables e.g., Dodt
contrast or differential-interference contrast. Note that alaser beamin the
visible range would be obstructed by Dichroic #1, but this is not true for a femto-
second IRbeam. b, A setup with sub-stage PMTs. Instead of collecting emitted
light through the objective, the condenser is used. As the condenser numerical
apertureis generally larger than that of the objective, collection efficiency is
typically appreciably better with sub-stage PMTs, although both designs can

be combined for even better efficiency. Some users rely on substage detectors
because Dichroic #1is after the sample, so it will not block a visible laser beam.
However, this consideration is moot for a femto-second IR beam. In conclusion,
2-photon axotomy is readily adaptable to differing 2-photon microscope design.
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