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ABSTRACT

Patch clamp recordings are the method of choice to define cell-type specific
electrophysiological properties of single neurons and the synaptic connectivity between pairs of
connected neurons in brain slices. In combination with optogenetic tools, patch clamp
recordings allow the investigation of long-range afferent connectivity from identified distant
brain areas. Here we describe the necessary equipment to carry out patch clamp recordings,
surgical methods for dissection and preparation of horizontal brain slices containing the
hippocampus, and a step-by-step guide for establishing patch clamp recordings in the whole
cell configuration. We provide protocols for single neuron stimulation via the patch pipette and
for photostimulation experiments that activate axon terminals expressing light sensitive ion

channels.
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1. Introduction

Action potential firing in central nervous system neuronal circuits underlies specific functions,
including the integration of sensory information, the regulation of autonomous processes,
driving cognition or specific behaviors. Understanding how neural circuit activity is encoded
requires knowledge of anatomy, single neuron and synaptic physiology, as well as local and
brain wide functional connectivity.

The patch clamp technique [1][2][3] is the gold standard for investigating ion channel behavior,
single neuron physiology and synaptic function. It has led to major discoveries in neuroscience.
Patch clamping has been used to tackle a broad range of questions, from the characterization of
intrinsic membrane currents [4][5][6], the firing properties of neurons [7] and synaptic
properties [8] ex vivo, to the study of subthreshold membrane potential fluctuations and action
potential firing in freely behaving animals [9]. It is therefore a powerful tool to study the
neurophysiology at different levels of integration, from the molecular level to the animal’s
behavior.

We have used patch clamp recordings in acute slices from wild-type or transgenic mice, to
study neuronal intrinsic properties [10][11], cellular anatomy [12][13], synaptic connectivity
and dynamics as well as integration of long-range synaptic inputs [14][15]. The present
methods article focuses on the equipment and the procedures that we routinely use in our
laboratory.

Specifically, we describe how to dissect the mouse brain for ex vivo slice recording, the
preparation of hippocampal slices and how to carry out patch clamp recordings, including a
schematic of our setup dedicated to patch clamp and optogenetics experiments. We describe
how to prepare solutions used to immerge the brain tissue during slicing and during recordings,
as well as the internal solutions used to fill the patch pipettes. We provide details about
preparing the animal, the brain dissection, our slicing method and slice handling procedures
and we describe, step-by-step, how to perform single or dual patch clamp recordings. We
advise on key methods and protocols for recording neuronal intrinsic properties, testing the
connectivity between pairs of neurons, investigating synaptic dynamics and studying the
integration of long-range inputs using optogenetics tools.
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2. Materials

2.1. External solutions

Prepare two types of external solutions, a “cutting solution” and artificial cerebrospinal fluid
(“ASCF”) for recording, from using ultrapure water (resistance 18MQ) from the lab’s water
purification systems (Table 1; see Note 1).

[Table 1 here]

To improve reproducibility and save time, prepare 10X stock solutions without the divalent
cations, CaCl, and MgCl,, which should be prepared separately as 1 M solutions. Keep stock
solutions at 4°C. The final solutions (1X) must be prepared the day of the experiment.

These external solutions must be bubbled constantly with oxygen/carbon dioxide (02/CO,,
95/5%).

2.2. Internal solutions

The internal solution is used to fill the patch pipette and will be in direct contact with the cell’s
interior. It is one of the most important factors determining the success of a patching
experiment. Preparing the internal solution requires concentration and controls. Take the
necessary time.

2.2.1. Water quality. Use ultrapure water. We use cell culture graded distilled water (Gibco, ref.
15230089, Thermo Fisher).

2.2.2. Stability. As internal solutions contain temperature sensitive compounds, prepare them
on ice. Aliquots can be stored in the freezer (-20°C) up to one year.

2.2.3. Examples of internal solutions. Here we describe the composition of two types of
solutions that we have used. Choose the internal depending on your scientific question and the
type of recording that is appropriate (Table 2; see Note 2).

[Table 2 here]

- Low-chloride potassium gluconate-based (Low-Cl K-gluc) internal solution, contains (in
mM): 145 K-gluconate, 2 KCl, 10 HEPES, 0-0.2 ethylene glycol tetra-acetic acid (EGTA), 2
MgCl,, 4 Mg-ATP, 0.4 Tris-GTP, 10 Naz-phosphocreatine.

- Cesium gluconate-based (Cs-gluc) internal solution, contains (in mM): 135 Cs-gluconate
(from solutions CsOH and D-gluconic acid), 5 KCI, 10 HEPES, 0-0.2 EGTA, 2 MgCl,, 4
MgATP, 0.4 Tris-GTP, 10 Naz-phosphocreatine.

2.2.4. Cellular anatomy: biocytin in the internal solution
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For post-hoc recovery of the cellular anatomy, biocytin (1 — 3 mg/ml, Tocris 3349 or Sigma
B4261-50MG) — or alternatively Neurobiotin (Vector laboratories SP-1120) — is added to the
internal solution.

2.3. Preparing solutions

1.

Add the compounds one by one in ultrapure water (80% of the final volume in a beaker
or an equivalent piece of glassware), following the order indicated above. Add the
biocytin at the end and stir for 10 - 20 min.

Adjust the pH (in our hands it is too low initially) to 7.2 — 7.4 using the appropriate
solution (Cs-OH for Cs-based solution or K-OH for K-based solution). This will also help to
obtain complete dissolution of all compounds.

Transfer the solution to a container allowing precise measure of the volume (a buret
would be good) and adjust to the final volume with ultrapure water.

Control of Osmolality (Wescor Vapor Pressure Osmometer VAPRO, calibrate prior to
measures). If high (most of the time), calculate the dilution factor to reach 290-300
MOsm and add the appropriate volume of ultrapure water. For instance, if the initial
measure is 330 MOsm, for a total of 23 ml of internal solution, add 2.3 ml H,0. If too
low, add the main compound (Cs Gluc or K Gluc). Adjust, stir for a minute, and then
check the osmolality again. Repeat the procedure until an osmolality of 290-300 MOsm
is reached.

Make Aliquots (750 pl or 1ml) and store at -20°C to allow a convenient use of 1 aliquot
per day of experiment.

2.3. Pharmacology.

Prepare aliquots of the pharmacological compounds and to store them at -20°C. When possible,
we recommend stock concentrations of 1000x for easy calculation of final dilution the day of
the experiment (e. g. final concentration obtained by diluting 20 pul in 20 ml; Table 3).

[Table 3 here]

2.4. Dissection and slicing

[Figure 1: Dissection and slicing equipment]

Dissection

1. Versi-dry bench absorbant paper (Fig. 1A; Nalgene 62065-00 Versi-Dry Paper Lab Soaker
Roll)

2. 0.3 to 1 ml syringes (Terumo MYJECTOR 29G ref. BS30M2913; Terumo 27G ref.
FE12705)

3. 25G needles (Terumo NN-2516R)

4. Curved forceps (FST 11011-17)

5. Big scissors (Dahle Allround 50038)

6. Small scissors (FST 14060-09)

7. Curved hemostat (FST 13005-14)
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8.
9.

10.

Slicing
1.

vk wnN

Butterfly needle (Venofix A, 24G 0.55 x 20 mm L:30 cm; Braun 4056361)
60 ml syringe (Terumo 112268)
Tubing with a roller clamp (Baxter C0334)

Vibratome (Fig. 1B; Leica VT1200S)

Double edge stainless steel razor blades (Electron Microscopy Sciences, Cat. #72000)
Filter paper (Whatman 1001 090)

Superglue (Loctite Superglue 3)

Slice transfer pipette (shortened glass Pasteur pipette equipped with a pear)

Slice storage chamber

1.

2.

made from a nylon stocking stretched and superglued over a round support, held at
mid-level in a beaker, later filled with ACSF and gently bubble with 0,/CO; 95/5%). A 3-D
printer can be used for support shapes with individual wells (Fig. 1C).

Bain-marie (Julabo TW8)

2.5. Patch clamp setup

1.

The patch clamp set-up needs to be installed on an antivibration air-table inside a
faraday cage (Fig. 2).

We use a BX51WI Microscope from Olympus, equipped with a 5x and a 60x objective, an
infrared filter and DIC imaging.

A Multiclamp amplifier with a pair of CV-7B headstages from Axon Instruments is
interfaced via a Digidata 1440A Digitizer with a PC, running pClamp software for data
acquisition.

[Figure 2 - EPHYs SETUP HERE]

Whole field blue and/or red illumination can be obtained via a twin OptoLED light
source coupled into the microscope via a triple port (Cairn, UK). Appropriate filters for
blue and/or red illumination are indicated in Fig. 3. The third port accommodates a laser
for 1P focal illumination (Omicron LuxX laser: 405nm, 300mW; Fig. 3).

Optical stimulation is commanded via an isolated pulse stimulator (A-M systems Model
2100), and triggered by the acquisition software.

A Luca EMCCD camera from Andor serves to visualize brain slices during patching.
Electrode holders for 1.5 mm glass are from G23 Instruments (ISO-S-1.5G
microelectrode holders, Greenwich, London, UK). Inelastic polyethylene tubing to apply
positive or negative pressure to the pipette is attached at the holder. Use
electrophoresis of HCl solution to apply chloride to the silver wire that plunges in the
internal solution in the patch pipette [16].

We use a pump for perfusion of the recording chamber (Gilson Minipuls 3 Peristaltic
pump) to allow recycling of ASCF. This may be very useful if the ASCF contains expensive
drugs. Otherwise gravity-driven perfusion works well, too, combined with a suction at
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10.

11.

the outlet of the chamber. ACSF warmed up to 35-37°C and bubbled with 5% CO; in O,.
ACSF perfusion speed, 2-3 ml/min in submerged chamber.

The faraday cage and all electrically powered instruments need to be connected to a
common ground reference on the table.

Harp to hold the slices down. Harps can be purchased from Warner instruments (metal
slice anchor) or custom fabricated in the lab. Bend a platinum wire (Advent, Oxford,
PT542104) to give it a U-shaped form, hammer it a bit to reduce the height, then glue 4-
8 thin nylon threads (from nylon stocking) on the two parallel bars of the U in a striped
motif (Fig. 4).

Recording software (in our case, pClamp, Molecular Devices) allowing continuous or
episodic stimulation and recording.

[Figure 3 — microscope + filters for illumination]

2.6. Patch clamp pipettes

1. Borosilicate glass capillaries of external diameter 1.5 mm, thick walled with filament for
easy filling (Fig. 4; Harvard Apparatus, GC150F-10).

2. Brown-Flaming Micropipette horizontal puller (P97 Sutter Instruments) with a 2.5x2.5
box filament (S-FB255B).

3. Follow the instructions written in the "pipette cookbook", available for download from
sutter.com.

4. Custom pipette filling system: 1 ml syringe with a 0.2 um syringe filter (Nalgene, ref.
171-0020); a shortened 200 pl pipette tip is used as an adaptor piece for the
Microloader (20 ul, Eppendorf, ref. 5242 956.003; Fig. 4)

[Figure 4 - accessories]
3. Methods

3.1. Getting started for slicing

1.

w

On the day of the electrophysiological recording experiment, prepare the cutting
solution and ACSF (1X) by diluting the 10X stock solutions with ultrapure water, not
adjusting to the final volume yet, and bubble the solutions with 95/5% 0,/CO,. Add
MgCl, and CaCl; (after a few minutes of oxygenation, avoiding precipitation) then adjust
to the final volume with ultrapure water.

Keep the cutting solution on ice (2 — 4°C) and gently bubble with 95/5% O,/CO..

Keep ASCF at room temperature and gently bubble with 95/5% 0O,/CO..

Prepare the perfusion and dissection station as well as the slice storage chamber (Fig.
1). Work in clean conditions. Sterilization is not required but use alcohol for cleaning
the surgical instruments, and also for the holding chamber. Clean and/or change the
tubing regularly.
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[Figure 5 - workflow]

3.2. Anesthesia

The animal must be deeply anesthetized (see Note 3). Inject a mixture of ketamine-xylazine
(100/15 mg/kg respectively, diluted in 0.9% NaCl) intraperitoneally. Then begin the dissection
and slicing procedure (Fig. 5).

3.3. Perfusion

1. Place the perfusion syringe 80 cm above the bench and fill it with ice-cold oxygenated
cutting solution. Let the solution run through the attached tubing until it flows out of
the butterfly needle. Check that there are no air bubbles in the tubing and stop the flow
using the roller clamp.

2. Once the animal is deeply anesthetized, use adhesive tape to maintain the animal
stretched out on its back on the bench surgery area. Palpate the sternum, incise the skin
immediately above it, and elevate it to expose the abdominal muscles. Incise these
muscles to expose the diaphragm and the liver immediately below it on the right side of
the abdomen. The sternum is elevated using tweezers. Incise the diaphragm following
the ventral lower edge of the rib cage. Care must be taken not to puncture the liver or
the heart. Cut open the entire rib cage on both sides from caudal to rostral, using
scissors, as dorsal as possible. Use a clamp to hold the sternum bent upwards, over the
animal’s head, exposing the heart.

3. Inject 500 units (100 pl) of heparin (Heparin Choay 5 000 U.l./ml) slowly into the left
ventricle.

4. Clamp the descending aorta just above the liver. Release the flow of cutting solution and
set the perfusion speed to 1 - 2 ml per minute. Insert the butterfly needle in the left
ventricle and cut open the right atrium with small scissors within 1 to 2 seconds. When
30-40 ml of cutting solution have been perfused, the liquid coming out from the atrium
should be translucid and the lungs have turned white.

5. Decapitate the animal and place the head in cold cutting solution in a Petri dish.

3.4. Brain dissection for hippocampal slices

1. Incise the scalp following the midline, from the caudal end to between the eyes, using
small scissors. Pull down the skin to either side to expose the skull. Remove vertebrae
that may have remained attached to the skull, as well as the conjunctive tissue on the
skull and the muscles on the side, to expose Lambda. Using the very tip of small scissors,
the skull is opened caudally and extending rostrally, towards the orbits.

2. Make a T-shaped incision by adding a small perpendicular cut just caudal to the orbit, on
both sides. Make a horizontal cut of the occipital bones from the foramen magnum to
the external auditory meatus.

3. Hold the head horizontally, between index and thumb, and pull one side of the cranial
bone sideways away from the brain. The movement resembles the turning of the page
of a book. Repeat for the other half of the skull. The head should then be held by the
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sideways bent half skulls on either side of the brain. The ventral part of the skull cavity
should be gently separated from the brain by inserting a round spatula under the brain.
Thus the brain is separated from the cranial nerves with the spatula. Extract the brain,
and immerge it in clean cold oxygenated cutting solution. Depending of the brain
structure of interest the brain may be further dissected to obtain the final block to slice.

4. ldentify which side of the block should be glued. For horizontal hippocampal slices, glue
the cortex to the vibratome’s cutting plate, so that the brain sits upside down for slicing.
Gently position the cortex side of the brain on filter paper, to remove liquid.

5. Spread a thin and homogeneous layer of superglue on the vibratome’s cutting plate and
transfer the block on top of it. Then submerge the plate with the brain in cutting
solution.

6. Cut the brain in 200-400 um-thick slices (see Note 4) at a speed of 0.05-0.07 mm/s and
an amplitude of 0.9-1 mm. Additional scalpel cuts may reduce the size of the slices and
facilitate their handling and positioning in the resting and recording chambers.

3.5. Slice recovery

Using the slice transfer pipette, place the slices in the recovery chamber filled with ACSF in a
35°C warm water bath. Let the slices recover for 15 min, then take the chamber out of the
warm bath and let it rest at room temperature for about 45 min before use.

3.6. Pipette pulling and internal solution

Pull pipettes to obtain a resistance of 3-8 MQ once filled with internal solution. You may wish to
check the tip shape under the microscope (see Note 5). Keep pipettes in a box until use. Handle
carefully, do not touch the tip, protect from dust). Prepare the custom pipette filling system
with the internal solution. Aspirate the internal solution in the syringe and position,
sequentially, the filter, the 200 pl pipette tip and the microloader (Fig. 4). Chase any bubbles.
Test eject 100 pl of solution. The filling pipette system is now ready and should be kept at 4°C.

3.7. Turn on the rig and setup the acquisition system
The recording software should be ready to play a pipette resistance test in voltage clamp, i.e.
short (5 to 20 ms) voltage steps (-2 to -10 mV) repeated at high frequency (~20 Hz).

3.8. Set the perfusion and temperature of the recording chamber

Continuously perfuse ACSF warmed at 35-37°C and bubbled with 95/5% 02/C0O2 through to the
recording chamber (2-5 ml/min). The output flow from the chamber can be directed to the
same container to recycle the ACSF. Turn on the closed-loop heating unit to maintain the ASCF
in the chamber at the desired temperature (35°C, see Note 6).

3.9. Place the slice in the recording chamber

Place the slice in the recording chamber, then place the slice holding harp over the slice to
maintain it. The ASCF perfusion (and the closed loop heating unit) can be shortly paused during
this manipulation (but see Note 6).

3.10. Patching — step by step
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10.

11.
12.

Identify a cell to patch under the 60x objective (see Note 7).

Fill approximately % of a patch pipette with the internal solution, using the syringe with
the microloader (Fig. 4). Place the pipette in the pipette holder, secure the
micromanipulator to an appropriate starting position, and apply positive pressure using
a syringe or a mouth blow.

Move up the objective to make some space between the slice and the objective until a
column of liquid starts forming under the lens. Use the micromanipulator to position the
pipette tip in the center of the column of liquid under the lens. If well aligned at the
beginning, the pipette should be well under the lens, maybe unfocused at first.

The positive pressure exerted to the pipette results in an outflow of internal solution
from the pipette and should be visible while focusing on the pipette tip. The pipette tip
should be clean. If necessary, you may increase the pressure transiently to get rid of any
dust particles, or change pipette.

Start the pipette resistance test on the software (-2 mV at 20 Hz, 50 ms ON — 50 ms
OFF). As response to the voltage step, a current jump should be visible and
proportionate to the pipette resistance (Figure 6A, right). Check that the resistance is
appropriate (3-8 MQ) and adjust the pipette offset to 0 pA. Lower the objective and
then the pipette in small steps, until the slice surface is in focus.

Approach the cell in a movement that follows as much as possible the axis of the
pipette, limiting lateral movements or lesions of the tissue. The positive pressure should
be sufficient to push aside the brain slice tissue in front of the pipette tip and 'clean’ the
cell surface.

When pushing the pipette tip against the cell body, a "dimple" appears on the
membrane (Figure 6A).

Form a giga-ohm seal by releasing the pressure and apply gentle and transient negative
pressure (Figure 6B). The steady state current response to the pulse should now be
close to 0 pA, indicating a cell-attached configuration and a seal resistance of 1 GQ or
higher.

Release any pressure to the pipette.

Apply a -65 mV holding potential. Set the test pulse amplitude to -10 mV and its
frequency to 100 Hz (10 ms ON — 10 ms OFF).

Compensate for fast and slow pipette capacitance transients [17].

Break in by exerting a quick negative pressure (“kissing” the syringe, shy at first, then
vigorously if needed) to establish whole cell configuration (Figure 6C).

[Figure 6 — patching step by step]

3.11. Recording two cells

1.

If two cells need to be recorded, approach the cells with 2 patch pipettes, one coming
from the left, the other from the right side (see Note 8).

Approach each pipette tip close to its target neuron (less than 100 um distance), before
establishing a seal onto one neuron and then onto the other neuron. Once good quality
giga-seals have been established, break in one cell then in the other.



376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419

3.12. Artefact compensation

Single pipette patch clamp generates aberrations that should be corrected in order to read
proper signals and minimize the effect of the recording on the cell activity [18][19]. Instructions
for pipette capacitance compensation and neutralization of artefacts are given in the
Multiclamp 700B manual
(https://mdc.custhelp.com/euf/assets/content/MultiClamp 700B Manual2.pdf).

We routinely use the bridge balance compensation in current clamp recordings. This can be
achieved by using the “auto” bridge balance. For manually adjusting bridge balance, bypass
filtering, and repeatedly inject a high amplitude negative current of brief duration (e. g. - 2 nA
during 0.5 ms at 30 Hz). Increase bridge balance compensation to roughly two-and-a-half times
the pipette resistance. Increase the capacitance compensation as needed; in presubicular
neurons the final values are typically around 7 to 9 pF. Bridge balance and capacitance
compensation need to be increased alternately and iteratively, under visual control of the
voltage response. Stop increasing further just before oscillations become apparent. Enable the
functionality ‘disable if oscillation detected’ (check box) to protect against unwarranted
changes of recording quality during the recording that may lead to oscillations and cell loss.

3.13. Resting membrane potential
1. Once the recording mode has been switch to current clamp, make sure that the current
command is set to zero and record the membrane potential for a few minutes.
2. At the beginning of the recording, the membrane potential may gradually drift before
stabilizing after several minutes of whole cell recording. Membrane potential should be
determined when the potential is stable (see Note 9).

3.14. Intrinsic electrophysiological properties

1. Use hyperpolarizing and depolarizing step current injections to determine intrinsic
properties

2. The cell can be either held at its resting potential (Viest, more physiological) or at a
standardized potential (easier for comparison between cells, standardize to the
population average of Viest), and apply current steps of 0.8 sec every 5 seconds (Fig. 7;
see Note 10).

3. Start with a negative step current injection allowing a steady state hyperpolarization to
around -105 mV (if the cell can handle it) and increase incrementally during the
successive steps toward positive values leading to action potential firing, and until
depolarization block.

4. The incremental current steps should be small, so as to cover the range of potentials
with a precise resolution. Especially, the first current triggering an action potential
should be subtly approached (see Note 10) — this will indicate the rheobase. The final
level of injected current should lead to a total or partial depolarization block, to make
sure that most of the cell’s response range has been explored, until the maximum firing
rate and beyond.

5. Some of the intrinsic neuronal properties such as the resistance and capacitance, as well
as the firing pattern or action potential waveforms can be easily determined from this

10
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kind of all-in-one protocols (cf. [12][13], for more details about the analyses).

[Figure 7 - intrinsic]

3.15. Dual recordings: synaptic connectivity and dynamics

1.

Testing the connectivity of cell pairs can be done either in current clamp or in voltage
clamp (see Note 11). Choose the recording configuration according to your
experimental question, the context of the experiments and the subsequent analyses
[14].

Trigger individual action potentials/currents by injecting a brief high amplitude current
(depending on the input resistance of the cell, about 1 - 2 nA during 1 ms), or by holding
the potential around 0 - 20 mV for 0.5 ms (Fig. 8). Action potentials/currents may be
initiated alternately in the two cells and the responses should be observed in the
putative postsynaptic cell held at the appropriate voltage/potential. Repeat this
protocol 100 times in order to determine the probability of neurotransmitter release vs
failure rate, and the average amplitude and variability of the postsynaptic events.
Determine the paired pulse ratio with successive stimulations (paired pulse stimulation)
repeated at 20 or 50 Hz.

There may be a need to probe synaptic transmission using trains of 10 or 30 repeated
stimulations at moderate to high frequency. Some central synapses are rather
inefficient in releasing neurotransmitter — in this case, strong repeated stimulation is the
most appropriate way to detect the functional connectivity between two cells [14].

[Figure 8 - pairs]

3.16. Afferent connectivity: Optogenetics combined with patch clamp recording

1.

Use virus-mediated channelrhodopsin expression in upstream brain areas to study long-
range afferent innervation with photostimulation in brain slices. We have obtained
reliable results with a AAV2/5 serotype expressing Chronos, a fast channelrhodospin-2
variant, fused to green fluorescent protein under the control of the Synapsin promoter:
AAV5.Syn.Chronos-GFP.WPRE.bGH (see Note 12).

To investigate projection neuron circuits, prepare brain slices for patch clamp recording
of the postsynaptically connected neurons, after a suitable time for transgene
expression. Choose a slice that contain Chronos expressing axon terminals by visualizing
the fluorescent reporter GFP, using a hand held flashlight and appropriate glasses
(Nightsea DFP-1; see Note 12).

Transfer the slice into the recording chamber. Briefly illuminate the slice with the blue
LED via the objective to identify a zone with GFP+ fibers. Choose a principal neuron in
that zone for patch clamp recording.

Establish a whole cell recording as described above in section 3.10, using a K-gluconate
based internal solution.

Record in current clamp configuration, holding the neuron at its resting membrane
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potential, usually close to -65 mV. Stimulate afferent fibers with brief pulses of blue
light whole field illumination (470 nm LED). Start using 0.5 ms duration and 0.1 mW light
intensity. If no responses are observed, the light intensity may be increase as needed up
to 2 mW [15]. Duration may be increased to 2 ms (see Note 13). For strong synaptic
connections and strong illumination, postsynaptic actions potentials will be initiated
(Fig. 9).

Postsynaptic responses may also be recorded in voltage clamp configuration, with a
holding potential of -65 mV. Figure 9C shows the response of a presubicular neuron to
activation of thalamic fibers with a 2 ms light pulse, and Fig. 9D shows depressing
response dynamics for a train of 5 pulses.

Record from two putative postsynaptic neuron types at the same time to compare the
strength (amplitudes) and dynamics of afferent inputs to different cell types in the same
brain area. Double recordings allow standardization across animals and across slices, for
varying levels of Channelrhodopsin expression [15].

Use pharmacology to identify the neurotransmitter that is being released (ie., APV +
NBQX should block responses of glutamatergic synapses. Cf. Table 3)

Determine response latencies during offline analysis. Response latencies for
monosynaptic connections are typically between 0.5 and 4 ms. Longer latency
responses may be due to indirect activation of the recorded neuron via the local
microcircuit (see Note 14).

[Figure 9 — long range functional connectivity using optogenetics]

3.17. Anatomy
For recovering cellular anatomy, the recorded cells must be unpatched carefully and the slice
should be processed according to standard protocols described previously ([13]; see Note 15).
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4. Notes

1. External solutions.

The choice of the cutting solution might depend on the animals’ age (NaCl/Sucrose, ACSF,
choline Chloride, NMDG. Additional recipes are available on
https://www.brainslicemethods.com/ and [20].

We obtained similar results with Choline-chloride based or NaCl/Sucrose based cutting solution
for adult animals (from p35 to p60). Replacing sodium ions, increasing Mg?* and decreasing Ca*
during the cutting procedure protects the brain tissue from excitotoxity. In addition, low
temperature is critical as cooling slows down metabolism.

ACSF is designed to mimic the composition of the cerebrospinal fluid. The amount of divalent
cations (Ca®* and Mg?*) may be adjusted to modify excitability of neurons, ie. by lowering MgCl,
to 1.8 or increasing CaCl, to 2.2 or up to 4 mM. This will also affect firing threshold and
neurotransmitter release. Increasing K* will lead to more depolarized resting potential [5].

2. Internal solutions

The K-Gluc solution is close to the composition of the cell’s interior and is useful to study
neuronal active and passive properties or responses to synaptic input.

Low chloride in the internal solutions keeps the equilibrium potential of chloride low (around -
75 mV). The reversal potential can be calculated using the Nernst equation, and measured
experimentally by varying the holding potential while activating GABAa receptors. Excitatory
postsynaptic potentials can be recorded at around -65 mV (Figure 8C-F; [14]).

Note that EGTA, a slow calcium chelator, may be increased up to 10 mM, to help prevent
excitotoxicity due to increase in intracellular calcium. However, EGTA influences calcium
dynamics and intracellular calcium signaling, and therefore we preferred low EGTA in our
experiments. Mg-ATP, Tris-ATP and Naz-phosphocreatine provide sources of energy and second
messengers, while they are not critical for successful patching.

The Cs-Gluc solution contains cesium as the main cation. Therefore it cannot be used to study
action potentials in current clamp, because cesium blocks potassium currents necessary for
membrane repolarization. In voltage clamp configuration, Cs-gluconate improves space clamp
issues, by reducing leak K conductances. However only the perisomatic area can be controlled
[21], while currents generated very distally are clamped after passive or active integration by
the dendritic tree. Outward inhibitory postsynaptic currents can be recorded by clamping the
membrane potential at +40 mV (Figure 8B; [14]).

3. Anesthesia

Make sure to obtain the necessary permissions for animal experimentation and follow local
guidelines. The anesthesia will slow down the breathing of the animal. The breathing frequency
of a mouse normally ranges from 80 to more than 200 breaths per minute. Anesthesia should
slow it down to 20 to 40 breaths per minute. Test pain reflexes (hind paw pinch) to determine
whether the anesthesia is deep enough.
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4, Slice Thickness and cutting direction

Slice thickness depends on many factors, including the area of interest, age of animals, the
scientific question, and the exact configuration of the setup. We preferred thick 300 um slices
(as thick as possible while still assuring good oxygenation), to largely preserve local connections
and neuron integrity. For presubicular slices, it is preferable that the blade runs from the caudal
to the rostral part of the cerebrum, attacking the cut at the level of the entorhinal cortex.

5. Pipettes

Glass capillaries with a filament are recommended for easy filling of the tip. Thick walled glass
(1.5 mm O.D. and 0.86 mm 1.D.) allows for low noise recordings. The pipette shape and
resistance depends the targeted cells (soma size, elasticity of the membrane) but also on the
space constraints of the recording setup. For instance, choose long tapers if the lens should be
moved after patching (e. g. to adjust the light stimulation location) to minimize the risk of
possible collision of the lens with the pipette.

6. Temperature of the recording chamber

Temperature control is important for slice quality, and also for ion channel biophysics. Channel
kinetics and thus action potentials are slowed at room temperature. Any change in the flow
speed might result in a transient change in the chamber temperature, rapidly compensated by
the closed loop heating device. We recommend turning off the heating system if the ASCF
perfusion is transiently interrupt to avoid a transient overheating of the chamber when the
perfusion is turned back on.

7. Finding the right cell to patch

The cell should be as deep as the optic allows it. Patching very superficial cells is easier, but the
chance to record from neurons with cut neurites is higher, and might results in recording
intrinsic properties or synaptic connectivity from damaged neurons with incomplete
morphology. Transgenic mouse lines may be useful to target genetically defined subpopulations
of neurons with a somatically expressed fluorescent reporter protein.

[Figure 10: cells to patch]

8. Double patch recordings

Coarse movements of the micromanipulators may give rise to vibrations and are more safely
carried out before establishing a recording. This is recommended to avoid movements of a
pipette in the slice while a seal has already been established, and to reduce the risk of loosing a
cell due to movement of the brain tissue. Sometimes a second attempt becomes necessary
while one neuron is already in cell-attached or whole-cell recording configuration. It’s always
worth a try!

9. Junction potentials

It is surprisingly tricky to measure the true membrane potential due to various junction
potentials. A noninvasive study of membrane potential using the K* current reversal potential in
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cell attached configuration gave values more negative by 13 mV compared to membrane
potential measures form the same neurons in whole cell recordings [22][5]. This is probably due
to a Donnan equilibrium potential between pipette and cytoplasm (reviewed in [23]. See also
[17]).

10. Assessing intrinsic properties using current step injections in current clamp

The length of the current step can be adjusted, depending on the cells or on the question. To
study firing adaptation over long time periods it may be useful to apply current steps for 2
seconds or more [12].

The time interval between step current injections is chosen depending on the time that the
membrane potential needs to stabilize to the baseline value. Injecting negative current may
result in a depolarizing rebound and vice versa. The longer the interval the better, but of course
long intervals increase the experiment duration.

If the aim of the current injection protocol is to define the input/output or frequency/intensity
function of the neurons, the resolution of the current step protocol (ie. the amplitude
difference between successive current steps) should be set optimally to avoid inaccuracy. The
number of action potentials fired is plotted against the injected current to determine the
threshold current and the neuronal gain [12][13]. If the difference between the incremental
current steps is too high, the experimentally determined threshold current may be
overestimated. Alternatively the rheobase can be estimated by linear extrapolation [24].

11. Experimental conditions for pair recordings

Choose your experimental condition appropriately. For example, studying the dynamic
properties of GABAergic synapses (GABA-A) might require a different internal solution and
holding potential than focusing on glutamatergic synapses [14]. On the other hand, a Cs-based
solution for pair recordings precludes studying intrinsic properties.

The whole cell current clamp or voltage clamp configuration may be used. Voltage clamp is
fraught with error in central neurons because of the complexity and length of their dendritic
tree preventing a proper clamp of the voltage [21]. Somatic voltage clamp can still be useful to
detect postsynaptic currents even though current kinetics from distant input may be distorted.
Current clamp recordings of postsynaptic potentials will reveal somatic EPSP shape. EPSP
duration is longer than that of postsynaptic currents, and EPSPs may sum depending on the
stimulation frequency. Current clamp recording will allow to detect amplifying currents of the
perisomatic region, that would otherwise be clamped in voltage clamp configuration [25]. Dual
recordings can also be used to study indirect connectivity [26]

12. Optogenetics

Viruses can be purchased from Addgene. Methods for intracerebral stereotaxic viral injections
have been described in detail [27]. Work in low light during slicing to avoid ChR2 excitotoxicity.
Store slices in the dark. When illuminating the slice under the microscope, use infrared light as
much as possible. lllumination with blue LED light will be necessary to localize the zone
containing GFP+ axons, but this will also activate the ChR2 at the same time, so the illumination
time should be as short as possible (no more than a few seconds).
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13. Photostimulation

To determine the light intensity under the objective, use a powermeter (Thorlabs PM100D).
Chronos is very light sensitive and should respond to brief and low intensity illumination at 470
nm. Depending on the number of transfected afferent fibers present in the slice, and the
strength of the synaptic connection, higher light intensities may be required to give detectable
postsynaptic responses. Due to variability of efficiency of viral transfections, the range of useful
photostimulation intensities should be carefully determined for each animal and each slice [15].
More fibers will be recruited for stronger light stimulations.

14. Direct monosynaptic connectivity or not?

A pharmacological trick to identify monosynaptic responses following light stimulation consists
in the application of TTX (1 uM) — which should decrease or abolish action potential dependent
postsynaptic responses — followed by the addition of 4-AP (100 uM; Table 3). 4-AP will enhance
Channelrhodopsin  induced depolarization of presynaptic terminals, and so help
neurotransmitter release and reestablish postsynaptic responses. Increasing the light intensity
in the TTX/4-AP condition may help. If in the presence of TTX/4-AP photoinduced postsynaptic
responses are detected, with latencies > 0.5 ms, the connection is monosynaptic.

Note: If the photostimulation leads to immediate (less than 0.5 ms delay) responses in the
recorded neuron, it is likely that the recorded neuron itself expresses channelrhodopsin. In this
case, the response will persist in the presence of TTX. For prolonged illumination of 500 ms
duration, the response will last as long as the illumination (see [15], Figure 1F).

15. Cellular anatomy

A few minutes in whole cell configuration are enough for filling the dendritic tree and the axon.
Higher concentrations of biocytin may be used if the complete morphological recovery is critical
[28].
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Figures and Tables

Table 1. Cutting solutions and ASCF composition in mM

ref. Product Choline-chloride NaCl/Sucrose ACSF
Sigma - C7527 Choline-chloride 110 / /
Sigma - S7653 NacCl / 125 124
Sigma - S0389 Sucrose / 25 /
Sigma - P4504 KCl 2.5 2.5 2.5
Sigma - 9638 NaH,PO, 1.25 1.25 1
Sigma - 55761 NaHCO3 25 25 26
Sigma - G7528 Glucose 7 2.5 11
Fluka - 21114 CaCl, 0.5 0.1
Fluka - 63020 MgCl, 7 7
Table 2. Internal solutions composition
ref. Product K-Gluc (mM) For25ml  Cs-gluc (mM) For 25 ml
Sigma - G4500 K-gluconate 140 819.7 mg / /
Sigma - 232041 Cs-OH / / 135 610.1 pl
Sigma - G1951 D-gluconic acid / / 135 1112.7 pl
Sigma - P4504 KCI 1.2 2.2mg 5 9.3 mg
Sigma - H3375 HEPES 10 59.6 mg 10 59.6 mg
Sigma - E4378 EGTA 0-0.2 0-19mg 0-0.2 0-1.9mg
Fluka - 63020 1M MgCl, 2 50 pl 2 50 pl
Sigma - A9187 MgATP 4 50.7 mg 4 50.7 mg
Sigma - G9002 Nas-GTP 0.4 8.9 mg 0,4 8.9 mg
Sigma - P7936 Na Phosphocreatine 10 63.8 mg 10 63.8 mg
Sigma - B4261 Biocytin 3% 75 mg 3% 75 mg
pH7.2-7.4 K-OH or K-gluconate Cs-OH or D-gluconic acid

Table 3. Drugs used for pharmacology experiments

Ref. Product Target Stock (mM) Use at (uM) in 20 ml (i)

Tocris - 1078 TTX Voltage-gated Na+ channels 1 20
Sigma - A78403 4-AP Voltage-gated K+ channels 100 100 20
Tocris - 0106/1 APV NMDA receptors 100 40
Tocris - 1044 NBQX AMPA/kainate receptors 10 20
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Figure 1. Dissection and slicing equipment. A. 1, Vibratome outer chamber, to be filled with
crushed ice. 2, Slicing chamber, to be filled with ice cold, oxygenated cutting solution. 3, Tube
holder for oxygenation. 4, Superglue. 5, Specimen holder. 6, Double edge stainless steel blade,
use one half for slicing. 7, Transfer pipette. 8, Big scissors. 9, Big spatula. 10, Curved forceps. 11,
Scalpel. 12, Small round spatula. 13, Dumont forceps. 14, Curved hemostat. 15, Medium
scissors. 16, Small scissors. 17, Absorbent paper. 18, 80 ml beaker. 19, Butterfly needle with
tubing. 20, Versi-dry bench absorbent paper. B. 21, Vibratome control panel. 22, Leica VT1200S
Vibratome. C. 23, 80 ml beaker serving as slice storage chamber, with 24, 3D printed slice
support with stretched and glued nylon stocking.
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Figure 2. Electrophysiology setup (top) and schematic (bottom). A, Overview of experimental
set-up. B, Electrophysiology instruments rack. C, Recording chamber and Olympus BX51WI
microscope, mounted on a Luigs & Neumann shifting table. D, Back view of the microscope
with Cairn triple port microscope coupling. 1, Camera screen. 2, Electrophysiology screen. 3,
National Instruments BNC-2110. 4, Computer. 5, Luigs & Neumann SM7 micromanipulators
controller. 6, Digidata 1440A, Molecular Devices. 7, Multiclamp 700B, Molecular Devices. 8,

22



769
770
771
772
773
774
775
776
777
778

779

780

781
782
783
784
785

786
787

Cairn Optoled Power Supply. 9, Olympus TH4 power supply. 10, Luigs & Neumann
micromanipulator keypad (x-y shifting table and microscope focus axis control). 11, A-M
Systems isolated pulse stimulator 1. 12, A-M Systems isolated pulse stimulator 2. 13, Luigs &
Neumann Badcontroller V bath temperature controller. 14, Camera computer. 15, Second
camera screen. 16, Recording chamber. 17, Pipette holder and micromanipulator. 18, Luigs &
Neumann micromanipulator keypad (pipette holder controller). 19, Antivibration table. 20-21,
Cairn LED. 22, 405nm laser.
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Figure 3. Microscope equipped for photostimulation. Two LEDs for 470 nm or 633 nm whole
field light stimulation are coupled into the epifluorescence port. Combined dual wavelength
stimulation with a multiband dichroic. The third port accommodates a 405 nm laser for focal 1P
photostimulation [15].
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A Bath mode

Positive pressure (dimple)
Low resistance (3-8 MQ) 100 ﬂ

\

B Cell mode
Negative pressure
High resistance (1 G(2 - Seal)

& Attached cell configuration

10 ms

C Cell mode
Whole cell configuration

(100-300 MQ at steady state) ,

799

800  Figure 6. Step-by-step schematic of patch-clamp. Left, lllustration, right, corresponding traces
801 in voltage-clamp mode. A, Pipette approaching a neuron and forming a "dimple". Applying -2
802 mV voltage. Current jump between pipette and bath indicates pipette resistance. B, Positive
803  pressure is released, and negative pressure applied, resulting in seal formation between pipette
804 tip and neuronal membrane. Continue to monitor resistance, until formation of a high
805 resistance giga-seal between pipette and cell. C, Quick negative pressure is used to rupture the
806 membrane patch under the pipette and break into the cell. Direct electrical access to the cell’s
807 interior, and dialysis via the membrane opening between cell and pipette.
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Figure 7. Current step protocols reveal neuronal intrinsic properties.

A, A presubicular cell recorded in whole cell configuration, from an acute adult mouse slice,
using a potassium gluconate based internal solution. The cell was recorded in current clamp
mode and maintained near its resting membrane potential at -65 mV. Current steps of 800 ms
duration were applied every 4 seconds (bottom), the first current step was -280 pA, with an
increment of 20 pA at each iteration, to reach +500 pA. The membrane potential
hyperpolarized as a response to negative current steps, and then depolarized for positive
current steps. The first step triggering action potentials (rheobase) is in light red, the second in
dark red. Subsequent steps are shown in light gray and the last step in black. (Steps with action
potentials are displayed with an incremental offset for clarity.) B, Corresponding IV-curve
(Current-Voltage), plotting voltage as a function of injected current, up to +50 pA. C,
Corresponding input/output curve of the spike frequency (number of evoked action potentials
per second) as a function of injected current. Rheobase is +80 pA.
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Figure 8. Testing connectivity and synaptic dynamics using dual patch clamp recordings.

A, An excitatory pyramidal cell (PC) and an inhibitory Martinotti cell (MC) from the
presubiculum were recorded simultaneously in the acute slice preparation of an adult mouse,
using the potassium gluconate based solution with low chloride (5.2 mM; cf. Table 2). B, The
connectivity from the Martinotti cell to the pyramidal cell was tested triggering a single action
potential in Martinotti cell (Top, green trace) while recording the pyramidal cell in current
clamp, maintaining its potential around -50 mV (bottom, 5 different trials (blue) and the
average response (amplitude, -0.7 mV; red)). The Martinotti cell action potential reliably
elicited inhibitory postsynaptic potentials in the pyramidal cell with short monosynaptic
latencies (1-2ms). C, The connectivity from the pyramidal cell to the Martinotti cell was tested
triggering single action potentials in the pyramidal cell (top, blue) while recording the
Martinotti cell in current clamp, holding its potential around -65 mV (bottom, 5 different trials
(green) and the average response (amplitude, 0.2 mV; red)). The pyramidal cell action potential
did not reliably elicit excitatory postsynaptic potentials in the Martinotti cell initially. When a
response was detected, it had a short monosynaptic latency (1-2 ms). D, The dynamics of the
synaptic connection was tested using repeated stimulations of the pyramidal cell, with 30
spikes fired at 30 Hz. This stimulus train was repeated every 30 seconds (Top, blue). The
postsynaptic Martinotti cell was recorded in voltage clamp holding its potential at -65 mV
(bottom, 3 different trials (green) and the average response (red)). E, Spikes initiated early in
the train only rarely evoked any postsynaptic response in the Martinotti cell. F, In contrast, the
late spikes showed an increased efficacy in transmitting information. These protocols revealed
the slow facilitating dynamics at the pyramidal cell to Martinotti cell synapse in the mouse
presubiculum, a phenomenon that classic paired pulse stimulation would not have fully
captured. Figure adapted from Simonnet et al. (2017) Nature Comms., with permission.

27



851
852
853
854
855
856
857
858

859

860

861
862
863

A B

PrS
20ms

- ChRi expression -65mV L J ‘\JL\J\_‘
C

100 pA| 100 pA|

10ms 20 ms

O

Figure 9. Photostimulation.

A, Schematic of ChR2 expressing thalamic (Th) afferents projecting to a presubicular (PrS)
pyramidal cell recorded in whole-cell patch clamp. B, 20 Hz optogenetic activation (blue light)
of thalamic afferents leads to action potential firing in the presubicular cell in current clamp
mode. C, D, EPSC are evoked by the activation of thalamic afferents at 20 Hz. C, first evoked
EPSP with a monosynaptic latency (< 2 ms) shown at a shorter time scale.

Figure 10. Examples of cells to patch.
A, A smooth, homogenous aspect of the cell surface, with low contrast, ideal for patching. B,
Positive pressure producing a "dimple" at the surface of a cell.

28



