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25 SUMMARY:
26  Here, we present a protocol for evaluating the functional synaptic multiplicity using whole-cell
27  patch clamp electrophysiology in acute brain slices.
28
29  ABSTRACT:
30 In the central nervous system, a pair of neurons often forms multiple synaptic contacts and/or
31 functional neurotransmitter release sites (synaptic multiplicity). Synaptic multiplicity is plastic
32  and changes throughout the development and in different physiological conditions, being an
33  important determinant for the efficacy of synaptic transmission. Here, we outline experiments
34  for estimating the degree of multiplicity of synapses terminating onto a given postsynaptic
35 neuron using whole-cell patch clamp electrophysiology in acute brain slices. Specifically, voltage-
36 clamp recording is used to compare the difference between the amplitude of spontaneous
37  excitatory postsynaptic currents (SEPSCs) and miniature excitatory postsynaptic currents
38 (mEPSCs). The theory behind this method is that afferent inputs that exhibit multiplicity will show
39 large, action potential-dependent sEPSCs due to the synchronous release that occurs at each
40  synaptic contact. In contrast, action potential-independent release (which is asynchronous) will
41  generate smaller amplitude mEPSCs. This article outlines a set of experiments and analyses to
42  characterize the existence of synaptic multiplicity and discusses the requirements and limitations
43  of the technique. This technique can be applied to investigate how different behavioral,
44  pharmacological or environmental interventions in vivo affect the organization of synaptic
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contacts in different brain areas.

INTRODUCTION:

Synaptic transmission is a fundamental mechanism for communication between neurons, and
hence, brain function. Synaptic transmission is also labile and can change its efficacy in an
activity-dependent manner as well as in response to modulatory signals®. Thus, examining the
synaptic function has been a key focus of neuroscience research. Whole-cell patch clamp
electrophysiology is a versatile technique that enables us to understand, by devising
experimental designs and data analyses, in-depth biophysical and molecular mechanisms of
synaptic transmission. A commonly used approach, perhaps owing to the simplicity of the
technique and concept, is the measurement of miniature excitatory/inhibitory postsynaptic
currents (mE/IPSCs) under the voltage clamp configuration®=®. Individual mPSCs represent the
flow of ions through postsynaptic ionotropic receptors (e.g. AMPA and GABAa receptors) in
response to the binding of their respective neurotransmitters released from the presynaptic
terminal 7. Because the recording is obtained in the presence of the voltage-gated Na* channel
blocker tetrodotoxin (TTX), the release is action potential-independent and normally involves a
single synaptic vesicle that contains neurotransmitter. Based on this assumption, the average
amplitude of mPSCs is widely used as a crude estimate for the quantal size, which represents the
number and functionality of postsynaptic receptors opposing a single release site. On the other
hand, the frequency of mPSCs is considered to represent a combination of the total number of
synapses terminating onto the postsynaptic cell and their average release probability. However,
these parameters do not measure another variable—-multiplicativity of synapses, or synaptic
multiplicity—which is important for the efficacy of synaptic transmission.

Based on the quantal theory of synaptic transmission’=, the strength of a given connection
between a pair of neurons is dependent on three factors: the number of functional synapses (N),
the postsynaptic response to the release of a single synaptic vesicle (quantal size; Q) and the
probability of neurotransmitter release (P;). Synaptic multiplicity is equivalent to N. The
development of synaptic multiplicity or the pruning of multiplicative synapses is plastic
throughout development and in different disease states®>#%0, For this reason, characterizing
synaptic multiplicity has important implications for understanding the efficacy of synaptic
transmission in health and disease. Techniques, such as electron microscopy can identify
structural evidence of synaptic multiplicity by detecting multiple synaptic contacts originating
from the same axon onto the same postsynaptic neuron'!'4, However, these structurally
identified multisynapses can be functionally silent'>®, Precise functional examination of N
requires technically challenging electrophysiological approaches, such as paired whole-cell
recordings that can identify whether a given connection has multiple functional release sites and
minimal stimulation approaches that aim to recruit a single putative axon.

In this protocol, we describe a simple method for estimating synaptic multiplicity by adopting a
method originally developed by Hsia et al?. This technique involves the measurement of
spontaneous PSCs (sPSCs) and mPSCs using whole-cell patch clamp electrophysiology, which
allows us to estimate the degree of synaptic multiplicity across all inputs to a given neuron. As
previously defined, synaptic multiplicity reflects the number of synapses between a given pre-
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and postsynaptic neuron. If multiple synapses are recruited in synchrony by an action potential,
there will be a high probability of temporal summation of individual (i.e. quantal) PSCs,
generating a greater amplitude PSC. In mPSC recordings (in which action potentials are blocked
by TTX), the probability of temporal summation of individual (non-synchronous) mPSCs is low.
Using this rationale, synaptic multiplicity can be estimated by comparing the sPSC amplitude
(with action potential-dependent release) to the mPSC amplitude.

To examine the existence of multiplicity we describe four experiments and their analyses using
glutamatergic EPSCs as an example. However, the same approach can be used for the fast
GABAergic/glycinergic transmission (IPSCs). A brief rationale for each experiment is described
below. First, as explained above, synaptic multiplicity can be estimated by comparing the
amplitude of sEPSCs to mEPSCs. There are two requirements for this approach; 1) presynaptic
axons must fire a sufficient number of action potentials during recording, and 2) P must be high
so that multiple synapses release neurotransmitter upon the arrival of an action potential. In
order to meet these requirements, sEPSCs are first recorded in low Ca?* artificial cerebrospinal
fluid (aCSF), and then recorded in the presence of a low concentration of the K* channel
antagonist, 4-Aminopyridine (4-AP) to increase action potential firing and P,. Then action
potential firing is blocked by TTX and Pr decreased by a voltage-gated Ca%* channel blocker Cd?*.
The amplitude of SEPSCs (with 4AP) is compared to that of mEPSC (with 4AP, TTX, and Cd?*). In
the second experiment, Ca%*is replaced by equimolar Sr?* in the aCSF to desynchronize vesicle
release. As Ca®* is required for the synchronous release of vesicles, replacement with Sr?* should
eliminate the large amplitude sEPSCs that are indicative of multiplicity. Third, mechanistically,
multiplicity can result from either multiple synaptic contacts to the same postsynaptic neuron or
multivesicular release (i.e. multiple vesicles released within a single synaptic contact)'”*8, To
differentiate between the two types of multiplicity, the third experiment uses a low affinity, fast
dissociating competitive antagonist of AMPA receptors, y-D-glutamylglycine (y-DGG)"'® to
determine whether large sEPSC are the result of the temporal summation of independent
synapses or multivesicular release acting on an overlapping population of postsynaptic receptors.
If the large amplitude events arise from multivesicular release, y-DGG will be less effective at
inhibiting larger compared to smaller sEPSCs, whereas large sEPSCs that arise from the temporal
summation of multiple synaptic contacts will be similarly affected by y-DGG. In the fourth
experiment, a more physiological method is used to enhance action potential firing, namely
afferent synaptic stimulation. Bursts of synaptic activity can transiently increase/facilitate the
spontaneous action potential firing and release probability of the stimulated afferents.
Therefore, this approach allows multiplicity to manifest in a more physiological manner.

The following protocol describes the method for conducting these experiments in mouse
hypothalamic tissue. Specifically, corticotropin releasing hormone (CRH) neurons of the
paraventricular nucleus of the hypothalamus (PVN) are used. We describe the procedures for
conducting whole-cell patch clamp electrophysiology and explain the specific experiments to test
for synaptic multiplicity.

PROTOCOL:
All animal experiments are approved by the Animal Care Committee of The University of Western
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Ontario in accordance with the Canadian Council on Animal Care Guidelines (AUP#2014-031).
1. Solutions

1.1. Slicing solution

1.1.1. Refer to Table 1 for the composition of the slicing solution.

1.1.2. Prepare a 20x stock solution in advance and store it at 4 °C for up to 1 month.

1.1.3. For 1x slicing solution, dissolve NaHCOs3, glucose, and sucrose in ddH,0, and add the 20x
stock. Ensure the osmolarity is between 315-320 mOsm and store the solution for no more than
1 week at 4 °C.

1.1.4. Fill two beakers with 100 mL of slicing solution and cover them with parafilm. Chill the
solution in a freezer until the solution becomes partially frozen (approximately 20 min in -80 °C
freezer). Using a gas dispersion tube, bubble both beakers of slicing solution with 95% 02/5%
CO; for 20 minutes on ice.

[Insert Table 1 here]

1.2. aCSF (for slice recovery and maintenance)

1.2.1. Refer to Table 1 for the composition of the aCSF.

1.2.2. Prepare a 20x stock solution in advance and store it at 4 °C for up to 1 month.

1.2.3. For 1x aCSF, dissolve NaHCOs3 and glucose in ddH,0 and add the 20x stock. Ensure the
osmolarity is between 298-300 mOsm. Use the solution within 1 day.

1.3. aCSF (low Ca?* for recording)

1.3.1. Refer to Table 1 for the composition of the low Ca?* aCSF.

1.3.2. Prepare a 20x stock solution in advance and store it at 4 °C for up to 1 month.

1.3.3. For 1x low Ca?* aCSF, dissolve NaHCOs and glucose in ddH20 and add 20x (CaCl; and
MgCl, free) stock, CaCl; and MgCl; to specified concentrations. Ensure the osmolarity is
between 298-300. Use the solution within 1 day.

1.4. aCSF (Sr?* for recording)

1.4.1. Refer to Table 1 for the composition of the Sr* aCSF.
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177  1.4.2. Prepare a 20x stock solution in advance and store it at 4 °C for up to 1 month.

178

179  1.4.3. For 1x Sr?* aCSF, dissolve NaHCO3 and glucose in ddH,0 and add 20x (CaCl, and MgCl,
180 free) stock, SrCl, and MgCl. to specified concentrations. Ensure the osmolarity is between 298-
181  300. Use the solution within 1 day.

182

183  1.5. Internal solution

184

185  1.5.1. Refer to Table 1 for the composition of the K-gluconate based internal solution.

186

187  1.5.2. To make 20 mL of internal solution, add 15 mL of molecular biology grade water to a 50
188 mL tube. Perform the subsequent steps on the ice.

189

190 1.5.3. Prepare the following solutions ahead of time to 1 M stock concentrations in molecular
191  biology grade water. Add (in mL): 2.32 K-gluconate, 0.24 Na-gluconate, 0.20 HEPES, 0.16 KCl,
192  0.05 K2-EGTA, 0.04 MgCl; to the 50 mL tube.

193

194  1.5.4. Add 100 pL of 0.3 M NasGTP.

195

196 1.5.5. Weigh 44.08 mg of K2ATP in a 2 mL microcentrifuge tube and add 1 mL of molecular
197  biology grade water, then add to 50 mL tube.

198

199  1.5.6. Adjust the pH to 7.2-7.4 with 1 M KOH. Ensure the osmolarity is between 283-289 mOsm.
200

201 2. Slice preparation

202

203  2.1. Prepare tools

204

205 2.1.1. Add 200 mL of aCSF to the recovery chamber (constructed from a 250mL beaker with 4
206  wells and netting) and place the recovery chamber in a water bath (35 °C).

207

208  2.1.2. Cover the chamber with a paraffin film and constantly bubble the aCSF with 95% 0,/5%
209 COyusing a glass dispersion tube for at least 20 min.

210

211  2.1.3. Prepare for the dissection by setting up the tools (scalpel, angled fine scissors, forceps,
212  fine paint brush, plastic spoon).

213

214  2.1.4. Fill a 60 mL syringe with approximately 15 mL of the ice-cold slicing solution from step
215 1.1.4.

216

217  2.1.5. Prepare the dissection platform by placing a filter paper on the lid of a well plate.

218

219  2.1.6. Prepare the slicing chamber by placing it in the ice tray and filling the tray with ice.

220
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221  2.1.7. Set up the vibratome by securing a disposable blade in the blade holder.

222

223 2.1.8. Make a transfer pipette by breaking the tip of a Pasteur pipette and placing a rubber bulb
224 over the broken end.

225

226  2.2. Dissect mouse brain

227

228  2.2.1. Anesthetize the animal in a chamber saturated with 4% isoflurane until spinal reflexes
229  are absent.

230

231  2.2.2. Decapitate the animal using a guillotine and quickly remove the brain.

232

233  2.2.2.1. Make a midline incision with a No. 22 scalpel blade from rostral to caudal.

234

235  2.2.2.2. Laterally peel the scalp on each side of the head.

236

237  2.2.2.3. Use fine scissors to cut the skull on one side from caudal to rostral (including the side of
238 the frontal bones), using caution not to damage the brain.

239

240  2.2.2.4. Use forceps to lift the skull piece off the brain and quickly cool the brain with 15 mL of
241  ice-cold slicing solution using the syringe from step 2.1.4.

242

243  2.2.2.5. Lift the brain out of the skull.

244

245  2.2.2.6. Place the brain in one of the beakers filled with ice-cold slicing solution (from step
246  1.1.4) bubbled with 95% 0,/5% CO..

247

248  2.3. Prepare slices of mouse hypothalamus

249

250  2.3.1. Block the brain for the desired brain area and cut angle (e.g., for coronal hypothalamic
251  slices, trim off the tissue rostral to the optic chiasm and caudal to the pons using a blade and
252  ensure the caudal block has a flat surface perpendicular to the base of the brain).

253

254  2.3.2. Using a cut piece of filter paper, pick up the brain from the anterior side and glue the
255  posterior side to the holding plate using instant glue.

256

257  2.3.3. Quickly place the holding plate into the slicing chamber and fill the chamber with slicing
258  solution from the second beaker in step 1.1.4.

259

260  2.3.4. Secure the slicing chamber and ice tray on the vibratome.

261

262  2.3.5. Define the slicing area (anterior and posterior to the brain) and begin slicing 250 um
263  coronal slices. Recommended parameters: speed 0.10 mm/s, amplitude 2 mm.

264
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2.3.6. Trim the slices to the appropriate size for the desired brain area.

2.3.7. Recover the slices at 35 °C for 30-45 min. Then, remove the recovery chamber from the
warming bath and allow the slices to recover at room temperature for an additional 30 min.
Keep slices at room temperature for the rest of the day and continue to bubble the bath
constantly with 95% 0,/5% CO,.

3. Whole-cell patch clamp recording

3.1. Pull the patch pipettes

3.1.1. Using the suggested parameters for the whole-cell recording from the pipette puller’s
manual, pull patch pipettes from thick walled glass to a pipette resistance of 3-5 MQ.

3.1.2. Using a microsyringe (commercial or homemade), fill a pipette tip with filtered internal
solution. To make a microsyringe, burn the tip of a 1 mL syringe and allow the tip to fall creating
a long fine tip.

3.2. Obtain the whole-cell configuration

3.2.1. Place the recording pipette just above the slice and offset pipette current in the voltage
clamp mode. Apply slight positive pressure to the pipette and lock the stopcock.

3.2.2. Select a healthy cell with an intact membrane and approach the cell with the pipette. The
positive pressure should cause a slight disturbance in the tissue (i.e. a slow wave in the tissue

when entering).

3.2.3. Slowly continue to bring the pipette closer to the cell using a diagonal motion until the
pipette forms a small dimple on the cell surface.

3.2.4. Release the positive pressure lock. The cell will begin to form a seal and the resistance
will increase above 1 GQ. In voltage clamp, hold the cell at -68 mV.

3.2.5. Slightly pull away from the cell diagonally to remove excess pressure from the cell.
3.2.6. Compensate for the fast and slow pipette capacitance.

3.2.7. Apply a brief suction through the tube connected to the pipette holder to break through
the cell and obtain whole-cell configuration.

3.2.8. Switch to Cell mode on the membrane test window in an electrophysiology Data
acquisition and analysis software (e.g., Clampex).
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3.2.9. Before each voltage clamp recording, perform a membrane test using the same software
and record the relevant parameters in a lab book (membrane resistance, access resistance, and
capacitance).

3.2.10. Maintain the temperature of the recording bath at 27-30 °C and the flow rate at 1.5-2.0
mL/min for subsequent experiments.

4. Multiplicity experiments

4.1. Experiment 1: estimating multiplicity using 4-AP

4.1.1. In voltage clamp, hold the cell at -68 mV. Using the same software, record the sEPSCs
while perfusing the bath with low Ca?* aCSF. Record for at least 5 min after the start of whole-
cell configuration to ensure a stable baseline recording as the synaptic activity may be high

shortly after the breakthrough of the membrane.

4.1.2. Using a micropipette, add 4-AP to the aCSF and bath apply 30 uM 4-AP. Record sEPSCs
for at least 10 min to obtain the full drug effect.

4.1.3. Add 0.5 uM TTX and 10 pM Cd?* to the aCSF with 4-AP and record the mEPSCs for at least
10 min.

4.1.4. For offline analysis, use the last 1 min of baseline immediately before the application of
4-AP (in low Ca?* aCSF), the 10" min of 4-AP application and the 10™ min of TTX application.

4.2. Experiment 2: desynchronize vesicle release using Sr?*

4.2.1. While perfusing the bath with normal Ca%* aCSF (the same as the bath aCSF) record
SEPSCs for at least 5 min.

4.2.2. Switch from the normal Ca2+ aCSF and begin perfusing Sr?* aCSF (from step 1.4) and
record sEPSCs.

4.2.3. For offline analysis, to determine whether the large amplitude sEPSCs are due to the
synchronous release of vesicles, compare the last 1 min of baseline (in normal aCSF) to the 10t
minute of Sr?* aCSF application.

4.3. Experiment 3: test for multivesicular release using y-DGG

4.3.1. In low Ca?* aCSF record sEPSCs for at least 5 min.

4.3.2. Add 30 uM 4-AP to the aCSF through the perfusion system. Record sEPSCs for at least 10
minutes.
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4.3.3. Add 200 uM y-DGG to the aCSF with 4-AP and record the sEPSCs for at least 10 min.

4.3.4. As a control experiment in a separate cell, perform steps 1-3 but apply a low
concentration of DNQX instead of y-DGG.

4.3.5. For offline analysis, analyze the last minute of each drug application.
4.4. Experiment 4: Stimulate afferent inputs to increase action potential firing.
4.4.1. Record sEPSCs in normal Ca%* aCSF.

4.4.2. Stimulate the afferents using a monopolar glass electrode filled with aCSF at a rate of 20
Hz for 2 s and repeat 10 times with an inter-burst interval of 20 sec.

4.4.3. For analysis, use the 5000 ms before the first stimulus as the baseline and compare to the
10-300 ms after the final stimulus and then take the average amplitude and frequency change
over 10 trials.

5. Analysis

5.1. Analyze sEPSCs and mEPSCs using a program that detects and analyzes synaptic currents
(e.g., Mini Analysis software).

5.1.1. Using this software, use the suggested detection parameters for detecting AMPA
Receptor EPSCs (or GABA Receptor EPSCs if recording inhibitory currents).

5.1.2. Use the Nonstop Analysis function to detect EPSCs in the recording.

5.1.3. Manually scan each recording to ensure the program is accurately detecting each event
(e.g., ensure events are not being missed or counted twice).

5.1.4. Export the event data by copying it to the clipboard and paste it into a data management
software (e.g., Excel)

5.1.5. Calculate the average frequency and/or amplitude for each drug treatment and perform
the relevant statistical analyses.

REPRESENTATIVE RESULTS:

The above protocol describes a method for using whole-cell patch clamp electrophysiology to
examine the degree of synaptic multiplicity, using mouse hypothalamic neurons as an example.
This slice preparation technique should yield healthy viable cells that do not have a swollen
membrane or nucleus (Figure 1). Each step in the protocol is important for the health of the tissue
and quality of the recordings.
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[Place Figure 1 here]

Figure 2 illustrates the rationale for identifying synaptic multiplicity using patch clamp
electrophysiology. Synaptic multiplicity can result from either multiple synaptic contact between
a pair of neurons (Figure 2A left), or by multivesicular release at a given synaptic site (Figure 2A
right). In both of these situations, an action potential in the presynaptic neuron would elicit a
large postsynaptic response (SEPSC) due to the temporal summation of multiple synaptic events.
However, in the absence of presynaptic action potentials (e.g. in the presence of TTX and Cd?* to
block Na*-dependent and Ca?*-dependent action potential firing), vesicular neurotransmitter
release is asynchronous. As a result, the postsynaptic response becomes smaller (Figure 2B: AP-
independent). If two neurons do not exhibit multiplicity (i.e. have only one synaptic contact/no
multivesicular release) there will be no difference in the postsynaptic response between the
action potential-dependent and action potential-independent release of neurotransmitter
(Figure 2C).

[Place Figure 2 here]

In Experiment 1, 4-AP is applied to the bath to increase action potential firing and release
probability. To ensure that 4-AP is increasing spontaneous action potential firing, the frequency
of EPSCs can be compared between sEPSCs and mEPSCs (Figure 3A, C). Because sEPSCs are a
combination of both action potential-dependent and -independent events, the difference in the
frequency of sEPSC and mEPSC serves as a proxy for spontaneous action potential firing in the
presynaptic axons. We use an arbitrary cut off of a > 15% difference in frequency between sEPSC
to mEPSC to ensure that a sufficient number of action potential-dependent events are present
for the analysis of multiplicity. If the EPSCs in the low Ca?* condition and the TTX (mEPSC)
condition are similar in frequency and amplitude (i.e. no spontaneous action potential firing in
the low Ca?* condition), the difference between the low Ca%* baseline sEPSC and 4-AP can also be
used for the analysis of multiplicity.

In an example result shown in Figure 3, 4-AP increases both the amplitude and frequency of
SEPSCs. Subsequent application of TTX and Cd?* decreases both the amplitude and frequency. As
described above, the difference in the amplitude between sEPSCs and mEPSCs indicates synaptic
multiplicity. In the hypothalamic neurons we examine here, the amplitude and frequency of the
baseline and TTX conditions are the same (Figure 3C, D), suggesting that the baseline sEPSCs
contain very few action potential-dependent EPSCs. Accordingly, subsequent experiments can
compare the difference between baseline and 4-AP to measure multiplicity.

[Place Figure 3 here]

The method described above estimates the average multiplicity of synapses terminating onto the
postsynaptic neurons: it may not detect changes in multiplicity that occur to a small proportion
of synapses. Nevertheless, in our recent study, this method revealed changes in the multiplicity
of glutamate synapses at hypothalamic neurons between normal and chronically stressed
conditions®.
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Substitution of Ca?* with equimolar Sr?* in the aCSF desynchronizes action potential-dependent
release of neurotransmitter vesicles 1% 20, Therefore, if the large amplitude sEPSCs are the
summation of action potential-dependent synchronized vesicular neurotransmitter release (i.e.,
multiplicity), replacing Ca%* with Sr?* will decrease the amplitude of EPSCs. As seen in Figure 4,
Sr2* aCSF decreases the proportion of large amplitude events (Figure 4B), and as a consequence
decreases the average amplitude (Figure 4C). When cells do not exhibit multiplicity,
desynchronizing vesicle release will have no effect on the EPSC amplitude.

[Place Figure 4 here]

v-DGG, a fast dissociating competitive antagonist of AMPA receptors, can be used to determine
whether multiplicity is due to the multivesicular release or multiple synaptic contacts. As
multivesicular release acts on an overlapping population of postsynaptic receptors, the large
amplitude EPSCs involves the pooling of glutamate in the synaptic cleft. In other words, the
concentration of glutamate in the synaptic cleft is higher than that which results from uniquantal
release. On the other hand, multisynaptic contacts would have uniquantal EPSCs at each synaptic
site. If the large amplitude EPSCs arise from multivesicular release, the larger EPSCs will be less
impacted by y-DGG antagonism (due to higher glutamate concentration) compared to smaller
amplitude EPSCs (Figure 5A Right, B-D). If the large amplitude EPSCs are due to the summation
of synchronous uniquantal EPSCs (multisynapse contacts), y-DGG will similarly impact the
amplitude of all EPSCs (Figure 5A Left, E-G). In contrast to y-DGG, DNQX which is a high affinity,
slow dissociating AMPA/kainate receptor antagonist causes a uniform decrease across all large
and small amplitude EPSCs (Figure 5H-J). The sensitivity to y-DGG and DNQX can be quantified as
the ratio of the average EPSC amplitude divided by the maximum (the average of the largest 20
EPSCs) EPSC amplitude (Figure 5K, L).

[Place Figure 5 here]

The strength of synaptic transmission can be transiently increased by bursts of synaptic activity.
To investigate multiplicity under more physiological conditions, afferent stimulation can be used
to increase action potential firing and release probability. If multiplicity is present, afferent
stimulation should cause a brief increase in the EPSC amplitude (Figure 6A-D). If multiplicity is
not present, activity driven increases in action potential firing will not increase the EPSC
amplitude.

[Place Figure 6 here]

FIGURE AND TABLE LEGENDS:
Table 1. The composition of various solutions.

Figure 1. Healthy and unhealthy tissue following slice preparation. Slice electrophysiology
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preparation of the PVN under differential interference contrast optics at 40x magnification. Red
arrowheads indicate healthy cells, and black arrowheads indicate unhealthy cells.

Figure 2. Schematic diagram illustrating the consequences of different synaptic organizations
on postsynaptic currents. A, B) In a synapse with multiplicity, an action potential and the ensuing
Ca?* influx triggers synchronous fusion of multiple synaptic vesicles that result in large,
multiquantal EPSCs. Synaptic multiplicity can result from multisynapse contact or multivesicular
release at a single synapse (A). In the presence of TTX and Cd?*, action potential-independent
vesicle fusion is asynchronous and causes small uniquantal EPSCs (B). C) In synapses without
multiplicity, both action potential-dependent and -independent vesicle fusion results in
uniquantal EPSCs. This figure has been modified from Figure 1A of our previous report®.

Figure 3. 4-AP application reveals synaptic multiplicity. A) Sample traces of sEPSCs recorded in
low Ca%* aCSF during baseline, and after 4-AP (30 uM) application, and subsequent TTX (0.5 pM)
and Cd?* (10 uM) application. B) The distribution of SEPSC amplitude from the recording shown
in (A). C, D) Summary of the mean frequency (C) and amplitude (D) between baseline (grey), 4-
AP (red) and TTX +Cd?* (blue). ***P < 0.005, **P < 0.01. This figure has been modified from Figure
2 of our previous report®.

Figure 4. Sr?* desynchronizes large multiquantal events. A) Representative trace comparison
between normal Ca?* aCSF and Sr?* aCSF. Sr?* aCSF desynchronizes vesicle release and decreases
the amplitude of multiquantal synchronous events as seen in a representative amplitude
distribution (B) and the amplitude change for all cells (C) *P < 0.05. This figure has been modified
from Figure 3 of our previous report®.

Figure 5. Using y-DGG to probe multivesicular release. A) Schematics illustrating two models of
multiplicity. Left: temporal summation of uniquantal transmission that targets independent
populations of postsynaptic receptors. Large and small EPSCs are achieved by a similar glutamate
concentration in the synaptic cleft and therefore are equally sensitive to y-DGG. Right:
multiquantal transmission that targets an overlapping population of postsynaptic receptors.
Large EPSCs are caused by higher glutamate concentration in the cleft than smaller sEPSCs and
are therefore less sensitive to y-DGG. Values shown at bottom of model are hypothetical relative
amplitudes. B) Sample traces from a recording in which there was an increase in mean sePSC
amplitude following 4-AP application (4-AP responder). C) cumulative plot for EPSC amplitude for
the recording shown in (B). D) Cumulative plot for normalized EPSC amplitude (EPSC/EPSCnax)
before and after application of y-DGG from the recording shown in (B). E) Sample traces from a
recording where there was no change in the mean sEPSC amplitude following 4-AP application
(4-AP non-responder). F) Cumulative EPSC amplitude for the recording shown in (E). G)
Cumulative EPSC/EPSCwmax plot for the recording shown in (E). H) Sample traces from a recording
from baseline, as well as after 4-AP and DNQX application. I) The cumulative EPSC amplitude for
the recording shown in (H). J) Cumulative EPSC/EPSCmax plot for the recording shown in (H). K)
Summary of mean EPSC/EPSCwax after y-DGG (in 4-AP responder and non-responder groups) or
DNQX application normalized to pre-y-DGG/DNQX (i.e. post-4-AP). L) Plots of post-4-AP mean
EPSC amplitude (normalized to pre-4-AP) against post-y-DGG/DNQX mean EPSC/EPSCmax
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(normalized to post-4-AP). **xP < 0.005. This figure has been modified from Figure 4 of our
previous report®.

Figure 6. High-frequency stimulation reveals synaptic multiplicity. A) Sample traces of sEPSCs
before and after afferent synaptic stimulation. B) plot of sEPSC amplitude before and after
synaptic stimulation (20 Hz, 2 s) from the recording shown in (A). C, D) Summary of sEPSC
frequency (C) and amplitude (D) changes following synaptic stimulation. ***P < 0.001, *P < 0.05.
This figure has been modified from Figure 5 of our previous report®.

DISCUSSION:

One important requirement for a successful patch clamp electrophysiology experiment is
obtaining healthy slices/cells. Our described protocol is optimized for hypothalamic slices that
contain PVN neurons. Other brain areas may require modified solutions and slicing methods?'~
24 For the recording, it is critical to only accept stable recordings by constantly monitoring cell
properties such as membrane resistance, capacitance and access resistance. An increase in
access resistance can decrease EPSC amplitude and therefore confound amplitude
measurements. Accordingly, cells with access resistance values that exceed 20 MQ or increase
by more than 20% during recording are discarded. Similarly, a decrease in (or a low) membrane
resistance can result in poor space-clamp and, therefore, can decrease the amplitude. The
neurons in our target system (parvocellular PVN neurons) have a high membrane resistance
between 500 MQ to 1 GQ, and we discard cells with membrane resistances below 500 MQ.
Quality control cut-offs should be established for specific types of neurons under study. As this
protocol relies on the difference in the amplitude before and after drug applications, it is
important to ensure that the amplitude change is due to the drug application and not to the
changes in membrane resistance and access resistance. The hypothalamic neurons we study in
this protocol are small in size (cell capacitance is about 15 pF in mice and membrane resistance
is around 1 GQ), and K-gluconate based internal solution works well to obtain high quality
EPSCs/IPSCs®2°. For neurons with larger cell size and low input resistance, cesium based internal
solution can be used to ensure a good space-clamp?.

One specific requirement of using this method to measure the multiplicity is that the cells fire a
sufficient number of spontaneous action potentials in order to compare action potential-
dependent events to mEPSCs. This can be ensured by comparing the difference in the frequency
of EPSCs in the absence and presence of TTX and Cd?*. In hypothalamic slices that contain the
PVN, we have found that the application of 4-AP is efficient to elicit action potential firing.
Another method, pioneered by Hsia and colleagues?, uses high Ca?* aCSF to increase action
potential firing, rather than 4-AP. While this method was successful in hippocampal slices, we
found that the high Ca?* was less efficient than 4-AP in facilitating action potential firing in
hypothalamic slices®. Indeed, it has been shown that high, extracellular Ca?* concentration
decreases intrinsic excitability of neurons and axons by altering Na* conductance?® 7. This may
explain why in some slices, high Ca%* aCSF is not effective in increasing EPSC frequency.

One limitation of this method, which is inherent to all slice patch clamp electrophysiology, is that
many, long-range projections to the postsynaptic neurons are cut in slice preparations. In order
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to observe action potentials, it is likely that the presynaptic axons and cell bodies need to be
preserved in the slice. Therefore, the multiplicity measurement is skewed to synaptic
connectivity that is preserved within the slice. Along the same line, the direction of slicing may
cause certain populations of projections to be preserved while others are severed?®. These
limitations have a general effect of underestimating the multiplicity of afferent inputs.

The described protocol provides a method for estimating the degree of synaptic multiplicity
across all inputs to a given neuron. Other electrophysiology techniques, such as paired recordings
or minimal stimulation of a single axon can identify whether a given connection has multiple
contacts, but these experiments are often difficult and not possible in all systems. Further, they
cannot give an overall indication of the organization of all of the inputs to a given neuron as they
only isolate one pair of neurons. The present protocol uses basic patch-clamp electrophysiology
methods to evaluate the degree of multiplicity across all inputs to a given neuron.
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Solution Concentrations (mM)

Slicing Normal aCSF Low Ca?* aCSF Sr* aCSF Pipette/Internal
NaCl 87 126 126 126 -
KCl 2.5 2.5 2.5 2.5 8
CaClz 0.5 2.5 0.5 - -
SrCla - - - 2.5 -
MgCl, 7 1.5 2.5 1.5 2
NaH2PO4 1.25 1.25 1.25 1.25 -
NaHCO3 25 26 26 26 -
Glucose 25 10 10 10 -
Sucrose 75 - - - -
K-gluconate - - - - 116
Na-gluconate - - - - 12
HEPES - - - - 10
K2-EGTA - - - - 1
K2ATP - - - - 4
NasGTP - - - - 0.3
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Table of Materials

Name of Material/ Equipment

1 ml syringe

10 blade

22 blade

22 uM syringe filters
Adson foreceps
Angled sharp scissors
Clampex

Double edge blade
Filter paper

Fine paintbrush

Gas Dispersion Tube
Isoflurane

Krazy glue

Mini analysis
Osmomoter
Parafilm

Pasteur pipette

ph meter

Rubber bulb

Scalpel handle No. 3
Scalpel handle No. 4
Single edge blade
Vibratome slicer
Water Purification System
Well plate lid
Chemicals/reagents
4-AP

BAPTA

CaCl,*2H20

CdCI2

Company

BD

Fisher Scientific/others
VWR/others
Milipore

Harvard Instruments
Harvard Instruments
Molecular Devices
VWR

Sigma/others
Fisher/various

VWR

Fresenius Kabi/others
various

Synaptosoft

Wescor Inc

Sigma

VWR

Mettler Toledo

VWR

Harvard Instruments
Harvard Instruments
VWR

Leica

Millipore
Fisher/various

Sigma
molecular probes
Sigma

sigma
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Catalog Number

309659

35698

21909-626
09-719-000
72-8547

72-8437

pClamp 10
74-0002

1001090
15-183-35/various
LG-8680-120
M60303

various
MiniAnalysis 6
Model 5600
PM-996
14672-200
FE20-ATC
82024-550
72-8350

72-8356
55411-050
VT1200S

Milli-Q Academic A10
07-201-590/various

275875
B1204
C7902

202908
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ARTICLE AND VIDEO LICENSE AGREEMENT

Title of Article:

Evaluation of synaptic multiplicity using whole-cell patch-clamp electrophysiology

Author(s):

Julia K Sunstrum, Wataru Inoue

ltem 1: The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish) via:

Standard Access

Item 2: Please select one of the following items:

D Open Access

The Author is NOT a United States government employee.

DThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JoVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

ARTICLE AND VIDEO LICENSE AGREEMENT

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR
Name:
Wataru Inoue
Department:
Robarts Research Institute
Institution:
University of Western Ontario
Title: Scientist, Assistant Professor
Signature: a/m (\/ng, Date: November 29, 2018

Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Fax the document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Response to Editorial comments Click here to access/download;Rebuttal Letter;JOVE Response %
to Editorial comments_R1.docx

Editorial comments:

Changes to be made by the Author(s):

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

2. Please define all abbreviations before use.

We have defined the following abbreviations that were previously missed:
Line 115 vy -D-glutamylglycine ( v -DGG)

Line 405 differential interference contrast optics (abbreviation removed)

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

Changed to (line 27-28):

“Here, we present a protocol for evaluating functional synaptic multiplicity using whole-cell patch clamp
electrophysiology in acute brain slices”

4. Please adjust the numbering of the Protocol to follow the JoVE Instructions for Authors. For example,
1 should be followed by 1.1 and then 1.1.1 and 1.1.2 if necessary. Please refrain from using bullets or
dashes. Please leave a single line space between each numbered step and substep of the protocol.
Done

5. Please ensure that all text in the protocol section is written in the imperative tense as if telling
someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be described
in the imperative tense in complete sentences wherever possible. Avoid usage of phrases such as “could
be,” “should be,” and “would be” throughout the Protocol.

The protocol has been updated according to points 5, 6 and 7. These changes are highlighted in grey in
the protocol of the manuscript.

6. The Protocol should contain only action items that direct the reader to do something.
The protocol has been updated according to points 5, 6 and 7. These changes are highlighted in grey in
the protocol of the manuscript.

7. Please add more details to your protocol steps. Please ensure you answer the “how” question, i.e.,
how is the step performed?

The protocol has been updated according to points 5, 6 and 7. These changes are highlighted in grey in
the protocol of the manuscript.

8. Line 198: How do you prepare the dissection tool?

This point has been changed to:

“2.1.3. Prepare for dissection by setting up the tools (scalpel, angled fine scissors, forceps, fine paint
blush, plastic spoon).”

9. Line 209: Please provide the concentration/percentage of the isoflurane used. Age, sex, strain specific
bias if any. Please mention.
This point has been changed to:


https://www.editorialmanager.com/jove/download.aspx?id=961836&guid=524da048-e132-4fbf-93ce-7b5a6c39f609&scheme=1
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“2.2.1. Anesthetize the animal in a chamber saturated with 4% isoflurane until spinal reflexes are
absent.”
There are no age, sex, strain specific biases to report.

10. Line 221: Please mention the composition of the slicing solution? If mentioned before, please
provide the step number here for clarity.

This point has been changed to:

“2.2.2.6. Place the brain in one of the beakers filled with ice-cold slicing solution (from step 1.1.4)
bubbled with 95% 0,/5% CO,.”

11. Line 224: How do you block the brain? What are the desired brain areas?

This has been changed to:

“2.3.1. Block the brain for the desired brain areas and cut angle (e.g. for coronal hypothalamic slices,
trim off the tissue rostral to the optic chiasm and caudal to the pons using a blade and ensure the caudal
block has a flat surface perpendicular to the base of the brain).”

The desired brain area will depend on the experimenter’s area of interest.

12. Please ensure that the highlight is no more than 2.75 pages in length including heading and spacings.
The protocol highlight is less than 2 pages.

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

The reprint permissions document has been attached.

14. Please alphabetically sort the table of materials.
Done



Response to Reviewers comments Click here to access/download;Rebuttal Letter;JOVE Response 2
to Reviewers comments_R1.docx

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

This manuscript describes a simple and direct in vitro protocol using patch-clamp electrophysiology in
acute brain slices for estimating - synaptic multiplicity - a parameter reflecting the number of functional
synaptic contacts onto a given neuron. The authors present specific experimental steps from
composition of solutions to slicing and patch-clamp in their experimental preparation; to the rational of
using voltage-clamp recordings comparing spontaneous and miniature excitatory and postsynaptic
currents (SEPSPCs / mEPSPCs) in a set of four experimental conditions aimed at estimating synaptic
multiplicity.

Major Concerns:
N/A

Minor Concerns:

Line 155, 164 and 172: In this section, it seems as if CaCl2 and MgCI2 are included in the stock solution
for normal aCSF, but they are kept separate from the low Ca2+ aCSF and Sr2+ aCSF and added only
when preparing the 1X solution. Please clarify if this is the case.

Yes, this is the case. For our normal calcium aCSF, CaCl, and MgCl: are included in the 20x
stock solution. However, we prepare the modified calcium aCSF solutions from a
calcium/magnesium-free stock and adjust the concentrations accordingly using 1M CacCl, and
MgClI; solutions. This should not change the composition of the solution but allows for easier
manipulation of calcium concentration (for example we can use the same stock for high calcium
experiments). We thank the reviewer for pointing this out, and we have clarified this in the
revised manuscript (line 160, 167).

Line 161 & 169: in phrase "the stock can be store for one month", store should be corrected for
stored

Thank you, this has been corrected.

Line 274: It would be interesting to know the temperature and perfusion speed of recording
medium in the recording chamber.

We agree that this is important information for this protocol. We have added point 3.2.10 as
follows:

3.2.10. Maintain the temperature of the recording bath at 27-30°C and the flow rate at 1.5-2.0
mL/min for subsequent experiments.”

Line 294: Insert a space between using and y-DGG

This has been corrected.

Line 381: ...that "which" results... would make a more complete sentence.


https://www.editorialmanager.com/jove/download.aspx?id=961837&guid=34f3a0cd-ffa2-45f9-a934-320ab1769a0a&scheme=1
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This has been corrected.

Line 434: ***P<0.001 can be removed from legend since it is not found anywhere in Fig 4.

This has been corrected.

In Table of Material (first column): correct "Isoflurane”

Done

In Table of Material (2nd page): "Pasteur" pipette

Done

Reviewer #2:

Manuscript Summary:

This is an extremely interesting manuscript which provides a methodology which attempts to
quantify synaptic 'multiplicity’ by comparing spontaneous and miniature EPSCs under different
experimental condition. It should provoke some interesting discussions on synaptic mechanisms.
The methodology provides a simple probe which covers a number of other potential
mechanisms, such as multivesicular release.

Major Concerns:
None

Minor Concerns:
My only query is how the experiments cover conditions where there is loose coupling between
adjacent release sites such as via diffusion of Ca2+.

Our protocol relies on the temporal summation of EPSCs in order to estimate the existence of
synaptic multiplicity. In other words, if two asynchronous events (due to Ca2+ diffusion)
temporally overlap and it increases the peak amplitude above their individual peaks, it
contributes to the readout of multiplicity. If asynchronous events do not change the peak
amplitude, they do not affect multiplicity. Thus, our protocol does not offer a means to tease out
the specific contributions of Ca2+ diffusion to adjacent release sites and resulting asynchronous
release. This type of question can be more precisely addressed by using different types of Ca2+
chelators (EGTA and BAPTA) in paired patch clamp recording to infuse the drugs into the
presynaptic terminal 1. Such sophisticated experiments are beyond the scope of our protocol
aimed to describe simple and relatively easy experiments to estimate synaptic multiplicity.

Reviewer #3:
Manuscript Summary:
This is very useful protocol. Synaptic multicity is a very difficult phenomenon to assess, and



patch clamp technique remains a very useful technique to evaluate fine changes in neuronal
function.

This technical article is very welcome, well written, clear, and easy to follow.

While I have no major concerns, | would like to see a couple of points explained further.

Major Concerns:
None

Minor Concerns:

1. Page 4 (solutions/step 5): the authors use K-gluconate based internal solution. This is a bit
surprising; to ensure a relatively good space-clamp, cesium-based (in contrast to potassium)
internal solution are usually preferred. Please, explain why K-gluconate has been chosen, and
whether Cs-based solution could be used to assess synaptic multiplicity.

We agree that cesium-based internal solution is more commonly used to achieve relatively better
space-clamp. While we use K-gluconate based internal solution for the reasons specified below,
cesium-based internal solution can be used to assess synaptic multiplicity 2. In the revised
manuscript, we describe that cesium-based internal solution is compatible with the current
method (line 475).

Our lab normally use K-gluconate based internal for two main reasons. First, we routinely
characterize firing patterns of neurons under current clamp for cell-type characterization before
voltage-clamp recording. K-gluconate based internal solution is required for this purpose.
Second, the hypothalamic cells we study are small (capacitance near 15 pF for mice) and with
high input-resistance (0.5-1 GQ) *“. K-gluconate based internal solution is commonly used to
record EPSCs *® and IPSCs 57 in the PVN.

2. Page 10/discussion: authors say they "only accept stable recordings by constantly monitoring
cell properties such as membrane resistance, capacitance and access resistance". Please, indicate
from what percent change you decide aborting recordings or discarding the cell.

We thank the reviewer for the suggestion to include further information/clarification on these
parameters. To address both point #2 and #3 the discussion on lines 465-475 have been added.
The sentences that specifically address the reviewers 2" point are highlighted below:

“One important requirement for a successful patch clamp electrophysiology experiment is
obtaining healthy slices/cells. Our described protocol is optimized for hypothalamic slices that
contain PVN neurons. Other brain areas may require modified solutions and slicing methods 21—
24. For the recording, it is critical to only accept stable recordings by constantly monitoring cell
properties such as membrane resistance, capacitance and access resistance. An increase in access
resistance can decrease EPSC amplitude and therefore confound amplitude measurements.
Accordingly, cells with access resistance values that exceed 20 MQ or increase by more than
20% during recording are discarded. Similarly, a decrease in (or a low) membrane resistance can
result in poor space-clamp and, therefore, can decrease the amplitude. The neurons in our target
system (parvocellular PVN neurons) have a high membrane resistance between 500 MQ to 1
GQ, and we discard cells with membrane resistances below 500 MQ. Quality control cut-offs



should be established for specific types of neurons under study. As this protocol relies on the
difference in the amplitude before and after drug applications, it is important to ensure that the
amplitude change is due to the drug application and not to the changes in membrane resistance
and access resistance.

3. Related to the point #2, could you please give examples of why these parameters, particularly
input and access resistance, must be monitored rigorously. For example, and as it has already
been implied, a significant increase in access resistance leads to a decrease in EPSC amplitude,
thereby leading to misinterpretation of data.

To address point #3 the following highlighted sentences have been added:

“One important requirement for a successful patch clamp electrophysiology experiment is
obtaining healthy slices/cells. Our described protocol is optimized for hypothalamic slices that
contain PVN neurons. Other brain areas may require modified solutions and slicing methods 21—
24. For the recording, it is critical to only accept stable recordings by constantly monitoring cell
properties such as membrane resistance, capacitance and access resistance. An increase in access
resistance can decrease EPSC amplitude and therefore confound amplitude measurements.
Accordingly, cells with access resistance values that exceed 20 MQ or increase by more than
20% during recording should be discarded. Similarly, a decrease in (or a low) membrane
resistance can result in poor space clamp and therefore decrease the amplitude. The neurons in
our target system (parvocellular PVN neurons) have a high membrane resistance between 500
MQ to 1 GQ, and we discard cells with membrane resistances below 500 MQ. Quality control
cut-offs should be established for specific types of neurons under study. As this protocol relies
on the difference in the amplitude before and after drug applications, it is important to ensure
that the amplitude change is due to the drug application and not to the changes in membrane
resistance and access resistance.
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Editorial Comments

1. The editor has formatted the manuscript to match the journal's style. Please retain the
same.

2. Please address all the specific comments marked in the manuscript.

Line 31: Needs more clarity
Changed to: “Synaptic multiplicity is plastic and changes throughout development”
We were unsure whether this referred to the use of the word “plastic” which is commonly
used in the field to refer to changes in synaptic activity. We have added “and changes” to
clarify this idea.

Lines 49-51: Citation?
We have added a citation for the following review on synaptic plasticity: (Abbot and
Nelson, 2000)

Line 250: Maybe this can be highlighted for the cohesive story.
Explaining all of the preparation steps would form a more cohesive story, but our slice
preparation protocol is a generic one: there are JoVe papers covering this part.
Considering that the focus of our manuscript is patch clamp experiments to study
multiplicity, we did not include this part in the highlight.

Line 257: Krazy glue is trademarked. Please use generic term and move this to the table of
materials.
We have changed this to “instant glue”.

Line 259: Fill it with the slicing solution in the other beaker? Or fill with the other beaker of slicing
solution?
We have changed this to: “Quickly place the holding plate into the slicing chamber and fill
the chamber with slicing solution from the second beaker in step 1.1.4. “

Line 317: How?
We have changed this to: “Before each voltage clamp recording, perform a membrane
test using the Clampex software and record the relevant parameters in a lab book
(membrane resistance, access resistance, and capacitance).”

Line 329: What volume? Record how?
For this part the volume is not important because the bath is being continually perfused
with the solution at the flow rate described in 3.2.10. We have changed this to the
following to reflect that more clearly:
“Using the Clampex software, record the sEPSCs while perfusing the bath with low Ca?*
aCSF.”

Line 344: What volume? How do you record?
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For this part the volume is not important because the bath is being continually perfused
with the solution. We have changed this to the following to reflect that more clearly:
“While perfusing the bath with normal Ca%* aCSF (the same as the bath aCSF) record
SEPSCs for at least 5 min.”

To avoid repetition we have not repeated the recording program each time we instruct
to record EPSCs. All are recorded using the Clampex software in voltage clamp as
explained in point 4.1.1.

Line 390: What is this. Please explain how to do the step. Please provide all the button clicks,
Graphical user interface, scripting (scripting steps can be uploaded as a supplemental file)
We have added multiple steps to clarify the analysis of EPSCs using the MiniAnalysis
program as follows:

“5.1 Analyze sEPSCs and mEPSCs using a program that analyzes synaptic currents (e.g.,
Mini Analysis).

5.1.1 .In Mini Analysis, use the suggested detection parameters for detecting AMPA
Receptor EPSCs (or GABA Receptor EPSCs if recording inhibitory currents).

5.1.2. Use the Nonstop Analysis function to detect EPSCs in the recording.

5.1.3. Manually scan each recording to ensure the program is accurately detecting
each event (e.g., ensure events are not being missed or counted twice).

5.1.4. Export the event data by copying it to the clipboard and paste it into a data
management software (e.g., Excel)

5.1.5. Calculate the average frequency and/or amplitude for each drug treatment and
perform statistical analyses.”

Line 395: How do you visually identify this?
We have added the following example of what to look for:
“5.1.3. Manually scan each recording to ensure the program is accurately detecting each
event (e.g., ensure events are not being missed or counted twice).”

3. For the protocol section, Please ensure you answer the “how” question, i.e., how is the
step performed?

Please see the tracked changes in the protocol section of the manuscript for updates that
further clarify how steps are performed.

4. Once all the changes are done, Please ensure that the highlight is no more than 2.75 pages
including headings and spacings.
Done

5. Please attach the reprint permission to use the previously published figures as a.doc file to
your editorial manager account.
Done
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