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ABSTRACT

Two types of secretory vesicles co-exist at some presynaptic terminals. Clear synaptic vesicles (CSV) release their
contents at the synaptic active zone, upon single impulses, while dense-core vesicles (DCV) usually release their
contents in the periphery of the terminal upon repetitive stimulation. Part of the transmitter released by DCV
diffuses to produce paracrine effects, and part of it reaches the postsynaptic terminal, adding its effect to that
of synaptic release. This article presents an analytical method to separate the contribution of CSV and DCV to
the postsynaptic responses, based on the kinetics of postsynaptic currents (PSCs). Since stimulation with single
presynaptic impulses usually triggers release only from CSV, the kinetics of the resulting PSC can be used as a
template to model the postsynaptic response to release from CSV during stimulation trains, accounting for the
variations in the amplitude of PSCs due to short-term synaptic plasticity. Subtraction of this model simulation to
the total recorded PSC renders the response to DCV peri-synaptic release, which has slower kinetics. The method
can be further simplified by measuring only the amplitudes of the PSC peaks for synaptic release and the integral
of the current for peri-synaptic release.

e The postsynaptic current in response to presynaptic release from clear synaptic vesicles is modeled using the
kinetics of the PSC in response to single impulses.

e The model synaptic response is subtracted from the total recorded PSC to obtain the response to peri-synaptic
release from dense-core vesicles.
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Background

At some chemical synapses, neurotransmitters are contained in clear vesicles, which dock at
the active zone, and also in peri-synaptic dense-core vesicles that surround the clear vesicles
[3,12,14,16,19]. Neurotransmitter release from clear synaptic vesicles produces fast and localized
responses exclusively at the postsynaptic neuron, in what has been called “wired” transmission. On
the other hand, release from dense core vesicles is slower [21] and only part of the neurotransmitter
released from peri-synaptic dense core vesicles reaches the postsynaptic terminal, while most
of it diffuses in the extracellular fluid and produces modulatory effects on surrounding neurons,
thus participating in paracrine communication, which has also been called “volume transmission”
[9,11]. The interrelation between these two modes of transmission seems to play crucial roles in
the regulation of emotions, cognitive and motor functions in the central nervous system [1,2,10].
Stimulation of the presynaptic neuron with single impulses produces release of neurotransmitter
quanta from clear but not from dense core vesicles [14,17,21]. On the other hand, repetitive
stimulation produces facilitation and/or depression of synaptic transmission [7,15] and evokes release
from dense core vesicles [4,5,14,21]. If both types of vesicles contain the same transmitter, such as in
the case of some serotonergic neurons [4], then the postsynaptic response to the repetitive stimulation
of the presynaptic neuron is composed by the addition of synaptic and peri-synaptic release. This
method was developed in order to analyze the synaptic and the peri-synaptic components of these
compound responses.

Method

This article focuses on a method for the analysis of postsynaptic currents (PSCs) at any synapse
where presynaptic terminals contain both clear synaptic vesicles and dense-core peri-synaptic vesicles
releasing the same neurotransmitter, which acts on the same receptors or on different receptors
leading to similar (i.e. depolarizing or hyperpolarizing) effects. To analyze the contribution of each
vesicle type to the synaptic response, simultaneous recordings of the pre- and the post-synaptic
neurons must be performed. The aim of this article is not to detail the recording methods, which
have thoroughly been described elsewhere [6,8]. Recordings can be done with sharp intracellular
electrodes in the case of big neurons or with whole-cell patch clamp in smaller neurons. In the
case of synapses between leech Retzius and Pressure-sensory (P) neurons in culture, we used a sharp
intracellular electrode in each neuron. The presynaptic Retzius neuron was recorded and stimulated
under current clamp conditions and the postsynaptic currents (PSCs) in the P cell were recorded under
single-electrode discontinuous voltage clamp conditions, digitalized with an A/D converter and stored
in a PC. Presynaptic stimulation is performed by injecting square current pulses through the electrode,
of sufficient amplitude and duration so that each pulse produces one action potential (AP). In the case
of Retzius neurons, we used 10-ms pulses and the amplitude was adjusted for each cell.
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In order to use the analysis method described below, presynaptic stimulation consists in producing
a single (test) action potential (AP), followed after 5 s by a train of ten AP (Fig. 1A, B) with a frequency
within the physiological dynamic range of firing of the neuron studied. The interval between the test
AP and the beginning of the AP train can be varied, in case of synaptic facilitation or depression, and it
must be sufficiently long so that the postsynaptic current in response to the first impulse in the train
is similar to that produced by the test AP. Each synapse can be tested with several trials, allowing at
least two minutes (or the time necessary for plasticity phenomena to extinguish after the previous
stimulation train) for recovery between trials. If trains at different frequencies are tested, they should
be presented in a random order.

Fig. 1C shows representative PSCs in response to a single presynaptic AP and to a train of ten
impulses at 10 Hz, in a Retzius-P synapse.

The analysis method is based upon the fact that single APs usually produce release from synaptic
clear vesicles only [3,6,13,18]. In contrast, repetitive stimulation at increasing frequencies recruit also
peri-synaptic dense-core vesicles and thus the PSCs in response to trains of APs may contain mixed
responses to neurotransmitter release from synaptic clear vesicles and from peri-synaptic dense-core
vesicles [4,16,20]. Since it can be assumed that the PSC in response to a single AP is produced only
by release from clear synaptic vesicles, then the shape of this current can be used as a template
to simulate what purely synaptic release would look like during stimulation trains, taking synaptic
plasticity into account.

The test PSC for each trial is modeled with the sum of three exponentials (one for the onset of the
current and two for its decay) using the equation:

t t t
I:_(Aﬂ?ﬁ"rAze6 +A3€§> (1)

The parameters of the equation can be fit using any curve-fitting software. We used Igor
Pro (Wavemetrics, Inc., Lake Oswego, OR, USA). Supplementary material includes an Igor Pro-file
(experiment) with the fitting function and procedures to do the simulations described below. To use
this file, the data points forming the test PSC (excluding the stimulation artifacts) are copied from the
recording file and pasted as a uni-dimensional wave in Igor. Eq. (1) has been fed in the curve fitting
dialog box, found under the Analysis menu.

In order to fit data using a user-written function, initial guesses must be set for each of the
coefficients in the Coefficients tab. For a PSC with an amplitude of 0.1 nA and time to peak of 20 ms,
the following numbers can be used: A1=0.2 A2=0.1 A3=0.1 taul=15 Tau2=25 tau3=60. Once all the
coefficients are set, the “Do It” button is hit. Igor will find a fit to the data using the given equation.
If the fit is not good, the initial guess for the coefficients can be changed.

Once a good fit for the single PSC is found, the equation is used to simulate each of the PSCs in
response to each of the APs in the stimulation train.

The amplitude of the PSC in response to each AP during stimulation trains can vary due to
short-term plasticity phenomena such as synaptic facilitation and depression, but this only changes
the amplitude of the current and not its kinetics. Supplementary Fig. 1 shows kinetics for PSCs
recorded from leech Retzius-P synapses in culture (see also [7,15] for references from other synapses).
Therefore, one can simulate PSCs with the same kinetics as the test PSC and vary their amplitude
for each stimulation pulse. The variations in amplitude are directly measured from the amplitude of
the current peaks recorded experimentally (Fig. 2B). These amplitudes can be measured manually
(for example using Clampfit software) or using a peak-detection algorithm (the Igor file included
in supplementary material has a procedure that automatically does this). Each of these amplitudes
is then divided by the amplitude of the test PSC and the resulting factor is used to multiply the
amplitude of the model simulation obtained from the test PSC, in order to simulate the individual
synaptic responses to each impulse in the train. A delay must be added to each of these simulations,
according to the position of each current in the train (see Fig. 1C, colored traces) before summing
all the simulations. Then all the individual current simulations in a train are linearly summed. The
resulting waveform (Fig. 1C, blue trace) is a simulation of the postsynaptic response to synaptic
release during the whole stimulation train. This simulation will be referred to as “synaptic simulation”
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Fig. 1. Schematic representation of the stimulation, recording and modeling method to separate the synaptic and peri-synaptic
components of PSCs. A) Scheme showing a pair of neurons forming a synapse (Pre = presynaptic; Post = postsynaptic) and
recorded with intracellular electrodes. The asterisk depicts the presynaptic terminal, which is shown in more detail in the inset
in C. The trace above (I Pre) represents the stimulation protocol, with square current pulses delivered to the presynaptic neuron.
Stimulation consists of a single pulse, followed, after several seconds by a train of ten pulses. The duration and amplitude of
each pulse must be adjusted so that each pulse produces an action potential in the presynaptic neuron (as shown in B; the
time scales in A is different to show the current pulses amplified). B) Schematic representation of the membrane potential of a
presynaptic neuron (V Pre), stimulated with the protocol shown in (A) and firing a single action potential (Test AP) and a train
of ten APs. C) Schematic representation of the postsynaptic current and the results of the modeling. The gray trace shows the
experimentally recorded (total) PSC. From the single PSC in response to the test presynaptic AP a model PSC is obtained with
Eq. (1) (black trace superimposed on gray trace). This same model current is used to simulate each of the individual PSCs during
the train. The amplitude of each of these simulations (colored red to pink in the upper scheme) is adjusted by multiplying the
model PSC by the amplitude factor obtained from the measurement of the individual amplitudes in the recording. Then all
these simulated currents with adjusted amplitudes are linearly summed to obtain the synaptic current simulation (blue trace).
This simulation is subtracted from the total recorded current to obtain the peri-synaptic current simulation (green trace). The
inset is a schematic representation of the presynaptic terminal (marked with an asterisk in (A), containing pools of synaptic
clear vesicles (blue) and peri-synaptic dense-core vesicles (green). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)



C. Trueta/MethodsX 8 (2021) 101374 5

and represents what the postsynaptic current would look like if only release from synaptic clear
vesicles were activated during the train.

To obtain the response to peri-synaptic release from dense-core vesicles during the stimulation
train, the synaptic simulation (blue trace in Fig. 1C) for a given recording is subtracted from the total
experimentally recorded postsynaptic current (gray trace in Fig. 1C). This renders a simulation of what
the PSC would look like if only release from peri-synaptic dense-core vesicles were activated during
the stimulation train (Fig 1C, green trace).

All the simulations and analysis can be performed with custom-written routines in any
programming plattform. Supplementary material contains a file for Igor Pro-software that includes
an example of such routines, which readers can use. The file contains instructions for its use.

A simplified method to analyze the contribution of synaptic and peri-synaptic release to PSCs

During stimulation trains the individual PSCs observed in response to each presynaptic impulse
have similar kinetics to that in response to a single impulse, thus suggesting that the fast component
of individual PSCs is produced by neurotransmitter release by synaptic (clear) vesicles. The amount of
synaptic release is directly reflected in the amplitude of PSCs, and therefore the synaptic component
can be measured from the amplitudes of the individual PSCs in response to each presynaptic action
potential during stimulation trains, whose peaks are clearly identifiable in the recordings (see Fig. 2B,
blue vertical bars). On the other hand, the peri-synaptic component is a much slower response
(Fig. 1C, green trace) that increases the area below the synaptic current. Therefore, the peri-synaptic
component is better reflected in the integral of the whole PSC in response to stimulation trains
(Fig. 2A, B, gray shade).

With these considerations, the analysis of synaptic release can be simplified to measuring the
amplitude of the individual PSCs following each presynaptic action potential. As shown above,
these amplitudes (Fig. 2B) can be measured manually (for example using Clampfit software (Axon
Instruments), or using a peak-detection automatic function. The amplitudes of the ten individual PSCs
in a stimulation train are then summed and the sum is divided by the amplitude of the PSC in
response to the single (test) AP preceding the train in the same synapse. This normalizes the data,
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Fig. 2. Schematic representation of the simplified analysis method. Release from synaptic clear vesicles (blue circles in A) is
analyzed by measuring the amplitudes of individual postsynaptic current peaks in response to each action potential during
trains of impulses (see blue vertical bars in B). The amplitudes of all peaks (Ai) are summed and divided by the amplitude of
the single test PSC (As), recorded before the train (not shown here; see Fig. 1). Release from peri-synaptic dense core vesicles
(green and black circles in A) is analyzed by measuring the integral of the whole postsynaptic current in response to the
stimulation train (T; shaded gray in B) and dividing it by the integral of the single (s) test PSC. Since the integral includes both
synaptic and peri-synaptic responses (gray shade in A), the synaptic component must be subtracted to the resulting ratio to
obtain the peri-synaptic component. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 3. Validation of the simplified method. The model simulations and the simplified method were used to calculate the
synaptic release in PSCs obtained from 23 stimulation trials with AP trains at different frequencies in synapses formed between
Retzius and P neurons in culture. The amplitude of each individual postsynaptic current during the trains was divided by ten
times the amplitude of the single test current and the average of these ratios for all the currents in a train are plotted in the
abscissa. The ordinates show the release index of the synaptic simulation, calculated by dividing the integral of the modeled
synaptic simulation of the response to the train by ten times the integral of the test current simulation. The linear relationship
between the data obtained with the two methods shows that similar results are obtained with both of them.

rendering an index that reflects the average plasticity of synaptic release from clear vesicles during
the train of impulses and allows the comparison of PSCs obtained from different synapses.

The normalized data obtained in this simplified manner for the synaptic component are shown in
Fig. 3 plotted vs. those obtained with the modeling method described above. As can be seen, there is
a linear correlation between the results obtained with both methods.

To analyze the peri-synaptic component from the area below the curve of the PSCs, the integral
(which can be measured using Clampfit, Igor or any analysis software) of the whole PSC in response to
the stimulation train (Fig. 2B, gray shade) is divided by the integral of the PSC in response to the test
pulse. This renders a total release index, which also normalizes the data, allowing the comparison of
PSCs obtained from different synapses. Since the integral of the PSC in response to trains of impulses
includes the responses to both synaptic and peri-synaptic release, the synaptic release index (obtained
from the amplitudes as explained above) must then be subtracted from the total release index in order
to estimate the peri-synaptic component of release.

Since the results obtained with both methods are similar (Fig. 3), for the quantitative analysis of
the total contribution of each component, the modeling presented in the first part of this article is
not necessary. The first method, nevertheless, gives useful information about the kinetics of synaptic
and peri-synaptic release, which is not obtained with the simplified method.

Depending on the kinetics of the PSC, upon stimulation at high frequencies the peaks of the
individual synaptic responses cannot be resolved because the rise time of the synaptic currents is
longer than the interval between impulses. In these cases, the synaptic component of release can be
estimated by dividing the amplitude of the total current in response to the stimulation train by the
number of impulses in the train, and assigning equal amplitudes to the individual currents. This is
valid when the sum of the postsynaptic responses is linear.
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