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During the last decades it became increasingly evident that electrical synapses are
capable of activity-dependent plasticity. However, measuring the actual strength of
electrical transmission remains difficult. Usually changes in coupling strength can only
be inferred indirectly from measures such as the coupling coefficient and the coupling
conductance. Because these are affected by both junctional and non-junctional
conductance, plastic changes can potentially be due to both components. Furthermore,
these techniques also require the blocking of chemical transmission, so that processes
that involve crosstalk between chemical and electrical synapses will be suppressed.
To directly examine the magnitude of errors that can occur, we use dual whole-cell
current- and voltage-clamp recordings from the soma of the pair of easily accessible,
electrically coupled Retzius cells in the leech to simultaneously determine coupling
coefficients, coupling conductances and directly measured gap junctional currents. We
present the first direct and comparative analysis of gap junction conductance using
all three methods and analyze how each method would characterize the response of
gap junctions to serotonin. The traditional coupling coefficients showed severe deficits
in assessing the symmetry and strength of electrical synapses. These were reduced
when coupling conductances were determined and were absent in the direct method.
Additionally, both coupling coefficient and coupling conductance caused large and
systematic errors in assessing the size and time course of the serotonin-induced
changes of gap junctional currents. Most importantly, both measurements can easily
be misinterpreted as implying long-term gap junctional plasticity, although the direct
measurements confirm its absence. We thus show directly that coupling coefficients
and coupling conductances can severely confound plastic changes in membrane and
junctional conductance. Wherever possible, voltage clamp measurements should be
chosen to accurately characterize the timing and strength of plasticity of electrical
synapses. However, we also demonstrate that coupling coefficients can still yield a
qualitatively correct picture when amended by independent measurements of the course
of membrane resistance during the experiments.

Keywords: electrical synapse, gap junction conductance, electrical coupling, coupling coefficient, electrical
synapse plasticity
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INTRODUCTION

Electrical synapses formed by gap junction channels allow the
direct flow of electrical currents between coupled neurons.
Despite their simplicity, electrical synapses have been found to
show a high degree of synaptic plasticity (Pereda et al., 2013;
Curti and O’Brien, 2016; Haas et al., 2016). They are not only
regulated by neuromodulators (Piccolino et al., 1984; Lasater
and Dowling, 1985; McMahon et al., 1989; Pereda et al., 1992;
Johnson et al., 1993; Smith and Pereda, 2003; Lefler et al.,
2014; Mathy et al, 2014; Turecek et al., 2014; Wang et al,
2015) but also by activity-dependent mechanisms (Yang et al,
1990; Smith and Pereda, 2003; Landisman and Connors, 2005;
Haas and Landisman, 2012b; Lefler et al., 2014; Mathy et al,
2014; Turecek et al.,, 2014; Wang et al., 2015). Several studies
have demonstrated that neurotransmitter-dependent plasticity
can be associated with the direct regulation of gap junction
conductance (Lasater and Dowling, 1985; Lasater, 1987; DeVries
and Schwartz, 1989; McMahon et al., 1989). However, most
evidence is based on the indirect assessment of synaptic strength,
typically by determining the so-called coupling coefficient (cc).
This convenient measure characterizes the strength of electrical
coupling of two cells by injecting a hyperpolarizing current
pulse into one cell, and by measuring the associated changes
in membrane potential in the injected (AV;) and in the
other (non-injected) cell of the pair (AV;). The ratio between
the changes in membrane potential of the two cells is then
defined as the coupling coeflicient (cc = AV,/AV7). However,
the equivalent electrical circuit of an electrically coupled pair
of cells (Figure 1A) shows, that the cc depends also on
the resistance of the cell membrane. Specifically, changes in
cc can in principle occur without any changes in electrical
transmission at all, simply because of changes in membrane
resistance. Hence, measuring coupling coeflicients always bears
some risk of not necessarily reflecting the strength of electrical
synapses but of being confounded by non-junctional membrane
properties of the coupled cells (Bennett, 1966; Pereda et al.,
2013; Snipas et al., 2017). Plastic changes in non-junctional
membrane plasticity can be a component of changes in cc and
it is not easy to disentangle them from any plasticity of the
electrical synapses. An important elaboration of the cc is the
so-called coupling conductance (gc). This is calculated from
cc values, taking estimates of the cells input resistances (Rin)
into account (Figure 1B). It is determined as appropriate for
two isopotential cells connected by a single electrical synapse
(Bennett, 1966) and will be less useful when deviations from
these conditions occur. It also cannot completely disentangle
junctional from non-junctional conductance changes, because
the measurements of R;, at the soma that are needed to calculate
g are also affected by changes in gap junctional resistance
and can thus only serve as an estimate for the ‘true’ input
resistance (Pereda et al., 2013). Thus, in most preparations, also
gc is likely to allow only a rough estimate of gap junctional
strength (Bennett, 1966; Pereda et al, 2013; Shimizu and
Stopfer, 2013; Curti and O’Brien, 2016). Nevertheless, both cc
and g. are generally used to demonstrate neurotransmitter-
dependent or activity-dependent regulation of electrical synapses

(Landisman and Connors, 2005; Haas et al.,, 2011; Haas and
Landisman, 2012a; Mathy et al., 2014; Wang et al., 2015; Sevetson
et al., 2017). In consequence, it is often not completely clear
whether and to what extent plasticity of electrical coupling
might also involve changes in the non-junctional membrane
conductance. To suppress some of the non-junctional changes,
cell membranes are often rendered passive by applying cocktails
of antagonists and channel blockers (Landisman and Connors,
2005; Wang et al.,, 2015; Szoboszlay et al., 2016), an approach
that clearly comes at the cost of also taking out potential
signaling pathways that may be involved in the plasticity of
electrical synapses.

In principle, it is possible to directly measure gap junction
conductance (gj) in ways that are not confounded by other
electrical parameters and do not require the blocking of chemical
transmission. This approach uses coupled whole-cell voltage-
clamp recordings from a pair of cells (Miiller et al., 1999; Welzel
and Schuster, 2018). However, the technique requires a working
voltage clamp protocol, which limits the systems in which it could
be used and will typically not be applicable in central mammalian
neurons with large dendritic trees (Williams and Mitchell, 2008).

In order to explore the degree of possible limitations in the
methods that we need to use in most mammalian neurons, we
used a test-system that allowed us to simultaneously run all three
methods on a given pair of coupled cells. This allowed us to
directly compare how the three methods would interpret the
effect of serotonin on gap junctions between these cells. This
should be of great value to directly assess possible limitations
of the most widely used methods of inferring plasticity in
electrical synapses, and should lend confidence on how to detect
and to correct them. For this approach, we used the pair of
Retzius (R) cells in the nervous systems of the leech (Hirudo
medicinalis). These cells can be voltage-clamped and allow the
accurate measurement of gap junctional currents (Welzel and
Schuster, 2018). They are coupled by electrical synapses between
pairs of neurites in sufficiently close proximity (<50 pum) to the
soma (Garcia-Pérez et al., 2004) to avoid voltage clamp errors
(Williams and Mitchell, 2008). By using dual whole-cell current-
and voltage-clamp recordings from the soma of the coupled cells,
we were able to experimentally determine in the same electrical
synapse: (i) the coupling coeflicient (cc), (ii) the estimated
coupling conductance (g.), as well as (iii) a direct measurement
of gap junction conductance (gj). We then compare the accuracy
of the three methods in characterizing the time course of action of
serotonin on the gap junctions. Our study thus presents the first
direct and comparative analysis of all three methods available for
characterizing electrical synapses and tests their suitability for a
quantitative analysis of electrical synapse plasticity.

MATERIALS AND METHODS

Leech Care

All experiments were performed with adult leeches (Hirudo
medicinalis) from ANIMAL PHARMA GmbH (Weismain,
Germany). Leeches were maintained at 18°C in 25 | water tanks.
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FIGURE 1 | The strength of electrical transmission between electrically coupled neurons can be characterized in current-clamp and voltage-clamp mode.

(A) Schematic representation of two typical central mammalian neurons (pyramidal cells) that are electrically coupled. The inset illustrates the equivalent circuit of the
electrically coupled cells with recording microelectrodes. Rs1, Rso: series resistances of microelectrodes. V1, Vo: membrane potentials of the two cells. Cell
membranes with resistances Ry, Rve and capacitances Cy1, Cuvo. Rj: gap junctional resistance. Ij: gap junctional current. Iy, lo: currents sent through
microelectrodes. Iy, Iwe2: currents across membrane resistances. (B) In central mammalian neurons, the strength of electrical transmission is typically inferred from
indirect measures such as the coupling coefficient (cc) and the coupling conductance (gc) but not by directly measuring the gap junctional currents (Ij) and
conductance (g;). For details see section “Materials and Methods,” and (D,E). (C) Schematic representation of the somata and the neurites emerging from the
primary axons of a pair of Retzius neurons (R1 and R2) in the leech nervous system (adapted from Welzel and Schuster, 2018, with permission). The somata are

I
0.24 nA

electrically coupled by non-rectifying electrical synapses (see inset) between pairs of neurites within the neuropilar arborizations proximal to the soma (Garcia-Pérez
et al., 2004). (D) The coupled R cells allow the measurement and the direct comparison of all three methods. The cc was determined in each direction in
current-clamp mode. A hyperpolarizing current (0.4 nA, 500 ms) was injected into one cell and the ratio of the voltage response of the non-injected cell (AV») to that
of the injected cell (AV4) was calculated. Additionally, input resistances (Ri,) and transfer resistances (R12 and Ro1) were calculated as needed to obtain estimates for
de- (E) To measure junctional currents, both cells were voltage-clamped at -80 mV. A probing brief depolarization to -60 mV (500 ms) applied to one cell is sufficient

conductance (g = 1/R;).

to detect the small junctional current () from the change in current (Alz) in the clamp circuit of the other cell, directly yielding junctional resistance (R;) and

Preparation of Segmental Ganglia

The dissection of electrically coupled Retzius (R) neurons was
conducted as previously described (Schlue and Deitmer, 1980;
Welzel and Schuster, 2018). Briefly, leeches were anesthetized
on ice cooled water for at least 10 min. Segmental ganglia were
dissected and removed from the animal and pinned, ventral side
up to a superfusion chamber coated with Sylgard (Dow Corning).

Dissection was carried out in leech Ringer solution composed
of (in mM): NaCl, 115; KCl, 4; CaCl,, 1.8; MgCl,, 1.5; glucose,
10; tris-(hydroxymethyl)-aminomethane (Tris) maleate, 4.6; Tris
base, 5.4 (all Sigma), buffered to pH 7.4. The ventral glial sheath
covering the ganglia was opened with a fine microscissor to apply
serotonin directly between the R cells. All experiments were done
on R cells from midbody ganglia (ganglia 7 to 16).
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Electrophysiology

The Ringer solution was used in all electrophysiological
measurements as external solution at room temperature
(22 £ 2°C). Intracellular somatic current- and voltage-clamp
recordings of the R cell pairs were performed by using two
sharp glass microelectrodes (15-30 MQ). The electrodes were
pulled from borosilicate glass (GB100TF-10, Science Products)
on a P-97 puller (Sutter Instrument) and backfilled with 3
M potassium acetate. The R cells could be unequivocally
identified by their size and position within the ganglia. The
microelectrodes were connected to two coupled discontinuous
single electrode voltage-clamp (dSEVC) amplifiers (SEC-05X,
npi electronic). Synchronizing two dSEVC amplifiers allows a
precise and direct measurement of gap junctional conductance,
independent of series and membrane resistances (Miiller et al.,
1999; Welzel and Schuster, 2018).

Application of Serotonin

The focal application of serotonin (80 mM in dH,O, Sigma)
was performed using broken glass microelectrodes (2-4 MQ).
The microelectrode was positioned between the R cell pairs
under visual control. Serotonin was pressure-injected (20 psi;
Picospritzer, Toohey Company, Fairfield, NJ) at a flow rate of 2—
4 nl/s.

Data Acquisition and Analysis

The dSEVC amplifiers were used in a master-slave configuration
with the same, synchronized switching frequency (35 kHz) and
the duty cycle was set to 1/4. All current and voltage recordings
were low-pass filtered at 2 kHz. For a detailed description of
the operational principles of dSEVC amplifiers, see Miiller et al.
(1999). Hum noise (50 Hz) was eliminated by a filter (Humbug,
Quest Scientific). The signals were digitally sampled with at least
2 kHz (Micro1401, Cambridge Electronic Design), monitored by
an oscilloscope (TDS 2004C, Tektronix) and recorded using the
Spike2 software (Cambridge Electronic Design). All stimulation
protocols were generated and delivered by a stimulus generator
(Master-8, AMPI).

The coupling coefficient (cc) was calculated for both cells
in both directions (ccj; and ccp;) in current-clamp mode
by injecting a hyperpolarizing current (0.4 nA, 500 ms) in
one cell and calculating the ratio of the steady-state voltage
response of the non-injected cell (AVyon_injectea) to that of the
injected cell (A Vipjectea):

cc= A Vnon—injected/ A Vinjected (1)

The coupling conductance (g:) was estimated in each
direction (gc12 and ge1) based on a model of two isopotential
neurons and a single electrical junction following Bennett, 1966:

g2 = 1/Rez = (RiniRin2 — RY,) /R 2)

where Rjn; and Rjy, represent the somatic input resistances of
the coupled cells. Ri, was defined as the voltage response of the
injected cell divided by the amplitude of the injected current
(0.4 nA, 500 ms). The transfer resistance (R;,) was defined as the

voltage response in R cell 2 when current was injected into R cell 1
divided by the amplitude of the injected current (0.4 nA, 500 ms).

We selectively measured the gap junctional currents (Ij)
between the coupled R cells as previously described (Welzel
and Schuster, 2018). Briefly, we clamped both cells at a
hyperpolarizing potential of —80 mV to inhibit the contribution
of chemical synapses. A brief (200 ms) depolarizing voltage jump
from —80 mV to —60 mV was induced in one cell (V;). The
change in the current recorded from this cell (AIl;) was the sum
of the I; and the membrane currents (Iy) in this cell. Because
the other cell was continued to be clamped at —80 mV (V3),
alterations of the current recorded in this cell (Al) resulted
only from the temporary voltage drop between the cells and
was equal to —I; (Figure 1E). The junctional resistance (R;) and
conductance (gj) could thus be simply calculated from Ohm’s law:

gz = 1/Rj = AL/(Vi — V3) 3)

To analyze the coupling symmetry, the R cells with the smaller
cc, gc, or gj were combined into one group (R cell 2; R2). The
R cells with the larger cc, g, or gj were combined into another
group (R cell 1; R1). The coupling symmetry was defined as the
ratio of R2/R1 (ccra/ceri, g R2/gc R1> OF g R2/gj R1)- The cell
with larger cc was not in each case the one with the larger g.
or gj, respectively.

Voltage deflections at the resistance of the microelectrodes
were carefully compensated by means of the bridge balance
controls of the dSEVC amplifiers. In each experiment the bridge
balance was adjusted before and, if necessary, after penetrating
a R cell by passing brief, hyperpolarizing current pulses (0.2 nA,
200 ms) until no instantaneous voltage change was observed at
the beginning of the voltage response. Due to either slight under-
or overcompensation of the bridge balance or to changes in the
resistance of the microelectrode during the recordings, residual
bridge imbalance errors can potentially occur. To ensure that
the variability of the cc and the g. (Figures 2, 3) did not result
from such compensation errors, we used the high-resolution of
the digitized data to determine any residual bridge imbalance
errors in off-line analyses (Supplementary Figures S3, §4). First,
we fitted the response of each R cell to hyperpolarizing current
pulses with a double exponential function (Supplementary
Figure S4A). A near instantaneous component at the onset of
the voltage response (time constant t.] < 1 ms) can be attributed
to a voltage drop across the resistance of the electrode (Hewes
and Truman, 1994). The slow component can be attributed to
the cell membrane (membrane time constant t,; = 60.4 + 2.8 ms,
n = 46). All recordings with 1 < 1 ms thus indicate potential
bridge imbalance errors and the effect of them on our pattern of
results as well as any need for corrections (Hewes and Truman,
1994) can directly be analyzed (Supplementary Figures S4B,C).
This analysis showed that all data could be included in the present
study without any corrections needed.

Each R cell pair was only used for one experiment. We
used only R cell pairs with stable membrane potentials and gap
junctional currents (Al) higher than 25 pA. All reported data of
cc, gc» and gj represent the average of at least 10 measurements.
All data are reported as mean =+ standard error of the mean
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FIGURE 2 | Symmetry of synaptic electrical transmission is best described by voltage-clamp based measurements of gap junction conductance. (A) The coupling
coefficient (cc), (B) the coupling conductance (gc) and (C) the junctional conductance (g;) were determined in the same Retzius (R) cell pair in both directions (0 = 17
pairs). The R cells with the smaller cc, gc, or g; were combined into one group (R2). The R cells with the larger cc, gc, or g; were combined into another group (R1).
The mean coupling symmetry of each approach was defined as the ratio of respective values in R2 to R1. (D-F) Comparison of the smaller (R2) vs. the larger (R1)
CC, de, Or g; measured in both directions of coupling for each cell pair. Dashed lines indicate identical cc, go, or gj in both directions (slope = 1) and thus represent

symmetrical coupling.
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FIGURE 3 | The coupling coefficient and the coupling conductance are strongly influenced by non-junctional factors. (A) Relationship between cc or gc and
simultaneously obtained actual value of g (n = 34 cells from 17 pairs). (B) Relationship between the apparent asymmetry of electrical coupling (cc or gc ratios shown
in Figure 2) and differences in input resistances (Ri, ratio) of both R cells in each pair (n = 17 pairs).
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(SEM). The normal distribution of variables was tested using
the Shapiro-Wilk test. A Pearson correlation was used for linear

regression analysis.

RESULTS

Most of the studies that analyzed the regulation and modulation
of electrical synapses have been made in central neurons of the

mammalian brain, e.g., pyramidal cells (Bennett and Zukin, 2004;
Haas et al., 2016; Figure 1A). The plasticity in the strength
of electrical transmission between electrically coupled neurons
is usually inferred indirectly from the coupling coeflicient (cc)
and the coupling conductance (g.) (Figure 1B). Because these
measures are also affected by changes in any of the other electrical
parameters of neurons, e.g., the membrane resistances Ry and
Rymz of the coupled pair (Figure 1A), ideally voltage-clamp
measurements of the junctional conductance (gj) should be
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used (Figure 1B). However, particularly in most mammalian
central neurons, somatic voltage-clamp recordings are not able to
accurately measure synaptic strength of dendritic gap junctions
(Williams and Mitchell, 2008) and can therefore not be used
as additional checks on the interpretations based on cc and g..
To directly assess limitations of using the simpler cc and g.
approaches, we took advantage of the pair of electrically coupled
R cells in the leech (Figure 1C) that allows a direct measurement
of gj (Welzel and Schuster, 2018) and thus enables a direct
comparison of all three methods (Figures 1D,E).

We began by comparing how each of the three methods
assessed the symmetry of the electrical synapses, which is typically
examined by using the coupling coefficient and the coupling
conductance (Haas et al,, 2011; Lefler et al., 2014; Wang et al.,
2014). The R cells are electrically coupled by non-rectifying
electrical synapses (Hagiwara and Morita, 1962) and provide
an easy check of how suitable cc, g. and g; are to detect the
expected symmetry in the coupling of the pair. For each R cell
pair (n = 17), the strength of electrical coupling was determined
in both directions (cc = 0.41 % 0.02, g. = 20.6 £ 1.5 nS, and
gi = 9.0 & 0.8 nS; mean + SEM, averaged between the two
directions) and the neurons with the higher cc, g, or gj were
defined as Retzius cell 1 (R1). Interestingly, ccr; and ccg; differed
significantly (P < 0.001, Mann Whitney test) in 14 of the 17
pairs. Calculating the coupling symmetry based on coupling
coefficients led to a value that was remarkably lower than unity
(ccra/ccry = 0.79 £ 0.03; Figure 2A), which would suggest that
the coupling of R cells is typically not symmetrical (Figure 2D).
Using g. provides a different view. Here, the differences between
gc r1 and g r» were smaller, which resulted in a symmetry
closer to unity (gc r2/gc r1 = 0.91 £ 0.02; Figures 2B,E). This
is far closer to indicating non-rectifying electrical coupling. The
measurement of the gap junctional currents based on the voltage-
clamp method clearly and directly showed a high degree of
symmetry between gj r1 and gj ra (gj r2/gj r1 = 0.94 £ 0.01;
Figures 2C,F). We note that the assessment of symmetry was
not statistically different between gj and g. but symmetry inferred
from cc was significantly different (P < 0.01, one-way ANOVA)
from both of them.

The assessment based on cc and g. can indicate an asymmetric
coupling of neurons not only in case of a rectifying conductance
of the gap junction channels (Zolnik and Connors, 2016) but
also when the input resistances (Rj,) differ between the pre- and
postsynaptic cells (Bennett, 1966; Pereda et al., 2013; Snipas et al.,
2017). As we know (and have seen by applying voltage-clamp
measurements) that the junctional conductance between the R
cells is not rectifying (Hagiwara and Morita, 1962), we directly
analyzed to what degree cc and g actually depended on junction
conductance g; (as measured with the voltage-clamp method)
as opposed to Rj,. Remarkably, both cc (r* = 0.29; P < 0,001)
and g. (r* = 0.32; P < 0,001) correlated only weakly with the
actual gap junction conductance g; (Figure 3A). Our findings
suggest that the asymmetry inferred by using cc and g, is related
to differences of the input resistances Ry, of the cells of a pair
(Figure 3B). In summary, we show that the customary current
clamp based methods fail to accurately report symmetry of an
electrical synapse. In other words, any signs of rectification of an

electrical synapse need to be checked very carefully, particularly
when inferred from simple cc measurements. In our experiments,
the measurements of cc and g. depended only little on the
(directly measured) actual gap junction conductance, but more
on the input resistances. Thus, cc and g. would erroneously
suggest asymmetry of electrical coupling. Only with independent
controls would it be possible to show that this interpretation is
wrong and caused simply by a mismatch in input resistance.

Our results show that both the cc and the g. are less sensitive
to actual gap junction conductance than they are to imbalances
in other electrical properties, such as input resistance. Although
this has long been suggested (Pereda et al., 2013; Shimizu and
Stopfer, 2013; Curti and O’Brien, 2016), both cc and g are
often our only ways to discover neurotransmitter-dependent or
activity-dependent regulation of electrical synapses (Landisman
and Connors, 2005; Haas et al, 2011; Haas and Landisman,
2012a; Mathy et al., 2014; Wang et al., 2015; Sevetson et al,,
2017). Therefore, we asked whether and to what extent results on
synapse plasticity would differ if they were inferred from current
clamp approaches (i.e., from cc and g.). Since it is well established
that the neuromodulator serotonin can reduce cc as well as
Rin of the serotonergic R cells (Beck et al., 2002), we used the
application of a pulse of serotonin to comparatively monitor the
time course of its action with all three measures. For this purpose,
we focally applied serotonin (80 mM in dH,O) for a duration
of 20 s between the R cells (Figure 4A) and simultaneously
measured the time course of cc and g. (Figure 4B) as well as of
gj (Figure 4C) before, during, and after serotonin application. All
three measures correctly detect the main effect of serotonin, a fast
and strong reduction in gap junction conductance (Figure 4D).
They also all showed that controls with only the solvent
(dH,0) had no effect (Supplementary Figure S1). However, the
differences in the actual time course, the strength of the effect and
its longevity are striking. The maximal depression observed after
serotonin application (Figure 4E) is much larger when assayed
by cc (91.0 & 2.2%; difference relative to baseline; P < 0.01) or
gc (89.9 & 2.6%; difference relative to baseline; P < 0.05) whereas
it appeared to be much smaller when measured with the voltage-
clamp method that produced a significantly smaller drop by only
279 £ 2.1%. A further major discrepancy was in the plateau
reached afterward. While gj decayed to baseline, as expected due
to the dilution of the short puff of serotonin and its diffusion
into the bath, cc and g. report an apparently persistent long-
term effect (Figure 4F). During the last 50 s of the measurement
period, the mean depression of both cc (65.7 = 4.7%; P < 0.01)
and g. (58.3 & 6.4%; P < 0.05) were significantly higher than
gj (6.2 & 3.8%, Kruskal-Wallis test with Dunn’s post hoc test).
The apparent persistence of an effect of serotonin on cc and
g. thus is neither consistent with the dilution (by a factor of
2.5-5.0 x 10*) nor is it compatible with the measurement of
gj. The long-term component, seen in cc and g. measurements,
must therefore be interpreted very carefully and can certainly
not be attributed to long-term changes in the electrical synapse
itself. Not surprisingly, also details on the speed of action would
be estimated differently by the three methods. The mean rate
of decrease was much higher for cc (5.7% per second) or g.
(5.6% per second) compared to g (1.0% per second). Our
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FIGURE 4| Continued

Gap junction conductance but not the coupling coefficient or the coupling conductance allows an accurate analysis of neurotransmitter-dependent plasticity of an
electrical synapse. (A) Serotonin (80 mM) was pressure-injected locally with a micropipette placed between a R cell pair in which either the coupling coefficient (cc)
and the coupling conductance (gc) or the gap junctional conductance (g;) was continuously monitored (0.25 Hz) in one direction as described (Figure 1).

(B) Representative recordings illustrating the effect of serotonin application on cc and (C) on gap junctional currents. (D) Average traces of cc, g, and gj (normalized
in each R cell pair to average pre-application level) showing a rapid depression of synaptic strength during application of serotonin for a duration of 20 s. Shaded
areas represent SEM. Black horizontal line indicates the time of serotonin application. Gray horizontal line indicates the time interval used in (F) to calculate the
steady-state long-term effect. (E) Maximal depression of cc (n = 6), g (1 = 6), and g; (1 = 5) after serotonin application. (F) Long-term effect of serotonin application
on cc (n = 6), gc (1 = 6), and g; (1 = 5) compared to the pre-application level. Open circles represent the mean cc, ge, and g; during the last 50 s of the measurement
period [indicated by the gray horizontal line in (D)]. (G) Time constant of serotonin action on Ri, (0 = 6), cc (n = 6), go (1 = 6), and g; (1 = 5). Open circles show time
constant derived from fitting the time course of the rapid depression phase (the first 30 s) in each individual trial. Black dots represent the mean value + SEM.

*P < 0.05; **P < 0.01; ns, not significant; Kruskal-Wallis test followed by Dunn’s post hoc test. (H) Average traces of Ri, (normalized in each R cell pair to average

pre-application level) showing a rapid and persistent decrease during application of a 20 s pulse of serotonin. Shaded areas represent SEM.

measurements thus directly show that cc and g. overestimated
the size and speed of the effect of serotonin and, without further
careful controls, could even be easily misinterpreted as indicative
of a long-term effect on the electrical synapses. This does,
however, not mean that the correct conclusion could not be
reached based only on cc and g, it only means that more care
is needed. In our test case, measuring Ry, of the cells (Figure 4H),
as needed to infer g., immediately detects changes in membrane
conductance of the coupled cells. Moreover, the time constant of
the changes in Riy (3.0 £ 0.7 s) after the onset of the serotonin
pulse coincides roughly with that of the changes in cc (5.0 £ 0.6 s)
and g (4.8 4 0.7 s) but not with that of gj, which was significantly
different (10.1 &= 2.7 s; P < 0.01; Kruskal-Wallis test with Dunn’s
post hoc test) from that of Rj, (Figure 4G and Supplementary
Figure S2A). Moreover, the rapid depression of cc and g. strongly
correlates (12 = 0.93; P < 0.001) with a similarly rapid depression
of Ri, (Supplementary Figure S2B). In summary, cc and g
can produce results that can easily overestimate the size, the
speed and longevity of effects of neuromodulators. Full reporting
of possible changes of other electrical properties of the cells
is therefore essential and is required to provide any hints at
non-junctional effects. Wherever such additional controls are
available, however, cc and g¢ can be good methods to quantify the
effect of neuromodulators on electrical synapses although they
still might not allow a precise measurement of the time course
of transmitter action.

DISCUSSION

The plasticity of electrical synapses is an exciting emerging field
in neuroscience. Neurotransmitter- and use-dependent changes
of the strength of electrical synapses are supposed to play
important roles in brain function (Pereda et al., 2013; Haas et al.,
2016). However, unequivocally quantifying plastic changes in the
strength of electrical transmission is still difficult and plagued
by methodological problems. The most widely used coupling
coefficient (cc) does not directly measure junctional conductance
but depends also on changes of membrane conductance and
other electrical properties of neurons (Figure 1A). To reduce
the effect of these other non-junctional effects, the coupling
conductance (g.) was introduced that can be calculated based
on experimentally measured input resistances and coupling
coefficients (Bennett, 1966). However, the calculation of g

is based on the assumption of two isopotential cells and is
still more an estimate than a precise measure of the strength
of electrical synapses (Pereda et al, 2013). Though these
difficulties are known, actual measurements have been missing
that would directly show the magnitude of the errors made. Our
measurements show clearly that the errors are large and can by
no means be neglected. By using a system that allowed us to
simultaneously apply all currently available methods to monitor
a serotonin-induced dynamic change, we directly demonstrate
how sensitively cc and g, can depend on non-junctional factors
and how easily these measures can misinterpret the size, speed
and even the longevity of a plastic change in gap junction
conductance. We also demonstrated that even the symmetry of
electrical coupling is difficult to assess by cc and g. methods. Both
measures correlated surprisingly weakly with actual gap junction
conductance gj and more with non-junctional properties.

Our findings also underscore how effective the use of suitable
voltage clamp techniques would be. Recordings conducted with
two discontinuous single-electrode voltage clamp amplifiers
allow the precise and direct measurement of junctional currents
and thus of conductance independently of membrane and series
resistances (Miiller et al., 1999). But, as previously discussed
(Williams and Mitchell, 2008), somatic voltage clamp recordings
are only able to accurately control voltage in somatic and
proximal dendritic sites but not at distal dendritic sites of
neurons (the so-called space-clamp problem). Additionally,
the resistance and capacitance of dendritic membranes act as
an electrical filter, leading to errors in the measurement of
the junctional conductance in a distant-dependent manner.
Even dendritic voltage-clamp recordings can be completely
ineffective due to high spine neck resistance (Beaulieu-Laroche
and Harnett, 2018). In the case of the electrical synapses
between the coupled R cells, the close proximity of the gap
junctions from the soma (Garcia-Pérez et al., 2004) avoids
large voltage-clamp errors due to space-clamp problems and
this is supported by the ability of this method to detect the
symmetry of the gap junction currents. The measurement
of the gap junction currents thus allowed us to answer the
unresolved issue whether serotonin indeed regulates the strength
of the electrical synapses or only the non-junctional membrane
conductance. In contrast to the experiments where we used
cc and g., we demonstrated a direct and fast regulation of g;
by serotonin that was independent of alterations in membrane
resistances. The differences in the kinetics and the degree of
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depression revealed that the depression of cc and g. was the
sum of alterations in membrane and junctional resistance. Our
measurements thus also show directly that measurements of
cc together with that of the time-course of Rj, (e.g. as in
Haas et al., 2011) would arrive at the correct picture of gap
junction conductance.

In summary, our results suggest that, if applicable,
voltage clamp recordings should be used to characterize
neurotransmitter- or use-dependent plasticity of electrical
synapses instead of using the indirect cc or g.. This allows the
direct measurement of gap junction currents independently of
passive membrane properties and without the need of using
substances to render the cell membranes passive. This might be
particularly important for dissecting the molecular mechanisms
of electrical synapse plasticity, where such substances might
interfere with the underlying signaling pathways. Thus, the
use of coupled cells in model systems that allow the direct
measurement of gap junctional currents could push forward the
identification of the molecular mechanisms of use-dependent
plasticity of electrical synapses. The electrical synapses between
the coupled R cells in the leech have already been shown
to be capable of activity-dependent long-term potentiation
by directly measuring gap junction currents (Welzel and
Schuster, 2018) and are therefore a promising model. In
addition, the high genetic amenability and the successful
measurement of gap junctional currents between electrically
coupled cells (Chen et al., 2007; Liu et al., 2017) would suggest
that also Caenorhabditis elegans could be excellently suited for
such an endeavor.
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