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Abstract

Like their chemical counterparts, electrical synapses show complex dynamics such as rectification and voltage dependence that
interact with other electrical processes in neurons. The consequences arising from these interactions for the electrical behavior
of the synapse, and the dynamics they create, remain largely unexplored. Using a voltage-dependent electrical synapse
between a descending modulatory projection neuron (MCN1) and a motor neuron (LG) in the crustacean stomatogastric ganglion,
we find that the influence of the hyperpolarization-activated inward current (Ih) is critical to the function of the electrical synapse.
When we blocked Ih with CsCl, the apparent voltage dependence of the electrical synapse shifted by 18.7 mV to more hyperpo-
larized voltages, placing the dynamic range of the electrical synapse outside of the range of voltages used by the LG motor neu-
ron ( 60.2 mV to 44.9 mV). With dual electrode current- and voltage-clamp recordings, we demonstrate that this voltage shift
is not due to a change in the properties of the gap junction itself, but is a result of a sustained effect of Ih on the presynaptic
MCN1 axon terminal membrane potential. Ih-induced depolarization of the axon terminal membrane potential increased the elec-
trical postsynaptic potentials and currents. With Ih present, the axon terminal resting membrane potential is depolarized, shifting
the dynamic range of the electrical synapse toward the functional range of the motor neuron. We thus demonstrate that the
function of an electrical synapse is critically influenced by a voltage-dependent ionic current (Ih).

NEW & NOTEWORTHY Electrical synapses and voltage-gated ionic currents are often studied independently from one another,
despite mounting evidence that their interactions can alter synaptic behavior. We show that the hyperpolarization-activated
inward ionic current shifts the voltage dependence of electrical synaptic transmission through its depolarizing effect on the mem-
brane potential, enabling it to lie within the functional membrane potential range of a motor neuron. Thus, the electrical synap-
se’s function critically depends on the voltage-gated ionic current.

central pattern generation; electrical synapse; gap junction; modulation; stomatogastric

INTRODUCTION

Electrical synapses are ubiquitous throughout the nervous
system and have been described in many vertebrate and in-
vertebrate systems. Nonrectifying electrical synapses often
support neuronal synchrony between neurons of similar
functional and anatomical or biochemical profiles through
bilateral current flow (1). In contrast, rectifying synapses are
usually found in feedforward neuronal circuits. Their effects
are primarily unilateral and current flows preferentially from

the presynaptic to the postsynaptic cell. Electrical synaptic
transmission shows complex dynamics, including facilitation
and depression, and electrical synapse conductance is subject
to alterations by a host of influences, including temperature
and pH, as well as neuromodulators and hormones (1, 2).
These effects can either be mediated through direct actions
on the gap junction proteins, or indirectly through interac-
tions with other electrical processes in neurons, such as volt-
age-gated ion channels, that affect synaptic current flow and
alter the dynamics of the electrical coupling. However, our
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understanding of such interactions, and their consequences
for the electrical behavior of the synapse, is still in its infancy.

Included among the currents influencing electrical synap-
tic transmission are ionic currents with slow kinetics, such
as persistent Naþ currents and the hyperpolarization-acti-
vated inward current (Ih). Their slow kinetics make them
particularly conducive to changing the properties of electri-
cal synaptic transmission, for example through changes in
the extrajunctional membrane resistance or the postsynaptic
membrane potential (1, 2). They thus act without altering the
properties of the gap junction proteins themselves, but
instead set the condition within which synaptic transmis-
sion operates. For instance, the persistent Naþ current depo-
larizes postsynaptic cerebellar Golgi neurons, which causes a
switch in the sign of the electrical synapse from predomi-
nantly hyperpolarizing to predominantly depolarizing (3, 4).
Ih has also been implicated in altering electrical synaptic
transmission (5), although examples are less prevalent. In
neurons of the snail Helisoma, for example, the modulation
of electrical synapses between identical neurons is mediated
by an Ih-mediated decrease in extrajunctional membrane re-
sistance (6).

One system that is ideal for studying the effects of Ih on
electrical synaptic transmission is the crustacean stomato-
gastric nervous system. Here, several electrical synapses and
their effects on the behavior of the motor circuits in the sto-
matogastric ganglion (STG) have been characterized. In the
crab, Cancer borealis, the descending modulatory projection
neuron 1 (MCN1) innervates the lateral gastric (LG) motor
neuron in the STG’s gastric mill central pattern generator via
both chemical and electrical synaptic connections (7, 8).
MCN1’s chemical synapse provides slow neuropeptidergic
excitation and enables LG to burst and produce rhythmic
activity. The electrical synapse contributes to the mainte-
nance of the LG burst (9). Thus, both chemical and electri-
cal synapses are crucial components required for LG’s
behavior. The electrical synapse shows a peculiar voltage
dependence. At rest, each MCN1 action potential elicits
a small subthreshold electrical postsynaptic potential
(ePSP) in LG (Fig. 1A, black arrows). However, when LG
depolarizes, these ePSPs increase in amplitude. This volt-
age dependence appears to be a property of the electrical
synapse itself.

Although the basic description of the voltage dependence
of the MCN1-LG ePSPs has been available for over 25 years,
interactions with (and modulation by) other intrinsic electri-
cal properties of MCN1 and LG are less understood. Here, by
quantifying the voltage dependence of the ePSPs and meas-
uring electrical synaptic currents, we show that the ePSPs
are not just modulated by the hyperpolarization-activated
inward current (Ih), but that this modulation is critical to
their function. Without Ih modulation, the voltage depend-
ence of the ePSPs was shifted below physiologically relevant
values. As a consequence, ePSPs reached their maximum
amplitude at resting membrane potential, but remained
invariant during further LG depolarization. Modulation by Ih
shifted the dynamic range of the ePSP voltage dependence
tomore positive voltages tomatch LG’s membrane potential,
allowing ePSPs to increase when LG depolarizes. We demon-
strate that this voltage shift does not result from a change in
the properties of the gap junction, but is due to a sustained

depolarization of the MCN1 axon terminal membrane poten-
tial that is caused by the presence of Ih.

METHODS

Experimental Animals

Adult male Jonah crabs (C. borealis) were obtained from
“The Fresh Lobster Company” (Boston, MA) and kept in aer-
ated sea water tanks ( 1.025 g/cm3 salinity, artificial sea salt,
AquaMed). The tanks were kept at a temperature of 10 C–
12 C with a 12-h dark/light cycle. All experiments were per-
formed following the “Principles of animal care” Publication
No. 86-23, revised in 1985 by the National Institute of Health.

Dissection

Animals were cold anesthetized on ice for 30–40 min
before dissection. The dissection was carried out following
published protocols (10). In short, the stomach was removed
from the animal and the stomatogastric nervous system was
dissected under a stereomicroscope. During the dissection,
the nervous systemwas constantly kept at a low temperature
by rinsing it with 4 C cold saline as appropriate. During
experiments, a temperature between 10 C and 13 C was
maintained by superfusing chilled saline.

Chemicals

Cancer borealis physiological saline consisted of (in mM,
pH 7.4–76): KCl 11, NaCl 440, CaCl2·2H2O 13, MgCl2·6H2O 26,
Trizma base 11.2, maleic acid 5.1 (all from Sigma Aldrich) dis-
solved in ultrapure water (18.3 MX). In some experiments, sa-
line with low-calcium concentration (low-Ca2þ saline) was
used to block calcium channels and synaptic release. Low-
Ca2þ saline consisted of (in mM): KCl 11, NaCl 440,
CaCl2·2H2O 0.1, MgCl2·6H2O 26, Trizma base 11.2, maleic acid
5.1, MnCl2 12.9. Manganese was added after adjusting the pH
to 7.4–7.6. To selectively block Ih, cesium chloride (CsCl,
Sigma-Aldrich) was dissolved in low-Ca2þ saline (5 mM)
before every experiment (11).

Extracellular Recordings

Extracellular recordings followed established protocols
(12). In short, relevant nerves were electrically isolated with
petroleum jelly wells. Subsequently, a recording electrode
was placed inside the well while a reference electrode was
placed in the grounded outside bath. The signal was differ-
entially amplified using an A-M Systems Model 1700 ampli-
fier (Carlsborg, WA) and digitized with a Micro 1401 mkII
(Cambridge Electronics Design, Cambridge, UK). Spike 2
(v.7, Cambridge Electronics Design, Cambridge, UK) was
used to record and analyze the data. To detect the activity of
the lateral gastric motor neuron (LG), the lateral gastric
nerve (lgn) was recorded. It contains the LG axon.

Intracellular Recordings

A dark field condenser (Nikon) was placed in-between
LED and Petri dish to facilitate the visual contrast during in-
tracellular recordings. Glass microelectrodes (borosilicate
glass capillaries GB100TF-8P, Science Products GmbH,
Hofheim, Germany) were pulled with a microelectrode
puller (Model P-97, Sutter Instrument, Novato, CA) and filled
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with a 0.6 M K2SO4 solution. Recordings with obvious
changes in membrane voltage or cell input resistance over
the course of the experiment were discarded. Electrode re-
sistance ranged between 15 and 25 MX. To impale cells, ei-
ther a manual micromanipulator (Leitz, Wetzlar, Germany)
or several electrical manipulators (Sutter, Novato, CA) were
used to position the electrodes above the STG. LG was identi-
fied by comparing its intracellularly recorded action potentials
to those on the extracellular lgn recording. MCN1 was identi-
fied by responding to stimulation of its axons in the inferior
oesophageal nerve (ion; see Extracellular Nerve Stimulation).
Signals were amplified through either Axoclamp-2B, Axoclamp
900B (Molecular Devises, Sunnyvalle, CA) or NPI BA-1s (NPI
Electronic GmbH, Tamm, Germany) amplifiers. For two-elec-
trode current or voltage-clamp recordings, two electrodes were
simultaneously inserted into LG or theMCN1 axon terminal.

Neuronal Stainings

To visualize the MCN1 axon terminals and the LG neuropil
(Fig. 1B), we iontophoretically injected neurons with a fluores-
cent dye. Alexa Fluor 568 (MCN1 terminal) and Alexa Fluor

488 (LG) potassium salts (Thermo Fisher Scientific, Waltham,
MA) were diluted in 200 mM KCl and loaded in the electrode
tip. After dye loading, electrodes were backfilled with 200
mM KCl. Negative current pulses of 10 nA were applied for
at least 10min (2 s on, 0.5 s off) to load cells with dye.

Extracellular Nerve Stimulation

Petroleum jelly wells were placed around each ion to stim-
ulate the axon of MCN1, following established protocols (13).
In some experiments, the ions were cut close to the commis-
sural ganglia that house the somata of the two MCN1 neu-
rons. To activate MCN1, the remaining section of one ion still
attached to the STG was stimulated. Stimulation (1 Hz) with
a duration of 1 ms were applied to elicit individual action
potentials (14). The long interpulse interval prevented a tem-
poral summation of chemical PSPs in LG.

Model

We used a model consisting of two electrically coupled
point neurons—one presynaptic and one postsynaptic. For
each neuron, the membrane potentialVm is found from

Figure 1.Modulatory projection neuron 1 (MCN1) elicits voltage-dependent electrical postsynaptic potentials in the lateral gastric neuron (LG). A: intracellular
recording of the LG membrane potential during ongoing gastric mill rhythm. In the LG interburst, electrical postsynaptic potentials (ePSPs) are small (black
arrows). At the end of the LG burst, ePSPs are larger (outlined arrows). ePSP amplitudes slowly diminish after the burst (gray arrows). B: staining of MCN1
axon terminals (red) and LG cell body and neuropil (green) in the stomatogastric ganglion (STG). C: schematic of MCN1 and LG synaptic connectivity. MCN1
chemically excites LG and Interneuron 1 (Int1), which reciprocally inhibit each other. LG provides presynaptic inhibitory feedback to the MCN1 axon terminal.
In addition, the MCN1 axon terminal is electrically coupled to LG. D: time-triggered averages of ePSPs in the absence of a gastric mill rhythm, in low-Ca2þ

saline. Left: at resting membrane potential. Middle: during LG depolarization with 1.5 nA. Right: during LG hyperpolarization with 1.5 nA. Individual ePSPs
were elicited through MCN1 axon stimulation with 1 Hz. Averages were calculated by aligning individual sweeps of LG membrane potentials to the MCN1
stimulation. E: ePSP amplitude increases when Ih is blocked. Time-triggered averages of MCN1 PSPs in LG. Individual ePSPs were elicited through MCN1
axon stimulation with 1 Hz. Left: in low calcium saline.Middle: with Ih blocked by bath application of CsCl (5 mM). Right: washout.
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C
dVm
dt

¼ IL Ih Isyn þ Iinj; ð1Þ

where C is the capacitance, IL is the leak current, Ih is the hy-
perpolarization-activated inward current, Isyn is the synaptic
current, and Iinj is the injected current.

The leak current is given by

IL ¼ gL Vm ELð Þ; ð2Þ
where gL is the leak conductance and EL is the leak equilib-
rium potential.

The hyperpolarization-activated inward current is given by

Ih ¼ ghmhtðVm EhÞ; ð3Þ
where gh is the conductance,mht is the time- and voltage-de-
pendent activation function, and Eh is the equilibrium
potential.

The time-dependence of the activation function is found
by solving the differential equation

dmht

dt
¼ mh mhtð Þ

smh
; ð4Þ

where the voltage dependence of the activation function is
given by

mh ¼ 1 þ exp
Vm Vhalfð Þ

kh

1

: ð5Þ

The activation function time constant is smh and the mid-
point and growth rate of the logistic function are Vhalf and 1/
kh, respectively.

The synaptic current is given by

Isyn ¼ gsynmsyn Vmpost Vmpreð Þ; ð6Þ
where gsyn is the conductance,msyn is the voltage-dependent
activation function, and Vmpre,post are the pre- and postsy-
napticmembrane potentials, respectively.

The synaptic activation function is given by

msyn ¼ 1 þ exp
Vpost Vpre Vsyn

half

ksyn

 !" # 1

; ð7Þ

where Vsyn
half and 1/ksyn are the midpoint and growth rate,

respectively.
The injected current is given by a square pulse of duration

tpulse and height Ipulse for the presynaptic neuron. For the
postsynaptic neuron, the injected current is a constant that

is varied between 2 nA and þ 38 nA in the simulation to
achieve different membrane potentials.

All model parameters are listed in Table 1.
The simulation was performed with a novel code in

Wolfram Mathematica v.12.1 (RRID:SCR_014448) using the
NDSolve command for the differential equations. The model
is available at ModelDB (Accession Number 267286). The
parameters were selected to represent physiologically
meaningful values. No specific tuning was necessary, i.e., pa-
rameters were not tuned to represent the biological neurons
(MCN1 and LG). Neuronal behavior was observed for 30 s
with the presynaptic pulse initiated at t = 10 s. The postsy-
naptic pulse was detected by using the NMaximize function
in Mathematica for 10.2 t 11 with a working precision of
10. Initial conditions for solving the differential equations
are listed in Table 2.

Analyses and Visualizations

Data were recorded and analyzed with Spike 2 script lan-
guage and built-in functions. Measurements were trans-
ferred for spreadsheet analysis to Excel (v.365 for Windows,
Microsoft). Final figures were generated using Corel-Draw
(v. X7 for Windows, Corel Corporation, Ottawa, ON, Canada).
Statistical tests were carried out with SigmaPlot (v.11 for
Windows, Systat Software GmbH, Erkrath, Germany, RRID:
SCR_003210). Sigmoidal fits were generated using the
SigmaPlot Nonlinear Regression–Dynamic Fitting function,
using the equation f = a/(1 þ exp( (x – x0)/b)) and 200 itera-
tions. Here, x0 represents the midpoint of the sigmoidal fit
that was used to compare between low-Ca2þ saline and low-
Ca2þ saline with added CsCl (5 mM). Only data with signifi-
cant regression (P < 0.05) were used. Individual results are
given in the text or the figure legends. “N” denotes the num-
ber of animals tested whereas “n” indicates the number of
repetitions used in an experiment.

RESULTS

The Electrical Synapse between MCN1 and LG Is
Voltage Dependent

MCN1 is part of a group of descending projection neurons
located in the commissural ganglia (CoGs) (15). There is one
MCN1 neuron in each of the two CoGs and both project sev-
eral centimeter-long axons to the STG via the inferior oeso-
phageal nerves (ions) and stomatogastric nerve (stn). After
entering the STG neuropil (Fig. 1B), the MCN1 axons inner-
vate pyloric and gastric mill neurons. Although the concur-
rent activity of both MCN1 copies appears important to elicit
robust gastric mill activity (16), the two MCN1 axons have
identical postsynaptic targets. Each MCN1 axon terminal
interacts via several direct synaptic connections with the

Table 2. Initial conditions

Function Initial Condition

Vmpre 70 mV
Vmpost 60 mV
mhtpre 0.5
mhtpost 0.5

Initial conditions used to solve the differential equations in Eqs.
1 and 4.

Table 1. Model parameters

Model Parameter Presynaptic Postsynaptic

C 1 nF 1 nF
gL 100 nS 100 nS
EL 80 mV 60 mV
gh Variable Variable
Eh 0 V 0 V
gsyn 0 S 40 nS
tpulse 0.3 s
kh 6 mV 6 mV
smh 3 s 3 s
Vsyn
half 10 mV 10 mV

ksyn 3 mV 3 mV
Ipulse 1 nA
Vhalf 80 mV 80 mV

Default parameters are used unless otherwise stated in the text.
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core gastric mill CPG neuron LG (Fig. 1C). MCN1 excites LG
chemically via C. borealis tachykinin-related peptide Ia
(CabTRP Ia) (14). The slow LG membrane potential depolari-
zation resulting from this chemical excitation eventually
activates spike generation in LG, allowing it to escape the in-
hibition from its antagonist, Interneuron 1 (Int1). LG also has
a chemical feedback synapse onto the MCN1 axon terminal,
which over time weakens the chemical excitatory input that
LG obtains fromMCN1 (9).

In addition, the MCN1 axon terminal and LG are electrically
coupled. MCN1 action potentials elicit subthreshold ePSPs that
are readily observable in LG (Supplemental Fig. S1A; see
https://doi.org/10.6084/m9.figshare.17303918.v1). Figure 1A
highlights several ePSPs during an ongoing gastricmill rhythm
(red boxes, arrows). Although the interactions between the
chemical synapses allow LG to create its burst, the ePSPs con-
tribute to burst maintenance by prolonging burst duration (9,
17). The electrical synapse between the MCN1 axon terminal
and LG appears unaffected by the presynaptic inhibition that
LG exerts on the axon, but the elicited ePSPs show an obvious
voltage dependence: they grow in amplitude when LG depolar-
izes. Figure 1A shows this during an ongoing gastric mill
rhythm. When LG depolarizes and starts to burst, ePSPs
increase in amplitude, prolonging the burst with action poten-
tials riding on top of the ePSPs. This can be seen best by com-
paring ePSPs before the LG burst (black arrows) to those
during and immediately after the burst (outlined arrows).
When the LG burst ends due to a reduction ofMCN1 neuropep-
tide release (18), the LG membrane potential hyperpolarizes
and the amplitude of the ePSPs decreases again [Fig. 1A, gray
arrows after the burst (9)]. The voltage dependence of the
ePSPs can also be observed without a gastric mill rhythm, and
when chemical release from MCN1 and chemical synapses
from other STG neurons (such as Interneuron 1; Fig. 1C) are
blocked. Figure 1D shows averaged ePSPs obtained from an in-
tracellular recording of LG’s membrane potential during con-
tinuous 1-Hz stimulation of MCN1’s axon (see METHODS). No
gastric mill rhythm was elicited, and chemical synaptic trans-
mission was blocked using low-Ca2þ saline. When LG was
depolarized by current injection, ePSP amplitude increased. In
contrast, when LG was hyperpolarized by a similar current
injection, ePSP amplitude diminished below control levels.
The voltage-dependent changes in ePSP amplitude are thought
to be caused by a voltage dependence of the electrical synapse
itself (9).We noted, however, that the ePSP amplitude and volt-
age dependence appeared to be altered by Ih. Figure 1E shows
averaged ePSPs obtained from an intracellular recording of
LG’s membrane potential during continuous 1-Hz stimulation
ofMCN1’s axon (see METHODS). For all conditions shown, chem-
ical synaptic transmission was blocked with low-Ca2þ saline
(19). When we additionally blocked Ih by adding extracellular
CsCl (5 mM) (20), ePSP amplitudes increased. This suggested
that Ih intrinsic to either MCN1’s axon terminal or to LG influ-
ences the electrical synaptic transmission between them.

The Hyperpolarization-Activated Inward Current Shifts
the Voltage Dependence of the MCN1-LG Electrical
Postsynaptic Potentials

To investigate Ih’s influence, we compared the voltage de-
pendence of the MCN1-LG ePSPs before and after blocking

Ih. Figure 2A (left) shows original ePSP recordings at different
LG membrane potentials. Individual MCN1 action potentials
were elicited through 1-Hz stimulation of one ion, and chem-
ical synapses were blocked with low-calcium saline. PSPs
were recorded with an intracellular electrode in LG’s soma
and LG membrane potential was altered with current injec-
tion through a second electrode. As expected, depolarizing
LG increased ePSP amplitude, and hyperpolarizing LG
decreased ePSP amplitude. We noted, however, that the
change in ePSP amplitude was not instantaneous. Instead, it
took several hundred milliseconds (477± 281 ms, N = 7) after
a voltage step for the amplitudes to reach their new equilib-
rium (Supplemental Fig. S1B).

Overall, we obtained a mostly sigmoidal relationship
between membrane potential and ePSP amplitude (Fig. 2B,
magenta), with ePSP amplitudes flattening out toward their
smallest values around 70 mV, and toward their maximum
at around 40mV. The midpoint of the sigmoidal curve was
63.5 mV. Similar results were obtained in all tested ani-

mals. Figure 2C (magenta) shows a summary of all experi-
ments (N = 8 animals), with the averaged sigmoidal of all
experiments, and their standard deviation. On average, the
midpoint of the ePSP amplitude change was 62.7 ±3.3 mV
(for calculation of the sigmoidal fits, see METHODS).

When we blocked Ih, ePSP amplitude generally increased,
but most dramatically at voltages near the LG resting mem-
brane potential ( 75 mV in this particular experiment).
Figure 2A (right) shows the resulting ePSP amplitudes for
one experiment, and the resulting sigmoidal is shown in Fig.
2B (purple). In this experiment, the midpoint of the sigmoi-
dal had shifted to 86.7 mV and was thus more hyperpolar-
ized than with Ih present. We found similar results in all
experiments (Fig. 2C, purple). On average, the midpoint of
ePSP amplitude change was now 81.4±9.0 mV (N = 7,
Mann–WhitneyU test, P = 0.002, significantly different from
no CsCl control), and amplitudes already approached their
maximum around 70 mV. Thus, the dynamic range of the
ePSP voltage dependence appeared to be no longer within
the functional range of the LG membrane potential. Indeed,
when we measured the range of subthreshold membrane vol-
tages LG exhibits during a gastric mill rhythm, we found that,
on average, the resting membrane potential was 60.2±2.3
mV, the most hyperpolarized membrane potential during an
ongoing rhythm was 59.3±2.0 mV, and the spike threshold
was 44.9±3.2 mV (N = 14). We gathered these data in a dif-
ferent set of experiments, in regular saline without blockers to
allow the gastric mill rhythm to occur. Comparison of LG’s
subthreshold voltage range to the voltage dependence of the
electrical synapse (Fig. 2C) revealed that 33% of the ePSP am-
plitude change occurred in that voltage range when Ih was
present. In contrast, with Ih blocked, the amplitude changes
occurred at more hyperpolarized membrane potentials, and
less than 9% occurred within LG’s functional voltage range.
This suggests that Ih plays a critical role in keeping the dy-
namics of this synapse in the adequate voltage range.

Ih Can Be Detected in Both LG and the MCN1 Axon
Terminal

Although many STG neurons possess Ih, it has not been
studied in detail in either LG or MCN1. As a first step, we
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used two-electrode current clamp to test if Ih was present.
Figure 3A shows an example recording in which LG was
hyperpolarized through current injection for several sec-
onds and then released from hyperpolarization. The sag
potential (arrows in Fig. 3A) typical for Ih is clearly visible
and slowly depolarized LG during the current step. After
release from hyperpolarization, LG’s membrane potential
overshot the resting membrane potential in a postinhibi-
tory rebound, but only by a few millivolts. The recording
shows small spikelets (2 mV and smaller) that ride on top
of the rebound (asterisk in Fig. 3A). These spikelets were
not LG action potentials. Instead, these were ePSPs origi-
nating from MCN1, which apparently went through its
own rebound, elicited by the strong hyperpolarization of
LG. In more than 10 LGs in which we caried out similar
current injections, only one showed a rebound that eli-
cited LG action potentials. This suggested that Ih was ei-
ther weak or absent in LG, but present in the MCN1
terminal, and our current injection reached MCN1 through

the gap junction. Figure 3B shows a step protocol where
LG was hyperpolarized in multiple steps. Ih was activated,
but again only at very hyperpolarized membrane poten-
tials (less than 90 mV), using rather large injected cur-
rents (greater than 20 nA). Figure 3C shows the same
step protocol after CsCl application. Here, no sag potential
or rebound was present, confirming that indeed Ih was
recorded. Figure 3, D and E shows the same scenario in the
two-electrode voltage clamp with similar results. In con-
trol (low-calcium saline), Ih was detectable but absent in
CsCl. This was consistent across experiments (N = 7 for
current clamp, N = 11 for voltage clamp). We noted, how-
ever, that in all experiments, Ih was only activated at
rather negative membrane potentials (see DISCUSSION).

To determine if Ih was present presynaptically, we
recorded intracellularly from the MCN1 axon terminal.
Some of these recordings were done with a single electrode
due to the difficulty to find the MCN1 axon and impale it
with two electrodes. Nevertheless, we found evidence that

Figure 2. Blocking Ih shifts the voltage dependence of the modulatory projection neuron 1 (MCN1) electrical postsynaptic potentials (ePSPs) to more
hyperpolarized voltages. A: original traces of MCN1 ePSPs at various lateral gastric (LG) membrane potentials ( 50 to 100 mV). In CsCl (right) ePSPs
were larger, and only diminished at more hyperpolarized LG membrane potentials. Individual ePSPs were elicited through MCN1 axon stimulation with 1
Hz. B: quantification of ePSP amplitudes of the experiment shown in A. Multiple ePSPs were elicited at each membrane potential. Magenta: in low cal-
cium saline. Purple: with Ih blocked by CsCl. C: quantification of all experiments. The ePSP voltage dependence of each experiment was fitted with a sig-
moidal curve. Means ± SD for all experiments are shown. Colored areas indicate the range of all observed data. Magenta: in low-calcium saline. Purple:
with Ih blocked by CsCl. The gray box indicates the functional range of LG’s membrane potential. Light gray indicates SD.
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Ih is present in the MCN1 axon terminal. Figure 3F shows an
example of a two-electrode recording where we hyperpolar-
ized the MCN1 axon terminal for several seconds. The mem-
brane potential slowly depolarized during the current step.
After the end of the current injection, MCN1 rebounded and
fired several action potentials in a response that was much
stronger than in our LG recordings (compare Fig. 3A).
Notably, these action potentials were generated in the axon
terminal and were not reflections of possible postsynaptic
action potentials in LG since no action potentials occurred on
the extracellular LG recording (not shown). Figure 3G shows a

step protocol whereMCN1was hyperpolarized in a single elec-
trode configuration. As such, currents, rather thanmembrane
potentials, are given for the step protocol. Even small current
injections (4 nA and smaller) were sufficient to elicit clear sag
potentials. This was not unexpected since current was
injected into an axon, as opposed to an entire neuron in the
case of LG. In the presence of CsCl, the MCN1 sag potentials,
as well as the rebound of themembrane potential after release
of the current injection, were absent (Fig. 3H), demonstrating
that they were caused by Ih. This was the case in all prepara-
tions (N = 6).

Figure 3. The hyperpolarization-activated inward current can be observed in the lateral gastric neuron (LG) and in the modulatory projection neuron 1
(MCN1) axon terminal. A: two-electrode current clamp recording of LG. When LG was hyperpolarized by current injection, the membrane potential
showed a slow sag during which the voltage depolarized. After the end of the hyperpolarization, there was a small rebound as the membrane potential
surpassed the resting membrane potential. No LG spikes were generated. ePSPs elicited by MCN1 action potentials during the rebound. Arrows: sag
potential. B: step protocol in two-electrode current clamp in low-calcium saline. A voltage sag was visible below 90 mV. C: step protocol in two-elec-
trode current clamp in low-calcium saline, but with Ih blocked by CsCl. No voltage sag was detectable. D: two-electrode voltage clamp recording with
step protocol hyperpolarizing the LG membrane potential, in low-calcium saline. A small Ih was visible. E: same step protocol in CsCl. Ih was absent. F:
two-electrode current clamp recording of the MCN1 axon terminal. When the terminal was hyperpolarized by current injection, the membrane potential
showed a sag during which the voltage depolarized. After the end of the hyperpolarization, MCN1 rebounded and produced several action potentials.
G: current step protocol to hyperpolarize the MCN1 axon terminal in low-calcium saline. A clear sag of the membrane potential was visible. H: same pro-
tocol, but with Ih blocked by CsCl. The voltage sag and the rebound after the end of the voltage steps were absent.

Ih MODULATES ELECTRICAL SYNAPTIC TRANSMISSION

782 J Neurophysiol doi:10.1152/jn.00545.2021 www.jn.org

http://www.jn.org


Ih Shifts the Observed Voltage Dependence of an
Electrical Synapse by Depolarizing the Presynaptic
Membrane Voltage

To address the question how Ih may affect the voltage de-
pendence of the MCN1-LG ePSPs, we built a computational
model of two neurons connected via a voltage-dependent
electrical synapse. In this simplistic model (see METHODS for
details and default parameters used), each neuron consisted
of only one compartment. The electrical synapse only passed
current in one direction (from the presynaptic to the postsy-
naptic neuron). The voltage dependence was described by
Eq. 7 (see METHODS), which depends not just on the presynap-
tic membrane potential, but also on the postsynaptic mem-
brane potential. This sigmoidal activation function resulted
in a sigmoidal amplitude increase of the postsynaptic poten-
tials when the postsynaptic membrane potential was depo-
larized (Fig. 4A, left: model output, Fig. 4, B and C, red traces
of sigmoidal response plot). Both neurons possessed passive
membrane properties, but no active sodium or potassium
currents (and therefore no action potentials) as those are not
necessary to measure synaptic events. A single-current pulse
into the presynaptic neuron was used to elicit rapid changes
in the membrane potential, simulating an action potential.
We additionally implemented Ih, either in the presynaptic
neuron or the postsynaptic neuron, or both. We varied the
amount of Ih via its maximum conductance (gh) from 20 to
80 nS. Results were compared with a control condition with-
out Ih (gh = 0 nS).

Without Ih, ePSP amplitudes started to visibly increase at
75 mV and approached a maximum near 65 mV in a sig-

moidal curve and amidpoint voltage of 70mV. Amplitudes
decreased slightly at more depolarized membrane voltages.
Figure 4A (left) shows the model output at selected postsy-
naptic membrane potentials and the resulting sigmoidal
change of the ePSP amplitudes is shown in Fig. 4B (red
trace). With Ih in the postsynaptic neuron, the obtained volt-
age dependence of the ePSPs remained unchanged, regard-
less of Ih amount (Fig. 4A, middle: model output at selected
membrane potentials; Fig. 4B, various colors: sigmoidal
changes in ePSP amplitudes), but there was a small overall
decrease in ePSP amplitude. The inset in Fig. 4B shows the
highest amplitudes achieved without Ih versus the strongest
Ih (gh = 80 nS). In contrast, when Ih was implemented in the
presynaptic neuron, but not the postsynaptic one (Fig. 4A,
right: model output), ePSP amplitudes decreased notably
with more Ih, and the ePSP voltage dependence started to
shift toward more depolarized values (Fig. 4C, various col-
ors). At a gh of 80 nS, the midpoint had reached 62 mV,
without dramatic changes to the sigmoidal shape of the
curve. These results matched our experimental data where
in the presence of Ih, ePSP amplitudes were smaller than
when Ih was blocked and the midpoint of the curve was
more depolarized with Ih (compare with Fig. 2). We obtained
no further changes to the behavior of the ePSPs when we
additionally added Ih to the postsynaptic neuron so that it
was present in both neurons (Fig. 4C, green), except a small
reduction in the maximum amplitude. This further sug-
gested that Ih in the presynaptic, but not the postsynaptic
neuron, was responsible for the shift of the ePSP amplitude
curve.

How did Ih exert its effects on the ePSPs? Themodel shows
that there are two main effects Ih has on the presynaptic
membrane. One is an overall increase inmembrane conduct-
ance. Ih may thus act to shunt the presynaptic voltage
change. Second, Ih is an inward current (reversal potential of
0 mV) and hence depolarizes the presynaptic membrane
potential. To separate the impact of these two effects on the
ePSP amplitudes, we altered them independently of one
another in the presynaptic model neuron. First, we kept
the membrane potential constant but increased overall con-
ductance. We chose the resting potential without Ih as our
reference potential ( 80 mV). Membrane conductance was
increased by adding conductance to the leak current, which
has a reversal potential of the reference potential. To esti-
mate the increase in conductance for the leak, we calculated
the steady-state difference in membrane conductance
for each level of Ih we had used in the original model
(Supplemental Table S1; see https://doi.org/10.6084/m9.
figshare.17303936.v1). The original leak conductance (gL) was
100 nS. The new values were: gh = 20 nS, gL = 106.25 nS; gh =
40 nS, gL = 109.51 nS; gh = 60 nS, gL = 111.77 nS; gh = 80 nS,
gL = 113.51 nS. Adding the additional conductance, but not Ih
itself, and keeping the presynaptic membrane potential at
80 mV, we found that ePSP amplitudes generally dimin-

ished when more conductance was added (Fig. 4D). However,
there was no shift in their voltage dependence.

In contrast, when we kept the membrane conductance the
same, but altered the membrane potential of the presynaptic
model neuron, we found that the voltage dependence shifted
in the predicted direction. Here, instead of activating Ih, we
altered the resting membrane potential of the presynaptic
neuron. This was achieved through changing the reversal
potential of the general leak current in this neuron. This did
not add additional conductance, but readily changed mem-
brane potential. We compared models with resting mem-
brane potentials corresponding to the same Ih conductance
used as in previous models (gh of 0, 20, 40, 60, and 80 nS).
We obtained membrane potentials of 80.0, 75.3, 73.0,
71.5, and 70.4 mV, respectively (Fig. 4E; Supplemental

Table S1). We found that at the more depolarized membrane
potential of the presynaptic cell, the voltage dependence of
the ePSP amplitudes shifted to more depolarized membrane
voltages as well (Fig. 4F). This occurred without an overall
change to themaximum ePSP amplitudes.

Thus, the model predicts that the shift in the apparent
voltage dependence of the ePSPs is due to a shift of the pre-
synaptic membrane potential and can occur without
changes to the gap junction voltage dependence itself. As Ih
increases, and the presynaptic voltage depolarizes, the dif-
ference between the pre- and postsynaptic membrane poten-
tials becomes smaller. This reduces the driving force for
currents across the synapse as well as synaptic activation
since both depend on the difference between pre- and post-
synapticmembrane potentials (Eqs. 6 and 7). To test this pre-
diction, we measured the synaptic current at different levels
of presynaptic Ih conductance (Fig. 4G) and plotted it over
the same range of postsynaptic membrane potentials as in
Fig. 4C. As expected from Eq. 6, the synaptic current at each
level of Ih (various colors) initially increased on a sigmoidal
trajectory and then continued linearly as the synapse was
fully activated, but the driving force continued to increase

Ih MODULATES ELECTRICAL SYNAPTIC TRANSMISSION

J Neurophysiol doi:10.1152/jn.00545.2021 www.jn.org 783

https://doi.org/10.6084/m9.figshare.17303936.v1
https://doi.org/10.6084/m9.figshare.17303936.v1
http://www.jn.org


linearly. With more Ih and thus more depolarized presynap-
tic membrane potentials, the activation of the synaptic cur-
rent shifted toward more depolarized postsynaptic values.
For example, without Ih (gh = 0 nS, Vm,pre = 80 mV), the
synaptic current reached 0.5 nA at a postsynapticmembrane
potential of 65 mV. In contrast, at a gh of 60 nS (Vm,pre =
71.5 mV), the same synaptic current was only achieved at
56.5 mV. This 8.5 mV shift in the postsynaptic membrane

potential reflected the same 8.5 mV change of the presynaptic
membrane potential that was caused by Ih. Consistent with
our previous data (Fig. 4C), we obtained no further changes to

the behavior of the synaptic current when we additionally
added Ih to the postsynaptic neuron so that it was present in
both neurons (Fig. 4G, green).

In summary, the model predicts that by depolarizing the
presynaptic membrane potential, Ih reduces the membrane
potential difference between pre- and postsynaptic neurons.
This reduces the synaptic current, and consequently the
ePSP amplitudes. Only when the postsynaptic neuron depo-
larizes does the membrane potential difference increase,
and concurrently do the synaptic current and ePSP ampli-
tudes. Hence, the activation function of the synaptic current
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and the voltage dependence of the ePSPs shift to more depo-
larized postsynaptic membrane potentials.

Ih Depolarizes the MCN1 Axon Terminal and Shifts the
Voltage Dependence of the MCN1-LG Postsynaptic
Currents

To test whether the model predictions held true in the bio-
logical system, we recorded simultaneously from the MCN1
axon terminal and LG. We first compared changes in axon
membrane potential in saline (with Ih) and in CsCl (no Ih).
We found that, as predicted, with Ih present, the membrane
potential was more depolarized (Fig. 5A). We also noted that
ePSP amplitudes changed in the predicted direction when
the MCN1 axon membrane potential was manually altered.
Figure 5B shows an original recording of the MCN1 axon
where a long hyperpolarizing current pulse was applied.
During this pulse, the axon membrane potential slowly
depolarized due to Ih. Importantly, the hyperpolarization of
the axon caused an immediate increase in ePSP amplitude in
LG (outlined arrow in Fig. 5B), which was followed by a slow
reduction in ePSP amplitude (red arrow) as the axon mem-
brane potential continued to depolarize (see also inset of Fig.
5B). Finally, when we blocked Ih with CsCl (Fig. 5C) and
repeated the same manipulation, the ePSP amplitude still
increased when the axon was hyperpolarized. However, the
slow depolarization of the axon membrane potential was
gone, and so was the reduction in ePSP amplitude. These
results are consistent with Ih causing a depolarization of the
axonmembrane potential, which in turn changes the voltage
dependence of the ePSPs in LG.

If Ih indeed acts presynaptically, i.e., if its effects on the
LG ePSPs are mediated by its actions on the MCN1 axon ter-
minal, we would expect to see a change of the synaptic cur-
rent in LG. Indeed, the model (Fig. 4G) predicted that the
observed activation of the synaptic current should shift to-
ward more depolarized membrane potentials of the postsy-
naptic neuron (here: LG). We thus performed two-electrode
voltage clamp on LG and measured synaptic currents during
1-Hz stimulation of the MCN1 axon in the ion. These experi-
ments were carried out in low-Ca2þ saline to suppress chem-
ical synaptic transmission. We altered LG’s membrane
potential between 20 and 120 mV. As predicted, the

amplitudes of the electrical postsynaptic currents (ePSCs)
behaved similarly to the ePSP amplitudes. Specifically, more
depolarized membrane potentials caused larger ePSCs. The
traces in Fig. 5D show original recordings of LG’s ePSCs at
selected membrane potentials, with and without Ih. Figure
5E shows the quantitative analysis for this experiment. Like
for the ePSPs, the increase in synaptic current with mem-
brane potential was approximately sigmoidal in shape.
Figure 5F shows the averaged data from all animals tested
(N = 13). The average midpoint voltage was 60.4±6.0 mV
and ePSCs increased notably in amplitude above 80 mV.
They approached maximum values around 40 mV. Hence,
some of the dynamic range of the synaptic current over-
lapped with LG’s functional range of membrane voltages
(gray in Fig. 5F). When we blocked Ih with CsCl (Fig. 5, D–F,
purple), the midpoint of the ePSC amplitude change shifted
tomore hyperpolarized voltages, consistent with a presynap-
tic action of Ih on the voltage dependence of the electrical
synapse and mirroring the model predictions (Fig. 4G). On
average, the midpoint of the voltage dependence was now
77.6±9.6 mV (N = 11, Mann–Whitney U test, P < 0.001, sig-

nificantly different from no CsCl control). In summary, our
data demonstrate that presynaptic Ih modulates the voltage
dependence of the electrical synapse between MCN1 and LG
by depolarizing the membrane potential of the MCN1 axon
terminal.

DISCUSSION
Our data demonstrate that the modulation of the ePSP

voltage dependence by Ih is a critical component of the
MCN1-LG electrical synapse. It shifts the voltage dependence
of the ePSPs to more depolarized voltages, allowing the
dynamic range of the ePSP voltage dependence to overlap
with the functional range of LGmembrane potentials.

Ih Is Critical to the Function of the Voltage Dependence
of the MCN1-LG ePSPs

In the MCN1 version of the gastric mill rhythm, the release
of the neuropeptide CabTRP Ia fromMCN1 is themain driver
behind the slow bursting activity of LG (9, 18). In contrast,
the concurrent electrical PSPs that MCN1 elicits contribute

Figure 4.Modeling predicts that Ih-induced changes to the presynaptic membrane potential shift the voltage dependence of the electrical postsynaptic
potentials (ePSPs). A: electrical postsynaptic potentials at various membrane potentials of the postsynaptic neuron. Without Ih (left), the largest increase
of ePSP amplitude occurred between 75 and 70 mV. We obtained very similar results with Ih in the postsynaptic neuron (middle). Note, the most
hyperpolarized postsynaptic membrane potential was 71 mV because Ih depolarizes the membrane potential. With Ih in the presynaptic neuron (right),
the largest increase occurred between 65 and 60mV. Top: schematic of stimulation and recording conditions. Bottom: the resting membrane poten-
tial of the presynaptic neuron is given. B: quantification of ePSP amplitudes with changing postsynaptic membrane potential. The colors indicate differ-
ent levels of Ih in the postsynaptic cell (gmax = 0–80 nS). The voltage dependence of the ePSP was not affected by Ih in the postsynaptic cell, but the
maximum amplitudes were diminished slightly. Inset: largest ePSPs elicited without Ih and with maximum Ih (gmax = 80 nS). C: quantification of ePSP
amplitudes with changing postsynaptic membrane potential. The colors indicate different levels of Ih in the presynaptic cell (gmax = 0–80 nS). The voltage
dependence of the ePSPs shifted to more depolarized voltages with more Ih and the maximum amplitudes diminished. Adding maximum Ih (gmax = 80
nS) to the postsynaptic cell (green) did not further change the voltage dependence. D: quantification of ePSP amplitudes with changing postsynaptic
membrane potential. The colors indicate different levels of leak current in the presynaptic cell (gleak = 100–114 nS). The voltage dependence of the
ePSPs was unaffected, but the maximum amplitudes diminished with more leak. E: resting membrane potential changes with different levels of Ih in the
presynaptic cell (gmax = 0–80 nS). More Ih depolarized the presynaptic membrane potential. F: quantification of ePSP amplitudes with changing postsy-
naptic membrane potential. The colors indicate different resting membrane potentials ( 80 to 70.4 mV). The voltage dependence of the ePSPs shifted
to more depolarized voltages with more depolarized membrane potentials in the presynaptic cell. No changes to the maximum amplitudes were
observed. G: quantification of synaptic current (Isyn) with changing postsynaptic membrane potential. The colors indicate different levels of Ih in the pre-
synaptic cell (gmax = 0–80 nS) and the associated presynaptic membrane potentials (Vmpre). With more Ih, the observed activation of the synaptic current
shifted to more depolarized voltages. Adding maximum Ih (gmax = 80 nS) to the postsynaptic cell (green) did not further change the synaptic current. The
dashed line indicates 0.5 nA of synaptic current. Synaptic current is plotted as an inward current with negative sign.
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only slightly to LG’s ability to burst. When chemical release
from the MCN1 axon is blocked, and only ePSPs remain, LG
can produce individual action potentials, but no regular
bursting can be observed (9). Instead, MCN1’s ePSPs contrib-
ute to the maintenance of the burst once it is created by pro-
longing burst duration and increasing spike number. Their
voltage dependence is an important feature that supports
this function. At resting membrane potential, as well as dur-
ing the LG interburst, ePSP amplitudes are small. They
increase slowly after burst start and reach their largest

amplitudes toward the end of the burst. To achieve this,
ePSP amplitude must increase in a range of membrane vol-
tages that LG traverses between interburst and burst, and
the increase must occur slowly so that only the later portions
of the burst are affected. Our data show that the time course
of the ePSP amplitude change is indeed slow, on the order of
several hundred ms (Supplemental Fig. S1B). We also dem-
onstrate that Ih is a critical factor in allowing the ePSP volt-
age dependence to fulfill its function. With Ih blocked, ePSP
amplitude was already close to maximum at LG’s resting
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membrane potential, and the dynamic range between rest-
ing membrane potential and spike threshold was small. In
contrast, with Ih present, the dynamic range of the voltage
dependence was more depolarized. This facilitated ampli-
tude changes between resting membrane potential and spike
threshold.

Is the ePSP Voltage Dependence a Gap Junction
Property or Caused by Factors in the Extrajunctional
Membrane?

When we first measured the time constant with which
ePSP amplitudes changed, we were surprised by the ex-
traordinarily slow change (several hundred milliseconds,
Supplemental Fig. S1B). This time constant is roughly on
the time course of Ih in gastric mill neurons and initially
suggested to us that Ih not just shifts the voltage depend-
ence but is instead involved in creating it. Looking only at
the typical voltage range in which LG operates seemed to
further support this notion since ePSP amplitudes in this
range are large and mostly unchanged when Ih is blocked.
This suggested that blocking Ih also removed the voltage
dependence. And indeed, there is evidence that voltage
dependence of electrical synapses can arise from intrinsic
membrane properties, such as spatially close voltage-gated
ionic currents. Persistent Naþ conductances in particular
have been implicated in endowing electrical transmission
with voltage-dependent properties (4, 21–23). Their slow
inactivation kinetics make them ideal to alter electrical
transmission postsynaptically, either through changing
the extrajunctional membrane resistance or the mem-
brane potential. In the auditory axon terminals of goldfish,
for example, electrical PSPs are amplified by persistent so-
dium currents and diminished by potassium currents (22).
In cerebellar Golgi neurons, where the de- and hyperpolarizing
components of action potentials reach neighboring cells
through electrical synapses, the hyperpolarizing components
dominate the electrical PSP when the receiving cell is at rest-
ing membrane potential. However, when depolarized,
activation of the persistent sodium current amplifies the depo-
larizing PSP component, switching the PSP from predomi-
nantly hyperpolarizing to predominantly depolarizing (3, 4).
Ih has also been implicated in creating voltage dependence at
an electrical synapse. Here, the effect was mediated by a
decrease in membrane resistance in the extrajunctional mem-
brane, which caused changes in the coupling coefficient of the
gap junction (6).

In contrast to these examples, our data show that the volt-
age dependence of the MCN1-LG ePSPs is still present and
unchanged in its sigmoidal shape when Ih is blocked. The
midpoint of the sigmoidal had shifted to more negative val-
ues. Hence, Ih could not have been pivotal to endow the elec-
trical synapse with a voltage dependence. Our physiological
data are also consistent with previous studies (9) and with
our own model data that demonstrate that Ih in a presynap-
tic neuron can shift the midpoint of a voltage-dependent
electrical synapse. Furthermore, when we voltage clamped
LG, excluding extrajunctional influences in the postsynaptic
cell, the synaptic currents showed a similar voltage depend-
ence as the ePSPs and their voltage dependence shifted to
more negative voltages when Ih was blocked. Finally, the fact
that imposed voltage changes in MCN1, as well as those eli-
cited by Ih, caused concurrent changes in ePSP amplitude
further supports the conclusion that the observed voltage de-
pendence is a property of the electrical synapse itself rather
than being due to effects on the extrajunctional membrane.
The model further supports this conclusion since changing
the resistance of the presynaptic membrane had negligible
effects on the voltage dependence.

Modulation of ePSP Voltage Dependence by Ih

Neurons possess a variety of heterogeneous ionic conduc-
tances, creating complex and highly nonlinear intrinsic and
synaptic dynamics, and there is mounting evidence that
diverse sets of ion channels are distributed throughout all
neuronal compartments, including axons and their termi-
nals. Three main functions have been attributed to Ih (24): 1)
It contributes to the resting potential. Blocking Ih leads to a
shift in the resting potential toward more hyperpolarized
voltages. 2) It shapes neuronal responses to hyperpolarizing
input. Due to its depolarizing effects, Ih can shape the ampli-
tude and time course of PSPs, and thereby change the
response of the cell to synaptic input. 3) It contributes to the
pacemaker properties of a cell by causing a postinhibitory
rebound that facilitates rhythmic activity.

Our data suggest that Ih’s effect on the membrane poten-
tial is to cause a shift in the ePSP voltage dependence. Our
MCN1 recordings show that changing the axon terminal
membrane potential has a strong impact on the ePSP ampli-
tude, and that such amplitude changes occur concurrently
with membrane potential changes when Ih is activated by
hyperpolarizing the terminal. Changes in ePSP amplitude
also occur when Ih is blocked and the membrane potential is

Figure 5. Presynaptic Ih shifts the voltage dependence of the modulatory projection neuron 1 (MCN1) electrical postsynaptic potentials (ePSPs) toward
the functional range of the lateral gastric (LG) neuron’s membrane potential. A: the resting membrane potential of the MCN1 axon terminal hyperpolar-
ized when Ih was blocked by CsCl. On average, the resting potential was 57.3 ± 8.1 mV in low-calcium saline and 61.0 ±8.2 with CsCl (N = 5; P< 0.05,
paired t test). B: simultaneous original recordings of LG and the MCN1 axon terminal. MCN1 was continuously stimulated at 5 Hz, and MCN1 was hyperpo-
larized for several seconds. Left: in low-calcium saline, a sag potential slowly depolarized the trough membrane potential (red dotted line). Concurrently,
the amplitude of the ePSPs in LG diminished (red dotted line and arrow). Outlined arrow: the hyperpolarization itself caused an increase in MCN ePSP
amplitude. Right: magnification of MCN1 trough potential and action potentials (bottom traces), in addition to ePSPs in LG (top). One action potential and
one ePSP from the beginning of the hyperpolarization are shown in black. One action potential and one ePSP from the end of the hyperpolarization are
shown in red. In the latter, Ih had depolarized the trough membrane potential. C: same manipulation as in B, but with Ih blocked by CsCl. The slow depo-
larization of the MCN1 membrane potential in response to hyperpolarization was absent. There was also no more decrease in ePSP amplitude during
the MCN1 hyperpolarization. D: original current traces of two-electrode voltage clamp LG recording, at different clamp potentials ( 40 to 90 mV).
Individual electrical postsynaptic currents (PSCs) were elicited through MCN1 axon stimulation with 1 Hz. Left: in low-calcium saline. Right: with Ih blocked
by CsCl. E: quantification of synaptic currents obtained in the experiment shown in A. Magenta: in low-calcium saline. Purple: with Ih blocked by CsCl. F:
quantification of all experiments. The voltage dependence of the synaptic current of each experiment was fitted with a sigmoidal curve. Means ± SD for
all experiments are shown. Colored areas indicate the range of all observed data. Magenta: in low-calcium saline. Purple: with Ih blocked by CsCl. The
gray box indicates the functional range of LG’s membrane potential. Light gray indicates SD.
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artificially altered, albeit without associated conductance
change. Our model corroborates these conclusions and fur-
ther suggests that changes in the strength of Ih can impact
ePSP voltage dependence only when Ih is in the presynaptic
neuron (MCN1). Here, changing themembrane potential was
necessary and sufficient to elicit the shift of the voltage
dependence.

Signal transmission at electrical synapses is complex and
a host of neuronal and synaptic properties affect it, including
differences in pre- and postsynaptic membrane resistances,
capacitances, cell sizes, and membrane potentials (1). The
key to understanding how changes in membrane potential
can affect the voltage dependence of the MCN1-LG ePSPs
seems to be the rectification of this synapse. When both the
presynaptic MCN1 axon terminal and the postsynaptic LG
neuron are at rest, there is little voltage difference across the
junction. Hence, junctional conductance is low and there is
little driving force across that small junctional conductance.
Incoming MCN1 action potentials thus only elicit small syn-
aptic currents, yielding small ePSPs in the postsynaptic LG.
When LG depolarizes and begins its burst, the voltage differ-
ence between LG and the MCN1 axon terminal increases and
so does the junctional conductance. Incoming MCN1 action
potentials then produce large voltage differences across the
junction. These voltage differences occur rapidly and are too
fast to alter the overall synaptic conductance (due to the
slow kinetics, see Supplemental Fig. S1B), and hence cause
the large ePSPs observed during the LG burst. Ih in the pre-
synaptic MCN1 is a critical factor tomaintain the appropriate
voltage difference between the axon terminal and LG.
Without Ih, the MCN1 axon terminal hyperpolarizes, causing
a voltage difference between the pre- and postsynaptic sides
even when LG is not bursting. Consequently, junctional con-
ductance is already high, and when action potentials arrive
at the presynaptic terminal, they cause large synaptic cur-
rents that yield large ePSPs with only small margins left for
further amplitude increase when LG bursts.

Where Is Ih Located?

We noted that although the model suggested that Ih must
be presynaptic to exert its effects on ePSP voltage depend-
ence, sag potentials were present in the MCN1 axon terminal
and in LG. This suggests that Ih may be present on the pre-
and postsynaptic side. However, we recognized that the vol-
tages at which Ih was activated in LG were rather hyperpolar-
ized and large current injections were required to reach
these membrane potentials. During gastric mill rhythms,
LG’s most hyperpolarized membrane potential was 59 mV,
which is 30 mV more depolarized than the voltages at
which Ih was visibly activated. LG is the largest cell in the
STG, with a cell body size of up to 100 mm, and if at all pres-
ent, Ih is likely to be located in the LG neuropil (similar to
other STG neurons). The hyperpolarized activation values
could thus indicate a substantial space clamp issue in this
large cell, where with increasing distance of the somatic elec-
trode from Ih’s location, current measurement degrades and,
due to the electrotonic distance, more hyperpolarizing cur-
rent at the recording site is necessary to cause corresponding
voltage changes at the current source. This effect may be
exaggerated by impedance changes within the LG neurites

(25) that favor current flow from the neuropil toward the
soma, but not vice versa. However, Ih has never been recog-
nized in LG before, nor does it seem necessary to create
rhythmic gastric mill activity (18). It also has a rather low
expression profile in LG (26). One of the problems in studies
with electrically coupled cells is that it is difficult to tell
where the observed effects take place. Depending on the cou-
pling strength of the electrical synapse, the two cells may
even act as a single physiological unit (27), at least at times.
It is thus possible that Ih is exclusively located in the MCN1
axon terminals and our LG recording only picked up the
reflection of the MCN1 Ih. This notion is supported by the
fact that LG’s postinhibitory rebound was typically not
accompanied by action potentials. We observed postinhibi-
tory rebound with spike generation predominantly in MCN1,
suggesting that Ih was present in the presynaptic terminal.
The sag potential was also more pronounced in MCN1 than
in LG and was achieved with small current injections. Given
the voltage dependence of the electrical synapse and its time
constant, it seems unlikely that our current injection into the
MCN1 axon hyperpolarized LG far enough to cause a
rebound that would be large enough to backpropagate
through the gap junction into the MCN1 axon terminal and
to an area in MCN’s axon where spikes can be initiated. No
previous data about Ih inMCN1’s axon terminal are available.
However, we found a consistent, albeit small, hyperpolariza-
tion of the axon resting membrane potential when Ih was
blocked, and the sag potential was absent. The small mem-
brane potential change was likely due to the electrotonic dis-
tance between recording site and the axon terminal and gap
junction. We recorded the MCN1 axon at the anterior en-
trance to the STG, and thus just outside of the STG neuropil.
It is reasonable to assume that the gap junction to LG lies
within the neuropil.

Neuromodulation of the MCN1-LG Electrical Synapse

Membrane conductances such as Ih are subject to intrinsic
and extrinsic plasticity and have been shown to be the target
of neuromodulatory transmitters. The STG is subject to
extensive modulation by neuromodulators that reach the
STG either in the form of neurohormones (28), or by being
released from sensory cells and the axon terminals of the
projection neurons (29). Their presence alters circuit output
or robustness (7, 30–33). This opens the fascinating possibil-
ity that the voltage dependence of the MCN1-LG ePSPs could
be rapidly altered by modulation of Ih in the MCN1 axon ter-
minal or by activating other ionic conductances that alter
the MCN1 terminal membrane potential. For example, Ih in
the STG is modulated by serotonin, which depolarizes the
activation curve of Ih by 10 mV (34–36) and is released in
the vicinity of the MCN1 axon terminals (37). Similarly, dopa-
mine is present in the STG (38–42) and activating D1 recep-
tors leads to a long-term increase in Ih (43, 44). For example,
dopamine depolarizes the axon of the pyloric dilator neuron
through its excitatory actions on Ih (11, 43, 45). Although we
did not examine this in our investigation, studying modula-
tory influences on the MCN1-LG electrical synapse is the
next step in unravelling the complex dynamics between
intrinsic cell properties, extrinsic influences, and electrical
synaptic transmission.
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