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current (IH) modulation. J Neurophysiol 122: 151-175, 2019. First
published May 1, 2019; doi:10.1152/jn.00029.2019.—Electrical syn-
apses represent a widespread modality of interneuronal communica-
tion in the mammalian brain. These contacts, by lowering the effec-
tiveness of random or temporally uncorrelated inputs, endow circuits
of coupled neurons with the ability to selectively respond to simultane-
ous depolarizations. This mechanism may support coincidence detection,
a property involved in sensory perception, organization of motor outputs,
and improvement signal-to-noise ratio. While the role of electrical cou-
pling is well established, little is known about the contribution of the
cellular excitability and its modulations to the susceptibility of groups
of neurons to coincident inputs. Here, we obtained dual whole cell
patch-clamp recordings of pairs of mesencephalic trigeminal (MesV)
neurons in brainstem slices from rats to evaluate coincidence detec-
tion and its determinants. MesV neurons are primary afferents in-
volved in the organization of orofacial behaviors whose cell bodies
are electrically coupled mainly in pairs through soma-somatic gap
junctions. We found that coincidence detection is highly heteroge-
neous across the population of coupled neurons. Furthermore, com-
bined electrophysiological and modeling approaches reveal that this
heterogeneity arises from the diversity of MesV neuron intrinsic
excitability. Consistently, increasing these cells’ excitability by up-
regulating the hyperpolarization-activated cationic current (/) trig-
gered by cGMP results in a dramatic enhancement of the susceptibil-
ity of coupled neurons to coincident inputs. In conclusion, the ability
of coupled neurons to detect coincident inputs is critically shaped by
their intrinsic electrophysiological properties, emphasizing the rele-
vance of neuronal excitability for the many functional operations
supported by electrical transmission in mammals.

NEW & NOTEWORTHY We show that the susceptibility of pairs
of coupled mesencephalic trigeminal (MesV) neurons to coincident
inputs is highly heterogenous and depends on the interaction between
electrical coupling and neuronal excitability. Additionally, upregulat-
ing the hyperpolarization-activated cationic current (I;) by cGMP
results in a dramatic increase of this susceptibility. The /;; and
electrical synapses have been shown to coexist in many neuronal
populations, suggesting that modulation of this conductance could
represent a common strategy to regulate circuit operation supported
by electrical coupling.
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INTRODUCTION

Electrical transmission through gap junctions is typically
fast and bidirectional, supporting the synchronized activation
of networks of coupled neurons (Bennett and Zukin 2004;
Connors and Long 2004; Perez Velazquez and Carlen 2000).
Also, these contacts may endow neural circuits with the ability
to selectively respond to excitatory synchronic inputs (Curti et
al. 2012; Galarreta and Hestrin 2001; Veruki and Hartveit
2002a). In fact, if a cell of a network of coupled neurons
receives a synaptic input, part of the underlying current flows
through gap junctions toward nonstimulated cells. Thereby, by
acting as current sinks, electrical synapses reduce the input
resistance of all cells of the network. This effect, termed
loading, greatly reduces the excitability of electrically coupled
neurons (Getting 1974). In contrast, synchronic inputs to all
coupled cells promote parallel variations of the membrane
potential of each neuron, reducing the voltage drop across
junctions and minimizing the flow of current to neighbor cells.
Thus, by canceling the loading effect, simultaneous inputs
induce larger changes in membrane potential of all neurons of
the network, facilitating their activation. This property allows
electrical coupling to maximize the impact of coincident inputs
while dampening that of temporally dispersed ones, supporting
coincidence detection (Chillemi et al. 2007; Edwards et al.
1998; Hjorth et al. 2009; Rabinowitch et al. 2013; Rela and
Szczupak 2004). In this way circuits of coupled neurons can
discriminate inputs based on their arrival times. Critical for this
network operation is the difference of neuronal responses
evoked by coincident excitatory inputs compared with ran-
domly distributed ones. The greater the contrast between max-
imal (due to coincident inputs) and minimal responses (due to
temporally dispersed inputs), the higher the gain of coinci-
dence detection. Thus any mechanism that increases this con-
trast, whether increasing the response to coincident inputs or
by reducing it to uncorrelated ones, will enhance coincident
detection (Agmon-Snir et al. 1998). While the mechanisms
determining the precision of coincidence detection in networks
of coupled neurons have been studied (Edwards et al. 1998),
much less is known about the mechanisms that support its gain.

The mesencephalic trigeminal (MesV) nucleus of the rat is a
particularly good model to study electrical transmission and its
contributions to the computational capabilities of neural net-
works. These neurons are primary afferents, therefore exhibit-
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ing a simple morphology characterized by a large cell body
from which only one process emerges. Also, they are electri-
cally coupled in pairs or small clusters through distinct soma-
somatic connexin36 (Cx36)-containing gap junctions (Curti et
al. 2012). Interestingly, MesV neurons receive profuse synap-
tic inputs from several brain structures (Lazarov 2002) by way
of neurotransmitters and neuromodulators that have been
shown to modulate either neuronal excitability or electrical
coupling in other systems, raising the possibility of regulatory
control.

In a previous study, we showed that electrically coupled
MesV neurons act as coincidence detectors (Curti et al. 2012).
Beyond the well-established role of electrical coupling in
coincidence detection, the present study shows that the intrin-
sic electrophysiological properties of coupled neurons are also
critical determinants of this network operation. Moreover, the
susceptibility to coincident inputs, corresponding to the gain of
coincidence detection, is highly heterogeneous across the pop-
ulation of coupled cells. Furthermore, by combining electro-
physiological and modeling approaches, we provide evidence
supporting the notion that this heterogeneity arises to a great
extent from the diverse regulatory states of MesV neuron’s
intrinsic excitability. Consistently, the upregulation of the
hyperpolarization-activated cationic current (/) triggered by
c¢GMP results in a dramatic enhancement of the susceptibility
of coupled MesV neurons to coincident excitatory inputs.
Modulatory actions induced by cGMP consist of a shift of the
I; activation curve toward more positive values and an accel-
eration of its kinetics, resulting in a depolarization of the
resting membrane potential, a reduction of the input resistance,
and an enhancement in neuronal firing. In coupled neurons,
these modulatory changes in combination with the loading
effect result in a dramatic increase in firing mainly in response
to coincident depolarizations. Thus, by preferentially increas-
ing neuronal excitability to simultaneous inputs, upregulation
of Iy causes an enhancement of coincidence detection gain.

These results indicate that modulation of the I;; might impart
highly dynamic and relevant characteristics to electrical syn-
aptic transmission. According to that, network operations sup-
ported by this modality of intercellular communication are
critically shaped by the intrinsic excitability of neurons, em-
phasizing the relevance of the neuronal electrophysiological
properties and its modulations in the many functional opera-
tions supported by electrical transmission in the mammalian
brain.

MATERIALS AND METHODS

The experimental protocol was approved by the local animal ethics
committee of Facultad de Medicina, according to the guidelines of
Comision Honoraria de Experimentacién Animal of Universidad de la
Republica (Uruguay), with minimization of the numbers of animals
used.

Experimental design. Transverse brain stem slices (250-wm thick)
were prepared from Wistar or Sprague-Dawley rats of either sex (age:
postnatal days 8—18). Rats were decapitated without anesthesia, and
brains were quickly removed. Slices obtained using a vibratome
(Leica VT 1000s or DSK DTK-1000) were placed in cold sucrose
solution containing the following (in mM): 248 sucrose, 2.69 KCI,
1.25 KH,PO,, 26 NaHCO;, 10 glucose, 2 CaCl,, and 2 MgSO,
bubbled with 95% O,-5% CO, (pH ~7.4). The slices were then
transferred to an incubation chamber filled with sucrose solution at

room temperature and kept there for 60 min. The sucrose solution was
slowly replaced by physiological solution containing the following (in
mM): 124 NaCl, 2.69 KCI, 1.25 KH,PO,, 26 NaHCO;, 10 glucose, 2
CaCl,, and 2 MgSO, bubbled with 95% O,-5% CO, (pH ~7.4).
Sections were kept at room temperature in the physiological solution
until they were transferred into the recording chamber. The recording
chamber, mounted on an upright microscope stage (Nikon Eclipse
E600), was continuously perfused with physiological solution (1-1.5
ml/min) at room temperature. Whole cell patch recordings were
performed under visual control using infrared differential interference
contrast optics. MesV neurons were identified on the basis of their
location, large spherical somata, and characteristic electrophysiolog-
ical properties in response to both depolarizing and hyperpolarizing
current pulses (Del Negro and Chandler 1997; Liem et al. 1991;
Pedroarena et al. 1999). Recording pipettes pulled from borosilicate
glass (4-8 M()) were filled with intracellular solution containing the
following (in mM): 144 K-gluconate, 3 MgCl,, 0.2 EGTA, 4 Mg-
ATP, 0.3 Na-ATP, and 10 HEPES (pH ~7.2). The seal resistance
between the electrode tip and the cell membrane was >1 G(), and
pipette capacitance was compensated before breaking the seal. Simul-
taneous recordings from pairs of MesV neurons whose cell bodies lie
in close apposition were made using one Axopatch 200B and one
Axoclamp 2A amplifiers or a Multiclamp 700B amplifier (Molecular
Devices, Sunnyvale, CA). Only cells displaying resting membrane
potential more negative than —50 mV and spike amplitude above 70
mV were included in this report. Recordings were low-pass-filtered at
5 kHz and acquired by means of an analog to digital converter
connected to a computer, sampled at 20 or 10 KHz depending on the
experiment. Data were analyzed using Axograph X, pClamp 9 (Mo-
lecular Devices) and Igor (Wave Metrics, Portland OR) software.
Calculation of coupling coefficient. During simultaneous intracel-
lular recordings of pairs of MesV neurons in current clamp, hyper-
polarizing current pulses of 200—-400 ms in duration were alterna-
tively injected to each cell and the resulting membrane voltage
deflections were measured in both cells. The coupling coefficient (CC)
from a presynaptic to a postsynaptic cell, being the presynaptic cell
defined as the one receiving the current injection, was calculated as
Voosid Vipres Where 'V, is the voltage deflection in the presynaptic

neuronl and V., thg concomitant voltage deflection in the postsyn-
aptic neuron. A total of 10 to 100 single responses were averaged to
improve the signal-to-noise ratio. Because the strength of an electrical
synapse measured as the CC is influenced by both the gap junction
conductance and the input resistance of the postsynaptic cell (Bennett
1966; Curti and O’Brien 2016), any voltage-dependent change of the
input resistance of the postsynaptic cell might modify the CC. Hence,
to improve the accuracy of CC estimation, instead of same amplitude
current pulses a series of hyperpolarizing current pulses of different
amplitudes (—50 to —450 pA) were applied. This method was
employed in some cases in which inconsistencies in the CC estimation
were observed due to the above-mentioned pitfalls. From these re-
cordings, plots of the voltage change in the postsynaptic neuron as a
function of the voltage change in the presynaptic neuron were con-
structed and CC was estimated from the slope of linear regressions
(see Fig. 11, C and D). For each pair of coupled neurons, the CC was
calculated in opposite directions and both values were reported (two
directions per coupled pair).

Estimation of gap junction conductance. With the use of the same
experimental protocol described in Calculation of coupling coeffi-
cient, the conductance of electrical contacts was estimated as the
reciprocal of the resistance (R,) calculated following (Bennett 1966):

o - Rin,,, X Rin,,, — Ry
c Rt
where Rin,,, and Rin,,, are the input resistance of the pre- and

postsynaptic cells, respectively, and R, is the transfer resistance
defined as the voltage response amplitude in the postsynaptic cell
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divided by the current intensity injected in the presynaptic cell.
Conductance values estimated by this method are reported as direc-
tions (2 directions per coupled pair). To assess the accuracy of this
method in estimating the gap junction conductance between MesV
neurons, in an independent experimental series we compared the
results obtained by using this indirect method with those obtained
from direct measurements of junctional current under voltage clamp-
ing. For that purpose dual voltage-clamp experiments were performed
following the same procedure we employed previously for the char-
acterization of electrical transmission in the MesV nucleus (Curti et al.
2012). The results obtained by these two approaches were indistin-
guishable, averaging 4.0 = 0.59 and 4.2 = 0.72 nS (SE) for current-
and voltage-clamp experiments, respectively (P = 0.582, n = §&;
paired, two-tailed #-test).

Calculation of coincidence detection index. To assess coincidence
detection, suprathreshold depolarizing current pulses were applied to
pairs of MesV neurons. Pulses, whose intensity were adjusted to
evoke only one or two spikes when applied individually, were re-
peated 10-20 times independently to each cell and then to both cells
at the same time. From these recordings, the average number of spikes
evoked in each cell during these stimulation protocols was deter-
mined. To quantify coincidence detection, two alternative methods
were considered. The first one consisted of calculating the ratio of the
number of spikes when cells were simultaneously activated over the
number of spikes when cells were independently activated. This index
will indicate how much stronger is the response to coincident stimu-
lation relative to individual responses. The second method consi-
sted of calculating an index defined as the subtraction of the mean
number of spikes when cells were independently activated from the
mean number of spikes when cells were simultaneously activated (coin-
cident activation). This index reflects how many spikes are added to the
neuronal response when this cell and its coupled neighbor were activated
at the same time (when the loading effect is canceled, see text) in
comparison to when the cell was activated in isolation. For the whole
population of recorded coupled cells (n = 76), the two methods yield
comparable results as indicated by paired, two-tailed #-test (P = 0.19)
and the fact that they present a clear positive correlation {slope =
0.63 = 0.036 [95% confidence interval (CI)], R* = 0.8}. Because
difference in firing evoked by simultaneous and uncorrelated inputs is
considered a direct indicator of coincidence detection function (Ag-
mon-Snir et al. 1998), the subtraction index (coincidence detection
index) was adopted. Thus this index represents a measurement of the
susceptibility of coupled neurons to coincident inputs and has units of
spikes. Despite coincidence detection in coupled neurons represents
an emergent property of groups of cells, we calculated the coincidence
detection index based on the activity of single neurons (considering
the activity in the stimulated neuron) to be able to correlate this
property with their intrinsic excitability.

Assessment of MesV neurons excitability. During current-clamp
recordings, series of depolarizing current pulses of 200 ms in duration
were applied, whose intensities ranged most typically from 50 to 650
pA, in steps of 50 pA. From these recordings, curves of the number of
spikes versus current intensity were constructed and threshold inten-
sity and the number of spikes evoked by current pulses three to six
times this intensity were determined. This analysis showed that even
at comparable ages healthy neurons display a wide diversity of firing
properties in terms of the number of spikes and the threshold intensity.
To assess excitability, straight line functions were fitted to spikes
versus current curves. Even though in some cases the goodness of fit
to these functions was relatively poor (particularly for step like
curves), by forcing the fitting through the origin, the slope of this
curve represents a valuable indicator of neuronal excitability. In fact,
by pivoting around the origin, the slope of this function is a highly
sensitive indicator that combines both the ability of the neuron to
produce repetitive discharges and the threshold level.

Recording of the persistent Na™ current. To isolate the persistent
Na* current (Iy,p), K* currents were blocked either by using a Cs™

based intracellular solution (in mM: 123 Cs-glutamate, 9 HEPES, 4.5
EGTA, 0.27 Na-GTP, 3.6 Na,-ATP, and 9.5 MgCl,, pH ~7.2 and
osmolarity adjusted to 295-305 mosM), or by using a normal K*-
based intracellular solution (see above) and adding a combination of
blockers to the extracellular solution (5 mM TEA-Cl, 1 mM 4-ami-
nopyridine, and 1 mM CsCl). In both cases, 0.2 mM CdCl, were
added to the extracellular solution to block Ca?" currents. Both
methods yield comparable results. MesV neurons were voltage
clamped and ramp protocols were applied from a holding potential of
—70 to 0 mV in 4 s (Fleidervish and Gutnick 1996). These protocols
evoked a slow inward current that peaked at about —40 mV and that
was totally abolished by adding 0.5 uM tetrodotoxin to the extracel-
lular solution.

Recording of 1,,. In the whole cell configuration, compensation of
the cell capacitance and series resistance (80%) was performed and
monitored during the course of experiments. Recordings were low-
pass filtered at 5 KHz and sampled at 20 KHz. Voltage steps of 0.5 to
2 s in duration and from —40 to —140 mV were applied starting from
a holding potential of —50 mV and returning to a postpulse potential
of —70 or —80 mV. This protocol was applied in control conditions
and in the presence of 2 mM CsCl in the bath, which almost
completely blocks the I;; (Pape 1996). To isolate this current from
other voltage activated membrane currents, total currents obtained in
presence of CsCl were subtracted from those obtained in control
conditions. In selected control experiments (n = 4), I; isolation was
achieved by using a combination of 0.5 uM tetrodotoxin and 1 mM
4-aminopyridine to block the main voltage-activated currents of
MesV neurons at the explored voltage range, that is, the persistent
sodium current and the A-type K* current, respectively (Del Negro
and Chandler 1997; Wu et al. 2001). Membrane currents obtained by
these two procedures were undistinguishable; therefore, the CsCl
procedure was adopted for simplicity.

Steady-state activation curves were determined from the amplitude
of tail currents after voltage steps return to —70 or —80 mV. Tail
current amplitudes were measured after the decay of the capacitive
transients (typically ~4 ms of terminated the pulse) and transformed to
conductance values dividing by the driving force (—41.3 and —51.3
mV, respectively). For this purpose, the reversal potential of the I
was determined following standard protocols consisting in voltage
steps to —110 mV from a holding potential of —50 mV. Voltage steps
lasted for 700 ms to 1 s to produce near maximal activation of the Ij;
and were followed by a series of voltage postpulses that ranged from
—10 to —80 mV. Membrane currents were recorded during the
postpulses after the decay of the capacitive transient. Measured
membrane current values were plotted against the postpulse voltage,
and the reversal potential was determined as the point where /;; = 0
(intersection with the voltage axis). Following this procedure, the
reversal potential was determined in five neurons and averaged
—28.7 * 1.52 mV (SE).

For each cell, the conductance values (G) obtained following this
procedure were normalized by its maximum value (G,,,.) and plotted
as a function of the step voltages and fitted to a Boltzmann equation
of the form:

G B 1
%(V) 1+ exp[(VVz - V)/K]

where V is the voltage during the command pulse in millivolts, V,,, is
the half activation voltage, and K is the slope of the fitting curve at
Vi

For the population of recorded MesV neurons, the series resistance
(R,) averaged 12.4 = 0.59 M() (SE) and was compensated by 80%.
The maximum error in voltage-clamp commands introduced by the
uncompensated R, was estimated for each experiment by multiplying
the uncompensated series resistance (20% of R) times the maximum
membrane current at steady state elicited by the most hyperpolarizing
command potential. This error averaged 6.2 * 2.72% (SD, range
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2-13%, n = 34) of command potentials and did not show any
correlation with the estimated V,,,. Indeed, the relationship between
V., and the R, presents a slope not statistically different from 0
[slope = 0.05 = 0.72 (95% CI), R?=6 X 1074 n = 34], indicating
that the uncompensated R did not introduced any significant bias in
the determination of this parameter. When recordings were obtained
from electrically coupled neurons, identical voltage-clamp protocols
were applied simultaneously to both cells to improve space clamp.
The membrane capacitance of MesV neurons was obtained from the
readout provided by the Multiclamp 700B amplifier during the pro-
cedure of cell capacitance compensation.

Activation time constants were determined by fitting the current
traces evoked during voltage steps to single or double exponential
functions using SciPy library from Python (https://www.scipy.org/).
The uncompensated capacitive transients and activation delays occur-
ring at the beginning of voltage commands were excluded from the
fitting windows. In three representative cells, we compared the results
of single versus double exponential fits. Simultaneous fitting with two
exponential components yielded a fast and a slow component that
presented activation time constants that averaged 0.56 = 0.05 and
2.64 £ 0.14 s (SE), respectively, at —88.9 mV (close to the popula-
tion V,,, of —88.5 mV, see RESULTS). However, the amplitude of the
slow exponential component at this voltage step represented only
7.4% of the fast component. Accordingly, the inclusion of the second
exponential term resulted in a negligible improvement of fitting in
comparison to single exponential fitting as indicated by the reduction
of R?. In fact, R* from double exponential fittings was reduced on
average by only 0.24% in comparison to R> from single exponential
fittings at —88.9 mV and at —118 mV this reduction averaged 1.5%.
On the other hand, fast time constants obtained from double expo-
nential fits to current traces obtained in response to voltage steps
ranging from —70 to —120 mV were almost indistinguishable from
time constants from single exponential fits. For instance, at —88.9 mV
the activation time constant averaged 0.56 = 0.05 and 0.61 = 0.05 s
(SE), respectively (P = 0.48; paired, two-tailed t-test). Therefore,
based on these observations and for the sake of simplicity of both
fitting procedures and computational modeling, the activation time
constant of the /;; was determined from single exponential fits.

Because recordings were obtained at room temperature (20-25°C)
and activation kinetics is a highly temperature-dependent process
(Sterratt 2014), time constants were normalized to 20°C assuming a
Q,, of 4 (Robinson and Siegelbaum 2003).

Statistical analysis. Results were expressed as average value = SD
or means * SE. Significance of quantitative data was determined by
using x>-test and Student’s r-test (GraphPad Software). Correlation
between data sets was assessed by linear regression analysis using
Igor 7 (WaveMetrics). Slope values of best-fit lines were reported as
value = 95% CIs. Two data sets were considered to be correlated if
zero is not included in this confidence interval (Canavos 1988). P
values for linear regression analysis was obtained using the P
Value from Pearson (R) Calculator retrieved from https://www.
socscistatistics.com/pvalues/pearsondistribution.aspx (Social Sci-
ence Statistics, March 3, 2019).

MesV cells model and computational simulations. A reduced com-
putational model of MesV neurons was implemented in NEURON +
Python (Hines et al. 2009). This model consisted in two compart-
ments, one representing the soma and the other the axon. The
geometry of each compartment was initially set based on previous
work using intracellular injections of neurobiotin (Curti et al. 2012),
and final values were tuned following standard procedures by fitting
exponential functions to the decay of passive voltage membrane
responses to long current steps. According to that, the soma of these
cells was modeled as a compartment of 25 wm in diameter and 25 um
in length connected to a cylindrical axon compartment of 3 wm in
diameter and 450 wm in length [axon length was obtained after further
optimization through evolutionary multiobjective optimization algo-

rithm (EMOO; see below) due to uncertainty of axonal length after the
slicing procedure].

The following six Hodgkin-Huxley type active conductances were
inserted into the soma compartment: persistent sodium current (Iy,p)
(Enomoto et al. 2007), transient sodium current (/1) (Enomoto et al.
2007), delayed rectifier (Iprk) (Del Negro and Chandler 1997),
A-type potassium current [/, (this conductance presents low activa-
tion threshold, sensitivity to 4-aminopyridine in the uM range, almost
no inactivation, and most probably is mediated by Kv1.1 and Kv1.6
channels)] (Saito et al. 2006; Yang et al. 2009), high-threshold fast
potassium current (/) slightly modified from a previous report
(Wang et al. 1998) and most probably mediated by Kv3.1 channels,
and hyperpolarization-activated current (/;;). All these active conduc-
tances were previously described in MesV neurons except for the /i,
which was included instead of the fast transient outward current
(Itoc.r) (Del Negro and Chandler 1997) to obtain spikes whose
durations are consistent with experimental observations. In fact,
including I as the only spike repolarizing mechanism yielded
action potentials with durations of ~3—4 ms at its base, which is
significantly longer than the recorded spikes (~1 ms at the base and
half-widths of ~450 us; see Fig. 9A, bottom). In contrast, currents
mediated by Kv3.1 channels, analog to our /. current, present rapid
kinetics and a high threshold of activation consistent with the brief
duration of MesV neuron’s spikes, similar to neurons of the MNTB
(Johnston et al. 2010; Wang et al. 1998). In addition, Kv3 subunits
have been detected in MesV neurons (Saito et al. 2006). For the sake
of modeling spike-based electrical transmission (essential for the
study of synchronization and coincidence detection), spike duration is
a critical parameter as longer than real spikes will correspond to an
overrepresentation of low-frequency components of the spike power
spectrum. Thus long-lasting spikes in combination with the filter
frequency characteristics of electrical transmission between MesV
neurons (Curti et al. 2012) would result in coupling potentials larger
than normal for a given gap junction conductance.

On the other hand, the axon compartment contained the same active
mechanisms as the soma except for the /, that was not included
because Kv1.1 and Kv1.6 were localized only in the somata and not
in axons of MesV neurons (Saito et al. 2006).

To generate a biophysically realistic model of MesV neurons, it is
necessary to know what kind of active conductances are present in
each cellular compartment as well as the relative densities of these
mechanisms. Despite the fact that the presence of several voltage-
dependent conductances in the soma is well documented by the work
of several groups, the densities of these conductances might vary
according to age, sex, modulatory state, recording conditions and
species among other factors. Moreover, the presence of voltage-
dependent conductances in the axon is inferred mainly from morpho-
logical studies and most of them have not been directly measured
experimentally. Therefore, these model parameters have been tuned to
match the experimentally observed electrophysiological properties
and input-output relation of MesV neurons using an EMOO) (Bahl et
al. 2012) (Python library available in https://projects.g-node.org/
emoo). This algorithm was applied in a step-wise manner: first, its
passive properties (axon length, membrane and axial resistances), then
the maximum values of subthreshold active conductances (Iy,p, /4,
and /), and finally those that operate mainly in the suprathreshold
range of membrane potentials (Iy,r, Iy, and Ipry). This procedure
defines a set of objective parameters [resting membrane potential,
input resistance, spike characteristics (height and duration), and time
constant and firing characteristics (frequency and number of spikes)],
which describe the basic properties and input-output relation of
neurons. On the other hand, a set of variable or free parameters like
the membrane and axial resistances, axon length, time constant of /.,
and maximum densities of leak- and voltage-dependent conductances
are allowed to fluctuate within predetermined lower and upper search
bounds during the fitting procedure to minimize the least square
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difference between the real parameters obtained from recordings and
the model’s objective parameters (Bahl et al. 2012).

After optimization of the objective parameters, a family of 35
reduced models of MesV neurons was obtained. Electrophysiological
properties of these models reasonably matched those of a sample (n =
15) of experimentally recorded neurons in terms of resting membrane
potential [—54.7 = 0.5 mV (SE) experimental vs. —55.2 £ 0.2 mV
(SE) model, P = 0.38), input resistance [118.3 = 8.1 M (SE)
experimental vs. 114.9 = 1.1 MQ (SE) model, P = 0.54], spike
amplitude [93.3 = 2.0 mV (SE) experimental vs. 98.6 = 1.9 mV (SE)
model, P = 0.13], spike duration at —20 mV [0.7 = 0.1 ms (SE)
experimental vs. 0.7 = 0.0 ms (SE) model, P = 0.77], spike afterhy-
perpolarization level [—62.01 = 0.7 mV (SE) experimental vs.
—64.2 = 1.1 mV (SE) model, P = 0.23], and frequency of the first
interspike interval in response to a current step of +400 pA
[119.0 = 7.9 Hz (SE) experimental vs. 111.4 = 3.3 Hz (SE) model,
P = 0.32) (unpaired, two-tailed #-test]. Fitting parameters obtained
from these simulations were averaged and fine-tuned to obtain a
representative model of the MesV cells population that mimics the
main characteristics of repetitive discharges in control conditions (see
Fig. 9, A-D). The equations describing the model’s membrane con-
ductances are the following:

Leak current: I, = g;(V — E), where g, = 3 X 107> S/cm? in the
soma and g, = 15 X 10~ S/cm? in the axon.

Hyperpolarization-activated current: I, = g,n,(V — E,), where

V+89Y —1 V+70\%\ !
(V) = (1 + eT) and 7,(V) = 417|1 + i +

366 ms, g, = 6 X 10~* S/cm?
A-type potassium current: I, = guns(V — Eg), where ny (V) =

V+48Y —
(1+e"5) " n =34ms, 3, = 1 X 1073 Slem?

Delayed rectifier potassium current: Ippx = gpreipreV — Ex),

V+4.2\ -1
where nDRK(V) = (l + e 120 ) N TDRK(V) = 25[(1 +

V440 — V=25 —
e 5) 7 (14 e 5) 7] = 23 ms. Bpr = 13 X 1074 Sfem?

High-threshold fast potassium current: Iy = gypmy(V — Eg),

V=5\—-1
where myp.. (V) = (1 + e‘?) , (V) = 05 + 0,6(1 +
V+57\ -1 B
e 31 ) ms, gyr = 1.2 X 107! S/em?

Persistent sodium current: Iy,p = gnaplvap<(V — Eng), Where

V450
Mape(V) = (1 + e 53 ) l,gNap = 1.8 X 107° S/cm?

. . 3
Transient sodium current: Iy,r = SynarMyariva(V — Ena), Where
V424

Myaree(V) = (1 + 67?)7I , Tavar(V) = 0.2 ms, hy,p(V) =

VAHIT\ —1 V+50 _
(1 + eW) s Tvar(V) = 03 + 5¢” 10 ms, gyur = 8 X 1072
S/cm?

The corresponding reversal potentials are E;, =
—93.0mV, Ey, =780 mV, and E; = —58 mV.

The effects of cGMP on [; current were simulated by modifying
the parameters describing the activation at steady state (V,,, K, and
gn), as well as its kinetics consistently with experimental results.
Accordingly, the equation describing the modulated /;; current is the
following:

— 287 mV, Ey =

V+383.1

I, = agmn,(V — E,), where n,(V) = \1 + e 907 )71, (V) =

V+75.4\2
29667(W> + 42 ms and o = 1.26.

Small networks consisting of pairs of coupled MesV neurons were
simulated as two identical representative model neurons connected by
a voltage independent conductance in agreement with previous results
obtained in this neuronal population (Curti et al. 2012). The value of
this conductance representing gap junctions was 4 nS also in agree-
ment with our previous work and the equation describing these
electrical contacts is the following:

Vire)

where g; is the gap junction conductance and V,,,,, and V,,,, are the

pre

membrane potentials of the post- and presynaptic cells, respectively.

ijre >post = g_j(vpu.\'t -

RESULTS

Coincidence detection between pairs of electrically coupled
MesV neurons is heterogeneous. We previously reported that
pairs of electrically coupled MesV neurons may be highly
susceptible to synchronic or coincident depolarizing inputs. In
fact, simultaneous depolarizations tend to be much more effi-
cient in evoking repetitive discharges in comparison to tempo-
rally distributed inputs (Curti et al. 2012). This phenomenon,
herein referred to as coincidence detection, is illustrated in Fig.
1 for a pair of electrically coupled neurons (Fig. 1A), where
depolarizing current pulses evoked only one or two spikes
when applied alternatively to each cell (Fig. 1B, left and
middle), whereas simultaneously applied current pulses of the
same intensity evoke repetitive discharges in both cells (Fig.
1B, right). The number of spikes when cells were coactivated
is significantly higher than when cells were activated in isola-
tion averaging 5.56 = 0.78 and 1.51 = 0.13 (SE), respectively
P=1X 10~* n = 76 from 38 pairs, paired, two-tailed z-test;
Fig. 1C, black circles), confirming that pairs of coupled MesV
neurons behave as coincidence detectors. To quantify this
property, a coincidence detection index (coincidence detection
index) was calculated (see MATERIALS AND METHODS). This
index, calculated as the difference in spike number when
stimuli were delivered simultaneously to both cells or individ-
ually to each one, represents the gain of coincidence detection
or susceptibility to coincident inputs and has units of spikes.
The coincidence detection index for the population of coupled
neurons (n = 76 from 38 pairs) averaged 4.05 = 0.74 spikes
(SE) (Fig. 1D). In contrast, when the same stimulation protocol
was applied to pairs of MesV neurons whose cell bodies were
juxtaposed but electrically uncoupled (Fig. 1E), neuronal firing
evoked by individual and coincident stimulation showed no
differences, averaging 1.70 = 0.37 and 1.85 = 0.49 (SE), re-
spectively (P = 0.76; n = 20 from 10 pairs, paired, two-tailed
t-test; Fig. 1, F and G). Consistently, the coincidence detection
index of uncoupled cells averaged 0.15 % 0.48 spikes (SE).
These results support the idea that electrical coupling is indis-
pensable for coincidence detection between MesV neurons.

Electrical coupling represents an attribute that divides the
population of MesV neurons in seemingly homogeneous cat-
egories in terms of their computational capabilities; that is,
those that are able to detect coincident inputs from those that
are not. However, coincidence detection among coupled neu-
rons is diverse. Indeed, the plots of the number of spikes
according to the stimulation protocol, independent versus si-
multaneous depolarizations, display a great diversity of slopes
(Fig. 1C, gray circles). The slope of these plots is indicative of
how cells perform as coincidence detectors, being directly
proportional to the coincidence detection index. Consistently,
the coincidence detection index in control conditions ranges
between ~0 and 31 spikes confirming that coincidence detec-
tion in terms of its gain is highly heterogeneous across the
population of MesV neurons (Fig. 1D).

Coincidence detection gain critically depends on the intrin-
sic excitability of coupled neurons. As shown, coincidence
detection between MesV neurons depends on electrical cou-
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Fig. 1. Electrical coupling between mesencephalic trigeminal (MesV) neurons supports coincidence detection. A: simultaneous membrane voltage (V,,,) responses
to hyperpolarizing current (/,,) pulses injected either in cell I (top) or in cell 2 (bottom) of a pair of adjacent coupled neurons. B: in the same pair of neurons,
injection of a depolarizing current pulse in cell 1 (left) or cell 2 (middle) induced a brief response consisting of 1 or 2 spikes at the beginning of the current step,
with their corresponding coupling potentials (spikelet) in the coupled cell. Simultaneous activation of these 2 neurons with the current pulses of the same
magnitude (right) evoked instead a repetitive discharge at each cell, consisting of 67 spikes. Schemes above each set of traces indicate the stimulation protocol.
C: plot of the number of spikes when cells were independently activated (/ or 2) and when simultaneously activated (/ + 2) for the sample of recorded coupled
neurons. Values represented by gray circles correspond to the average number of spikes evoked by 20 consecutive identical current pulses to each recorded cell
belonging to a coupled pair. Superimposed are illustrated the average values (black circles) for the population of recorded neurons (P = 1 X 10~ n = 76 from
38 pairs recorded in 32 animals, paired, two-tailed #-test). *Significant difference, P < 0.05. D: plot of the coincidence detection (CD) index calculated as the
mean difference of the number of spikes when cells are simultaneously activated (/ + 2) minus when independently activated (/ or 2) for the same sample
illustrated in C. Individual values (gray circles) and the average value for the whole sample (black circle) are superimposed. E: simultaneous membrane voltage
responses to hyperpolarizing current pulses injected either in cell I (top) or in cell 2 (bottom) of a pair of adjacent uncoupled neurons. F: in the pair of neurons
depicted in E, membrane voltage responses of both cells when depolarizing current pulses were injected in cell I or in cell 2 (left and middle, respectively) and
when current pulses were simultaneously injected to both cells (right). G: plot of the number of spikes when cells were independently activated (/ or 2) and when
simultaneously activated (/ + 2) for the sample of recorded uncoupled neurons. Values from individual cells (gray circles) and average values (black circles)
for the population of recorded neurons (P = 0.76; n = 20, from 10 pairs, 8 animals, paired, two-tailed #-test) are illustrated superimposed. H: plot of the CD

index for the same sample illustrated in G.

pling, raising the possibility that the heterogeneity of this
network operation results from the diversity of coupling
strengths in our sample of recorded pairs. However, surpris-
ingly, the coincidence detection index and the CC in the
forward direction (from the cell under consideration to its
coupled partner) did not show any correlation as indicated by
linear regression analysis [slope = 6.50 = 8.13 (95% CI),
R>=0.033, P = 0.12; Fig. 2A]. This analysis using CC in the
opposite direction would yield similar results as electrical
transmission between MesV neurons is highly bidirectional
(Curti et al. 2012). To gain direct insights into the determinants
of such heterogeneity, we focused on the study of the loading
effect. In fact, the contrast in firing between individual and
simultaneous depolarizations, corresponding to the gain of
coincidence detection, is caused by larger depolarizations of
the membrane potential, due to the cancelation of the loading
effect during simultaneous inputs in comparison to when inputs
arrive independently (Fig. 2B). We estimated the loading effect

(the impact on input resistance due to coupled cells) in a subset
of neurons as we did previously (Curti et al. 2012). The input
resistance (Rin) of cells belonging to coupled pairs was mea-
sured by applying hyperpolarizing current pulses, either indi-
vidually to each cell or simultaneously to both cells (Fig. 2C,
left). Form these recordings, current-voltage curves were
constructed and Rin values were estimated from the slope of
linear regressions (Fig. 2C, right). Simultaneous pulse pro-
tocols yielded significantly higher Rin values than those
obtained with individual stimulation, averaging 118.3 =%

6.84 and 86.6 = 5.88 M (SE), respectively (P = 9 X
1073 n = 26, paired, two-tailed #-test). From these values,
the loading effect in each cell was quantified as the differ-
ence of Rin obtained with these two protocols, expressed as
percentage of the Rin obtained with individual pulses (loaded
condition). This value averaged 39.6 = 3.06% (SE) for the
population of studied neurons (n = 26 from 13 pairs; Fig. 2D),
and individual values present a positive correlation with the
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CC in the forward direction [slope of linear regression =
69.3 +24.2 (95% CI), R* =0.59, P < 1 X 10~ >; Fig. 2E]
consistent with our previous work (Curti et al. 2012). We
reasoned that if the loading effect would be the only or main
mechanism involved in coincidence detection, the susceptibil-
ity of coupled neurons to simultaneous inputs (measured as the
coincidence detection index) should be proportional to the
magnitude of the loading effect. Surprisingly, these two data
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sets did not show any correlation [slope of linear regres-
sion = 0.12 = 0.14 (95% CI), R* = 0.1, P = 0.107; Fig. 2F].
In fact, neurons with comparable loading effect magnitude can
perform quite different as coincidence detectors (Fig. 2F,
purple circles) and conversely, neurons with dissimilar loading
effect can perform similar in terms of coincidence detection
gain (Fig. 2F, green circles). These results indicate that the
gain of coincidence detection cannot be explained solely in
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terms of the magnitude of the loading effect and suggest the
involvement of other mechanisms. On the other hand, the
loading effect not only depends on the coupling strength but
also on the number of cells each neuron is connected to
(Getting 1974). However, the MesV nucleus is organized
almost exclusively in pairs of cells (pairs ~90%, triplets ~10%)
(Curti et al. 2012), ruling out the possibility that the heteroge-
neity in coincidence detection resulted from differences in the
size of networks of coupled neurons.

Because neuronal spiking represents the functional expres-
sion of coincidence detection, the intrinsic excitability of
neurons may also play, along with the loading effect, a relevant
role in determining the susceptibility of coupled neurons to
coincident inputs. Coincidently, MesV neuron excitability dis-
plays great variety even at comparable ages. Indeed, neuronal
responses range from single spikes at the beginning of current
pulses, regardless of the stimulation intensity, to strong repet-
itive discharges (see below), possibly contributing to the het-
erogeneity of coincidence detection gain. In fact, comparison
of the cells indicated by purple circles in Fig. 2F (loading
effect of similar magnitude, ~50%) reveals that the one pre-
senting higher susceptibility to coincident inputs (coincidence
detection index = 16 spikes, dark purple circle) is also the
more excitable one as indicated by its firing properties (Fig.
2G, compare dark and light purple traces and curves in the fop).
On the other hand, the cells, indicated by green circles in Fig.
2F, are comparable in terms of their susceptibility to coincident
inputs (coincidence detection index between 1 and 2 spikes), in
spite of presenting quite dissimilar loading effect (5 vs. 61%).
Strikingly, the neuron with the lower loading effect magnitude
presents stronger spiking in comparison to the neuron with the
higher loading (Fig. 2G, compare dark and light green traces
and curves in the botfom). In this case, neuronal excitability
seems able to compensate for differences in loading effect,
suggesting a relevant role of firing properties. Consistently,
neuronal excitability, quantified as the slope of curves of the
number of spikes versus current (see MATERIALS AND METHODS),
is positively correlated with the coincidence detection index
[slope of linear regression = 204.9 = 85.8 (95% CI), R> =
05,P=5X%X10""; Fig. 2H]. Moreover, when the excitability

is weighted by the loading effect (calculated as the product of
these 2 variables), the fit to a straight line improves consider-
ably [slope of linear regression = 6.29 £ 1.34 (95% CI),
RP=08P<1X10>; Fig. 21]. These results indicate that
while electrical coupling is absolutely necessary for coinci-
dence detection to occur, the intrinsic excitability of neurons
critically contributes to set the gain of this relevant functional
operation in networks of coupled neurons. Therefore, the
heterogeneity of coincidence detection gain does not result
solely from differences in coupling strengths but also from the
diversity of the intrinsic excitability of coupled neurons.
Regulation of the I as a way to modulate MesV neuron
excitability. Our results suggest that the firing properties of
coupled neurons play a critical role in determining the gain of
coincidence detection, raising the possibility that its heteroge-
neity resulted in part from the diverse regulatory states of
intrinsic electrophysiological properties across the population
of MesV neurons. Hence, modulations of firing properties are
good candidates to mediate forms of plasticity that alter the
way coupled neurons respond to coincident inputs. To test this,
we sought to modulate the excitability of MesV neurons by
way of upregulating the I; through applications of cyclic
nucleotides (Biel et al. 2009). The I, is a widespread current in
the mammalian brain, which operates in the subthreshold range
of membrane potential and has been shown to be critically
involved in repetitive discharges, rhythmic oscillatory activity,
and integration of synaptic inputs (Pape 1996). On the other hand,
the I is a common feature of many populations of electrically
coupled neurons, like inferior olive neurons (Devor and Yarom
2002; Schweighofer et al. 1999), GABAergic neurons of thalamic
reticular nucleus (Landisman et al. 2002; Rateau and Ropert
2006), pyramidal neurons from the hippocampus (Maccaferri et
al. 1993; Mercer et al. 2006) and neocortex (Trenholm et al. 2013;
Wang et al. 2010), Golgi cells of the cerebellar cortex (Dugué et
al. 2009; Forti et al. 2006), bipolar cells of the retina (Miiller et al.
2003; Veruki and Hartveit 2002b), and mitral cells of the olfactory
bulb (Angelo and Margrie 2011; Schoppa and Westbrook 2002)
among others. The coexistence of this conductance and electrical
synapses raises the possibility of functional interaction between
them as suggested by a theoretical study (Publio et al. 2009).

Fig. 2. Coincidence detection (CD) between pairs of electrically coupled mesencephalic trigeminal (MesV) neurons is heterogeneous. A: plot of CD index against
the coupling coefficient for the whole sample of recorded coupled MesV neurons (n = 76 from 38 pairs recorded in 32 animals). Slope of linear

regression = 6.5 * 8.13 [95% confidence interval (CI)] represented by the continuous line; R* = 0.033, P = 0.12. B: superimposed are representative traces
showing membrane voltage (V,,) responses when subthreshold current pulses were injected only into the recorded neuron (stim. cell I, gray trace) or
simultaneously to both coupled neurons (stim. cells 1 + 2, black trace). Solid pink area represents the difference between these 2 stimulation protocols,
corresponding to the increase in membrane responses due to the cancelation of the loading effect during coincident depolarizations. C, left: estimation of the
loading effect in coupled cells by injecting hyperpolarizing current pulses, either individually to each cell (stim. cell 1, gray trace) or simultaneously to both cells
(stim. cell 1 + cell 2, black trace). C, right, from these recordings, change in membrane voltage versus current relationships were constructed for both individual
(gray circles) and simultaneous (black circles) stimulation protocols. Membrane voltage changes were measured at the time indicated by the vertical dashed line
at left. Continuous lines represent best fit to straight-line functions and slopes, corresponding to input resistance (Rin) values, are indicated. D: plot of the loading
effect values (see text) measured in 26 coupled neurons. Superimposed to values from individual cells (gray circles) is the average value (black circle). E: plot
of the loading effect against the coupling coefficient in the same neuronal population depicted in D. Slope of linear regression = 69.3 = 24.2 (95% CI),
represented by the continuous line; R* = 0.59, P < 1 X 107>, n = 26. F: plot of the CD index as a function of the loading effect. Slope of linear
regression = 0.12 * 0.14 (95% CI), represented by the continuous line; R> = 0.1, P = 0.107, n = 26. Representative cells displaying nearly the same loading
effect magnitude (purple tones) and coincidence detection index (green tones) are boxed. G, left: traces of voltage membrane responses to depolarizing current
pulses (250 pA) of the neurons indicated in F' with purple tones (similar loading effect, above) and with green tones (similar CD index, below). G, right: plots
of the number of spikes evoked by current pulses of 200 ms in duration as a function of the current intensity for the cells shown at left. The same color code
(purple/green, dark/light) applies in F and G for the identification of corresponding neurons. H: plot of the CD index against neuronal excitability (quantified
as the slope of spikes vs. current curves). Slope of linear regression = 204.93 + 85.8 (95% CI), represented by the continuous line; R* = 0.5, P = 5 X 107,
n = 26. I plot of the CD index (ordinates) against the product of the loading effect magnitude times the slope of spikes versus current curves (loading X
excitability, abscissa). Slope of linear regression = 6.2863 * 1.34 (95% CI), represented by the continuous line; R*=08,P<1X10° n=26.InE, H, and
1, the solid blue area represents the 95% confidence interval. Plots in D, E, F, H, and I show results obtained in the same neuronal population (n = 26, from
13 pairs recorded in 10 animals).
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MesV neurons also express a prominent /;; (Khakh and Hender-
son 1998) that contributes to stabilize the resting membrane
potential and control cell excitability (Tanaka et al. 2003). More-
over, the channel-forming subunits HCN1 and HCN2 have been
detected and present a somatic distribution in this neuronal pop-
ulation (Kang et al. 2004; Notomi and Shigemoto 2004). Consis-
tent with that, voltage responses more negative than —70 mV are
dominated by a prominent sag (Fig. 3A), which are almost

A Control B Cs*
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completely abolished after the addition of CsCl (2 mM) to the
extracellular solution (Fig. 3B). On the other hand, an important
characteristic of I;; is its ability to be regulated by cyclic nucleo-
tides like cAMP and cGMP with relevant consequences on the
electrophysiological properties of neurons (Biel et al. 2009; Liithi
and McCormick 1998; Pape 1996), thus representing a potentially
valuable tool to manipulate the intrinsic excitability of MesV
neurons.
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Fig. 3. Characterization of hyperpolarization-activated cationic
current (I;) of mesencephalic trigeminal (MesV) neurons. A:
representative traces of membrane voltage responses of a MesV
neuron in control conditions to a series of hyperpolarizing
current pulses of different intensities from —50 to —450 pA in
steps of 100 pA: B: same cell and current injecting protocol as
in A after the addition of 2 mM CsCl to the bath. C: sample
traces of the Ij; evoked with a series of voltage steps from — 135
to —40 mV, in 5-mV increments, from a holding potential of
—50 mV, and followed by a test pulse to —80 mV. Each trace
represents the subtraction of total membrane currents obtained
in the presence of Cs™ from those obtained in control condi-
tions. A scheme of the voltage-clamp protocol is at bottom. D:
the boxed area in C is illustrated at an expanded temporal scale.
E: I; steady-state activation curve of the cell depicted in C and
D, obtained by plotting the normalized conductance against the
voltage pulse commands. Conductance values (g) were deter-
mined from tail currents measured at the time indicated by the
upward arrow in D. Each value represents the average of 4
single values obtained in the same cell and error bars represent
SD. Experimental data were fit to a Boltzmann function (gray
trace). F: plot of the I;; activation time constant (7 act.) of the
cell shown in C against the voltage pulse commands. The
activation kinetics was determined by fitting exponential func-
tions to the activation phase of current traces evoked by
different voltage commands (superimposed blue traces in C).
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Each value represents the average of 4 single values obtained in
the same cell, and error bars represent SD. G: plot of Boltzmann
function fits to Iy steady-state activation curves of the whole
sample of recorded neurons (n = 33 recorded in 17 animals).
Note that conductance values were normalized to the cell’s
capacitance for comparing neurons of different sizes. Curves
from 4 animals are colored (red, green, blue, and black) to
illustrate that variety of Ij; expression results from both inter-
and intraindividual diversity. H: plot of activation time constant
against voltage pulse commands of the same neurons depicted
in G. I: membrane voltage responses to depolarizing and
hyperpolarizing current pulses of cells identified by filled cir-
cles of the same color in G. J: plot of the input resistance (Rin)
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against the /;; maximum density in a sample of 19 uncoupled
MesV neurons recorded in 10 animals. Slope of linear regres-
sion = —94.5 = 50.4 (95% CI), represented by the continuous
line; R?> = 0.48, P = 0.001. The solid blue area represents the
95% confidence interval.
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We started by characterizing the I; of MesV neurons in
control conditions by applying standard protocols in voltage
clamp (see MATERIALS AND METHODS). Figure 3C shows repre-
sentative results from one neuron, in which /;; was recorded in
voltage clamp, during protocols consisting in a series of volt-
age steps from —40 to —135 mV starting from a holding
potential of —50 mV and returning to a potential of —80 mV.
Stepping negative to —70 mV elicited an inward current with
slow activation kinetics and no signs of inactivation within this
time window that also deactivates with a slow time course.
Figure 3E depicts the activation curve obtained from these
recordings. This curve was constructed by measuring tail
currents at the time indicated by the upward arrow in Fig. 3D
at a constant membrane voltage of —80 mV. Superimposed are
the conductance values normalized to its maximum (black
circles) and the fit to a Boltzmann function (gray trace) (Fig.
3E). For the whole population of recorded neurons (n = 34),
fits of the Boltzmann relation to activation curves showed that
the V,,, averaged —88.5 £ 1.17 mV (SE), with a slope factor
of 84 *0.29 mV (SE). Maximal conductance averaged
30.9 = 2.8 nS (SE) and when normalized to the cell’s capac-
itance averaged 0.68 = 0.05 nS/pF (SE). Activation kinetics of
the I;; was determined from the fits of single exponential
functions to current traces (superimposed blue traces on Fig.
3(C). Plots of the activation time constant as a function of the
voltage step showed the typical behavior characterized by a
progressive lowering of the time constant (faster activation)
with increasing hyperpolarized voltage steps (Fig. 3F). Maxi-
mal time constant averaged 938.7 = 52.8 ms (SE) and oc-
curred at voltage steps ranging from —68 to —88.4 mV
(average —78.8 mV). Interestingly, steady-state activation
characteristics and activation kinetics showed considerable
variety across the population of recorded neurons. Figure 3G
shows superimposed results of fits to activation curves for the
whole sample of recorded neurons (n = 34), where maximal
conductance ranged almost over an order of magnitude (from
0.17 to 1.44 nS/pF) whereas the V,, did so over more than 30
mV (from —74.9 to —106.5 mV). Note that as conductance is
normalized by the cell’s capacitance, the diversity in maximal
conductance values does not result from differences in the cell
sizes of our sample. Interestingly, this diversity is the outcome
of both interindividual and intraindividual differences, as can
be appreciated in Fig. 3G where curves from four animals are
indicated in colors (red, green, blue, and black). To support this
conclusion, we computed the difference in maximal conduc-
tance between 15 pairs of cells recorded from 15 animals and
compared it to the difference between pairs obtained by com-
bining cells from different animals (n = 210). These values,
indicative of I; diversity, were similar and showed no statis-
tical difference. In fact, intraindividual difference averaged
0.22 = 0.045 nS/pF (SE) (n = 15), whereas interindividual
difference averaged 0.31 = 0.018 nS/pF (SE) (n = 210) (P =
0.058, unpaired, two-tailed z-test).

On the other hand, as expected, neurons presenting high Iy
density display large amplitude sag potentials (activation
curves from cells depicted in Fig. 3/ are identified in Fig. 3G
with circles of the same color). Also, I;; density presents a
negative correlation with the Rin value [slope of linear regres-
sion = —94.5 + 50.4 (95% CI, P = 0.001), R* = 0.48; Fig.
3J], suggesting the involvement of this conductance in the
determination of MesV neuron passive properties.

Additionally, activation kinetics also showed considerable
variety, as can be appreciated in Fig. 3H where curves of the
time constant as a function of the voltage step for all recorded
cells are shown superimposed. In fact, the maximal time
constant ranged from 401 to 1,657 ms. These results indicate
that Iy; presents a great diversity of functional states across the
population of MesV neurons, suggesting that this conduc-
tance is under regulatory control, which in turn could contrib-
ute to the diversity of intrinsic excitability displayed by this
population.

We next explored if the I;; of MesV neurons is susceptible of
modulation by ¢cGMP applying its membrane permeable ana-
logue 8-bromoguanosine cyclic 3°,5’-monophosphate sodium
salt (0.5-1 mM, herein referred simply as cGMP; Fig. 4). Of
the two most common cyclic nucleotides, cAMP and cGMP,
the latter was chosen in an attempt to selectively modulate I
(see later), as in MesV neuron activation of the cAMP/protein
kinase A signaling pathway participates in the regulation of the
persistent sodium current (Tanaka and Chandler 2006). As
expected, cGMP applications resulted in a shift of the V,,,
toward positive values, as well as an increase of the Iy
magnitude (Fig. 4, A and B) and acceleration of activation
kinetics (Fig. 4C). For the sample of recorded cells (n = 13),
the V,,, changed from —89.8 = 1.4 mV (SE) in control con-
ditions to —82.9 £ 20.8 mV (SE) after cGMP (P = 0.0015;
paired, two-tailed r-test; Fig. 4D), whereas the slope factor
increased from 8.2 = 0.2 mV (SE) in control to 10.4 = 0.74
mV (SE) after cGMP (P = 0.0061; paired, two-tailed #-test;
Fig. 4F) and the maximal conductance showed an increase
from 0.68 = 0.05 nS/pF (SE) in control to 0.81 = 0.06 nS/pF
(SE) after cGMP (P = 0.0049; paired, two-tailed; Fig. 4F).
Remarkably, the combined effect of cGMP on V,,,, slope and
maximal conductance resulted in an almost threefold increase
in the Iy; conductance at —70 mV, a membrane voltage level
close to the postspike afterhyperpolarization. In fact, Ij; con-
ductance at —70 mV increased from 0.07 = 0.017 nS/pF (SE)
in control to 0.2 £ 0.043 nS/pF (SE) after cGMP (P = 0.0066;
paired, two-tailed r-test). On the other hand, I activation
kinetics becomes faster after cGMP for almost the whole range
of voltage steps (Fig. 4C) as indicated by the significant
reduction of the maximal time constant, which varied from
814.1 = 86.6 ms (SE) in control to 623.7 = 59.9 ms (SE) after
cGMP (P = 0.0015; paired, two-tailed #-test; Fig. 4G). Inter-
estingly, this change in activation kinetics favors the involve-
ment of the /;; during the time course of the interspike interval.
These results show that the I;; of MesV neurons is strongly
modulated by cGMP.

Upregulation of the I, increases MesV neuron excitability.
Next, we studied the impact of I; upregulation on MesV
neuron excitability. For this, the effects of cGMP applications
on the electrophysiological properties of these neurons were
characterized by applying protocols of depolarizing current
pulses whose intensity were adjusted to evoke one to three
spikes (Fig. 5A, left). As illustrated in Fig. 5A, right, after
inclusion of cGMP in the bath, there was an increase in the
number of spikes evoked by current pulses in comparison to
control conditions, and this effect was accompanied by a
depolarizing shift of the resting membrane potential. These
effects can be better appreciated in Fig. 5B, in which the
number of spikes during current pulses repeated every 10 s and
the resting membrane potential were plotted as a function of
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Fig. 4. Hyperpolarization-activated cationic current (/;;) of mesencephalic trigeminal (MesV) neurons is strongly modulated by cGMP. A: sample current traces
evoked with voltage steps from —50 mV to —90 mV in control conditions (gray trace, control) and after cGMP (gray trace, cGMP). Superimposed are fits to
exponential functions (black traces). B: Iy steady-state activation curve of the cell shown in A before (white circles, control) and after cGMP (black circles,
¢GMP). Each curve was fitted with Boltzmann functions, and results are shown superimposed (continuous traces). Each value represents the average of 4 (control)
or 3 (cGMP) single values obtained in the same cell and error bars represent SD; g, conductance. C: plot of the /; activation time constant of the cell shown
in A against the voltage pulse commands before (white circles, control) and after cGMP (black circles, cGMP). D: plot of the half activation voltage (V,,,) values
of the Boltzmann function before (gray circles) and after cGMP (gray circles) for the whole population of recorded MesV neurons, (P = 0.0015; paired, two-tailed
t-test, n = 13). E: plot of the slope values of the Boltzmann function at V,,, before (gray circles) and after cGMP (gray circles) for the whole population of
recorded MesV neurons, (P = 0.0061; paired, two-tailed 7-test, n = 13). F: plot of the maximal conductance values normalized to the cell’s capacitance before
(gray circles) and after cGMP (gray circles) for the whole population of recorded MesV neurons, (P = 0.0049; paired, two-tailed, n = 13). G: plot of the
maximum activation time constant (determined from current traces evoked by voltage steps of —70 to —90 mV) before (gray circles) and after cGMP (gray
circles) for the whole population of recorded MesV neurons, (P = 0.0015; paired, two-tailed r-test, n = 13). Plots in D, E, F, and G show results obtained in
the same neuronal population (n = 13, recorded in 7 animals). Superimposed to the individual values are the corresponding average values in control (black

circle) and after cGMP (black circle). *Significant difference, P < 0.05.

time before, during, and after bath application of cGMP (1
mM). Most typically, the maximum effects on firing and
resting potential were attained between 15 and 20 min after
initiation of perfusion and were long lasting as reversion was
rarely observed, consistently with findings by others (Ingram
and Williams 1996). A detailed characterization of cGMP
effects on firing was performed by using experimental proto-
cols consisting on a series of depolarizing current pulses of
increasing intensity (50 to 600 pA; Fig. 5C). From these
experiments, plots of the number of spikes as a function of
injected current were constructed (Fig. 5D). These plots show
a dramatic increase of firing particularly for current pulses of
twice the threshold intensity and above. The average behavior
of our sample can be seen in Fig. 5F, in which the mean
number of spikes was plotted as a function of current pulse
intensity before (control) and after cGMP application. This
graph shows that cGMP induces a statistically significant
increase (P < 0.01) in the number of spikes for most of the
current pulses tested, indicating a dramatic increase in MesV
neurons excitability and hence in the way this neuronal popu-
lation encode depolarizing inputs. Consistently, the threshold

current for spike activation was reduced from 171.1 = 19.6 pA
(SE) in control conditions to 147.4 = 15.2 pA (SE) after cGMP
(P = 0.016, n = 19, paired, two-tailed z-test).

The number of spikes per current pulses of three- to sixfold
its threshold intensity (determined in control conditions)
showed an increase from 2.9 = 0.68 (SE) in control to
8.7 = 1.55 (SE) after cGMP, and this difference was statisti-
cally significant (P = 5.9 X 1072 n = 30, paired, two-tailed
t-test). Additionally, the resting membrane potential varied
from —59.3 = 0.88 mV (SE) in control to —54.5 = 0.73 mV
(SE) after cGMP (P = 2.3 X 10~?; n = 30, paired, two-tailed
t-test; Fig. 5F). These effects did not show any significant
difference in coupled versus uncoupled cells. The average
number of spikes evoked by current pulses after cGMP in-
creased 4.8 £ 1.55 (SE) in coupled cells (n 19) and
7.7 =2.09 (SE) in uncoupled cells (n 11) (P = 0.27;
unpaired, two-tailed #-test), whereas the resting membrane
potential depolarized in average 4.8 = 0.75 mV (SE) and
4.7 = 0.87 mV (SE) in coupled (n = 19) and in uncoupled
cells (n 11), respectively (P = 0.95; unpaired, two-tailed
t-test).
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Fig. 5. cGMP modulates the firing properties and resting potential of mesencephalic trigeminal (MesV) neurons. A: repetitive discharge of a MesV neuron induced
by a depolarizing current pulse (300 pA) in control (left) and after cGMP (1 mM) (right). B: plot of the resting membrane potential (RMP; left ordinates, black
circles) and number of spikes (right ordinates, gray circles) of a MesV neuron evoked by depolarizing current pulses of 300 pA as a function of time before,
during and after cGMP (1 mM) application to the bath. Application of cGMP is indicated by the black horizontal bar. C: responses of a MesV neuron to
intracellular depolarizing current pulses of increasing magnitude in control (/eff) and after cGMP (right); 150 pA was the threshold intensity in control conditions.
D: plot of the number of spikes evoked by current pulses of 200 ms in duration as a function of the current intensity in control (white circles) and after cGMP
(black circles) for the same neuron as in C. E: plot of the mean number of spikes evoked by 200 ms current pulses as a function of the current intensity for the
population of recorded cells before (white circles) and after cGMP (black circles). Error bars represent SE. *Statistically significant difference between the 2 data
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0.0032 (350 pA), P = 0.0024 (400 pA), P = 0.0008 (450 pA), P = 0.0007 (500 pA), P = 0.0059 (550 pA), P = 0.0012 (600 pA); paired, two-tailed r-test,
n = 30 from 15 animals]. F: plot of the resting membrane potential values before (gray circles, control) and after cGMP (gray circles, cGMP), superimposed
to the individual values are the corresponding average values in control (black circle) and after cGMP (black circle), (P = 2.35 X 10~ ?; paired, two-tailed #-test,
n = 30 from 15 animals). *Significant difference, P < 0.05. G: plot of the increase in the number spikes evoked by current pulses against the increase in the
hyperpolarization-activated cationic current (/;;) conductance at —70 mV after cGMP in comparison to control conditions. Data were fitted with a straight-line
function and the R-squared value is indicated. Slope of linear regression = 45.1 = 14.9 (95% confidence interval) represented by the continuous line; R* = 0.8,
P =35X 10" (n = 13 from 7 animals).

The acceleration of the pacemaker potential is translated in
corresponding increase of the instantaneous frequency of the

Furthermore, the cGMP effects on firing were accompanied
by a reduction of Rin of ~15%, from 108.6 = 6.51 M) (SE) in

control to 91.8 = 5.83 M() (SE) after cGMP (P = 1.03 X
1071% » = 30, paired, two-tailed t-test; Fig. 6, A—C), most
probably as an outcome of the greater open probability of HCN
channels at resting potential. Also consistent with the upregu-
lation of the Iy, the rate of rise of pacemaker potentials during
repetitive discharges showed a moderate but significant in-
crease after cGMP (Fig. 6D). The slope of this potential, deter-
mined from fits to linear regressions, averaged 2.28 = (.18
mV/ms (SE) in control and 2.92 = 0.27 mV/ms (SE) after cGMP
P=35X 107 n = 18, paired, two-tailed r-test; Fig. OF, left).

first interspike interval, which averaged 105.1 = 5.84 Hz (SE)
in control and 122.5 = 7.63 Hz (SE) after cGMP (P = 2.45 X
107% n = 18, paired, two-tailed t-test; Fig. 6F, right). The
increase of instantaneous frequency and of the pacemaker
potential slope showed a positive correlation [slope of linear
regression = 19.2 + 6.67 (95% CI), R>=0.7, P 1.5 X
107; Fig. 6F]. Results depicted in Figs. 5 and 6 show that
c¢GMP induces modulatory changes of MesV neuron electro-
physiological properties in a highly consistent fashion, most
probably through upregulation of the /. Supporting this no-
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Fig. 6. cGMP effects on input resistance and subthreshold potential of mesencephalic trigeminal (MesV) neurons. A: voltage membrane responses of a MesV
neuron to hyperpolarizing current pulses of —450 pA (control, thin trace) and after application of cGMP (thick trace). B: membrane voltage change versus
injected current relationships obtained in the same MesV neuron as in A before (white circles) and after cGMP (black circles). Membrane voltage changes were
measured at the time indicated by the vertical dashed line in A. Each value corresponds to the mean of 4 to 6 individual values, error bars indicate SD.
*Statistically significant difference, P < 0.05 [P = 0.3122 (0 pA), P =2 X 107* (=50 pA), P = 1 X 107* (=100 pA), P = 2 X 107* (=150 pA), P = 2 X
107% (=200 pA), P = 4 X 107* (=250 pA), P = 7 X 10~* (=300 pA), P = 0.0013 (=350 pA), P = 0.0018 (=400 pA), P = 0.0017 (—450 pA); unpaired,
two-tailed 7-test] between the 2 data sets. Each curve was fitted with a straight-line function and the slope values representing the corresponding input resistance
are indicated. C: plot of the input resistance (Rin) values before (gray circles, Control) and after cGMP (gray circles, cGMP) (P = 1 X 10~*; paired, two-tailed
t-test). Superimposed to the values from individual cells (n = 30 from 15 animals) are the corresponding average values in control (black circle) and after cGMP
(black circle). *Significant difference, P < 0.05. D: superimposed traces showing the membrane potential trajectory between the first 2 successive spikes of
repetitive discharges evoked by depolarizing current pulses before (thin trace) and after cGMP (thick trace). Oblique straight lines indicate the slope of the
pacemaker potentials for each trace. Spikes are truncated. E: plots showing the values of the pacemaker potential slope preceding the second spike of repetitive
discharges (left) and instantaneous frequency (right) of the first interspike interval before (gray circles, Control) and after cGMP (gray circles, cGMP) (slope:
P = 3.5 X 1077, frequency: P = 2.45 X 10 % n = 18 from 11 animals, paired, two-tailed t-test). Superimposed to the values from individual cells are the
corresponding average values in control (black circle) and after cGMP (black circle). *Significant difference, P < 0.05. F: plot of the frequency increase of the
first interspike interval versus the increase of the slope for the data shown in E. Data were fitted to a straight line. Slope of linear regression = 19.2 = 6.67 (95%
confidence interval); R> = 0.7, P = 1.5 X 10™°.

tion, the increase in I; conductance at —70 mV after cGMP
shows a positive correlation with the concomitant increase in
firing [slope of linear regression = 45.1 = 14.9 (95% CI),
R*>=0.8, P = 3.5 X 10~>; Fig. 5G].

cGMP selectively targets the I of MesV neurons. While
modulation of MesV neuron’s firing properties by cGMP can
be consistent with the upregulation of the /;; (see DISCUSSION),
this does not rule out the involvement of other mechanisms as
this second messenger participates in multiple signaling path-
ways. In fact, firing properties of neurons critically depend on
the dynamic interaction between multiple voltage and ligand-
gated membrane conductances that operate at both the sub-
threshold and the suprathreshold ranges of membrane poten-
tial. In MesV neurons, the pacemaker potential trajectory
between successive spikes, critical for repetitive firing,
results from the interplay between several currents (Eno-
moto et al. 2006; Tanaka et al. 2003; Wu et al. 2001, 2005).
Among them, the Iy,p activates during the pacemaker po-
tential and significantly contributes to the bursting behavior
of these neurons (Enomoto et al. 2006; Wu et al. 2005). To
test if cGMP actions involve the modulation of the I,p, we
recorded this membrane current following standard proce-

dures in voltage clamp by using ramp protocols (see MATE-
RIALS AND METHODS). Noteworthy, Iy,p did not show any
change after cGMP (1 mM), as peak current measured
around —40 mV averaged —295 *= 52 pA (SE) in control
and —305 = 60 pA (SE) after cGMP (P = 0.46, n = 3;
paired, two-tailed r-test; Fig. 7, A—C). This result excludes
the possibility that the modulation of the /I,p is involved in
the increase of MesV neuron’s excitability.

Ligand-gated channels operated by cyclic nucleotides might
also significantly contribute to regulate the excitability of
neurons. For instance, CNG channels are activated by cGMP
and by inducing tonic depolarizations (Kaupp and Seifert
2002) can increase neuronal firing (Kawa and Sterling 2002).
Noteworthy, cGMP-induced modulatory actions on excitability
are accompanied by a small but highly consistent depolariza-
tion of the resting membrane potential (Fig. 5, A, B, and F),
raising the possibility that the depolarization may be respon-
sible for the increase in firing. To test if such a mechanism is
involved in MesV neurons, we asked whether the depolariza-
tion of the membrane potential by itself is enough to explain
the observed changes in firing properties induced by cGMP.
First, we tried to revert the effects of cGMP on repetitive firing
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by repolarizing the membrane potential to previous control
levels by injecting hyperpolarizing DC current. As depicted in
Fig. 7D, although the repolarization of the membrane potential
somewhat reduces the number of spikes after cGMP, spiking is
still well above control (Fig. 7D, compare left and right).
Conversely, depolarizing the membrane potential by 4-5 mV
with DC current injection in control conditions did not produce
an increment in firing comparable to that induced by cGMP
(Fig. 7E, compare fop and bottom). These results are summa-
rized in Fig. 7F, where the number of spikes evoked by current
pulses is plotted against the membrane potential value for cells
that were depolarized by DC current (squares) and for cells that
were exposed to cGMP (circles). Remarkably, responses from
cells exposed to cGMP present significantly more spikes than

MODULATION OF COINCIDENCE DETECTION GAIN

responses from cells unexposed to cGMP that were depolarized
to the same level with DC current, averaging 10.5 = 1.32
spikes (SE) and 3.8 = 0.98 spikes (SE), respectively (P = 6 X
1074 n = 10; unpaired, one-tailed #-test). Prepulse membrane
potential averaged —52.4 £ 0.952 mV (SE) and —50.5 = 1.0
(SE) in neurons exposed to cGMP and depolarized with DC
current, respectively (P = 0.179; n = 10, unpaired, two-tailed
t-test). These results show that the depolarization of the mem-
brane potential by itself is not enough to explain the observed
increase in excitability of MesV neurons, suggesting the in-
volvement of a mechanism different than the modulation of a
voltage insensitive leak-type membrane conductance.

The observed increase in neuronal firing can result not only
from the acceleration of the membrane potential trajectory
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between successive spikes (pacemaker potential, Fig. 6, D and
E) but also from the hyperpolarization of the voltage threshold
for spike generation (lower firing level). Indeed, spike thresh-
old was shown to be dynamically modulated with relevant
consequences on neuronal excitability (Fontaine et al. 2014).
To evaluate the possible contribution of such a mechanism, we
examined the properties of MesV neuron’s action potentials
(Fig. 7G), particularly the spike threshold by constructing plots
of the time derivative of membrane voltage versus membrane
voltage (phase plots in Fig. 7H). The firing level determined
from these plots and defined as the value of membrane voltage
at which the rate of change reaches 10 mV/ms in a monoton-
ically increasing interval did not differ significantly after
cGMP (Fig. 7H, inset). This value averaged —44.0 = 1.02 mV
(SE) in control conditions and —42.4 = 0.76 mV (SE) after
c¢cGMP (P = 0.06; n = 10, paired, two-tailed -test), suggesting
that cGMP did not induce changes in the spike-generating
mechanisms and that the increase in excitability does not result
from the lowering of the threshold for spike initiation.

The 1 is necessary for the cGMP-induced effects on neu-
ronal excitability. The Iy can significantly contribute to the
resting membrane potential, input resistance, and subthreshold
behavior of neurons (Benarroch 2013; Biel et al. 2009; Rob-
inson and Siegelbaum 2003). However, the unique biophysical
properties of this conductance make difficult to unambiguously
predict the functional impact of modulatory actions. Indeed,
depolarization of the resting potential and acceleration of the
pacemaker potential tend to increase firing, whereas the reduction
of input resistance might have the opposite effect. Therefore, to
obtain direct evidence indicating that the cGMP-induced changes
of I; is the mechanism responsible for the increase of MesV
neuron excitability, we next asked whether this membrane con-
ductance is necessary for the induction of such modulatory
changes in excitability. For this, we studied the effects of cGMP
(0.5-1 mM) in the presence of nearly saturating concentrations of
the bradicardic agent ZD7288 (100 uM), which is a potent
blocker of the I};. This blocker was included in the electrode filling
solution as the blocking effect of this compound is from the
intracellular side of the channels (Shin et al. 2001) and at these
concentrations it does not simply block the ionic current but also
significantly reduces the binding of cyclic nucleotides to the
channel intracellular domain (Wu et al. 2012). As expected,

under these conditions MesV neuron voltage responses to
hyperpolarizing current pulses lack the characteristic sag
due to the activation of the I,; (Fig. 8A).

ZD7288 largely prevented the cGMP-induced effects on
MesV neuron excitability, thus confirming our hypothesis. In
fact, addition of cGMP to the bath has no effect on spiking or
resting membrane potential (Fig. 8B). These results can be
better appreciated in Fig. 8C, where the average resting mem-
brane potential and number of spikes for a population of 12
cells were plotted as function of time. Confirming these results,
the plot in Fig. 8D shows the mean number of spikes as a
function of current pulse intensity before (ZD7288) and after
c¢GMP application (cGMP + ZD7288). Spiking do not show a
statistically significant increase after cGMP (P > 0.05,n = 9;
paired, one-tailed #-test) for the whole range of tested currents.
Note that although the range of current pulses explored in the
presence of ZD7288 is not as extended as in control conditions,
the concomitant increase in Rin (108.6 M{) in control vs. 445.2
MQQ in ZD7288) suggests that the lack of effect of cGMP
applications do not result from differences in stimulation
protocols. Moreover, for the sample of recorded neurons
(n = 12), the resting membrane potential do not show a
statistically significant depolarization after cGMP, averag-
ing —55.6 = 1.38 mV (SE) before and —54.6 £ 1.13 mV
(SE) after cGMP (P = 0.135; paired, one-tailed ¢-test; Fig.
8E). However, in the presence of ZD7288, cGMP applica-
tions still induce a significant reduction of the input resis-
tance, averaging 445.2 = 61.9 MQ (SE) before and
381.7 = 46.5 MQ (SE) after cGMP (P = 0.047; paired,
one-tailed t-test; Fig. 8F) possibly due to the modulation of
a membrane mechanism different from HCN channels.
These results clearly show that the Ij; is necessary for the
modulation of the intrinsic excitability of MesV neurons
induced by cGMP, supporting the notion that the regulation
of this membrane current is the underlying mechanism.

Computer simulations show that upregulation of the I is
sufficient to induce the cGMP effects on MesV neuron
excitability. The experimental results so far presented provide
compelling evidence that regulation of the I; represents the
main mechanism involved in cGMP-induced increase in excit-
ability. However, to obtain further evidence about the func-
tional impact of such mechanism, we next asked whether the

Fig. 7. cGMP does not target other membrane conductances of mesencephalic trigeminal (MesV) neurons. A: representative recording of the persistent Na™*
current (/y,p) in control conditions (fop trace) in response to a voltage command consisting in a slowly rising ramp (rate ~20 mV/s) from a holding potential
of —70 mV to a final potential of 0 mV (bottom trace). B: plot of the I, magnitude (measured at the most negative value) as a function of time in another
neuron in control conditions (black circles), during application of cGMP (horizontal black bar), and during application of 0.5 uM tetrodotoxin (TTX; horizontal
black bar). Each value represents the average of 10 single values, and error bars represent SE C: summary plot of the average I, amplitude from 3 different
MesV neurons in control (white circle) and after exposure to cGMP (0.5-1 mM; black circle). Error bars represent SE (P = 0.46; n = 3 from 3 animals, paired,
two-tailed r-test). D: traces showing repetitive discharges of a MesV neuron during the injection of depolarizing current pulses in control (left), after cGMP
(middle), and after cGMP while the resting membrane potential was corrected to previous control levels by injecting hyperpolarizing DC current (—60 pA)
(right). E, top: illustration of the response of a MesV neuron during injection of a depolarizing current pulse before (left) and after application of cGMP (right)
showing the increase in repetitive firing and the accompanying depolarization of the resting membrane potential. E, bottom: illustration of the response to a
depolarizing current pulse of another neuron that was not exposed to cGMP from resting (left) and from a depolarized membrane potential (right). During this
later condition, the resting membrane potential was depolarized to a level comparable to that obtained after cGMP by injection of depolarizing DC current. In
D and E, values at the left of each trace indicate the prepulse membrane potential and dashed horizontal lines represent the resting membrane potential level in
control conditions. F: plot summarizing results from experiments as those shown in E. Average number of spikes evoked during depolarizing current pulses
against the prepulse membrane potential is shown. Circles represent firing of cells before (white) and after exposure to cGMP (black). Squares represent firing
of cells unexposed to cGMP at their normal resting membrane potential (white) and during depolarization with DC current injection (Depo.; black), error bars
represent SE. The number of spikes evoked by current pulses is significantly larger in cells exposed to cGMP compared with cells whose resting potential was
depolarized with DC current [P = 6 X 107%; n = 10 (cells exposed to cGMP: n = 10 from 5 animals; depolarized cells: n = 10 from 3 animals), unpaired,
one-tailed #-test]. *Significant difference, P < 0.05. G: traces showing representative action potentials before (thin trace) and after cGMP (thick trace),
horizontally displaced for clarity. H: phase plots of the first time derivative of the membrane potential (dV/dr) against the instantaneous membrane potential,
showing the rate of change of membrane potential of the traces depicted in G. Inset: larger scale of the boxed area in the phase plot.
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upregulation of the I;; is enough to explain the observed
changes in MesV neuron excitability after cGMP. For this, a
model of a typical MesV neuron was constructed consisting in
two compartments, one representing the soma and the other the
axon. Six Hodgkin-Huxley type active conductances previ-
ously described in MesV neurons were inserted in our deter-
ministic two-compartment model, whose parameters were
tuned using an evolutionary multiobjective algorithm (see
MATERIALS AND METHODS). Maximum densities of passive and
active conductances were tuned to precisely reproduce the
main electrophysiological features of MesV neurons (in control
conditions) in terms of resting membrane potential, input
resistance, spike amplitude and duration, and postspike after-
hyperpolarization potential, as well as the main firing charac-
teristics (see MATERIALS AND METHODS). In fact, voltage mem-
brane responses of MesV neurons to current pulses of both
polarities (Fig. 9A), as well as the spike waveform (Fig. 94,
inset) were faithfully reproduced by our model, indicating that
the results obtained from simulations can be translated to
experiments and vice versa. Thus our model represents a
valuable tool to understand how the different voltage depen-
dent membrane conductances interact to give rise to the elec-
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trophysiological phenotype of MesV neurons and the impact of
I; modulation.

Then, we investigated whether our model could reproduce
the increase in excitability after upregulation of the I;. We
compared the electrophysiological properties and input-output
relation of the model cell in control conditions and after
modifying the I;; parameters according to our characterization
of this current in voltage-clamp experiments during the effects
of cGMP (I; modulated, see MATERIALS AND METHODS). Figure
OB illustrates results from these simulations showing the re-
sponse of the model cell in control (fop) and after modulation
of the Iy (bottom). Consistent with our experimental results,
modulation of the I; leads to a depolarization of the resting
membrane potential, an increase in spiking and a reduction of
the input resistance. The extent of these changes is also in
agreement with experimental observations. The resting mem-
brane potential of model cell changed from —58.4 mV in
control to —56.0 mV after /;; modulation, whereas the number
of spikes in response to current pulses of +350 pA increased
from 2 spikes in control to 18 after /;; modulation (Fig. 9B).
Additionally, upregulation of the Ii; in these simulations re-
sulted in a reduction of the input resistance of ~12% (from
113.0 to 99.6 M), which is comparable to the reduction
observed during experiments after addition of cGMP (~15%).
Moreover, plots of the number of spikes and the frequency of
the first interspike interval as a function of the intensity of
current pulses show qualitatively similar results to those ex-
perimentally obtained (Fig. 5). In fact, upregulation of Iy
resulted in a leftward displacement of these relations corre-
sponding to an increase in firing, as well as a reduction of the
threshold current for eliciting both single spikes and repetitive
firing (Fig. 9, C and D).

Fig. 8. The hyperpolarization-activated cationic current (/) is necessary for
the ¢cGMP-induced effects on neuronal excitability. A: sample traces of
membrane voltage responses of a mesencephalic trigeminal (MesV) neuron to
current pulses of 100 and —75 pA in the presence of the I;; blocker ZD7288.
B: sample traces of membrane voltage responses of the cell shown in A during
the same stimulation protocol after cGMP in the presence of ZD7288. C: plot
depicts averaged values from 12 cells recorded in 5 animals of the resting
membrane potential (/eft ordinates, black circles) and number of spikes evoked
by depolarizing current pulses (right ordinates, gray circles) as a function of
time before, during and after cGMP application to the bath in the presence of
ZD7288. Error bars represent SE. Application of cGMP is indicated by the
black horizontal bar. Peak average value of the resting membrane potential
during cGMP [white circle, —54.6 = 0.92 mV (SE)] is not statistically more
depolarized in comparison to value before application [white Ccircle,
—55.1 £ 1.08 mV (SE)] P = 0.069; n = 12, paired, one-tailed ¢-test]. D: plot
of the mean number of spikes evoked by current pulses of 200 ms in duration
as a function of the current intensity for a population of recorded cells (n = 9
from 4 animals) in the presence of ZD7288 before (white circles) and after
c¢cGMP (black circles). Error bars represent SE. Spiking does not show a
statistically significant increase after cGMP for the whole range of tested
currents [P undefined (0 to 50 pA, identical data sets), P = 0.83 (75 pA), P =
0.5 (100 pA), P = 0.7 (125 pA), P = 0.92 (150 pA), P = 0.78 (175 pA), P =
0.66 (200 pA), P = 0.5 (225 pA), P = 0.61 (250 pA), P = 0.83 (275 pA),
P = 0.5 (300 pA), P = 0.83 (325 pA) n = 9; paired, one-tailed #-test]. E: plot
of the resting membrane potential values in the presence of ZD7288 before
(gray circles, ZD7288) and after cGMP (gray, cGMP + ZD7288) (P = 0.135;
n = 12 from 5 animals, paired, one-tailed -test). F: plot of the input resistance
values in the presence of ZD7288 before (gray circles, ZD7288) and after
cGMP (gray circles, cGMP + ZD7288) (P = 0.047; n = 10 from 4 animals,
paired, one-tailed r-test). In £ and F, superimposed to the individual values are
the corresponding average values in the presence of ZD7288 before (black
circle) and after cGMP (black circle). *Significant difference, P < 0.05.
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Fig. 9. Computer simulations show that upregulation of the hyperpolarization-
activated cationic current () is sufficient to increase firing. A: comparison
between real neuron and model neuron. A, fop: a typical membrane voltage
response of a mesencephalic trigeminal (MesV) neuron to depolarizing (300
pA) and hyperpolarizing (—400 pA) current pulses are illustrated. A, bottom:
voltage responses of the model neuron to the same current pulses are depicted
to show the similarity between real and model neuron responses. Inset: the
spikes of the real and model neurons are displayed at an expanded temporal
scale. B: voltage responses of the model MesV neuron to depolarizing current
pulses (350 pA) in control (fop) and after modification of the parameters
defining the /;; according to the modulatory effects of the cGMP on this
membrane current experimentally determined (bottom). Note the dramatic
increase in firing and the concomitant depolarization of the resting membrane
potential after changes of /}; parameters. C: plot of the number of spikes of the
model cell evoked by current pulses of 200 ms in duration as a function of the
current intensity in control (black circles, control) and after /;; modulation
(black circles, I;; modulated). D: plot of the instantaneous frequency of the
model cell of the first interspike interval during repetitive discharges evoked by
depolarizing current pulses as a function of the current intensity in control
(black circles, control) and after I;; modulation (black circles, I;; modulated).

Current (pA)

These simulations show that our biophysically detailed
model can reproduce the main aspects of electrophysiological
properties and firing characteristics of real MesV neurons.
Moreover, upregulating the /;; of model neurons has qualita-
tively and quantitatively similar effects on the electrophysio-
logical properties as those experimentally observed in MesV
neurons after exposure to cGMP. These findings show that
upregulation of the Iy is sufficient to explain the experimen-
tally observed increase in neuronal excitability induced by
c¢GMP. Therefore, the upregulation of this membrane conduc-
tance by cGMP represents a valuable tool to manipulate the
intrinsic excitability of MesV neurons and to study its role in
coincidence detection.

cGMP enhances the gain of coincidence detection between
electrically coupled MesV neurons. To test the contribution of
the intrinsic excitability of neurons to coincidence detection,
depolarizing current pulses of the same intensity were applied
alternatively and simultaneously to coupled MesV neurons, in
control conditions and after the upregulation of the I;; induced
by cGMP applications (0.5-1 mM). Figure 10 shows represen-
tative results of these experiments. While bursts evoked by
independent current pulses show a moderate increase after
c¢GMP in terms of spike number (Fig. 10, A and B, compare left
and middle) responses during coactivation present a dramatic
increase (Fig. 10, A and B, right). Moreover, coincident bursts
during both control and after cGMP are highly synchronic, as
indicated by the cross-correlation analysis exhibiting a single
peak of large magnitude and brief delay (Fig. 10, A and B,
insets). The effect on coincidence detection gain can be better
appreciated in the graph of Fig. 10C where the number of
spikes during individual and coincident stimulation were plot-
ted before and after the application of cGMP. In most coupled
cells, the slope of this relation displays a striking increase after
c¢cGMP, indicating an increase in the gain of coincidence
detection. For this population of recorded neurons (n = 12,
from 6 pairs), the average number of spikes during independent
activation showed only a modest increase from 1.81 % (0.722
(SE) in control conditions to 3.81 = 2.096 (SE) after cGMP
(P = 0.176; paired, r-test). In contrast, the number of spikes
during coactivation exhibited a much more dramatic increase
from 2.9 £ 0.815 (SE) in control to 13.68 = 3.91 (SE) after
cGMP (P = 0.0102; paired, two-tailed #-test; Fig. 10C). Con-
sistently, the coincidence detection index displayed a signifi-
cant increase from 1.09 = 0.19 spikes (SE) in control condi-
tions to 9.83 = 3.32 spikes (SE) after cGMP (P = 0.0193;
paired, two-tailed #-test; Fig. 10D), indicating that cGMP
preferentially increases firing during coactivation, thus greatly
enhancing the gain of coincidence detection.

cGMP-induced enhancement of coincidence detection gain
cannot be explained by changes of the strength of electrical
coupling. After cGMP, presynaptic neurons are significantly
more efficient in activating postsynaptic coupled neurons,
consistent with its effects on coincidence detection. In fact, the
spike-to-spike transfer through electrical contacts between
MesV neurons is enhanced after cGMP as indicated by the
ability of presynaptic trains of spikes to more faithfully recruit
postsynaptic coupled cells (Fig. 11A). This effect was quanti-
fied by calculating the recruitment rate as the ratio of the
number of postsynaptic spikes over the number of presynaptic
evoked spikes. This ratio increased from 0.31 = 0.15 (SE) in
control conditions to 0.58 = 0.16 (SE) after cGMP applica-
tions (P = 0.0437; n = 10 from 5 coupled pairs, paired,
two-tailed r-test; Fig. 11B), confirming that presynaptic repet-
itive discharges are much more efficient in recruiting postsyn-
aptic coupled neurons after cGMP. While this phenomenon is
consistent with the modulation of the intrinsic excitability
already shown, it could also result from an increase in the CC
between MesV neurons. In fact, cGMP was reported to regu-
late the degree of coupling by targeting gap junction conduc-
tance (Hatton and Yang 1996; Rorig and Sutor 1996; Yang and
Hatton 1999). To assess the possible contribution of such a
mechanism, we measured the CC in control conditions and
after cGMP. For this purpose, a series of hyperpolarizing
current steps of different intensities were injected in one cell of
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Fig. 10. cGMP enhances coincidence detection gain. A: membrane responses of a pair of coupled mesencephalic trigeminal (MesV) neurons during a stimulation
protocol consisting in the injection of depolarizing current pulses of the same intensity (250 pA) alternatively to each cell (left and middle) and simultaneously
to both cells (right) to show coincidence detection in control conditions. B: membrane responses of the same pair depicted in A to the same stimulation protocol
after application of cGMP (1 mM) showing a dramatic increase in firing when cells were simultaneously activated indicating an increase in coincidence detection
gain. A and B, insets: depict the cross correlograms between firing of cells I and 2 during coincident activation. C: plot of the number of spikes when cells were
independently activated (/ or 2) and when simultaneously activated (/ + 2) in control conditions (gray lines) and after cGMP (black lines). Superimposed to
the values form individual neurons are the average values for the population of tested neurons in control (white circles) and after cGMP (black circles). Average
values during coincident activation in each condition were statistically different (P = 0.0096; n = 10 from 6 animals, paired, two-tailed #-test). D: plot of the
coincidence detection (CD) index in control conditions (gray circles) and after cGMP (gray circles) of the sample of recorded coupled cells depicted in C:
superimposed to the values from individual neurons are the corresponding average values in control (black circle) and after cGMP (black circle) (P = 0.019;

n = 10, paired, two-tailed r-test). *Significant difference, P < 0.05.

an electrically coupled pair while the induced membrane volt-
age changes in both cells were monitored before and after
c¢GMP application (Fig. 11C). From these recordings, plots of
the voltage change in the postsynaptic coupled cell as a
function of the voltage change in the presynaptic injected cell
were constructed and the CC was estimated from the slope of
the fit to a straight line (see MATERIALS AND METHODS) (Fig.
11D). Instead of increasing, the CC showed a significant
reduction after cGMP applications, calculated either at the
beginning of voltage responses (at the peak of hyperpolarizing
voltage responses) (Fig. 11E) or at the end (steady state, Fig.
11F). In fact, the CC estimated at the peak of hyperpolarizing
voltage responses averaged 0.41 = 0.05 (SE) in control con-
ditions and 0.33 = 0.04 (SE) after cGMP (P = 4.46 X 10~¢;
n = 20, paired, two-tailed r-test), whereas the CC estimated at
steady state averaged 0.28 = 0.03 (SE) in control and
0.23 = 0.03 (SE) after cGMP (P = 0.0015; n = 20, paired,

two-tailed). Moreover, the gap junction conductance estimated
from the input and transfer resistances determined in current
clamp (see MATERIALS AND METHODS) (Bennett 1966) also pre-
sented significant reduction, averaging 6.68 = 1.08 nS (SE) in
control and 6.03 £ 1.05 nS (SE) after cGMP (P = 0.0365;n =
20, paired, two-tailed; Fig. 11H). This suggests that the reduc-
tion of the CC, estimated from hyperpolarizing pulses, resulted
from the combined reduction in Rin and gap junction conduc-
tance observed after cGMP application (Fig. 6, A—C and Fig.
11, C—F), as the CC depends on these two parameters (Bennett
1966; Curti and O’Brien 2016). On the other hand, coincidence
detection and recruitment of postsynaptic cells depend on
depolarizing rather hyperpolarizing coupling potentials. There-
fore, coupling potentials evoked by presynaptic spikes (spike-
lets) were measured before and after cGMP application (Fig.
11A, inset). The CCs calculated from these spikelets and the
presynaptic spike amplitudes (Fig. 11G) showed no statistical
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Fig. 11. cGMP-induced enhancement of coincidence detection gain does not involve changes in gap junction conductance. A, left: injection of a depolarizing
current pulse (250 pA) in a cell belonging to a coupled pair evokes a repetitive discharge in this cell (cell 1) and corresponding coupling potentials in the
postsynaptic coupled cell (cell 2) that eventually produce the activation of this postsynaptic neuron in control conditions. A, right: after addition of cGMP to the
bath, the same stimulation protocol in the same pair of coupled mesencephalic trigeminal (MesV) neurons evokes now a more vigorous repetitive discharge in
the injected cell and a marked increase in the recruitment of the postsynaptic cell. A, inset: coupling potentials (spikelets) in the postsynaptic cell indicated by
downward arrowheads in corresponding traces before (control, thin trace) and after cGMP (thick trace) are displayed aligned, showing no change in amplitude.
B: plot of recruitment rate calculated as the ratio of the number of postsynaptic spikes over the number of presynaptic evoked spikes. Individual values (gray
circles) and average values for the whole sample (black circles) are illustrated superimposed (P = 0.0437; n = 10 from 5 animals, paired, two-tailed #-test). C:
characterization of cGMP effects on electrical coupling in a pair of neurons. Injecting a series of hyperpolarizing current pulses of increasing intensity into one
cell (cell 1) produces corresponding voltage responses in the injected presynaptic cell and in the postsynaptic coupled cell (cell 2), in control conditions (lef?),
and after cGMP (right). D: from records depicted in C the coupling coefficient was estimated by plotting the amplitude of membrane voltage (V,,,) changes
(measured at the peak of hyperpolarizing responses, vertical dashed lines in C) in the postsynaptic cell (cell 2, ordinates) as a function of membrane voltage
changes in the presynaptic cell (cell 1, abscissas) in control conditions (white circles) and after cGMP (black circles). Each data set was fitted with a straight-line
function, and the slope value representing the coupling coefficients (CC) are indicated. E: plot of the CCs determined at the negative peak of hyperpolarizing
responses before (Control) and after cGMP (cGMP) (P = 4.46 X 107 n = 20, paired, two-tailed t-test). F: plot of the CCs determined at steady state (SS)
before (Control) and after cGMP (cGMP) (P = 0.0015; n = 20, paired, two-tailed #-test). G: plot of the coupling coefficients determined from presynaptic spikes
and corresponding postsynaptic spikelets before (Control) and after cGMP (cGMP) (P = 0.697; n = 10 from 8 animals, paired, two-tailed 7-test). H: plot of the
gap junction conductance value before (Control) and after cGMP (cGMP) (P = 0.0365; n = 20, paired, two-tailed t-test). E, F, and H present data from the same
set of neurons recorded in 9 animals. In E, F, G, and H, gray circles represent individual values in control and after cGMP exposure, respectively, and
superimposed are the corresponding average values in control (black circle) and after cGMP (black circle). *Significant difference, P < 0.05.
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Fig. 12. Computer simulations show that upregulation of the
hyperpolarization-activated cationic current (/) is sufficient
to enhance coincidence detection gain. A: study of coinci-
dence detection in a network of two coupled model mesen- i
cephalic trigeminal (MesV) neurons. Injection of depolariz-

ing current pulses alternatively into cells / or 2 induced a
single action potential in the injected cell and the corre-
sponding coupling potentials (spikelets) in the postsynaptic

cell (left and middle). Simultaneous activation of these two
neurons with current pulses of the same magnitude (right),

now evoked a discharge consisting of two spikes at each cell,
showing that model coupled cells support coincidence de-
tection. B: after modification of the Ij; parameters of both
model cells according to modulatory actions of cGMP (I
modulated), independent activation of each coupled cell with B
current pulses of the same intensity still evoke a single spike

(left and middle). However, simultaneous activation of both
neurons now induces a robust repetitive discharge (right). C:

plot of the number of spikes of model cells during indepen-
dently activation (/ or 2) and during simultaneous activation

(I + 2) in control conditions (white circles, control) and

after modification of the I;; parameters (black circles, I
mod.). D: plot of the coincidence detection (CD) index in
control conditions (Ct.) and after modification of /; param-

eters (I; mod.) for the pair of model MesV neurons.

350 pA

Cell 2

350 pA

difference in control versus after cGMP as they averaged
0.074 £ 0.01 (SE) and 0.075 = 0.011 (SE), respectively (P =
0.697; n = 10, paired, two-tailed 7-test). Also, cGMP applica-
tions did not induce any significant change in the spikelet’s
waveform, as indicated by the values of half-amplitude dura-
tion and rise time (10-90%), which averaged 3.32 = 0.32 ms
(SE) and 0.712 = 0.024 ms (SE), respectively, in control
conditions, and 2.91 £ 0.248 ms (SE) and 0.714 = 0.031 ms
(SE), respectively, after cGMP (P = 0.076 and 0.934; n = 10,
paired, two-tailed #-test). Together, this evidence shows that
the enhancement in coincident detection gain do not result
from changes in the strength of electrical coupling between
MesV neurons. Instead, this effect most probably results from
the modulation of the excitability of these neurons, highlight-
ing the relevance of the intrinsic electrophysiological proper-
ties in determining the characteristics of coincidence detection
among electrically coupled neurons.

Computer simulations show that upregulation of the Iy
enhances the gain of coincidence detection in networks of
electrically coupled MesV neurons. To independently evaluate
if the upregulation of the I is enough to enhance coincidence
detection gain, we extended our single cell model to a network
composed of two identical coupled neurons. Because electrical
coupling in the MesV nucleus is organized mostly in pairs
and is supported by voltage-independent somatic gap junc-
tions (Curti et al. 2012), electrical coupling between model
cells was implemented by a simple ohmic conductance con-
necting the soma compartments of the two cells (see MATERIALS
AND METHODS). According to experimental data, the conduc-
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tance of this mechanism was set to 4 nS, which corresponded
to a CC of 0.29 when measured at the peak of voltage
responses to current pulses of —400 pA and of 0.22 at steady
state, whereas the CC for spikes was 0.07 (not shown).

To validate these simulations, we began by investigating if
this model network can support coincidence detection and then
if its gain is enhanced by the upregulation of the I; of
connected cells. Coincidence detection was studied with the
same stimulation protocol as during experiments; that is, su-
prathreshold depolarizing current pulses were injected alterna-
tively in each cell or in both cells at the same time. As
illustrated in Fig. 12A, injection of a +350 pA current pulse in
one or the other cell induces one spike (left and middle),
whereas the injection of the same current pulse in both cells at
the same time induces a response consisting in two spikes in
both cells (right), showing that this model network of coupled
cells in control conditions supports coincidence detection.
Remarkably, when the parameters defining the /;; were modi-
fied according to the characterization of this current after
c¢GMP in voltage-clamp experiments (/;; modulated), the re-
sponses of model cells did not show significant changes to
independent activation (Fig. 12B, left and middle). However,
simultaneous activation of both cells induced a dramatic in-
crease in firing compared with control condition (Fig. 12B,
right). Results from these simulations are summarized in the
plot of the number of spikes evoked by these stimulation
protocols in control and after modulation of the /;; shown in
Fig. 12C. These simulations show that modulation of the Iy
selectively increases the susceptibility of pairs of coupled

J Neurophysiol » doi:10.1152/jn.00029.2019 « www.jn.org
Downloaded from www.physiology.org/journal/jn at Albert Einstein Col of Med (047.019.177.245) on July 1, 2019.



MODULATION OF COINCIDENCE DETECTION GAIN 171

MesV neurons to synchronic inputs, thus representing an
increase in coincidence detection gain (Fig. 12D). These results
are qualitative similar to those obtained during experiments
and indicate that the excitability of coupled neurons critically
determines the gain of coincidence detection.

DISCUSSION

Besides the well-known role of electrical coupling, we show
here that the electrophysiological properties of coupled neu-
rons are critical determinants of their ability to detect coinci-
dent inputs. The susceptibility or gain of this operation is
highly heterogeneous across the population of MesV neurons,
and experimental and theoretical evidence suggests that this
heterogeneity results in part from the diverse regulatory states
of the intrinsic excitability of this neuronal population. Con-
sistently, cGMP-induced upregulation of the Ij; resulted in
dramatic changes in coincidence detection gain.

Coincidence detection has been extensively characterized in
the auditory brainstem of birds and mammals, where fast-
activating K currents and morphologic dendritic specializa-
tions endow neurons with the ability to maximally respond to
simultaneous inputs (Agmon-Snir et al. 1998; Joris et al. 1998;
Reyes et al. 1996). Electrical synapses can also support coin-
cidence detection (Alcami and Pereda 2019; Connors 2017;
Marder 1998). This property is based on the reduction of
current leak through gap junctions during simultaneous inputs
to coupled neurons (cancellation of the loading effect), result-
ing in larger membrane voltage changes that facilitate neuronal
activation (Di Garbo et al. 2006; Hjorth et al. 2009; Rela and
Szczupak 2004). Thus a defining characteristic of coincidence
detection is that simultaneous depolarizing inputs evoke stron-
ger neuronal firing in comparison to independent inputs, as
shown in Fig. 1, A—D. However, there is no a clear limit to
establish, based solely on its time dependency or precision, if
a given neuron or neural circuit operates as a coincidence
detector or not. Precision, whether in the microsecond or in the
millisecond range is most probably related to the specific
function of the neural network (Alonso et al. 1996; Carr and
Konishi 1990; Konig et al. 1996; Roy and Alloway 2001;
Usrey et al. 2000). Regardless of the underlying mechanism,
coincidence detection is an emergent property involved in
brain functions like sound source localization (Carr 1993; Joris
et al. 1998), information processing (Konig et al. 1996), orga-
nization of motor outputs (Edwards et al. 1998), sensorimotor
integration (Rabinowitch et al. 2013), improvement of signal-
to-noise ratio (DeVries et al. 2002; Smith and Vardi 1995), and
Hebbian learning (Tsien 2000).

Coincidence detection in the MesV nucleus is heterogeneous
and is critically determined by the intrinsic excitability of
neurons. While both precision (time window over which inputs
are summated) and gain (contrast between maximal and min-
imal responses) are critical aspects of coincidence detection,
precision and its determinants have been previously character-
ized in different structures, including the auditory system
(Agmon-Snir et al. 1998; Reyes et al. 1996) and populations of
electrically coupled neurons (Alcami 2018; Edwards et al.
1998; Vervaeke et al. 2010). In contrast, much less is known
about the determinants of the gain of coincidence detection.
Therefore, we focused our efforts in characterizing this partic-
ular aspect and its underlying mechanisms by using stimulation

protocols expected to cause maximal contrast between re-
sponses, that is, coincident versus independent depolarizing
inputs. The spatial segregation of synaptic inputs to electro-
tonically coupled cellular compartments is among the mecha-
nisms that maximize this contrast, like in neurons of the
auditory brainstem that present bipolar dendrites and synaptic
inputs that are segregated to each dendrite. In these neurons,
coincidence detection is based on the nonlinear summation of
excitatory inputs and the function of each dendrite as a current
sink for inputs to the other dendrite (Agmon-Snir et al. 1998).
Pairs of coupled MesV neurons seem to operate in a similar
fashion, wherein each neuron of a coupled pair acts as a current
sink for the other, pointing toward the coupling strength as the
primary determinant of the gain of coincidence detection.

Nevertheless, heterogeneity in coincidence detection gain
across the population of MesV neurons cannot be explained
solely in terms of the diversity of coupling strengths. Indeed,
while high susceptibility to coincident inputs was displayed
almost exclusively by strongly coupled pairs, the reciprocal is
not true. This indicates that strong coupling is a necessary
condition, although not sufficient, for high gain coincidence
detection. On the other hand, highly excitable neurons tend to
be more susceptible to coincident inputs unlike low excitable
ones. This strongly suggests that neuronal excitability plays,
along with electrical coupling, a key role determining the
susceptibility of coupled neurons to coincident inputs. Consis-
tent with a prominent role of the neuronal intrinsic properties,
c¢GMP-induced increase in neuronal excitability resulted in a
dramatic enhancement of coincidence detection gain. Such
changes in coincidence detection were not accompanied by a
concomitant increase of spike-triggered coupling potentials,
emphasizing the role of the intrinsic excitability. Thus
electrical coupling, in conjunction with the active electro-
physiological properties, endows circuits of coupled neu-
rons with an efficient mechanism to selectively respond to
simultaneous or coincident inputs, as opposed to asynchro-
nous or randomly distributed ones, that is, to act as coinci-
dence detectors.

cGMP-induced upregulation of the I increases MesV neu-
ron’s excitability and coincidence detection gain. We show
that the Iy is sharply modulated by cGMP as reported previ-
ously (Datunashvili et al. 2018; Ingram and Williams 1996;
Wilson and Garthwaite 2010; Yang and Hatton 1999). This
modulation results in an enhancement of MesV neuron excit-
ability, as was shown in cardiac (Brown et al. 1979) and other
neural cells (Bobker and Williams 1989; Cardenas et al. 1999;
Maccaferri and McBain 1996; McCormick and Pape 1990a;
Tang and Trussell 2015). This is most probably due to an
increase of the net inward current at membrane voltage values
close to the resting potential. Two lines of evidence support
this conclusion. First, in the presence of the /;; blocker
ZD7288, cGMP is unable to modulate MesV neuron spiking
and resting potential. Second, computer simulations show that
changes in Ij; parameters, consistent with experimental obser-
vations, faithfully reproduce the actions of cGMP. Together,
these findings indicate that /;; modulation is necessary and
sufficient to mediate the cGMP-induced increase in excitabil-
ity. However, I;; has also been reported to reduce excitability
rather than to boost it (Berger et al. 2003; Magee 1998; Stuart
and Spruston 1998; Tsay et al. 2007; Williams and Stuart
2000), and upregulation of this conductance results in a de-
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crease of neuronal output (Fan et al. 2005; Poolos et al. 2002;
Rosenkranz and Johnston 2006). This contradictory role of I
on neuronal excitability is most likely due to the unique
biophysical properties of this conductance. In fact, I is acti-
vated by hyperpolarization and presents a reversal potential
around —30 mV, resulting in an inward current that promotes
firing by bringing membrane voltage closer to its firing level.
On the other hand, activation of this conductance results in a
reduction of the neuron’s input resistance dampening the im-
pact of excitatory inputs (Dyhrfjeld-Johnsen et al. 2009; Lip-
pert and Booth 2009; Migliore and Migliore 2012). Which of
these outcomes on excitability prevail seems to be related to
the spatial distribution of HCN channels in relation to the
spiking compartment, most typically the cell body (Harnett et
al. 2015). In fact, when located at, or close to the soma
compartment, upregulation of the Iy; results in an increase of
neuronal excitability (Cardenas et al. 1999; Kanyshkova et al.
2009; McCormick and Pape 1990b; Pl et al. 2003; Tang and
Trussell 2015; Tu et al. 2004), whereas at distal locations of the
dendritic compartment its activation tends to reduce excitabil-
ity (Fan et al. 2005; Lorincz et al. 2002; Notomi and Shigemoto
2004; Poolos et al. 2002; Rosenkranz and Johnston 2006;
Wang et al. 2007). Moreover, this conductance seems to be
tonically active, supporting an inward current at membrane
potentials between the spike afterhyperpolarization potential
and its reversion, even in the time course of the interspike
interval, whose duration is several orders of magnitude shorter
than the Ij; activation time constant.

The upregulation of the Ij; preferentially increases firing of
coupled MesV neurons during simultaneous depolarizations. In
fact, spiking during coincident depolarizing inputs showed a
dramatic increase after cGMP, whereas spiking during inde-
pendent depolarizations displayed little change. This most
probably results from the contrasting actions of /;; on cellular
excitability in combination with the loading effect displayed by
pairs of coupled neurons. In control conditions, the loading
effect reduces on average the Rin of coupled cells by ~26%,
supporting the reduced neuronal spiking during asynchronous
inputs in comparison to coincident inputs, thus allowing cou-
pled neurons to act as coincidence detectors. After Iy; upregu-
lation, coupled neurons show an additional reduction of their
Rin of between 10% and 15%. This results from the same cell’s
Rin reduction plus the reduction of the Rin of the coupled cell.
This additional reduction in Rin is not translated into a corre-
sponding reduction in firing, most probably thanks to the
concomitant increase in net inward current. Thus during un-
correlated inputs to coupled neurons, the reduction of the Rin
and the increase in inward current seem to compensate each
other. However, under the /;; modulated condition, by cancel-
ing the loading effect, coincident inputs mitigate part of the Rin
reduction, potentiating the action of the increased inward
current on membrane excitability, and supporting strong repet-
itive discharges. Therefore, the upregulation of the I;; increases
the contrast between minimal and maximal neuronal responses
evoked during uncorrelated and coincident inputs, respectively,
thus enhancing the susceptibility of pairs of coupled MesV
neurons to coincident inputs. This conclusion is supported by
our computer simulations that show a marked increase in firing
of model cells during simultaneous depolarizations under Iy
modulated conditions.

Functional relevance. MesV neurons are primary afferents
that innervate muscle spindles of jaw-closing muscles or
mechanoreceptors of periodontal ligaments and establish direct
excitatory contacts with trigeminal motoneurons (Morquette et
al. 2012). These afferents are strongly activated during jaw
movements associated to food intake, thus providing positive
proprioceptive feedback for the adjustment of bite force (Lavi-
gne et al. 1987; Yamamoto et al. 1989). Based on our results,
it is possible that coincident activation promotes stronger firing
of coupled MesV neurons, operating as an amplification mech-
anism for this sensory input, facilitating jaw-closing muscle
activation. Also, the somas of MesV neurons receive synaptic
inputs from several brain areas, suggesting that they participate
in the organization of orofacial behaviors by integrating sen-
sory information from the periphery with inputs from hierar-
chically superior structures (Kolta et al. 1990; Nagy et al.
1986). Inputs from the supratrigeminal area evoke short la-
tency excitatory postsynaptic potentials strong enough to in-
duce or enhance oscillatory activity that eventually leads to
firing (Verdier et al. 2004). Our findings show that coincident
depolarizing inputs to coupled cells promote strong repetitive
firing, suggesting that pairs of coupled MesV neurons that
share same excitatory inputs will tend to produce synchronic
bursts. These synchronic bursts most likely represent strong
excitatory inputs onto trigeminal motoneurons. In fact, beyond
supporting temporal summation of excitatory postsynaptic po-
tentials, bursts are considered to be robust codes of communi-
cation at chemical junctions since they facilitate transmitter
release from low probability contacts (Lisman 1997). More-
over, individual 7, afferents typically evoke weak synaptic
actions (Mendell and Henneman 1971), implying that summa-
tion of coincident inputs from multiple afferents is required to
activate motoneurons. Remarkably, we found that the cGMP-
induced modulation of the I; greatly enhances the gain of
coincidence detection, increasing the duration of repetitive
discharges, most probably reinforcing excitatory inputs onto
trigeminal motoneurons. Because MesV neurons massively
project to trigeminal motoneurons (Stanek et al. 2014), this
suggests that such modulatory actions significantly impact on
the organization of orofacial behaviors. In addition, MesV
neurons receive nitrergic projections and nitric oxide increases
the excitability of these neurons most probably through eleva-
tions of intracellular cGMP levels (Pose et al. 2003). Hista-
minergic projections to the MesV nucleus were also described
(Inagaki et al. 1987), and histamine actions have also been
shown to involve cGMP in other systems (Hatton and Yang
1996; Hough 1999). This suggests that modulation of coinci-
dence detection between coupled MesV neurons may occur
under physiological conditions.

Recent evidence shows that pairs of electrically intercon-
nected GABAergic interneurons from the cortex and the
cerebellum are coinnervated, supporting synchronous depo-
larizing inputs to these interneurons (Otsuka and Kawaguchi
2013; van Welie et al. 2016). This suggests that coincidence
detection represents a common feature of networks of cou-
pled neurons of the mammalian brain. In the retina of
mammals, electrical coupling between cones and between
AIl amacrine cells underlies a noise reduction operation
through a mechanism analogous to coincidence detection
(DeVries et al. 2002; Smith and Vardi 1995), where simul-
taneous (signal specific) inputs have a larger impact on
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membrane potential in comparison to randomly distributed
(noisy) ones (Sterling and Demb 2004). It is tempting to
speculate that by modulating coincidence detection gain as shown
here, the output of these circuits can be readily altered with
relevant functional consequences. In fact, HCN channels and
electrical synapses have been shown to coexist in many neuronal
populations, raising the possibility that circuit operations sup-
ported by electrical coupling like coincidence detection are under
precise and dynamic regulatory control through modulation of the
highly modifiable /; current.
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