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Dynamics and conditions for
inhibitory synaptic current to
induce bursting and spreading
depolarization in pyramidal
neurons
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Enhanced activity of inhibitory neurons, which is often used to suppress behaviors of pyramidal
neurons to treat brain diseases, whereas can enhance spiking to a mixed-mode bursting (MMB) in
recent experiments on migraine and seizure. The MMB contains a phase with high level of membrane
potential/extracellular potassium concentration ([K*] ), which can propagate to form spreading
depolarization (SD) wave. Different from the common view that the MMB/SD is often induced by
enhanced positive effect or [K*] , in the present paper, dynamics and conditions for the uncommon
MMB/SD evoked by enhanced inhibitory synaptic current are obtained in a theoretical model. Firstly,
in addition to the well-known positive threshold across which the common MMB is induced by positive
effect, a spiking pyramidal neuron exhibits a novel negative threshold with a low level of [K*]_ for the
MMB. A long and strong inhibitory stimulation suppresses the spiking to silence phase via a saddle-
node bifurcation on an invariant circle at first and then run across the negative threshold, triggering
positive feedback to enhance membrane potential and [K*]  to levels high enough, then resulting

in the uncommon MMB. Secondly, in a coupling model, enhanced inhibitory effect for enhanced
spiking activity of interneuron and conductance of inhibitory synapse, and enhanced spiking activity
of pyramidal neuron, are favorable for the uncommon MMB. Then, reducing these activities or
parameters present potential measures to prevent the MMB. Finally, in network model, the uncommon
MMB of a pyramidal neuron can induce SD wave. The results present a novel theoretical explanation
to the uncommon MMB/SD, counterintuitive function of the inhibitory interneuron, and potential
measures to treat the diseases.

Keywords Spreading depolarization, Bursting, Bifurcation, Negative threshold, Inhibitory interneuron,
Migraine

The electrical activities of the nervous systems modulated by the excitatory and inhibitory effects exhibit complex
nonlinear dynamics, which are involved in various functions!=. For example, the enhanced firing activities
of the pyramidal neurons, which are often induced by the reduced inhibitory effect of the interneurons, are
related to various brain diseases containing the seizure*~6. Then, enhancing activities of the inhibitory neurons to
suppress activities of pyramidal neurons is an important measure to treat the diseases’~'°. However, the enhanced
inhibitory effects of interneurons can induce enhanced activities of pyramidal neurons in many studies''~!3. A
representative is post-inhibitory rebound (PIR) spiking, i.e., inhibitory synaptic current of interneuron can induce
spiking from resting state of pyramidal neuron, along with seizure, presenting a novel etiology of seizure!*~16
and a counterintuitive effect of inhibitory modulation. In theory, the PIR phenomenon can be well understood
with a “negative” threshold of membrane potential, different from the well-known “positive” threshold'”-2°. The
membrane potential for the “positive” threshold is higher than that of the resting state, whereas for the “negative”
threshold is lower than that of the resting state. During an inhibitory stimulation, the decreased membrane
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can pass through the “negative” threshold to trigger the spiking. The “negative” threshold is related to Hopf
bifurcation at first'” and then to the saddle-node bifurcation on an invariant cycle (SNIC)!#1°,

In addition to the PIR spiking, another representative is observed in recent experiments on type III
familial hemiplegic migraine (FHM)?""?2 and a special case of seizure?*~2°. Enhanced activity of the inhibitory
interneuron, which is enhanced by gene (SCN1A) mutation of the sodium channel or photogenetic stimulation,
cannot suppress but enhance the spiking of the pyramidal neurons to a mixed-mode bursting (MMB). The MMB

exhibits a phase with high level of membrane potential/extracellular potassium concentration ( [K+] .)» which

can propagate on the cerebral cortex to form spreading depolarization (SD) wave?!?22728, Such MMB induced
by enhanced activity of interneuron is called uncommon MMB bursting in the present paper, distinguished
with the common MMB often induced by enhanced excitatory effect or [K™] .72 For the common MMB
evoked from spiking of pyramidal neuron, positive/excitatory effect or [Kﬂ , is elevated to a level high enough
to trigger positive feedback between the elevations of membrane potential (excitability) and [K*] .» forming
the burst phase and the depolarization block phase with high level of membrane potential/ [K*]O. The key
characteristic of the MMB is that [K+] , manifests nearly “all-or none” pulse, similar to action potential. In some
24-26

theoretical studies

of K* to

, enhanced spiking activity of interneuron is suggested to enhance [Kﬂ , through releases

extracellular volume, then, the uncommon MMB reported in Refs21:22 g explained in theoretical models
with lon concentrations such as [Kﬂ R considered as variables**-2%, Then, questions arise. If the release of K* of
interneuron is ignored, can the inhibitory synaptic current induce the uncommon MMB? If the answer is yes,
many questions underlying the uncommon MMB arise. For example, the conditions of interneuron, pyramidal
neuron, and inhibitory synapse for the uncommon MMB, the dynamical mechanism for the uncommon MMB,
and the SD wave for the uncommon MMB in the network, remain unclear.

In the present paper, at first, the uncommon MMB is reproduced in a pyramidal neuron and a coupling model
composed of a pyramidal neuron and an interneuron with inhibitory synaptic current, which presents a novel
view on the uncommon MMB. Then, the SNIC bifurcation and “negative” threshold for the uncommon MMB
are obtained, different from the “positive” threshold, which presents theoretical explanations to the uncommon
MMB. The threshold is for [KJF] , instead of membrane potential. During the inhibitory stimulation, the

behavior runs across the “negative” threshold to trigger positive feedback to induce the depolarization block
phase, which presents deep understanding to the uncommon MMB. Furthermore, the conditions to evoke
or eliminate the uncommon MMB are obtained, presenting potential measures to modulate brain diseases.
Enhanced inhibitory effect for enhanced spiking activity of interneuron or conductance of inhibitory synapse,
and enhanced spiking activity of pyramidal neuron, are favorable for the uncommon MMB. Then, reducing
these activities or parameters presents potential measures to prevent the MMB. Finally, in a network model, the
uncommon MMB of a single pyramidal neuron can induce SD, presenting a novel view on the SD.

Results

Dynamics of a single pyramidal neuron

Bifurcations from resting state to spiking

The bifurcations of Ve of pyramidal neuron are shown in Fig. la. With increasing the depolarization current
Je, the resting state (left solid black curve, a stable node, J. < 1.40 pA) changes to bursting in a narrow range
(cyan, 1.40 < J. <1.64 pA) via a saddle-node bifurcation on an invariant circle (SNIC, J. = 1.40 pA), to spiking
(green, 1.64 < Jo <5.61 pA), to common mixed-mode bursting (MMB) (yellow, 5.61 < J. <7.87 uA), to small
oscillation in a narrow range (gray, 7.87 < Je <8.26 nA), and to depolarization block (right solid black curve, a
stable focus) via a Hopf bifurcation (H, J. =~ 8.26 pA). In Fig. 1a, the red curves denote the peak and valley values
of Ve, and dashed black curve represents the unstable fixed points.

The stable equilibrium points before SNIC are depicted in plane ([K+]O, [Naﬂ .)> as shown in Fig. 1b.
The decrease of J. induces spiking changed to these stable equilibrium points via the SNIC, which plays an
important role in recognizing the uncommon MMB induced by inhibitory stimulation. The equilibrium points
for J. = 1.18 pA is labeled as PO, and the SNIC point correspond to Je = 1.40 puA, which are used to explain the
uncommon MMB.

The spiking behaviors for J. = 2 and 4 pA are illustrated in Fig. 1c, d, respectively, with frequency increased

from 3.6 to 12.6 Hz, where the dark blue and red denote V. and [Kﬂ ,» Tespectively. [K*] , of the spiking

is lower than 7 mM. For J. = 6 pA, the MMB exhibits a depolarization block phase with high level of V.
and [K+] , (~25.94 mM) following many spikes, as shown in Fig. le. Compared Fig. 1c-e, [K+] , for spiking

exhibits subthreshold oscillations, whereas [K+] R for MMB manifests nearly “all-or-none” pulse, which is the
key characteristic of the MMB. The MMB is induced by the increase of J, i.e., a common MMB. Bursting

pattern and small oscillation are not shown here (not the focus of the present paper).

A “positive” threshold of [K +] , Jor common MMB induced by elevation of [K +] .

As illustrated in Fig. 2a, for the spiking at J. = 4 pA (upper panel, green), a pulse of [K*] . (lower panel, A
[K+] , =96 mM) applied to a point A can evoke a common MMB (upper panel, blue). The [K+] . pulse
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Fig. 1. Dynamical behaviors of the isolated pyramidal neuron. (a) Bifurcations with respect to .J,. for
membrane potential V; (b) The stable equilibrium points before SNIC in plane ( [Kﬂ o [Na+] .)s Spiking

for Jo = 2 pA (c) and for J. = 4 pA (d); (e) Common MMB for J. = 6 pA (2 cycles); Dark blue represents
membrane potential (V5) and red denotes [K+] o

terminates at the point B1 (0.001 ms after point A). Points A and B1 correspond to the onset and termination
phases of the stimulation, respectively. Phase between C1 and D1 is the depolarization block phase. There are
small oscillations around point D1. Around point E1 is the recovery phase of the spiking. The enlargement of
the burst before the depolarization block phase is illustrated in Fig. 2b, showing positive feedback between the
increase of the spiking frequency/membrane potential level and the accumulation/elevation of [Kﬂ 033‘35.

The threshold for the MMB induced from the spiking at J. = 4 pA is obtained, as shown by the dashed and
dotted curves in the plane ( [K*] o [Na*] .) in Fig. 2c. The green and blank areas divided by the threshold curve

are the spiking and MMB regions, respectively. The “positive” threshold is represented by the dashed black curve,
with [K*] , higher than that of the initial spiking (point A). For the common MMB, the projection of the phase

trajectory (solid curve) after the point A run across the “positive” threshold. In addition, as shown in Fig. 2d,
the “positive” threshold in ( [KJr] [Na*] .» Ve) is shown by the gray surface, which is nearly independent of V.

. Then, the threshold for the MMB is mainly for [K*] , instead of Ve, which is very different from the negative

threshold for membrane potential to induce the PIR phenomenon!’-1%.

In addition to the “positive” threshold (dashed black curve), it should be noticed that there is the “negative”
threshold, denoted by dotted black curve, which has [KJr] . lower than that of the initial spiking (point A).

The “negative” threshold in plane ( [K*] [Na*] .) resembles that for membrane potential in plane (V, n) (n

IS activation variable of potassium channel) to induce the PIR phenomenon'’-'°, Obviously, the “positive” and
“negative” thresholds are divided by the level of [K*]_ of spiking (point A). Inhibitory or negative stimulation can
cause the phase trajectory passed through the “negative” threshold, forming the uncommon MMB, which are
addressed in the following paragraphs. In addition, the threshold is dependent of other variables such as [Na*] .

, which is not the focus of the present paper, since [K+] , is the dominant factor in many studies®"*»24-2¢,
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Fig. 2. The common MMB and the “positive” threshold. (a) MMB (blue, upper panel) induced from the
spiking (green, upper panel) by the elevation of [K+] , ulse (lower panel). Red represents [K+] . (b)

Enlargement of the burst phase in panel (a); (c) Phase trajectory (blue solid), “positive” threshold (dashed
black curve), and “negative” threshold curve (dotted black curve). Point O1 is the intersection point where the

trajectory crosses the positive threshold curve. The inset is a magnified view near the point O1; (d) The P art

around the point O1 in panel (c) plotted in space ( [K+] [Na*] .» Ve). Point O1 is the point at which the

>
o

trajectory i, ersects the positive threshold surface (gray).

Strong and long inhibitory current induce uncommon MMB via passage through the “negative” threshold and
SNIC bifurcation
The results for negative square current stimulations with long duration (1200 s) are depicted in Fig. 3a, with
four stimulation strengths considered as representatives. Strong stimulation strengths, such as lapp = —2.62,
—2.82, and —3.39 A, can induce spiking for Je = 4 pA (point A) changed to stable equilibrium P2, P0, and P1,
respectively, which locate on the stable equilibrium curve (solid black, same as Fig. 1b) and in the MMB region.
However, weak stimulation, such as Japp = —2.2 pA, cannot induce spiking changed to stable equilibrium, but
still spiking (point B2). The border between the strong and weak stimulations is that Japp = 1.4 —4 = —2.6
nA, where 1.4 pA corresponds to J. value of the SNIC bifurcation. Stimulations stronger and weaker than
—2.6 pA correspond to strong and weak stimulations, respectively. It is via the SNIC bifurcation that the strong
negative square current can induce spiking changed to stable equilibrium. Interestingly, the stable equilibriums
locate in the MMB region which is lower than the “negative” threshold (dotted curve), whereas the point B2 in
the spiking region upper to the “negative” threshold. Then, after termination of the stimulation, uncommon
MMB appears for strong stimulation with duration 1200 s, as shown in Fig. 3¢ (Japp = —2.62 pA), whereas not
uncommon MMB but spiking for weak stimulation for I.pp, = —2.2 pA, as shown in Fig. 3d. The inset in Fig. 3¢
shows an enlarged view of the burst and depolarization block phases.

For the strong stimulation strength (Iapp = —2.82 pA), stimulation duration is also an important factor
to induce the uncommon bursting, as shown in Fig. 3b, with three stimulation durations considered. From
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point A to PO corresponds to stimulation duration 1200 s, same as the dark blue in Fig. 3a. As stimulation
duration is shortened to 200 s, the behavior runs to point B3, which locates on the trajectory from point A to
P0. Although not reaching the stable equilibrium point PO, the trajectory from point A to B3 still runs across the
“negative” threshold. Then, uncommon MMB appears following the point B3, as shown in Fig. 3e. As stimulation
duration is shortened to 30 s, the behavior reaches to point B4 locating on the trajectory from point A to PO.
Unfortunately, the trajectory from point A to B4 does not pass through the “negative” threshold. Then, following
the point B4 is spiking instead of uncommon MMB, as shown in Fig. 3f. Combined with Fig. 3c (long and strong
stimulation induces uncommon bursting) and Fig. 3d (weak and long stimulation cannot induce uncommon
bursting), it can be concluded that only strong and long inhibitory stimulation can induce uncommon MMB in
a single neuron. In the following subsection, the uncommon MMB in the coupling model is studied.

The conditions and dynamics for the uncommon MMB in the coupling model
The coupling model is composed of a pyramidal neuron receiving synaptic current of an interneuron (Fig. 10a).
The enhancement of activity of interneuron is considered.

Inhibitory interneuron: enhanced firing frequency with increasing g nq; 0t J

With increasing sodium conductance gnai or depolarization current J; of interneuron, spiking frequency
increases (from blue to green to red), as shown in Fig. 4a, exclusive the left black for the resting state. The increase
of gnai corresponds to the overexpression of Na* channels of interneurons for type III FHM?!?2. As illustrated
in Fig. 4b with J; = 1 pA, there is a homoclinic orbit bifurcation (Hom, gnai & 22.4 mS/cm?) between the
resting state and spiking as gnai changes, and the spiking rate increases from ~ 58 Hz for gnai ~ 22.4 mS/cm?
with increasing gnai. As depicted in Fig. 4c with gnai = 35 mS/cm?, the resting state changes to spiking through
a saddle-node bifurcation on an invariant cycle (SNIC at J; =~ 0.1 pA), and the spiking rate increases from 0 Hz
for J; ~ 0.1 pA. The spiking rate for J; = 0.97 uA (labeled as Jio) approximates ~ 58 Hz. The range of spiking
rate for gnai is a part of that for J;. The difference of spiking rate induced by gnai and J; induces different
behaviors for gnai and J; in the coupling model (Fig. 5). The spiking trains corresponding to the cycles in Fig. 4b
and Fig. 4c are shown in Fig. 4d and Fig. 4e, respectively.

Fast instead of slow spiking of pyramidal neuron is favorable for the uncommon MMB

The pyramidal neuron with high frequency spiking (3 < J. <5 pA) are studied, and the behaviors of pyramidal
after receiving the inhibitory synaptic current from the interneuron are shown in Fig. 5. The distributions of
behaviors in 3-dimensional space (Je, gaaBa, Ji) and (Je, gaaBa, gnai) are depicted in Fig. 5a, b, respectively.
The range of J; for Fig. 5a corresponds to spiking of interneuron in Fig. 4c, and Jio = 0.97 pA corresponds
to spiking rate ~58 Hz. The range of gnai for Fig. 5b corresponds to spiking of interneuron in Fig. 4b, and
gNai = 22.4 mS/cm? corresponds to spiking rate ~58 Hz. Yellow represents the uncommon MMB, and green,
cyan, and light gray denote spiking, bursting, and silence, respectively. Obviously, uncommon MMB (yellow)
is evoked from pyramidal neuron with relatively high frequency spiking, i.e., large J.. The uncommon MMB
cannot be evoked for the pyramidal neuron with low frequency spiking, i.e., small Je. The behaviors upper to the
dashed line in Fig. 5a are similar to those in Fig. 5b.

Fast spiking of interneuron and large conductance of inhibitory synapse are favorable for the uncommon MMB

As shown in Fig. 5, interneuron with high spiking frequency (large J; or gnai), and strong conductance of
inhibitory current (large gcaBa), are favorable for the uncommon MMB. The results show that the inhibitory
current of the interneuron instead of the release of K* of interneuron can also induce the uncommon MMB,
which presents a novel mechanism for the uncommon MMB observed in the experiments?"?2. The uncommon
MMB cannot be evoked for low spiking frequency (small J; or small gnai). To further show the roles of the
interneuron and inhibitory synapse, the behaviors of pyramidal neuron in planes (Ji, gaaBa) and (gnai, gaaBA
) for J. = 4 pA are illustrated in Fig. 6(al) and (a2). For the strong inhibitory effect of the interneuron, i.e., large
Ji, gNai, and ggaBa, the uncommon MMB is induced, as shown by the yellow area. The behavior is still spiking
(green) for small J;, gnai, or small g apa. Horizontal and vertical dotted lines represent gcapa = 1.5 mS/cm?
and J; = 2 YA, respectively. The results for 4 < J. <5 pA are similar (not shown here).

The weak inhibitory synaptic current for small J; plays a suppression role, as shown in top two rows of right
column of Fig. 6. For J; = 0 yA, the behavior of the interneuron is resting state (dashed line), as depicted in
Fig. 6(bl), the spiking (blue solid line) of pyramidal neuron for J. = 4 pA remains unchanged (~ 12.6 Hz), since
the inhibitory current to pyramidal neuron is zero. As .J; changes to 0.51 pA, the interneuron exhibits spiking
with frequency~33 Hz, as illustrated by dashed blue curve in Fig. 6(b2), which induce inhibitory synaptic
current to cause a drop of V. (solid blue curve) to prolong the interspike intervals of spiking (solid blue curve) of
pyramidal neuron, resulting in a reduced frequency ~8.2 Hz. As .J; increases to 4 pA, corresponding to the last
circle on the horizontal line in Fig. 6(al), the uncommon MMB is shown in Fig. 6(b3). The uncommon MMB
exhibits four phases: burst (orange), depolarization block (green) with high level of V. and [K*] , (higher than
20 mM), small oscillations (brown), and silence phase with a low V% (blue, between S1 and R1), resembling those
of the experiment?"?2. The enlargement around the burst in Fig. 6(b3) is depicted in Fig. 6(b4). The positive
feedback to elevate [K+]O and level of membrane potential/spiking rate to form the uncommon MMB can

be found. The results along the three vertical triangles for J; = 2 pA in Fig. 6(al) show similar dynamics (not
shown here).
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Strong/long inhibitory synaptic current induces uncommon MMB
The reduced spiking shown in Fig. 6(b2) receives a weak inhibitory synaptic current, as depicted in Fig. 7a. The
inhibitory current between two spikes of the pyramidal neuron is small and short (exclusive the peak induced
by action potential), as shown in the inset panel. The valley value is weaker than -2 pA, and is shorter than 0.2 s.
The inhibitory current during the silence of the uncommon MMB depicted in Fig. 6(b3) is long and strong, as
shown in Fig. 7¢, showing that the inhibitory current with long duration and strong strength can induce the
uncommon MMB. The inhibitory current with long duration and strong strength is induced by the high firing
frequency of interneuron. For the reduced spiking, the firing rate of interneuron is low, and the gate variable s
almost decays to 0 between two action potentials of the interneuron, as illustrated in Fig. 7b. Then, the inhibitory
synaptic current is weak. Differentially, for the uncommon MMB, the firing rate of interneuron is high. Then,
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«Fig. 3. Strong and long inhibitory stimulation induces uncommon MMB from spiking (green) for Je = 4

HA. (a) Phase trajectories for I.,p, = —2.62 (red), —2.82 (dark blue), and —3.39 pA (gray) with duration

1200 s, respectively, run across the “negative” threshold (dotted black curve), where for I.p, = —2.2 (light
blue) not; (b) The phase trajectory from A to P0, B3, and to B4 is induced by Iapp = —2.82 pA with duration
12005, 200 s, and 30 s. Membrane potential (light blue) and [K™] (red): (¢) fapp = —2.62 A for 1200s

induces uncommon MMB. 1y, et shows an enlarged view of the burst and depolarization block phases;

(d) Lapp = —2.2 pA for 1200 s cannot induce uncommon MMB; (e) lapp = —2.82 pA for 200 s induces
uncommon MMB. The inset represents an enlarged view of the burst phase. (f) Japp = —2.82 pA for 30 s
cannot induce uncommon MMB. Point A stands for the onset phase of inhibitory stimulation, while points B2,
B3, and B4 signify the offset phase of inhibitory stimulation. Between C3 and D3 is the depolarization block
phase, and after E3 is the recovery process of spiking.
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Fig. 4. Enhanced firing activity with increasing gnai or J; of the inhibitory interneuron. (a) Spiking rate in the
plane (gnai, Ji); (b) Changes of spiking rate with increasing gnai for J; = 1 pA; (c) Changes of spiking rate
with increasing J; for gnai = 35 mS/cm?; (d) Spike trains for different circles of panel (b); (e) Spike trains for
different circles of panel (c). Hom and SNIC denote homoclinic orbit bifurcation and saddle-node bifurcation
on an invariant circle, respectively.
the gate variable s exhibits fast oscillations and cannot decay to zero (larger than 0.5), as shown in Fig. 7d. Then,
the inhibitory current is strong.
“Negative” threshold for the uncommon MMB
The phase trajectory of the uncommon MMB (red) for Fig. 6(b3) can run across the “negative” threshold
(dashed black curve) in the plane ( [K*] o [Na*] i), as depicted in Fig. 8a. The passage through the “negative”
threshold happens in the silence phase between R2 and S2. The trajectory (red) of uncommon MMB for the
upper triangle in Fig. 6(al) passes through the “negative” threshold (dashed black curve), as shown in Fig. 8b.
The results show that the uncommon bursting for the coupling model also runs across the “negative” threshold.
The spiking corresponding to the left circle and lower triangle of Fig. 6(al) is shown by the green in Fig. 8a, b,
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Fig. 6. Spiking (green) and uncommon MMB (yellow) for Jo. = 4 pA. (al) Distribution in the plane (J;,
9gcABA) for gnai = 35 mS/cm?; The black cycles on the line ggasa = 1.5 mS/cm? correspond to J; = 0, 0.51,
and 4 pA, respectively, from left to right; The black triangles on the line J; = 2 pA correspond to gaapa =0
,0.5, and 2 mS/cm?, respectively, from bottom to top; (a2) Distribution in the plane (gnai, gcapa) for J; = 1

HA. Membrane potential and [K+] . (red) with gcasa = 1.5 mS/cm? (b1) Spiking for J; = 0 pA; (b2)

Reduced spiking for J; = 0.51 pA; (b3) Uncommon bursting for J; = 4 pA; (b4) Enlargement of burst before
depolarization block phase in panel (b3).
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Fig. 7. Inhibitory synaptic current (upper row) and gate variable s (lower row). (a) IgaBa between two spikes
of pyramidal neuron in Fig. 6(b2); (b) The gate variable s for panel (a); (c) IgaBa during the silence phase
(between R2 and S2) in Fig. 6(b3); (d) The gate variable s for panel (c).
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Fig. 8. Phase trajectory of uncommon MMB from coupling model runs across the “negative” threshold (dotted
black curve). (a) The big cycle corresponds to the right solid circle in Fig. 6(al). The silence phase is between
R2 and S2; (b) The big cycle corresponds to the upper triangle in Fig. 6(al). The silence phase is between R3
and S3.

respectively, locating upper to the “negative” threshold and corresponding to spiking when uncoupling. The
spiking corresponding to the middle circle and middle triangle of Fig. 6(al) is shown by the black circle in
Fig. 8(a, b), respectively, locating upper to the “negative” threshold.

Uncommon MMB induces SD in a pyramidal neuronal network

A pyramidal neuronal network with square topology (51x51 neurons) and the lateral diffusion of K* is
studied. Without loss of generality, a pyramidal neuron with location (r=14 and u=27) is randomly chosen as
representative, which receives inhibitory synaptic current from interneuron, as shown by red triangle in Fig. 10
of Sect “Models and methods”.

SD in the pyramidal neuronal networks
The uncommon MMB of neuron (14, 27) induces SD in the pyramidal neuronal network with Taig = 10 s,
as shown in Fig. 9. In each panel, x and y coordinates mean the locations (r, u) of neurons. The white region
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time: 0 second

indicates the high [Kﬂ , for the depolarization block phase and small oscillation phase of the MMB, and black
region for the burst phase and silence phase.

The interneuron for J; = 1 pA and gcapa = 1 mS/cm? exhibits low spiking frequency, which cannot induce
uncommon MMB in the pyramidal neuron (14, 27). Then, not SD but stable spiking behavior with low [Kﬂ R
(black) appears in the network, as shown in Fig. 9a (t=0). For t>0, J; increases to 4 pA and gaaBa increases
to 3 mS/cm?, which can induce uncommon MMB in the pyramidal neuron (14, 27) around t=152 s. Then, the
depolarization block phase with high [Kﬂ , can evoke SD in the network via the lateral diffusion of [K+] o
Around the 158-th second (Fig. 9b), SD (white) is initiated by the depolarization block phase of the uncommon
MMB of the neuron (14, 27), propagating to less than half of the neurons at the 175-th second (Fig. 9¢),
whereas the neurons surrounding the neuron (14, 27) exhibit recovery. Around the 180-th second (Fig. 9d), SD
propagates to more than half of the neurons but the neurons surrounding (14, 27) recover to the initial spiking
behavior. Around the 215-th second, all neurons recover to the spiking behaviors, resembling the panel (a) (not
shown here).

For Taig = 5 s and 2 s, the results are similar, except that the initiation of SD is earlier and the propagation of
SD is faster. The videos of the SD evoked by the interneuron for 7qig = 10, 5, and 2 s are presented in Appendix
A of the present paper. The first 120 s which shows only black panel with low [K+] , for the spiking phase is

ignored.

Membrane potential and extracellular potassium concentration of pyramidal neurons for SD
The membrane potential (left column) and [KJF] R (right column) are shown in the lower row of Fig. 9. From

top to bottom, i.e., the subscript from 1 to 4, corresponds to the four pyramidal neurons marked by red dots
from left to right in Fig. 9a-d. The uncommon MMB of the pyramidal neuron (14, 27) is depicted in Fig. 9(el).
The MMB of other neurons is induced by lateral diffusion of K*, for instance, the pyramidal neurons (27,27) in

Fig. 9(e2), (39,27) in Fig. 9(e3), and (51,27) in Fig. 9(e4). [K*] R exhibits high value in the depolarization block

phase, as depicted in Fig. 9(f1), (f2), (f3), and (f4). The vertical dashed lines denote the time shown in upper row
of Fig. 9. The black arrows in the right panel show the propagation of the SD and [K*] .- The results for Taig =

5sand 2 s are similar (not shown here).

(D)_I time: 158 second (©)_ time: 175 second ) time: 180 second
5 5 5

150 200 50 200
t(s) l t(s)

Fig. 9. SD induced by uncommon MMB in the pyramidal neuronal networks for 74i¢ = 10 s. (a) t=0's; (b)
t=158s; (c) t=175s; (d) t=180 s. In each panel, the y-coordinates of all four red dots are 27, and x-coordinates
are 14, 27, 39, and 51 from left to right. Lower row: the membrane potential (left column) and [KJF] R (right

column) for the four pyramidal neurons labeled with red dots in the upper row. Panels (e1) and (f1) represent
the uncommon MMB.
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Conclusion and discussion

Recently, a counterintuitive phenomenon for the inhibitory interneuron, MMB in a single pyramidal neuron
along with SD in the cerebral cortex, is observed in the experiments?"??, presenting a novel etiology of FHM
(type III) and a special case of seizure’*~*!. Inspired by a representative of counterintuitive phenomenon, the
PIR phenomenon, which is explained with threshold and bifurcations!’~%°, in the present paper, we present a
novel mechanism for the MMB induced by inhibitory current and the SD induced by the uncommon MMB. The
results exhibit significances in the following aspects:

Firstly, uncommon MMB is induced by the inhibitory current in a single neuron model and a coupling
model, presenting a novel view on the MMB and a novel counterintuitive phenomenon of the inhibitory
effect. Furthermore, the conditions of the pyramidal neuron, interneuron, and inhibitory synapse to induce
and eliminate the uncommon MMB are acquired, presenting potential measures to modulate the MMB. The
inhibitory neuron with high spiking frequency, the inhibitory synapse with large conductance, and the pyramidal
neuron with high frequency, are favorable for the uncommon MMB. The inhibitory neuron with high spiking
frequency resembles the experimental observations®?2. Then, changing the parameter of the inhibitory neuron
to reduce the spiking frequency, such as reducing the sodium conductance, reducing the conductance of the
inhibitory synapse, and reducing the spiking frequency of the pyramidal neuron, are the potential measures to
eliminate the uncommon MMB. Among these measures, reducing the sodium conduction maybe the effective
measure to suppress uncommon MMB for type 111 FHM with overexpression of sodium channel??2,

Secondly, the nonlinear mechanism and dynamical process for the uncommon MMB are obtained, presenting
a deep understanding to the uncommon MMB. The pyramidal neuron with a high frequency spiking exhibits a
biphasic threshold for the MMB, not only the well-known “positive” part, but also a novel “negative” part, like
the PIR phenomenon!”°. The inhibitory stimulations with long duration and strong strength can induce the
spiking of the pyramidal neuron changed to silence via the SNIC bifurcation at first, and then run across the
“negative” threshold, triggering the positive feedback to form the depolarization block phase. Then, the SNIC
bifurcation from spiking to silence, the “negative” part of the threshold, and the positive feedback ensure the
formation of the uncommon MMB. The “negative” threshold is the most crucial cause for uncommon MMB.
Different from the PIR phenomenon, the threshold of MMB is for [K*] , instead of membrane potential.

Thirdly, the distinctions between the uncommon MMB and the common MMB induced by [Kﬂ , elevation

(or excitatory effect) are obtained, which presents comprehensive view on the MMB. Different from the
uncommon MMB which runs across the “negative” threshold, the common MMB runs across the “positive”
threshold. The “negative” threshold has low [Kﬂ .» Whereas the “positive” threshold has high [K*] .- Then,

in theory, uncommon and common MMB are different cases of MMB induced by different factors via different
threshold mechanisms.

Finally, the SD induced by the uncommon MMB evoked by the enhanced activity of interneuron is reproduced
in the pyramidal neuron network, presenting a novel mechanism for the SD and etiology of type III FHM and
seizure. If no uncommon MMB is evoked in a pyramidal neuron, then, no SD is induced in the network.

Although the progresses of the present paper, the MMB and SD are influenced by multiple factors. In future, the
inhibitory autapse which widely exists in the inhibitory neurons*>*3, the excitatory synapse from the pyramidal
neuron to the inhibitory interneurons?*-?¢ ignored in the present paper, uptake of extracellular potassium ions
by glial cells**~6, should be considered to study their influences on the MMB and SD. Considering that the
common MMB is induced by the release of K* of the interneuron*”+*%, it may be more reasonable if both the
inhibitory current and release of K* of the interneuron are considered to study the MMB for the type III FHM,
which will be studied in future. Importantly, the competition and cooperation between the inhibitory current
and release of K* should be investigated. In addition, more factors to modulate the network dynamics of SD,
such as the excitatory synapses between pyramidal neurons, number of pyramidal neurons and interneurons,
the topology of network, should be considered in future.

Models and methods

Coupling model of a pyramidal neuron and an interneuron

To focus on the inhibitory synaptic current, as shown in Fig. 10a, a pyramidal neuron receiving inhibitory
synaptic current from an inhibitory interneuron for the coupling model, with the excitatory synapse from the
pyramidal neuron to the interneuron ignored, since it can be speculated that the excitatory synapse can enhance
activity of the interneuron. Then, the excitatory synapse may facilitate the uncommon MMB, which will be
studied in future.

Pyramidal neuron model
A pyramidal neuron model used in Ref?* is employed and described as follows:

dVe

CmeE =Je— (IK + INa + IL + INap + Ianp + Ipump) (1)
%:an(lfn)fbnn (2)
dh
=L —h) — 3
= an(L=h) = buh (3)
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Fig. 10. Sketch map of the coupling model and the network model. (a) An inhibitory synapse (blue arrow)
from the interneuron (left) to the pyramidal neuron (right). The over-expressed sodium (Na*) channel is
labeled, and J, represent the depolarization current for interneuron. ], represent the depolarization current and
Iapp denotes the negative pulse stimulation to the pyramidal neuron, and the black two-way arrows indicate
the movement of potassium ions. [K+] R stands for the extracellular potassium ion concentration; (b) Network
composed of N x N pyramidal neurons with K* ion diffusion in the extracellular space between two adjacent

neurons (lateral diffusion, two-way arrows). The red one (r, u) is suppressed by an inhibitory synapse from an
interneuron.

d [Ca®*] [Ca®t]
i _ _ i (4)
4(115 9 gCaMooCa (‘/:e ECa) TCa
d[K*] 4 5
TO == [v8 (Ix + Iaup + Ikt — 2Ipump) + B (Ixkcc + Inkce) — laifiko) (5)
d[K*]. 6
" L= - [v (Ix + Iaup + Ikt — 2lpump) + (Ixcc + Inkce) + laiski] (6)
d[Nat] 1
% = ; [_’Y (-INa + ]NaP + INaL + 3Ipump) - INKCC] (7)
dfar] 4
% == (vIciL — Ikcc — 2Inkce) (8)

where V. denotes the membrane voltage, n and h are the gating variables of K* channel and Na* channel,
respectively. [Ca2+] [K*] [Kﬂ o [Na*] »and [le]i denotes the concentrations of intracellular calcium,

K]

, [Na+] »and [le] , are four slow variables, since 7=1000 is very large. Then, fast-slow analysis to the MMB is

o
extracellular K, intracellular K¥, intracellular Na*, and intracellular chloride (Cl), respectively. [K*’] o .
difficult since multiple slow variables.

InEq.(1),Cmeisthemembranecapacitance,and Jo meansthedepolarizationcurrenttoenhancethefiringactivity.
INa and I are the Na* and K* current, respectively. Ir, represents the leak current, which is composed of sodium
leak (InaL ), potassium leak (/k1,), and chlorineleak (Icir,) currents. Inap, [aup, and Ipump refer to the persistent
sodium,calcium-activatedpotassium,andsodium-potassiumpumpcurrents,respectively. Thedetailedexpressions
of these currents in Eq. (1) are described as follows: It, = InaL + Ixr + Icin, INal = gNar (Ve — Ena),
Ixt, = gk (Ve — Fx), Ion = gom, (Ve — Ec1), Ix = gen® (Ve — Ex), Ina = gnamionah (Ve — Fxa),
Inap = gpmion. (Ve — Ena), Ianp = ganp [Ca%}i/ ([Ca%]i +1) (Ve — Ex)

Ipump = Ppump/ [1 + exp (3.5 — [K"L]O)} / [1 + exp ((22 — [Naﬂi) /3)] /¥, MooNa = am/ (@m + bm)

yam =0.32 (Ve +54) /[1 — exp (— (Ve + 54) /4)], b = 0.28 (Ve + 27) / [exp (Ve + 27) /5) — 1], where
gNaL, gL, and gcir are the conductance. Ena, Ek, and Eci denote the reversal voltage. gk and gna represent
the maximum conductance of I, and Ina, respectively, moona is steady state of activated variable. gp, ganrp, and
Ppump denote the maximum conductance. y=S/(F-Vol), where S and Vol denotes the surface and volume of the
pyramidal neuron, and F is the Faraday constant.

In Egs. (2), (3), n represents the activated gating variable of K* channel, and h denotes
the inactivated gating variable of Na* channel. The functions in Egs. (2), (3) are described as
follows: an = 0.032 (Ve +52) /[1 — exp (— (Ve + 52) /5)], b, = 0.5exp (— (Ve + 57) /40),
ap = 0.128exp (— (Ve + 50) /18),and b, =4/ [1 + exp (— (Ve + 27) /5)].
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In Eq. (4), gca and mocca denote the maximum conductance and the steady state of activated variable of
the calcium current gnaMooNa (Ve — ENa), respectively, and moona = 1/ [1 + exp (— (Ve + 25) /2.5)]. Tca
is the time constant of [Ca%} o

In Egs. (5)-(8), Ikcc is K*-Cl™ cotransporters and Inkcc is Na*-K*-Cl~ cotransporters. l4ifko and lqigki
simulate the potassium diffusion in the extra- and intra-cellular space, respectively. The detailed expressions of the
ion currents related to Eqs. (5)-(8) are described as follows: Ixcc = 0.31n ( [Kﬂ . [le] i/ ( [Kﬂ R [le] O) ),

e =01 [ ([, (0] / (K], fer-],)) o ([N, for-] /(][] )]/ [+ e (16— [T, )]
, laigko = (|K* . — Koo /Tko» and lgigxi = (|K™ .~ Kio /7ki, where Tko and 7x; represent

the time constant of extra- and intra-cellular K* diffusion, respectively, Koo denotes the potassium
concentration of the bathing solution. Kjo denotes the equilibrium concentration of intracellular K*.
[Na®] = 144mM — g ([Na*™], —18mM), [CI7] =130mM — g ([Cl"] —6mM), where 144 mM
and 18 mM is the sodium concentration outside and inside the neuron, respectively, and 130 mM and
6 mM correspond to the normal resting [le} R and [le] o respectively. The Nernst potentials of Na*, K*,
and Cl™ are given as follows: Ena = 26.64In ([Na"’]o/ [Na+]i), Fx = 26.64In ( [K*’]O/ [K+]i), and
Eci = 26.64In ([C17] /[C17] ).

The parameter values of the pyramidal neuron are as follows: Cme = 1 pF/cm?, gnar, = 0.0015 mS/cm?, gkr, =
0.05 mS/cm?, goir, = 0.015 mS/cm?, gna = 100 mS/cm?, gp = 1 mS/cm?, gk = 80 mS/cm?, ganp = 1.5 mS/cm?,
Eca =120 mV, gca = 1 mS/cm?, 1=1000,3 = 4, Tca = 80 ms, ppump = 0.25 mM/s, Tko = 2.5 s, Koo = 3.5 mM,
Vol=1.4368-10" cm?, S = 4n[3Vol/ (47)]*, 7xi = 250 s, and Kjo = 140 mM.

In the present paper, J. to modulate the firing behavior is chosen as the control parameter. In addition, lapp
to represent a negative square current is applied to Eq. (1), when the response of the pyramidal neuron to the
inhibitory stimulation is studied.

Wang-Buzsaki model to describe the interneuron
The Wang-Buzsaki (WB) model in Ref?* is used in the present paper and described as follows:

dV;

Cmiﬁ =Ji - ([Kl + INai + ILi) (9)
(117? = 5[ani (1 = ni) — bnini] 1o
dhi
ar 5[ani (1 — hi) — brihi ()

where Vi denotes the membrane voltage, n; is activated gating variable of the potassium current Ik, and h; is
inactivated gating variable of the sodium current Inai. In Egs. (9)-(11), Cu; is the membrane capacitance, J; is
the depolarization current, and I1; signifies the leak current. The detailed expressions of these currents are given
as follows: I; = gui (Vi — ELi), Ixi = gkini (Vi — Exki), and Inai = gnaimioihi (Vi — Exai).

The equations related to the gating variables of the interneuron are as follows: Moci = ami/ (@mi + bmi)
, ami = 0.1 (Vi 4+ 35) /[1 — exp (— (Vi + 35) /10)], bm; = 4exp (— (Vi + 60) /18)
, ani = 0.01 (Vi +34) /[1 —exp (— (Vi + 34) /10)], bni = 0.125exp (— (Vi + 44) /80),
an; = 0.07exp (— (Vi + 58) /20),and bp; = 1/ [1 + exp (— (Vi + 28) /10)].

In the present paper, J; and gnai to modulate the spiking rate are taken as the control parameters. Other
parameter values are: Ci = 1 pF/cm?, gr; = 0.1 mS/cm?, gk;i = 9 mS/cm?, Exai = 55 mV, Eri = —65 mV, and
EKi =-90 mV.

Coupling neuronal model and synaptic model
Inhibitory current I, , , is introduced to Eqgs. (1), (8) to form Eqs. (12), (13) (other equations remain unchanged),
respectively, which are described as follows:

dVe

Cme? =Je — (Ix + Ina + IL + Inap + Iaup + Ipump) + IcaBA (12)

d|Cl7|. 1
Q = = [vy({ci. — IcaBa) — Ixce — 2Inkec] (13)

dt T
I 4ps modulates the electrical behavior of the membrane in Eq. (12) and [Cl_]i in Eq. (13), since I,,, is

mediated by Cl™. The equation for the I, ,, is as follows:

IcaBa = —gaaBas (Ve — Eci) (14)

where gcaBa is the synaptic conductance, Ec is the reversal potential, and s is the gating variable. In the
present paper, s is set to 1 following a spike of the interneuron, and then obeys the following equation which is
used in Ref**:
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ds s
dt TGABA

(15)

with the synaptic time constant Taapa = 9 ms.

Then, a 12-dimensional coupling model containing Egs. (12), (13), Egs. (2), (3), (4), (5), (6), (7), Egs. (9),
(10), (11), and Eq. (15) is obtained. In the present paper, gaasa to control the inhibitory current is taken as the
control parameter. The effect of the inhibitory current can be removed by setting gaasa = 0 mS/cm?

Network model of the pyramidal neurons

In the present paper, N X N (N = 51) pyramidal neurons comprising a network with a square structure are
considered. The lateral diffusion of potassium ion between neighboring neurons used in Refs**~>! are considered
as coupling. The two-dimensional pyramidal neuronal network is formulated as follows:

d‘/er,u B

Come =g = Jo = (IZ" + I + 10" + I3 + Iiip + i) (16)

d’;;’u =a," (1 =h"") = b h"" (18)

% = —ggcamilo, (VI — Egl) - [Ciﬂ (19)

% = 2 [B (" + I + B — 2U5in) + B (I + Fioo) = T + 1] @O
@ - _% [fy (I;(u + Lawe + e — 2];;1%“?) + (IKée + INkoo) + Igigm} 21)
d[NZ# = % (=7 (TN + Lo + IRk + 3T5ump) — Iikoo] (22)

@ = % (VG — IRée — 20kec) (23)

where the superscripts r and u represent the coordinates x and y of a neuron in the network. The lateral diffusion
between neuron (r, u) and its neighboring neurons (z, w) in Eq. (20) is described as follows:

r 1 UL, Z W > T
ih=>" o ([ = [x7109) (24)

zZ,w

where 7qig represents the time constant of the lateral diffusion. If the neuron (r, u) is one of the four corners of
the network, it is coupled to three neighboring neurons. If the neuron (r, #) is one on the four borders exclusive
the corners of the network, it is coupled to five neighboring neurons. If the neuron (r, ) is not located on the
borders of the network, it is coupled to eight neighboring neurons. Then, £**>" = 1 for the neighboring neurons
and "*3" = 0 for the remaining neurons. Except for I}’4, all parameters and functions of neurons in the network
are the same as the isolated neurons, with J. =4 pA. The pyramidal neurons in the network exhibit spiking when
isolated. The time constant Tqig is regarded as control parameter.

Without loss of generality, a pyramidal neuron (r=14, u=27) is randomly chosen as representative, which
receives an inhibitory synaptic current from an inhibitory interneuron. As the inhibitory neuron exhibits
enhanced activity to induce uncommon MMB in the pyramidal neuron (14, 27), the propagation of the
depolarization block phase of the uncommon MMB to other neurons to form the SD in the network is studied.
In the present paper, we mainly show that the uncommon MMB evoked in a pyramidal neuron can propagate
in the pyramidal neuronal networks to form the SD, which are mainly influenced by the lateral diffusion of
extracellular potassium ions here. In the real system, the network dynamics of SD are influenced by more factors,
such as the excitatory synapses between pyramidal neurons, number of pyramidal neurons and interneurons,
the topology of network composed of the pyramidal neurons and interneurons, which will be studied in future.

Calculation of the threshold for the MMB of the pyramidal neuron

The threshold for an action potential is a well-known nonlinear concept to characterize the response of a neuron
to external stimulations. The threshold is an intrinsic characteristic to identify the dynamics evolving from
different initial values, which can also be used to identify the dynamics induced by external stimulations, which
can induce changes of the initial values. For example, there is a positive threshold for the general action potential
induced from resting state by positive stimulation, and a negative threshold for the PIR spike evoked from the
resting state by inhibitory stimulation!”-?. The membrane potential for the positive threshold is higher than that
of the resting state, and for the negative threshold is lower than that of the resting state. The relationship between
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the “positive” threshold, “negative” threshold, and resting state is used as reference to understand the threshold
of [K*] _ for the MMB.

In the present paper, we calculate the threshold for the MMB of the pyramidal neuron induced from a spiking
behavior by [K*]  or the inhibitory stimulations. For the equations of a neuron model at spiking behavior, an
external stimulation induces the change of the variable values. At the termination time of the stimulation, the
values of the variables can be regarded as the novel initial values of the model. The behaviors beginning from
the novel initial values result in two behaviors, which are dependent of the stimulation. One is the MMB at first
and then recovers to spiking, called suprathreshold, and the other is still spiking, called subthreshold. Then, the
suprathreshold and subthreshold for the initial values in a wide range of phase space are calculated. The border
between the initial values for the suprathreshold and subthreshold forms the threshold. The initial values for the
suprathreshold and subthreshold comprise the MMB region and spiking region, respectively.

In the present paper, the pyramidal neuron model is eight-dimenional, then, the threshold is 8-dimensional.
Projection of the threshold in two-dimensional plane or three-dimensional space, which can be visualized, is
presented. [K*] is one variable of the projection plane or space, since the key dynamics for the MMB is that
[K*], exhibits nearly ‘all-or-none” characteristic (similar to the action potential) and [K*]  is the most important
factor which has been related to the MMB2!-2224-2 Then, the threshold for [K*]_is mamly studied in the present
paper, although other variables such as [Na*]; also exhibit threshold. If the threshold for [K*], exhibits a part
locating “negative” to that of the spiking, i.e., “negative” threshold, the uncommon MMB should be induced
by negative stimulation. [K*]  decreases at first and then runs across the “negative” threshold. If the threshold
for [K*]_ manifests a part locates “positive” to the spiking, i.e., “positive” threshold, the excitatory stimulation
or enhancement of [K*] can induce the MMB. [K*] increases at first and then passes through the “positive”
threshold. Then, the threshold is used to identify the dynamics induced by [K*] pulse stimulation (Fig. 2c,
d in the present paper), negative pulse stimulation (Fig. 3a, b), and negative synaptic current (Fig. 8). If the
stimulation can induce spiking of pyramidal neuron run across the threshold, MMB is induced. If not, still
spiking instead of MMB is induced.

Methods

The bifurcations of single pyramidal neuron are obtained using the available software XPPAUT?2. The numerical
solutions of single neuron, coupling model, and neuronal networks are solved using the fourth order Runge-
Kutta method with a time step 0.001 ms.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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