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FIGURE 2 | Experimental protocol for inducing focal IDs in brain slices.

(A) Schematic of a dual voltage-clamp recording from EC deep layers
pyramidal neurons (PyNs) with indication of the NMDA pipette and the patched
neurons (1,2), one within the region directly activated by NMDA (gray circle)
and the other immediately outside (∼200 and ∼350 µm from the NMDA
pipette respectively). (B) DIC image of the area marked by the dashed box in
(A). Scale bar 100 µm. (C) Dual current-clamp recording from two PyNs during
a focal ID evoked by a double NMDA pulse (arrowheads). The vertical dashed
line marks the generation of ID in both cells. Note that in neuron 1 the direct
NMDA response precedes and partially masks the ID onset. (D) Schematic of

an experiment similar to that reported in (A) showing the region of Ca2+ signal
imaging (blue box). The image of the basal OGB1 fluorescence in the EC (t0)
and the difference images of the fluorescence signal change captured at
different times (see lower traces) during an evoked ID (t1–t0; t2–t0) are
reported. The NMDA-pipette is visible on the left. The dashed line in the image
t1–t0 marks the region directly activated by NMDA. Scale bar 100 µm. Lower
traces show the Ca2+ signal change from two neurons that were directly
activated by NMDA (upper traces) and two other neurons, located outside the
region directly activated by NMDA, that exhibited the ID only (lower traces).
The timing that corresponds to the different images (t0, t1, and t2) is reported.

evoked a rapid Ca2+ elevation in neurons located within the focal
area, while neurons from the surrounding network were recruited
into the ID only after a delay of 10.9± 0.8 s (30 IDs from 15
slices).

FOCAL ID GENERATION IN THE NEURONAL NETWORK MODEL
In the model we first examined how the neuronal network
responds to a sequence of simulated NMDA pulses in the
absence of astrocytes. To mimic the NMDA pulses at the focus,
a depolarizing current pulse was injected for 500 ms in an
area of 7× 7 neurons (see “Methods”). The first SimP evoked
robust spiking activity that remained restricted to neurons of the
focus (Figure 3A1). Upon successive SimPs the firing activity

spread from the focus to the surrounding neurons approximately
10 s after the SimP onset (Figures 3A1–A4,B1). The neuronal
firing discharge remained high thereafter for tens of seconds
(61± 2 s) before a sudden cessation (Figure 3B1). A postictal
refractory period was observed with an average duration of
266± 1 s (see “Methods”). This pattern of activity resembles
the focally evoked ID in slice preparations (see Figure 2D). A
raster plot of the activity in a subpopulation of excitatory and
inhibitory neurons within and outside the focus revealed that
inhibitory neurons fire more intensively as compared to excitatory
neurons during the SimPs, while the spiking activity in exci-
tatory neurons increases with successive SimPs (Figure 3B2).
The peak of the activity in the whole network was reached
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FIGURE 3 | Simulated IDs from a purely neuronal network.

(A1–A4) Pseudocolor plot of the number of action potentials calculated in
50 ms time windows at different times of the simulation. (B1) Membrane
voltage (considered from −90 to −40 mV) for all the neurons in the network
during a simulated ID. (B2) Raster plot of the spiking activity of a
subpopulation of neurons in the network in the first 30 s of simulation
(excitatory in blue and inhibitory in red). (B3) Average firing rate of the
neurons in the network during a simulated ID. (B4) Spectrogam of the

average firing rates for 40 simulations. Note the high frequency component
corresponding to the firing of inhibitory neurons and the low one
corresponding to excitatory neurons. (C1–C4) Examples of neuronal voltage
traces of excitatory and inhibitory neurons within and outside the focus.
(D) Histogram of ID threshold for 250 simulations. (E1,E2) Average value of
excitation/inhibition (average post-synaptic excitatory currents) at the focus
(blue/red), outside the focus (light blue/light red). Note that, differently from
excitation, the inhibition does not accumulate after subsequent SimPs.

during the ID (Figure 3B3) and its spectrogram clearly revealed
two main components corresponding to the different activ-
ity in excitatory and inhibitory neurons that fire at about 15
and 60 Hz, respectively (Figure 3B4). This pattern of activity in
the two neuronal populations is consistent with experimental

observations (Ziburkus et al., 2006). While both excitatory
and inhibitory neurons at the focus were activated upon the
initial stimulation (representative traces in Figures 3C1,C2),
neurons outside the focus were recruited into the propagating
ID with some delay (representative traces in Figures 3C3,C4).
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ID GENERATION THRESHOLD
We consider as ID threshold the number of NMDA pulses that
are needed to evoke an ID. This value is constant for a given slice
(Gomez-Gonzalo et al., 2010), but it can vary for different slices.
Simulations with different parameters (see “Methods”) showed
that an ID could be generated in average by five SimPs and in
more than 25% of cases no IDs could be evoked regardless the
number of applied SimPs (Figure 3D, n = 250 simulations). The
successive SimPs induced excitatory responses at the focus with
increasing amplitude (Figure 3E1). The excitatory and inhibitory
neurons outside the focus were not directly activated by the SimPs
and increased their firing activity simultaneously, but with a
marked delay (Figures 3E1,E2).

DYNAMICS OF EXCITATION AND INHIBITION AT THE FOCUS EXPLAIN
ID GENERATION
We next investigated the interplay between excitation and inhibi-
tion in the genesis of the ID. We compared the simulations which
successfully evoked an ID with those that failed to evoke an ID
(in the different simulations excitatory and inhibitory neurons
were randomly located within or outside the focus while main-
taining their total number). For the cases in which an ID was
successfully generated, we find that the ratios between the num-
ber of excitatory and inhibitory neurons, the average inhibitory
and excitatory currents during the first SimP and the firing rate
of inhibitory and excitatory neurons in the same time interval
were lower compared to cases where an ID was not successfully
generated (Figures 4A1–A3).

We next tested whether a different strength in either exci-
tation or inhibition at the focus changed the efficacy of the
SimP in generating an ID. We analyzed the time course of
excitation and inhibition at the focus and the average firing
rate in the whole network. We examined three sets of net-
work parameters chosen at random, but leading to different ID
thresholds, i.e., no ID generation, high ID threshold (five SimPs)
and low ID threshold (three SimPs) (Figures 4B–D respec-
tively). In all cases, excitatory and inhibitory drive increased
the firing rate (Figures 4B2,B3,C2,C3,D2,D3). A detailed anal-
ysis of the dynamics revealed that after each SimP both exci-
tation and inhibition were strongly but transiently activated
(Figures 4B1,C1,D1). An important difference is that, in con-
trast to inhibition, excitation failed to recover the initial basal
conditions, including the simulations in which no ID is gener-
ated (Figure 4B). An additional striking difference between the
three examples is the maximal inhibition level provided by the
inhibitory neurons (the dynamic range). Inhibition reached its
highest value in the high ID threshold condition. These results
support the view that inhibition strength is a critical factor for
focal ID onset. Notably, excitation rose faster than inhibition
(slope > 1) driving the growth in firing rate forward. However,
the ID occurred only after inhibition reached its maximal value
(all inhibitory neurons were active). Therefore the ratio of exci-
tatory versus inhibitory drive and the limiting dynamic range of
inhibition are the two critical factors in ID generation. As a sum-
mary of results obtained, we report the distribution of points
in the excitation-inhibition plane at the focus during the first
seven SimPs in 250 Monte-Carlo simulations for the cases that

evoked or failed to evoke an ID (normalized by the total area;
Figures 4E1,E2). When inhibition at the focus reached high val-
ues, no IDs were generated and the ratio between excitation and
inhibition remained low. This stands in contrast to the cases
which lead to IDs, further supporting the notion that the relation-
ship between excitation and inhibition determines not only the
threshold for ID generation, but also whether or not an ID could
be evoked. Data obtained from 250 runs also showed a clear cor-
relation between the ID threshold and the average excitation and
inhibition in the network during the first SimP (Figures 4F1,F2).
This indicates that the overall response of the network, in terms of
excitation and inhibition levels, is a good predictor of ID thresh-
old: an increased excitation results in the lowering of the ID
threshold and an opposite relationship holds for inhibition.

ASTROCYTE-TO-NEURON SIGNALING DECREASES THE ID THRESHOLD
The model of the single astrocyte (see “Methods”) was incor-
porated into the network to test how astrocytes may affect ID
threshold. Specifically, 400 astrocytes were added to the network
model in a parallel 2D sheet of cells (see “Methods”). Astrocytes
provide an excitatory feedback to neuronal activity in a Ca2+-
dependent way (Figure 5A). As illustrated in Figure 5B, in the
presence of the astrocyte feedback signal, the ID was evoked by
two SimPs, while in its absence a more intense stimulation of
neurons was necessary. As illustrated in Figures 5F1,F2 the Ca2+
change from a representative astrocyte at the focus was observed
to follow rapidly the spiking activity in neurons (Figures 5C1,F1),
and astrocytic glutamate release occurred upon the second SimP
(Figure 5C2). The average astrocytic Ca2+ follow the neuronal
activity (example in Figure 5D1) while the average glutamate
release occurs transiently (Figure 5D2). The Ca2+ change and
the release of glutamate from astrocytes outside the focus failed
to affect focal ID threshold. The results from 250 Monte-Carlo
runs show that the ID threshold was lowered after including
the astrocytic feedback signal to neurons (Figure 5E). Once the
ID was fully evolved, both the Ca2+ change and the release of
glutamate from astrocytes within and outside of the focus did
not differ significantly (Figures 5F1,F2). However, the initially
dominant activity of astrocytes at the focus was followed by an
activity of the astrocytes outside the focus that became dominant
immediately after the ID onset. These results are consistent with
those from slice experiments which showed that when Ca2+ ele-
vation in astrocytes from the focus were selectively blocked (by
the Ca2+ chelator BAPTA) or stimulated (by TFLLR, a peptide
agonist of thrombin PAR-1 receptors), the threshold of ID gener-
ation increased or decreased, respectively (Gomez-Gonzalo et al.,
2010).

DOES AN ASTROCYTE INHIBITORY FEEDBACK SIGNAL TO NEURONS
AFFECT ID THRESHOLD?
The ID threshold is mainly affected by the interplay between exci-
tation and inhibition. Indeed, as we reported above, ID threshold
can be increased by increasing the overall value of the inhibitory
activity. The bar graph in Figure 6A reports the results from 250
simulations in different simulation settings, with and without an
astrocytic contribution (mean and errors represent the results of
a Poisson fit to the ID threshold distributions), while Figure 6B
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FIGURE 4 | Excitation–inhibition interplay during ID generation.

(A1–A3) Histograms showing the difference between the ratio of the number
(A1), the average synaptic currents (A2) and the firing rate (A3) between
inhibitory and excitatory neurons when an ID is or is not generated (A2 and
A3 are relative to the response to the first SimP). (B1–B3,C1–C3,D1–D3)

Dynamic representation of the first 18 s of simulations in which an ID: (B) is
not generated, (C) is evoked with a high threshold (five SimPs) and (D) is
evoked with a low threshold (three SimPs). The dynamics of the network is

represented as a point in the plane representing excitation and inhibition (in
the focus, B–D1), the average firing rate of the network and excitation (at the
focus B–D2) and the average firing rate of the network and inhibition (at the
focus, B–D2). (E1,E2) Normalized density of dynamical points in the
excitation/inhibition plane during the first seven SimPs (250 simulations)
when an ID is generated (E1) or it is not generated (E2). (F1,F2) Linear
regression showing the correlation between the ID threshold and,
respectively, the average excitation (F1) and inhibition (F2) in the focus.

is the cumulative sum of the ID threshold distributions corre-
sponding to the analyzed cases. Blue and red bars show that the
ID threshold can be increased by increasing the overall strength
of inhibitory connections (in this case from 0.01 to 0.015) in

a purely neuronal network (no astrocytes). With higher inhibi-
tion, the simulated stimulation failed to induce an ID in 40% of
simulations (Figure 6B). As already shown, the introduction of
an astrocytic excitatory feedback lowers the ID threshold (green
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