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Abstract—Under normal conditions, hippocampal slices from newborn rats and rabbits (postnatal days 0–8) show spontaneous
synchronous bursts known as giant depolarizing potentials. These bursts are recorded from CA3, CA1 and the fascia dentata in both
intact slices and isolated hipocampal regions. Giant depolarizing potentials are network-driven events resulting from the synergistic
activation of N-methyl-d-aspartate, a-amino-3-hydroxy-5-methyl-4-isoxadepropionate and GABAA receptors, the latter playing an
excitatory role. Recently, we showed that they spontaneously emerge in an all-or-none manner after the increase of synaptic and
cellular activity beyond a threshold frequency [Menendez de la Prida L. and Sanchez-Andres J. V. (1999) J. Neurophysiol. 82, 202–
208]. Under this framework, background levels of spontaneous activity at individual neurons build up network synchronization
100–300 ms prior to the onset of giant depolarizing potentials. However, the role of distinct cellular populations and connectivity in
determining the threshold frequency has not been examined. By performing simultaneous intracellular recordings from pyramidal
cells, non-pyramidal cells and interneurons, we investigated their participation in the generation of giant depolarizing potentials.
Electrodes containing Neurobiotin were used to examine the cellular morphology. We found that giant depolarizing potentials were
not initiated from a single pacemaker cellular group; instead, they involved recurrent cooperation among these groups, which
contributed differently according to their intrinsic firing capability. In all the neurons examined, the onset of these bursts took place
in an all-or-none frequency-dependent manner, both spontaneously (depending on the frequency of the excitatory postsynaptic
potentials) or when triggered by extracellular stimulation. The CA3 threshold of frequency was at 12 Hz in both pyramidal cells and
interneurons, while in the fascia dentata it was 17 Hz. The application of 6-cyano-7-nitroquinoxaline-2,3-dione increased CA3
threshold of frequency up to 50 Hz, suggesting that it is determined by combined synaptic components. We examined the role of
postsynaptic summation on the threshold of frequency. Heterogeneity is present among the cellular groups, pyramidal neurons from
CA1 and CA3 showing less evidence of postsynaptic summation prior to giant depolarizing potentials. Cells showing stronger
evidence of postsynaptic summation were more typically recorded at the hilus, the granule layer of the fascia dentata and the
CA3/CA4 area. Nevertheless, for a given cell, not all the giant depolarizing potentials were preceded by summation of postsynaptic
potentials.
These outcomes, together with the long and variable time delays recorded between different areas, strongly suggest that giant
depolarizing potentials are locally generated from different initiation sites and not from a single region. We discuss these results in
view of the principles underlying hyperexcitability in hippocampal slices, i.e. the intrinsic firing properties of individual cells and
the connectivity patterns. 䉷 2000 IBRO. Published by Elsevier Science Ltd.
Key words: slices, intrinsic firing, recurrent loops, synchronization, all-or-none, population bursts.

GABAA antagonists, such as picrotoxin and bicuculline; 24,48,53
(ii) adult hippocampal slices exposed to 4-aminopyridine or
altered ion concentrations, i.e. potassium, magnesium and
calcium; 10,28,69 and (iii) immature hippocampal slices exposed
to GABAA antagonists. 61,65 From these experimental studies,
as well as from detailed computational models, 71,78 the principles underlying in vitro seizure-like discharges can be
unified as: (i) the intrinsic firing properties of individual
cells that provide background levels of rhythmicity 14,73,74
and (ii) the recurrent excitation that allows rhythmicity to
spread and promotes synchrony. 47,72,83
The spontaneous discharges recorded in immature hippocampal networks (known as giant depolarizing potentials or
GDPs) are sustained by excitatory GABAergic transmission
also involving synaptic components mediated by N-methyl-daspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4isoxadepropionate (AMPA) receptors. 2 Such a heterogeneity
in the synaptic components suggests that diverse neuronal
populations underlie synchronization in the developing
hippocampus. 4,20,34,64 Nevertheless, the role of specific cellular groups (interneurons, pyramidal and non-pyramidal cells)

The idea of a critical period in hippocampal postnatal development characterized by hyperexcitability has received
considerable support in recent years. Synchronous bursting
is typically recorded from immature hippocampal slices
both in control conditions 1,21,40 or when exposed to convulsant
drugs, 61 strengthening the view of the hippocampus as a structure susceptible to generate seizures. 59 Attempts to understand
the cellular and morphological basis of hippocampal
hyperexcitability have been carried out mainly in three in
vitro configurations: (i) adult hippocampal slices under
§To whom correspondence should be addressed. Tel.: ⫹34-91-394-3295;
fax: ⫹34-91-394-3264.
E-mail address: liset@eucmax.sim.ucm.es (L. Menendez de la Prida).
Abbreviations: AMPA, a-amino-3-hydroxy-5-methyl-4-isoxadepropionate; CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione; EGTA, ethyleneglycolbis(amino-ethyl
ether)tetra-acetate;
EPSP,
excitatory
postsynaptic potential; FD, fascia dentata; GC, granule cell; GDP,
giant depolarizing potential; HEPES, N-2-hydroxyethylpiperazine-N 0 ethanesulfonic acid; IB, intrinsic bursting; MC, mossy cell; NMDA, Nmethyl-d-aspartate; P, postnatal day; SO, stratum oriens; SR, stratum
radiatum.
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in GDP initiation has not been examined in depth. We have
recently demonstrated that GDPs spontaneously emerge in an
all-or-none manner after the increase of excitatory postsynaptic potential (EPSP) and cellular activity beyond a frequency
threshold. 43 According to this, background levels of unitary
activity or EPSPs build up full synchronization in a similar
manner as EPSPs and/or electrical activity underlie the initiation of in vitro epileptiform bursts. 10,25,28,70 This means a
contribution of both intrinsic electrical properties of individual neurons and connectivity patterns to network synchronization, i.e. to GDP generation. Here, we investigate the role
of distinct cellular groups (interneurons, pyramidal and nonpyramidal cells) in GDP generation and their participation in
determining an appropriate EPSP frequency for synchronization. Portions of this work have been published in abstract
form. 42
EXPERIMENTAL PROCEDURES

Preparation of slices
New Zealand White rabbits (postnatal days P2–P5) and Wistar rats
(P1–P6) were killed by decapitation under light ether anesthesia. The
whole brain was removed and chilled to 4 oC in standard artificial
cerebrospinal fluid (composition in mM: 125 NaCl, 3 KCl, 1.2
MgSO4, 1.2 NaH2PO4, 2 CaCl2, 22 NaHCO3, 10 glucose, saturated
with 95% O2/5% CO2, pH 7.4). The hippocampus was dissected
from a ventral approach and its dorsal part cut into 500-mm transverse
slices with a drop-blade chopper. The slices were maintained in an
incubation chamber at room temperature for at least 1 h before recording. For recordings, individual slices were transferred to a submergedtype recording chamber (Medical System) continuously perfused with
artificial cerebrospinal fluid at a temperature of 32–34⬚C (pH 7.4) and
a flow rate of 1–1.5 ml/min.
All experiments were carried out in accordance with the protocols
approved by Universidad Miguel Hernández and European Communities Council Directive of 24 November 1986 (86/609/EEC). Efforts
were made to minimize animal use and suffering.
Intracellular recording and stimulation
Intracellular recording electrodes were made from capillary tubes
with intraluminal glass fibers (borosilicate, o.d. 1.2 mm, i.d. 0.69 mm;
Sutter Instrument Co.) pulled with a Brown–Flaming horizontal puller
(Sutter Instrument Co.), and filled with 3 M KCl (electrode resistances:
50–100 MV). Simultaneous intracellular recordings were made with
separate manipulators using a dual intracellular amplifier (Axoclamp II
B). The intracellular penetrations of CA3 and CA1 neurons were made
in the stratum pyramidale. Granule cells (GCs) were impaled at the
granular layer. Hilar cells [mossy cells (MCs) and interneurons] were
impaled at the hilus. The criteria for a healthy record were a resting
membrane potential greater than ⫺50 mV, input resistance larger than
20 MV, action potential amplitude greater than 50 mV and a spike
response to positive current injection. 58 Experiments under the
AMPA/kainate receptor antagonist 6-cyano-7-nitroquinoxaline-2,3dione (CNQX) were conducted only in rats. Recordings from rat slices
were performed in patch-clamp whole-cell configuration (currentclamp mode). Patch electrodes had a resistance of 3–6 MV (intracellular solution, in mM: 140 KCl, 1 MgCl2, 1 NaCl, 1 EGTA, 5
HEPES, 2 K2ATP; pH 7.3, adjusted with KOH). No differences in
GDPs were detected between rats and rabbits [a number of experiments (n  2) under CNQX were conducted in the rabbit for comparison; not shown]. Data in Fig. 8 were obtained from rat hippocampal
slices.
Electrical stimulation was applied via monopolar tungsten electrodes at the hilus, while intracellular recordings were performed at
CA3. The stimulus duration was 100 ms. Ten to 20 trials of periodical
stimulation were tested for each frequency value (2–28 Hz).
Dye injection and histology
Neurons were usually injected with Neurobiotin (Vector Laboratories, Burlingame, CA, U.S.A.) for late identification. To achieve

this, the tips of the intracellular recording electrodes were filled with
5% Neurobiotin dissolved in 1 M KCl and backfilled with 3 M KCl.
Neurobiotin was injected intracellularly using depolarizing pulses
(0.2–0.4 nA) at 1 Hz for 10–30 min. After the experiment, the slice
was fixed overnight in 4% paraformaldehyde/phosphate-buffered
saline (0.1 M, pH 7.4). After H2O2 (0.3%) and Triton X-100 (0.6%)
pretreatment, the slice was then processed by incubation in a 1:100
dilution of avidin–biotin–peroxidase complex (ABC kit, Vector
Laboratories) and by a 0.03% solution of 3,3 0 -diaminobenzidine and
0.005% H2O2. Cells were drawn by a Camera Lucida attachment.
Data analysis
Electrical cell parameters were measured as follows: (i) input resistance was estimated from the I–V relationship near resting potential;
(ii) the membrane time constant was calculated from the responses to
small hyperpolarizing current pulses (0.1–0.2 nA). Larger pulses were
not used because of strong rectification.
EPSP detection was based on the following criteria: (i) only events
with amplitude larger than 0.25 mV were counted as EPSPs and (ii)
peaks making up clustered events were counted individually if their
peak height was greater than the half peak amplitude of the largest.
EPSP frequency measured in windows of 500 ms.
The time delay between spontaneous GDPs from simultaneously
impaled neurons [CA3–CA1, CA3–fascia dentata (FD)] was defined
as the interval between the onset of a GDP in CA3 and the onset of a
second GDP. The GDP onset was defined as the peak of the first action
potential. We found this to be the most systematic way to define GDP
onset. A criterion based on the depolarization underlying a GDP was
difficult to apply, since GDP onset was generally masked by EPSPs.
Time delay histograms were constructed to investigate the latency
distribution between two simultaneously recorded cells. In those histograms, GDP onset in CA3 was taken as a reference. Therefore, positive
time delays represent the cases in which CA3 GDPs precede other cell
GDPs, as negative time delays represent the cases in which the second
impaled neuron (from CA1 or the FD) fires previous to the CA3 cell.
To determine the degree of synchrony between hippocampal areas
(CA3, CA1, FD), cross-correlation analyses were applied. The autoand cross-correlation functions of the membrane potential fluctuations
were computed using fast Fourier transform. 51 In the abscissa of these
correlograms, function values to the right of zero indicate the cases in
which the reference cell (CA3) fires first. The power spectrum from
separate signals was also calculated, to assess the frequency components of membrane potential fluctuations from individual cells. 51 Since
GDPs appear to involve complex patterns of synchrony between areas
CA3, CA1 and the FD, 41sliding cross-correlograms were computed. A
sliding cross-correlogram is a dynamical measure that allows one to
investigate detailed temporal characteristic of synchronous signals. To
compute this measure, the cross-correlation function from simultaneous recordings in a window of 4 s was calculated. This window
was then slid forward by 250 ms and a new cross-correlation function
was computed. The cross-correlation function from each sliding
window was represented on a color scale from black to yellow. This
analysis has advantages over the classical cross-correlation studies 33
by providing a dynamic picture of the entire record.
All the results are given as mean ^ S.D.; the number of cells are
indicated in every case. Statistical significance analysis using Student’s
two-tailed t-test was applied (confidence level: P  0.05). Distributions
were compared using the Mann–Whitney Rank Sum test. Graphic
design was performed with Origin (v. 3.73, Microcal Software).
Materials
The AMPA/kainate antagonist CNQX was purchased from Tocris.
Neurobiotin and the ABC kit for 3,3 0 -diaminobenzidine staining were
purchased from Vector Laboratories.
RESULTS

Single cellular populations do not initiate giant depolarizing
potentials
As reported previously, spontaneous population bursts or
GDPs were recorded systematically in vitro from immature
hippocampal cells (P2–P5) at a mean frequency of
2.1 ^ 1.5 GDPs/min (n  43). GDPs consisted of a large
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Fig. 1. Simultaneous recordings from granule cells and CA3 pyramidal cells. (A) A GC from the FD was recorded simultaneously to a CA3 pyramidal cell
(CA3). GDP frequency was different between these regions, being lower in GCs compared to CA3 neurons. (B) Sliding cross-correlogram from the recordings
shown in A. GDPs occurring first in CA3 appeared as maxima (yellow) above the zero line (bar 4). As can be seen, not all the GDPs were first recorded in CA3
cells (bar 1). Double peaks were also detected, indicating the presence of recurrent events (bars 2 and 3). Failures were detected by sliding cross-correlograms,
which appeared as small maxima (arrows). (C) Expanded traces showing a failure in GCs. Note the increment of EPSP frequency (13 ^ 3 Hz) compared to
background levels of EPSPs (4 ^ 3 Hz). (D) Double peaks of the sliding cross-correlograms were typical of recurrent events. Here, an increase of EPSPs and
firing was recorded at CA3. Then, an EPSP barrage and a GDP were present in GCs, and subsequently recorded at CA3. Note the increase of EPSP frequency
prior to GDP onset in both GCs and CA3 neurons. This frequency increment (17 ^ 3 Hz) was significantly different from failure. Calibration bars: 20 mV, 2.5 s
(A); 20 mV, 250 ms in C and D. Color code shown in B is related to the maxima (yellow) and minima (black) of the cross-correlograms in D (right).

depolarization (21 ^ 4 mV) lasting from 190 to 750 ms and
crowned by two to seven action potentials (92 GDPs, n  21
cells). GDP reversal potential was ⫺30 ^ 10 mV (n  8) and
they were blocked by bicuculline (not shown; see Ref. 1).
Simultaneous intracellular recordings from proximal cells
(less than 150 mm apart) showed tightly synchronous GDPs,
while cells from different areas exhibited long and variable
latencies (see Figs 2 and 3 in Ref. 41). Simultaneous recordings from CA3 pyramidals neurons and GCs showed a

complex pattern of synchrony (n  10; Fig. 1A). GDP
frequency from CA3 neurons was higher (2.9 ^ 1.4 GDPs/
min) than from GCs (1.5 ^ 0.9 GDPs/min). All the GDPs
recorded in GCs were correlated with GDPs in CA3 neurons.
However, not all the GDPs registered in CA3 were accompanied by a GDP in the GCs, although in these cases an
increase in the number of EPSPs was detected (Fig. 1A,
arrowheads). We termed these situations as “failures”. A failure occurred when a GDP was detected in one area but failed
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Table 1. Summary of the electrophysiological properties of the cells in this study

Resting membrane potential (mV)
Input resistance (MV)
Membrane time constant (ms)
Spontaneous activity (Hz)
Firing during GDPs (Hz)

CA3 pyramidal
n  43

CA1 pyramidal
n  35

Interneurons
n4

MCs
N7

GCs
n  15

⫺72 ^ 5
102 ^ 25
21.1 ^ 2.2
0.7 ^ 0.6
17.6 ^ 5.1

⫺69 ^ 4
82 ^ 15
19.4 ^ 2.9
0.3 ^ 0.1
18.4 ^ 4.2

⫺69 ^ 7
72 ^ 30
19.0 ^ 1.5
0.8 ^ 0.5
19.6 ^ 6.1

⫺67 ^ 3
79 ^ 11
20.6 ^ 1.5
1.1 ^ 0.9
19.2 ^ 2.8

⫺66 ^ 5
58 ^ 20
18.3 ^ 2.1
0.3 ^ 0.2
18.1 ^ 3.2

in the other. Failures were more frequent in GCs (9.7%) than
in CA3 (2.5%) or CA1 neurons (1.8%).
Typical cross-correlation functions of membrane potential fluctuations from CA3 pyramidal cells and GCs showed
a maximum near zero, indicating the occurrence of
synchronous events (not shown). In these records, estimation of time delays was difficult due of the large variability
present in a given cell pair. Because of the complexity of
the firing pattern, we introduced a dynamic measure, i.e.
the sliding cross-correlogram, to investigate in detail the
temporal relation between the signals (see Experimental
Procedures).
The most prominent feature of the sliding cross-correlogram from CA3 pyramidal neurons and GCs was its

heterogeneous aspect (Fig. 1B): maxima (yellow) were
often found on both sides of the zero line showing negative
(see bar 1) and positive (bar 4) time delays. This indicated
that, for a given cell pair, synchronous GDPs were not always
recorded first in the same neuron. The mean delay between
GDPs was 268 ^ 101 ms when CA3 cells fired earlier
(62.3%) and 221 ^ 105 ms when the GDP was first recorded
at GCs (results from n  10 sliding cross-correlograms). Sliding correlograms also detected failures of synchronization
(Fig. 1B, arrows), which appeared as small maxima (⬎10%
peak amplitude) at the zero line. Failures in GCs were systematically associated with an increase of EPSP frequency
(13 ^ 3 Hz; Fig. 1C) compared with background EPSPs
(4 ^ 3 Hz).
Cross-correlation showing two peaks on both sides of the
zero line were also detected (bars 2 and 3), indicating the
presence of recurrent events. A typical case is shown in Fig.
1D. An increase of EPSPs was recorded in CA3 cells, together
with firing. Concomitantly, an EPSP barrage and a GDP were
recorded in GCs, which subsequently propagated back to CA3
(dotted line; see cross-correlation function on the right). The
EPSP frequency prior to GDP onset was higher (17 ^ 3 Hz)
than in failures (13 ^ 3 Hz; significantly different,
P ⬍ 0.001). This EPSP increment before GDP onset was
concomitant with intrinsic bursts (47%; see CA3 cell in Fig.
1D) or single spikes (39%), suggesting a role of the intrinsic
firing properties in GDP generation.
Similar results were obtained from CA3 and CA1 pyramidal cells, i.e. positive and negative GDP delays and double
peaks in the sliding cross-correlograms (n  10 sliding crosscorrelograms; not shown), together with EPSP and spike
barrages prior to GDP onset.
Simultaneous recordings from heterogeneous populations of
CA3 pyramidal cells reveal heterogeneity during giant depolarizing potentials

Fig. 2. Intrinsically bursting CA3 pyramidal cells. (A) Camera Lucida
drawing of a CA3 pyramidal cell which showed intrinsic bursting activity.
These cells constituted 40% of the CA3 population of pyramidal neurons.
Scale bar  25 mm. (B) Response of the cell shown in A to depolarizing and
hyperpolarizing current pulses of ^0.1 nA. (Ca) Dependence of the
frequency of intrinsic bursting against the membrane potential (n  5).
Depolarization beyond ⫺68 mV switched the firing mode from intrinsic
bursting to repetitive firing (vertical arrow and dotted line). (Cb) Spontaneous rhythmic activity recorded from the cell shown in A. Expanded trace,
IB activity (arrow 1 in ⫺69 mV trace) was recorded prior to GDPs (arrow
2) concomitant to EPSP barrage in 47% of cases. Calibration bars: 20 mV,
200 ms (B); 25 mV, 1.5 s (Cb).

To investigate the cellular and network mechanisms underlying GDP generation, we have recorded from different cellular populations. The electrophysiological properties of the
cells examined in this study are summarized in Table 1.
Intracellular recordings from CA3 pyramidal cells revealed
large electrophysiological heterogeneities. About 40% of the
CA3 pyramidal cells showed intrinsic bursting (IB) activity.
They were pyramidal-shaped neurons (n  17; Fig. 2A) showing: (i) a single burst as a response to depolarizing current
pulses (Fig. 2B) and (ii) spontaneous rhythmic IB activity
depending on membrane potential (Fig. 2Ca). These cells
fired intrinsic bursts at frequencies from 0.2 to 1.2 Hz when
membrane potential was set at different values ranging from
⫺74 to ⫺68 mV. 82 Depolarization beyond ⫺68 ^ 2 mV
switched the firing mode from IB to repetitive firing at
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Fig. 3. Simultaneous recordings from two CA3 pyramidal cells. (A) Camera Lucida drawing of the neurons recorded simultaneously. Scale bar  40 mm. (B)
Responses of the cells shown in A to depolarizing and hyperpolarizing current pulses of ^0.1 nA. Cell 1 showed a non-stereotyped firing pattern while cell 2
responded with a burst of action potentials. (C) Simultaneous recordings from cells shown in A. Note the difference in the firing pattern during GDPs (arrow a).
Low percentages of failures were recorded in CA3 cells (1%, arrow b and expanded traces). (D) Synchronous spontaneous EPSPs were detected in a number of
simultaneous recordings from CA3 pyramidal cells (n  5). See square in C and expanded traces in D, right. Classical cross-correlation function of the
membrane potential fluctuations from these records showed multiple peaks consistent with a rhythmic behavior from 1 to 5 Hz. (E) Power spectra from
membrane potential fluctuations from proximal cells confirmed the presence of similar frequency components. Data from cells 1 and 2 are represented (3.9 and
4.8 Hz, respectively). These data suggest that cells 1 and 2 received divergent synapses from rhythmically presynaptic neurons (see schematic representation
on the right). Calibration bars: 30 mV, 100 ms (B); 25 mV, 300 ms (C); 4 mV, 20 ms (D).

5.2 ^ 2.1 Hz. This voltage dependency caused strong changes
in the individual firing patterns, since spontaneous small
membrane potential variations such as 3-mV depolarization
were able to modulate IB frequency (Fig. 2Cb). As shown in
Fig. 1D, IB activity was present concomitantly with the EPSP
increase recorded 100–300 ms prior to GDP onset in 47%
cases (data from 588 GDPs), suggesting that this rhythmic
firing may contribute to GDP generation (Fig. 2Cb, expanded
trace, arrows 1 and 2).
Some pyramidal cells (non-IB cells, n  21, 48%) did

not show spontaneous rhythmic IB activity depending on
membrane potential, although their responses to depolarizing pulses consisted of a single burst of action potentials
similar to IB cells (cell 2 in Fig. 3A, B). On the other hand,
a small population of pyramidal cells did not show a stereotyped behavior (non-stereotyped cells, n  5, 12%). Some of
these cells (n  3) had their somas located out of the
stratum pyramidale (Fig. 3A, cell 1). Their responses to depolarizing current pulses were not stereotyped (Fig. 3B). Spontaneous activity also reflected this heterogeneity, from silent
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(n  2 cells) to spiking activity in the range of 3–10 Hz
(n  3).
Simultaneous recordings from CA3 pyramidal cells
evidenced their different behavior during GDPs. IB cells
fired mixed intrinsic bursts and action potentials at high
frequencies (21.9 ^ 5.6 Hz) during GDPs (see Fig. 2Cb,
arrows 1 and 2). On the contrary, non-IB cells contributed
diversely to GDPs. Ninety percent of these cells fired action
potentials (18.4 ^ 7.2 Hz) during the entire depolarization
underlying GDPs (Fig. 3C, cell 1, arrow a), while others
fired two to three high-frequency spikes (36.7 ^ 8.8 Hz) just
at GDP onset (Fig. 3C, cell 2, arrow a). The majority of
pyramidal cells (⬃60%) showed spontaneous activity and
increased their firing frequency prior to GDP onset. Local
failures were recorded in few cases (1%; Fig. 3C, arrow b
and expanded traces). The spiking frequency in these cases
(15.4 ^ 4.8 Hz) was not significantly different from that
recorded during GDPs (P ⬎ 0.001), suggesting that a single
pyramidal cell was not able to generate them.
In a number of paired recordings we found evidence of
synchronous spontaneous EPSPs (n  5; see square in Fig.
3C, and expanded traces in Fig. 3D). The occurrence of
these events was not dependent on membrane potential,
suggesting a synaptic source. Classical cross-correlation functions of the membrane potential fluctuations from these
recordings showed multiple peaks consistent with a rhythmic
and synchronous activity in the range from 1.5 to 5 Hz (Fig.
3D). Power spectra from fluctuations of spontaneous synaptic
activity from proximal cells confirmed the presence of similar
frequency components (Fig. 3E, spectra from cells 1 and 2 are
represented), suggesting, in these cases, that simultaneously
recorded cells received a common input from a rhythmic presynaptic cell (see schematic diagram in Fig. 3E, right).
Interneurons fire at high frequency during giant depolarizing
potentials
Intracellular recordings from interneurons revealed that
they fired at high frequency (12–45 Hz) and showed multiple
EPSPs during GDP firing. Figure 4A shows a CA3 interneuron with its soma placed at the stratum radiatum (CA3/
SR interneuron). This interneuron was recorded simultaneously to a CA3 pyramidal cell (Fig. 4C). As can be seen,
high-frequency spiking and multiple EPSPs were present at
the interneuron during GDPs (see square). The results of
EPSP frequency in interneurons are summarized in Fig. 4D.
EPSP frequency during GDPs (gray histogram) could be well
fitted by a Gaussian distribution centered at 29.1 ^ 3.9 Hz,
which differed significantly from the background EPSP distribution (noise, white histogram; 4.3 ^ 2.5 Hz; P ⬍ 0.001). In
the interneurons, the frequency of the action potentials during
GDPs did not follow a Gaussian distribution; instead, three
peaks were identified (Fig. 4D, black histogram). The first
peak (17.1 ^ 7.5 Hz) corresponded to low-frequency spikes
(see asterisk in Fig. 4D, inset a). The second peak
(33.4 ^ 6.1 Hz) was not significantly different from the
EPSP distribution (29.1 ^ 3.9 Hz; P ⬎ 0.001; gray histogram
and see filled square in inset a, Fig. 4D). The third peak
(42.7 ^ 5.1 Hz) corresponded to high-frequency spikes,
such as doublets (filled circle), and first-order spikes,
i.e. the first spikes of a GDP (see open square, inset b, Fig.
4D).
Simultaneous recordings from CA3 interneurons (n  3)

and cells from the FD (MCs or GCs) showed variable time
delays, as described above for CA3 pyramidal and granule
cells. A simultaneous recording from the interneuron in Fig.
4A (cell 1) and an MC (cell 3) is shown in Fig. 4E (top).
Time delay histograms from the interneuron and the MC
showed that there were few cases in which the interneuron
fired first (time delays ⬎0; Fig. 4E, top, F). Sliding crosscorrelograms from paired recordings from CA3 interneurons
and FD cells showed a delay of 180 ^ 24 ms when FD cells
fired first and 189 ^ 28 ms when GDPs were first recorded
in the CA3 interneuron. Similarly, in simultaneous recordings from CA3 interneurons and CA1 pyramidal cells (Fig.
4E, bottom), the time delay histograms showed large variability (n  3 simultaneous recordings; see Fig. 4F):
152 ^ 41 ms when GDPs were first recorded at CA3 interneurons and 197 ^ 22 ms in cases where the CA1 cell fired
first.
Frequency dependence of the initiation of giant depolarizing
potentials in CA3 interneurons, CA3 pyramidal cells and
granule cells
The results discussed above suggest a different cellular
contribution to GDP generation according to the intrinsic
firing properties. Nevertheless, in all the cases a relationship
between the EPSP frequency and GDP occurrence can be
proposed. As reported previously, an all-or-none dependence
between EPSPs and GDP onset has been demonstrated in
CA3 pyramidal cells. 43 It is therefore important to investigate
the frequency dependence of GDP initiation in CA3 interneurons compared to CA3 pyramidal cells and neurons
from the FD.
Mossy fiber stimulation-evoked GDPs in CA3 interneurons
and pyramidal cells in a process depending on the stimulation
frequency (Fig. 5A, open circles show data from n  3 interneurons and black squares data summarized from n  12
pyramidal cells), similarly as they originated spontaneously
from EPSP accumulation in the FD (Fig. 5A, gray squares).
To compute these curves, extracellular stimulation of minimal strength was applied at several frequencies (1–20 Hz)
and the amplitude of the evoked GDP was calculated. In
cases where no GDP was evoked, its amplitude was taken
as zero. The curve from spontaneous GDP initiation in FD
cells was calculated by analysing failures in CA3–FD recordings: EPSP frequency during a failure was associated with a
zero-amplitude GDP, while EPSP frequency prior to GDP
onset was represented together with the GDP amplitude
(n  9). The GDP threshold was defined at the 50% level of
the mean normalized amplitude. GDP threshold in the CA3
interneurons was at 12.5 Hz and in pyramidal cells was at
11.8 Hz. In granule cells from the FD, the GDP threshold
was at 17.6 Hz.
Figure 5C shows the results obtained in a CA3 interneuron
which its soma placed at the stratum oriens (SO; Fig. 5B).
Repetitive stimulation at 1–8 Hz did not induce GDPs irrespective of the stimulus duration. On the contrary, GDPs were
fired by repetitive stimulus above 12 Hz. Figure 5C shows a
spontaneous (a) and an evoked GDP (b) recorded from
the interneuron shown in Fig. 5B. Trace b shows a typical
case of the effect of mossy fiber stimulation over the CA3
interneurons. The first four stimulations evoked action potentials in the CA3/SO interneuron. GDPs emerged afterwards
(vertical arrow). Data from interneurons suggest that GDPs
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Fig. 4. Properties of the interneuronal firing pattern during GDPs. (A) Camera Lucida drawing of a CA3 interneuron (CA3/SR interneuron). Scale bar  25 mm.
Up: schematic diagram of the position of the four cells shown in this figure. (B) Response of the interneuron shown in A to depolarizing and hyperpolarizing
current pulses of ^0.2 nA. (C) Simultaneous recording from the CA3/SR interneuron (cell 1) and a CA3 pyramidal cell (cell 2). See schematic diagram in A.
CA3 interneurons fired at high frequency during GDPs. Note also the presence of multiple EPSPs (square). (D) Histograms of the EPSP frequency at
background level (noise, white) and of the EPSPs (gray) and spiking (black) in n  3 interneurons during GDPs. (E) Simultaneous recordings from the
CA3/SR interneuron (cell 1) and an MC (cell 3). After half an hour of stable recording, a second neuron (at CA1, cell 4) was recorded simultaneously to the
CA3/SR interneuron. (F) Time delay histograms of GDPs between the CA3/SR interneuron and MC (white) and CA1 (lines). GDPs were not always initiated
from the CA3 interneuron (positive time delays). Calibration bars: 25 mV, 100 ms (B); 25 mV, 250 ms (C, E); 25 mV, 50 ms (inset in D).

appeared after the summation of a given number of EPSPs.
Also, every extracellular stimulus induced interneurons to
fire, suggesting that there is a coupling between the stimulus
frequency and the interneuronal firing frequency. To investigate the possible role of EPSP summation in GDP generation
in the interneurons, we estimated the time decay of mossy
fiber-mediated EPSPs in comparison to membrane time
constants.
By comparing the averaged evoked EPSP with the

membrane response to depolarizing current injection, and
the voltage dependence of EPSP amplitude, we assessed the
electrotonic location of synaptic contacts. In the interneurons,
single mossy fiber stimulation evoked EPSPs whose amplitude depended on membrane potential, increasing linearly
with hyperpolarization (not shown). The average EPSP and
the membrane potential decay showed similar time-courses
(Fig. 5D). The mean time constant for the EPSPs was
19.2 ^ 2.1 ms (from 40 EPSPs) and the membrane time
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Fig. 5. Frequency dependence of GDP initiation in CA3 interneurons, CA3 pyramidal cells and GCs. (A) Frequency dependence of GDP initiation in
interneurons (circles) and CA3 pyramidal cells (squares) investigated by extracellular stimulation of the mossy fibers. GDPs appeared in an all-or-none
manner according to stimulus frequency in both interneurons and pyramidal cells. The GDP thresholds were defined at the 50% level of the normalized
amplitude, and were 12.5 ^ 1.5 Hz (interneurons) and 11.8 ^ 2.5 Hz (pyramidal cells). Spontaneous GDPs recorded at GCs also appeared in an all-or-none
manner (gray squares). The curve from spontaneous GDP initiation in FD cells was calculated by analysing failures in CA3–GC recordings (n  9). GDP
threshold in the FD was at 17 ^ 3 Hz. (B) Camera Lucida drawing of a CA3 interneuron with its soma placed at the SO border. Scale bar  25 mm. Inset:
responses to depolarizing and hyperpolarizing current pulses of ^0.1 and ^0.2 nA. (C) Spontaneous (trace a) and evoked GDPs (trace b) recorded from the
CA3/SO interneuron shown in A. (D) Comparison of the averaged extracellularly evoked EPSP recorded at the interneuron with the membrane response to
current injection (⫹0.1 nA). Calibration bars: 35 mV, 150 ms (B); 35 mV, 250 ms (D).

constant was 20.1 ^ 2.8 ms (from 20 trials). All this
suggested that synaptic terminals were located near to the
recording site (soma).
The role of temporal summation in the initiation of giant
depolarizing potentials
Although the frequency-threshold of GDP initiation was
similar in both CA3 interneurons and pyramidal cells, some
differences were evident. Data from CA3 pyramidal cells
(n  23) showed that, in 68% of cases, GDP triggering did
not result from EPSP summation. The most common profile
of extracellularly evoked GDPs in pyramidal cells was as
shown by cell 2 in Fig. 6A, where there is no evidence of
temporal summation. In order to quantify the existence of
temporal summation prior to a GDP, we used the following
criterion: EPSP summation prior to GDPs is present if the
onset is masked by EPSP overlap. There were only few
CA3 pyramidal cells (13%) in which extracellularly evoked
GDPs seemed to be initiated by a summation process, as
shown by cell 1 (these two cells were recorded simultaneously). In contrast, in the CA3 interneurons GDPs were
more likely to be initiated after EPSP summation and firing.
When compared to CA3 pyramidal cells, CA3 interneurons
fired more action potentials prior to the onset of the extracellularly evoked GDP (stimulus 0) and EPSPs were more
frequent (Fig. 6B).
A different picture was obtained by examining the
spontaneous activity. Spontaneously generated GDPs
appeared to involve EPSP summation in 32% of CA3 pyramidal cells (n  43) and in only 15% of CA1 pyramidal

neurons (n  20). Fifty-seven percent of MCs (n  7) and
53% of GCs (n  15) showed evidence of temporal summation. Nevertheless, in these cases not all the GDPs in a given
cell were preceded by EPSP summation: only 43% of GDPs
in CA3 cells, 20% in CA1 neurons, 65% in MCs and 31% in
GCs. In Fig. 7, we have represented all the cells showing
evidence of EPSP summation in more than 30% of the total
number of spontaneous GDPs. Those cells showing higher
percentages (⬎ 45%) are represented in gray (see trace 1).
These results show that EPSP summation was more typically
recorded in an area including the hilus, the granule layer and
CA3/CA4 region.
Effect of 6-cyano-7-nitroquinoxaline-2,3-dione on the onset
of giant depolarizing potentials
The data discussed above do not support that GDPs were
initiated by a single population of cells (interneurons, pyramidal or other cellular populations, such as MCs and GCs).
Nevertheless, the higher percentages of EPSP summation and
firing in the interneurons might suggest a critical role of these
cells in GDP generation. If GDPs were determined exclusively by the temporal summation of excitatory GABAmediated EPSPs, then a blockage of the glutamatergic synaptic transmission should not essentially affect the frequency
threshold of GDP onset. To investigate this hypothesis,
the selective AMPA/kainate receptor antagonist CNQX
(10–20 mM) was applied in rat hippocampal slices from P1
to P6 (n  5; see Experimental Procedures).
Under CNQX, GDPs were still evoked by a frequencydependent process, although the frequency threshold
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Fig. 7. Schematic representation of the position of cells showing EPSP
summation prior to spontaneous GDPs in more that 30% of cases (see
trace 1). As can be seen, EPSP summation was more typically recorded
at CA3/CA4, the hilus and granule layer. CA1 pyramidal neurons showed
the least evidence of EPSP summation (see trace 2). Cells with the highest
incidence of EPSP summation are represented in gray.

Fig. 6. Electrical activity prior to onset of GDP. (A) Simultaneous recordings from two CA3 pyramidal cells. Extracellular stimulation of suprathreshold frequency was applied. Cell 1 showed evidence of EPSP summation
prior to GDP onset (arrows), while cell 2 did not. CA3 pyramidal cells
showing EPSP summation constituted 32% of the total. The most common
profile of GDP triggering in pyramidal neurons was as shown by cell 2. (B)
Comparison of the number of EPSPs (squares) and spikes (circles) evoked
by suprathreshold extracellular stimulation in interneurons (white) and
pyramidal cells (black). In the interneurons, GDPs were more likely to be
initiated after a summation process. Interneurons also fired more action
potentials prior to GDP onset (associated to the stimulus 0; see arrow)
than pyramidal cells. Calibration bars: 10 mV, 250 ms (A); 8 mV, 100 ms
(C); 15 mV, 350 ms (D).

(47.2 ^ 15.1 Hz) was significantly higher than in control
(P ⬍ 0.001, t  5.7). Figure 8 illustrates these results.
CNQX had a significant effect on the GDPs 9 min after bath
application, this effect being maximal after 15 min. The shift
of the frequency threshold was reversible (Fig. 8, trace c).

so that they evoked firing in the cell. We found no strong
evidence of single neurons initiating GDPs; in CA3 IB
cells, non-IB cells nor interneurons.
The results from a non-IB pyramidal cell are shown in Fig.
9A. To evaluate entraining capacity, we calculated the latency
between the end of the depolarizing pulse and GDP onset
(Fig. 9Ab). We constructed latency histograms from the
beginning of a training session (0–400 s) and compared
them with those at the end (1200–1600 s; Fig. 9B). As can
be seen, there is no significant difference between the histograms from these two situations (n  10 pyramidal cells). On
the contrary, one interneuron showed slight differences during
the training session, suggesting that this cell could promote
GDP initiation (Fig. 9C, D). The CA3/SR interneuron (cell 1)
shown in Fig. 4 was tested for entraining capacity while
recorded simultaneously with a CA3 pyramidal cell (cell 2).
Depolarizing current pulses, injected every 10 s in the CA3/
SR interneuron, slightly increased GDP frequency, from
2.9 ^ 1.4 GDPs/min in control to 4.2 ^ 2.1 GDPs/min,
although this difference was not significant (P ⬎ 0.05,
t  1.65). Nevertheless, latency distribution from 0–400 s
and 1200–1600 s intervals differed significantly (P ⬍ 0.001,
Mann–Whitney Rank Sum test), showing shorter latencies
(0–2 s) 20 min after the initiation of the training session
(Fig. 9D, arrow).
In this particular simultaneous recording, small depolarizations of 3.6 ^ 0.8 mV in pyramidal cell 2 were detected in
association with high-frequency spiking induced by current
injection into cell 1 (see traces in Fig. 9C). Since there was no
evidence of synaptic contacts from interneuron 1 onto pyramidal cell 2, these results suggest that synaptic terminals from
the interneuron may diverge on several cells which then
converged onto cell 2 (Fig. 9C, schematic diagram). In
these cells, GDPs were also preceded by synchronous
EPSPs (arrow), suggesting the presence of divergent connections onto cells 1 and 2. Such a divergence and convergence
pattern may be the network support for this interneuronal
ability to promote GDP initiation.

Different capacity of single cells to initiate giant depolarizing
potentials

DISCUSSION

Finally, we tested the ability of different cells to initiate
GDPs. We used intracellular depolarizing current pulses
injected every 10 s to investigate the entraining capacity of
individual neurons. The amplitude of these pulses was fixed

The conclusions of the present work can be summarized as
follows. (1) GDPs are not initiated by a single pacemaker
neuronal population, they rather involve the participation of
heterogeneous cellular populations which contribute differently
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Fig. 8. Effects of CNQX (10–20 mM) in the threshold of frequency for GDP onset. These experiments were conducted in rats (P1–P6). No differences in GDPs
were detected between rats and rabbits. GDP threshold was calculated at control, 5, 7, 9 and ⬎15 min of bath application of CNQX. Wash was also examined.
Data from n  5 different slices. The traces show the effect of 17-Hz stimulation in three different situations. Trace a: control; trace b: after 15 min of CNQX
application; trace c: wash. GDP threshold increased up to 50 Hz after CNQX application. Calibration bars: 25 mV, 200 ms.

according to their intrinsic electrical activity. (2) GDP latency
between regions is long and does not depend on the initiation
site, being 244 ^ 40 ms between FD and CA3, and
208 ^ 32 ms between CA3 and CA1. (3) CA3 interneurons
do not always initiate GDPs, although they participate in their
propagation by firing at high frequency (12–45 Hz). (4) GDP
onset takes place in an all-or-none frequency-dependent
manner, both spontaneously or when triggered by extracellular stimulation. The threshold of frequency of GDP onset is
17 Hz in granule cells from the FD and 12 Hz in both CA3
pyramidal cells and interneurons. (5) CNQX application
increases the threshold of frequency of CA3 pyramidal cells
for GDP generation up to 50 Hz. (6) Single cells (IB and nonIB pyramidal cells and interneurons) are unable to entrain
GDPs, supporting the view of a cooperative interaction underlying these population bursts.
Intrinsic neuronal activity and recurrent loops underlie the
generation of giant depolarizing potentials
Our results support the idea that different neuronal
population participate in GDP generation. Experimental and
computational studies have demonstrated that recurrent excitation is one of the key factors required for the generation of
synchronized network discharges. 68,76,77 In immature hippocampal circuitry, such a recurrent excitation is enhanced by
interneuronal networks showing excitatory action via GABAA
receptors. 11 The results obtained from the sliding crosscorrelograms showed that GDPs were not originated by a
single cellular population; instead, they can be initiated either
from CA1, CA3 or FD cells, showing comparable latencies
between regions (200 ms). Hippocampal excitatory circuitry
is typically unidirectional, from the FD to CA3 and CA1.
However, since GDPs involve the synchronous firing of
GABAergic interneurons, 31 there is no morphological limitation to their local origin and bidirectional propagation. 8,35,84
Sliding cross-correlograms from CA3–FD recordings showed

evidence of recurrent excitatory events among cells from
these two areas (detected as double peaks of the crosscorrelation function; see Fig. 1B). Previous studies give
morphological support to this result by revealing patterns of
polysynaptic excitation of GCs by CA3 pyramidal
neurons. 55,56 It is shown that there is a glutamatergic
AMPA/kainate excitatory pathway from area CA3 to the
dentate gyrus in disinhibited hippocampal slices, 54 and a positive feedback between GCs and MCs. 29 It is likely that the
operation of these polysynaptic feedback loops depends
critically on the strength of excitatory synaptic transmission,
which is enhanced in immature networks by the lack of
inhibition through GABAA receptors.
The other principle underlying in vitro seizure-like
discharges is the intrinsic ability of individual cells to provide
background levels of rhythmicity. Our data showed evidence
of the intrinsic rhythmic capability of different neuronal
populations. As in adults, we found a subpopulation of CA3
pyramidal cells (40%) that fire intrinsic bursts depending on
membrane potentials 39,82 (IB cells). IB activity is present in
47% of cases 300 ms prior to GDP onset concomitantly with
EPSPs, suggesting its contribution to network synchronization. In fact, IB cells have been shown to be able to locally
coordinate synchronous EPSPs/inhibitory postsynaptic
potentials in the neocortex even in the presence of strong
synaptic inhibition, 9 while in disinhibited hippocampal slices
IB cells can entrain the entire CA3 population by means of
excitatory recurrent connections. 46,47,61
We also found a small subset of pyramidal neurons (12%)
that did not show stereotyped responses to current pulses but
fired spontaneously at 3–10 Hz. Other neuronal populations
also showed diverse levels of intrinsic rhythmic activity:
immature GCs show poor spontaneous activity and no bursting firing as in the adult, 19 while MCs have higher levels of
spontaneous synaptic and firing activity, 57 and were able to
fire bursts either spontaneously or in response to current injection, similar to CA3 IB pyramidal cells. A role of MCs during
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Fig. 9. Analysis of the capability of individual cells to initiate GDPs. (A) Results from a non-IB pyramidal cell. Training protocol consisted of the application of
depolarizing current pulses every 10 s for 30 min (a). The latency between the end of the depolarizing pulse and the GDP onset was calculated (b) to evaluate
the entraining capacity of the cells. If a single cell is able to initiate GDPs, shorter latencies are expected by the end of the training protocol. (B) Histograms
from the beginning of the training session (0–400 s) were compared with histograms from the end (1200–1600 ms). We found no strong evidence of single
neurons being able to initiate GDPs, neither CA3 IB pyramidal cells nor non-IB cells. (C) Only one interneuron (the CA3/SR interneuron shown in Fig. 4A)
showed a slight difference during the training session, i.e. shorter latencies and a different histogram distribution. (D) Latency histograms at the beginning and
end of the training session for this particular interneuron. Calibration bars: 25 mV, 300 ms.

theta oscillation has been reported, supporting their contribution to phase-lock postsynaptic neurons. 62
Interneurons from this study had a heterogeneous tendency
to show spontaneous activity from silent to near 2 Hz,
although they exhibit high-frequency spiking during GDPs.
In the adult hippocampus, rhythmic activation at 1–8 Hz of
presynaptic basket interneurons instantly phase-locks firing in
postsynaptic pyramidal neurons. 12 Since a single basket cell is
estimated to contact hundreds of pyramidal cells 60 and a pyramidal cell may excite a similar number of inhibitory
neurons, 35 it is suggested that feedback loops provide network
substrates for the spreading of synchronization. 18,37,72 The
hilar inhibitory circuit, for example, is composed of three

different subpopulation of GABAergic cells that become
synchronized in the absence of glutamate-mediated transmission. 17,45 Within the CA3 and CA1 areas, synaptic recurrent
connections among interneurons and pyramidal cells induce
interneurons to fire doublets of action potentials (as also
shown here in Fig. 4D). These doublets play a key role in
synchronizing pyramidal cells at gamma frequencies. 63,75
Therefore, the capacity of interneuronal networks to selfsustain synchronous activity is supported. 5,32,80
Nevertheless, using whole-cell recordings with electrodes
containing fluoride (to block GABAA receptor-mediated
responses), the glutamatergic component of GDPs has been
revealed. 4,34 Bath application of CNQX completely blocks
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spontaneous GDPs, which are re-induced by the application
of GABA, AMPA or by extracellular stimulation. This reinduction is abolished by the more potent AMPA antagonist
GYKI 53655, suggesting that their generation requires the
activation of AMPA receptors. 4 An NMDA contribution is
also suggested, since extracellularly evoked GDPs in the
presence of CNQX are blocked by addition of 2-amino-5phosphonovaleric acid. 31 In all these cases, re-induced
GDPs can be completely abolished by bicuculline. Therefore,
the generation of GDPs in immature hippocampal networks
requires the glutamatergic drive onto the interneurons, and a
synergistic activation of GABAA, NMDA and AMPA receptors. 2,20,26 The view of a single population of cells mediating
GDPs should thus be discarded. The results discussed here do
not support the idea that single neurons could initiate GDPs in
the immature hippocampus, although entraining capability
has been demonstrated in disinhibited adult slices 46 and in
juvenile hippocampal slices (P9–P16) exposed to convulsants. 23,61
The local hypothesis
Our results help to understand how synchrony develops in
immature hippocampal networks. (1) Rhythmic intrinsic
activity in one cell, such as IB cells or rhythmically spiking
neurons, can be transmitted to postsynaptic cells by divergent
patterns of connections (Figs 2C, 3D, E). (2) Several neurons
could share common inputs from different presynaptic cells
(Fig. 3D). This divergence/convergence enhances the recruitment of a local population of GABAergic and glutamatergic
neurons. (3) Recurrent connections guarantee the reverberation of synchronous local activity and the development of a
full synchronous firing pattern, i.e. GDPs. Prior to full
synchronization, there is a build up period (integration
period), lasting from 100 to 300 ms, in which synchronous
EPSPs and action potentials can be recorded (Fig. 1D; also
see Figs 1A and 2A in Ref. 43). This synchronous activity
reflects the growth of firing in an initial group of cells, which
subsequently spread by increasing the number of neurons
recruited. Integration periods preceding population bursts
are present not only in hippocampal networks under high
potassium, 10,70 but also in other cortical preparations 7,16,25
and spinal networks. 49 In the case of GDPs, the duration of
the integration period is long and highly variable for a given
cell pair, suggesting that GDPs are not always generated by
the same cellular groups. This is particular evident in sliding
cross-correlograms which show heterogeneous profiles of
temporal dependency (Fig. 1B). (4) After the integration
period, full synchronization, and therefore a GDP, appears
in an all-or-none manner depending on the EPSP frequency
in the recruited cells (Fig. 5A). The frequency threshold
appears to be a network property, since it could be modified
by a pharmacological tuning of synaptic interactions (Fig. 8),
which differs depending on the networks, such as CA3 and the
FD. 43,44
Based on these results, a local hypothesis of the origin of
GDPs can be proposed. The local hypothesis is supported by
data from CA3, CA1 and FD minislices where GDPs are still
recorded. 41 In this view, full synchronization in immature
hippocampal networks originates locally from a heterogeneous population of intrinsically active neurons (GABAergic and glutamatergic) which are densely connected. The rate
and extent of synaptic connections, together with the intrinsic

rhythmic capability, would determine the capacity of a given
“cluster” of neurons to act as a GDP focus. This implies a
different capacity of hippocampal regions to generate GDPs,
the CA3 area being the most outstanding. 31 Interneurons are
essential in the development of this synchrony, since their
excitatory effect via GABAA receptors enhances the synaptic
activity and chloride currents are the main component of
GDPs. 4 In fact, GABAA receptors appear to be the principal
pathway of synaptic transmission in the developing hippocampus, since the majority of spontaneous EPSPs are blocked
by bicuculline.
The frequency threshold of synchronization as a network
property
Synchronization is present in brain activity associated with
perception, encoding or processing, and occurs at particular
frequencies depending on the networks and the rhythmic
capacity of the component cells. 15,30,66,38,67 The CA3 synchronization threshold of 12 Hz is dependent on synaptic connections, since it is modified by CNQX application (Fig. 8).
When compared, CA3 and FD networks show different
thresholds for GDP generation, i.e. 12 and 17 Hz, respectively
(Fig. 5A). Such a difference is evident in the lower occurrence
of GDPs reported from the FD 43 and could also be the basis
for the filtering capability of the dentate gyrus during
seizures. 22,36,52 The connectivity difference between the CA3
area and the FD is widely documented. 6,81 Nevertheless, there
is an alternative explanation, since the FD threshold was
calculated from spontaneous activity (based on the high failure incidence: ⬃10%), while the CA3 threshold was investigated using extracellular stimulation (since CA3 showed a
small failure percentage: ⬃2%). Perhaps one source of discrepancy between the spontaneous and forced results was in the
interactions between the input pulses 3 or the massive stimulation of mossy terminals, a situation that is not present spontaneously. Nevertheless, when isolated, CA3 networks show
higher GDP incidence than the isolated FD, 41 suggesting a
higher synchronizing capability of immature CA3 circuitry
based on its high connectivity. 35 However, the question still
remains: which mechanism would explain where the 12- or
17-Hz threshold comes from?
In CA3 interneurons, the 12-Hz frequency threshold for full
synchronization within CA3 networks appears to be similar to
the frequency of evoked EPSPs prior to GDP onset (Fig. 5C,
trace b). This might suggest that temporal summation in the
interneurons would underlie the frequency dependence of the
GDP initiation process. 7 Nevertheless, blockage of synaptic
transmission via AMPA/kainate receptors increases the
threshold of frequency, which suggests that such a threshold
is not imposed by interneuronal activity. On the other hand,
we found a mean time constant of 19 ms in the CA3 interneurons, which would support a frequency of synchronization
of about 50 Hz (under the criterion that summation of GABAmediated EPSPs occurs at one time constant). Interestingly,
this was the frequency threshold detected when glutamatergic
transmission was reduced by CNQX application. The
frequency threshold of 12 Hz determines an 80-ms time interval between successive pulses for temporal summation. CA3
interneurons and pyramidal cells in this study showed a
membrane time constant of nearly 20 ms (see Table 1 and
Ref. 43). This implies that at least four postsynaptic
potentials can be summed within one time interval of 12-Hz
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synchronization (4 × 20 ms  80 ms ! 12 Hz). Since full synchronization requires the synergistic activation of GABAA,
NMDA and AMPA receptors, it is expected that the summed
postsynaptic potential should contain these three components;
12 Hz may thus be representing the minimal number of
EPSPs required for synergistic cooperation. Nevertheless,
attention must be paid not only to the membrane time
constant, but also to the time-course of particular receptors.
Experimental and computational studies have shown a relationship between the frequency of network oscillations and
the decay time constant in cell-to-cell connections. 75,80 A
possible analytical explanation of the 12-Hz frequency
threshold arises from detailed data on EPSP–receptor kinetics
from different immature cellular groups or even from different subsets of interneurons. 27,50
As illustrated in Fig. 7, few pyramidal cells (32%) might
support evidence of temporal summation. CA1 pyramidal
cells, MCs and GCs also showed evidence of EPSP summation to different extents. In all cases, not all the GDPs in
a given cell were preceded by EPSP summation, which
suggests an alternative explanation, i.e. temporal summation
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effectively underlies the frequency threshold mechanism, but
this would only be detectable near to the GDP initiation sites.
Results in other preparations, such as the piriform cortex,
support this idea. 25 By drawing the position of all the cells
showing the highest levels of EPSP summation (⬎30%), we
found that the region including the hilus, the granule layer and
CA3/CA4 area is most likely to initiate GDPs. In this view,
GDPs are initiated locally by an all-or-none mechanism
depending on EPSP summation beyond a threshold of
frequency. The position of these initiation sites does not
appear to be fixed; instead, a dynamic picture can be proposed
based on the variability of the integration period preceding
GDP onset. Imaging experiments may help to elucidate this
alternative. 13,79
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input and the output regions of the hippocampus. J. Neurosci. 17, 5380–5394.
9. Chagnac-Amitai Y. and Connors B. W. (1989) Synchronized excitation and inhibition driven by intrinsically bursting neurons in neocortex.
J. Neurophysiol. 62, 1149–1162.
10. Chamberlin N. L., Traub R. D. and Dingledine R. (1990) Role of EPSPs in initiation of spontaneous synchronized burst firing in rat hippocampal neurons
bathed in high potassium. J. Neurophysiol. 64, 1000–1008.
11. Cherubini E., Gaiarsa J. L. and Ben Ari Y. (1991) GABA: an excitatory transmitter in early postnatal life. Trends Neurosci. 14, 515–519.
12. Cobb S. R., Buhl E. H., Halasy K., Paulsen O. and Somogyi P. (1995) Synchronization of neuronal activity in hippocampus by individual GABAergic
interneurons. Nature 378, 75–78.
13. Colom L. V. and Saggau P. (1994) Spontaneous interictal-like activity originates in multiple areas of the CA2–CA3 region of hippocampal slices.
J. Neurophysiol. 71, 1574–1585.
14. Connors B. W. and Gutnick M. J. (1990) Intrinsic firing patterns of diverse neocortical neurons. Trends Neurosci. 13, 99–104.
15. Contreras D., Destexhe A., Sejnowski T. J. and Steriade M. (1997) Spatiotemporal pattern of spindle oscillations in cortex and thalamus. J. Neurosci. 17,
1179–1196.
16. Demir R., Haberly L. B. and Jackson M. B. (1999) Sustained and accelerating activity at two discrete sites generates epileptiform discharges in slices of
piriform cortex. J. Neurosci. 19, 1294–1306.
17. Forti M. and Michelson H. B. (1998) Synaptic connectivity of distinct hilar interneuron subpopulations. J. Neurophysiol. 79, 3229–3237.
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