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Giant Depolarizing Potentials: the Septal Pole of the Hippocampus
Paces the Activity of the Developing Intact Septohippocampal
Complex In Vitro
Xavier Leinekugel, Ilgam Khalilov, Yehezkel Ben-Ari, and Roustem Khazipov
Institut National de la Santé et de la Recherche Médicale, 75014 Paris, France

In neonatal hippocampal slices, recurrent spontaneous giant
depolarizing potentials (GDPs) provide neuronal synchronized
firing and Ca 21 oscillations. To investigate the possible role of
GDPs in the synchronization of neuronal activity in intact neonatal limbic structures, we used multiple simultaneous electrophysiological recordings in the recently described preparation
of intact neonatal septohippocampal complex in vitro. Combined whole-cell (in single or pairs of cells) and extracellular
field recordings (one to five simultaneous recording sites) from
the CA3 hippocampal region and various parts of the septum
indicated that spontaneous GDPs, which can be initiated anywhere along the longitudinal hippocampal axis, are most often
initiated in the septal poles of hippocampus and propagate to
medial septum and temporal poles of both hippocampi simultaneously. GDPs were abolished in the medial septum but not in
the hippocampus after surgical separation of both structures,

suggesting hippocampal origin of GDPs. The preferential septotemporal orientation of GDP propagation observed in the
intact hippocampus was associated with a corresponding gradient of GDP frequency in isolated portions of hippocampus.
Accordingly, most GDPs propagated in the septotemporal direction in both septal and temporal hippocampal isolated
halves, and whereas GDP frequency remained similar in the
septal part of hippocampus after its surgical isolation, it progressively decreased in more temporally isolated portions of
the hippocampus. Because GDPs provide most of the synaptic
drive of neonatal neurons, they may modulate the development
of neuronal connections in the immature limbic system.
Key words: giant depolarizing potentials (GDPs); GABAergic
network; synchronized neuronal activity; oscillations in neonates; rat; development; intact neonatal hippocampus and septum in vitro; electrophysiology

Synchronized and propagating neuronal activities shape neuronal
pathways during the early stages of development. Neuronal synchronization during development can be provided by sensory
experience, as well as by endogenous patterns of activity
(O’Donovan et al., 1992; Yuste et al., 1992, 1995; Gu and Spitzer,
1995; Kandler and Katz, 1995; Feller et al., 1996; Ben-Ari et al.,
1997), and participate in network formation by activitydependent mechanisms (Constantine-Paton et al., 1990; Goodman and Shatz, 1993; Katz and Shatz, 1996). It is therefore of
primary importance to describe whether and how spontaneous
patterns coordinate the activity of neurons inside and across
intact developing neuronal structures.
Limbic structures form a f unctional complex in the adult and
are implicated in memory processes and pathological disorders.
Although physiological interactions and associated patterns of
activity (theta rhythm, sharp waves) between septum and hippocampus have been extensively studied in the adult (for review,
see Buzsaki and Chrobak, 1995; Freund and Buzsaki, 1996), little
is known about the spontaneous patterns of activity present in
these structures at the early stages of development. Previous
works in the rat hippocampal slice preparations have shown that

during the first postnatal week [postnatal days 0 –5 (P0 –P5)], the
spontaneous neuronal activity is characterized by network-driven
giant depolarizing potentials (GDPs) (Ben-Ari et al., 1989). In
slices, GDPs provide synchronous neuronal activation and Ca 21
oscillations attributable to the cooperation of excitatory
GABAergic and glutamatergic synaptic transmissions (Corradetti
et al., 1988; Gaı̈arsa et al., 1990; Leinekugel et al., 1995, 1997a,
1998; Ben-Ari et al., 1997; Khazipov et al., 1997). Understanding
the coordination of neuronal activity in the intact neonatal septohippocampal system is a major requirement for the study of
activity-dependent processes implicated in the formation of functional neuronal ensembles in the limbic system. We presently
investigated whether and how GDPs coordinate neuronal activity
in the intact neonatal septohippocampal complex in vitro.
A major obstacle for the study of generation and propagation of
organized neuronal activities in the brain is that they may require
intact neuronal networks. In vivo recordings, which preserve
neuronal networks intact, do not offer the technical facilities of in
vitro experiments, can hardly be made in neonates because of
intrinsic difficulties, and the use of anesthetics may affect synaptic
transmission (Mooney et al., 1996). On the other hand, more
complex in vitro preparation than slices in which the neuronal
network is damaged are clearly required to study the generation
and propagation of synchronized neuronal activities. A successful
development was recently realized in the study of neuronal activity propagation in the visual system: using a preparation including the intact retina and visual pathway to LGN slices from
neonatal mice in vitro, Mooney et al. (1996) observed that spontaneous waves of activity in the retina before the onset of vision
propagated to LGN, which could play a crucial role in the forma-
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tion of f unctional transmission of subsequent visual information.
We have shown recently that neuronal activity in neonatal rat
intact limbic structures (including both hippocampi and septum
functionally connected) could also be studied in vitro (Khalilov et
al., 1997a,b; Leinekugel et al., 1997b). The use of multiple simultaneous patch-clamp and extracellular field recordings in this
novel in vitro preparation enabled us to observe that GDPs
provide synchronized neuronal activity in the intact neonatal
septohippocampal complex and support a septotemporal orientation of hippocampal activity. Because GDPs provide most of the
synaptic drive of neonatal neurons, they may modulate the development of neuronal connections in the immature limbic system.

MATERIALS AND METHODS
Preparation of acute intact hippocampi. The intact septohippocampal
complexes or intact hippocampal formations (IHFs) were prepared as
described previously (K halilov et al., 1997a). Neonatal male Wistar rats
(age, P0 –P6) were anesthetized by hypothermia and decapitated. After
decapitation, the brains were quickly removed and immersed for dissection in ice-cold (2– 4°C) oxygenated standard artificial C SF (AC SF)
composed of (in mM): 126 NaC l, 3.5 KC l, 2.0 C aC l2 , 1.3 MgC l2 , 25
NaHC O3 , 1.2 NaH2PO4 , and 11 glucose). After removing the cerebellum and the most frontal part of the neocortex by coronal sectioning, the
complex including the two hippocampi and septum was gently isolated
from surrounding structures with two plastic spatulas. Great care was
given to avoid damage of connections between structures. For a number
of experiments, single IHFs were then isolated from the septohippocampal complex. The septohippocampal complex or the IHFs were then
gently transferred to a beaker containing oxygenated AC SF and kept at
room temperature (20 –22°C) for at least 1–2 hr before use. They were
then transferred to a f ully submerged chamber, laid on a nylon mesh,
fixed with entomological needles inserted to Sylgard, and superf used at
a rate of 10 –12 ml /min with oxygenated AC SF (30 –32°C). The preparation was laid down on its internal side to allow direct access to the CA1
and CA3 regions.
Electrophysiolog ical recordings. Electrophysiological recordings were
performed using the patch-clamp technique in the whole-cell configuration (Blanton et al., 1989) with Axopatch 200 (Axon Instruments) patchclamp amplifiers. C ells were patched blindly with 7–10 MV microelectrodes containing one of the following (in mM): (1) 120 C s gluconate, 10
C sC l, 1 C aC l2 , 10 EGTA, 2 MgATP, and 10 H EPES; (2) 135 K
gluconate, 2 MgC l2 , 0.1 C aC l2 , 2 Na2ATP, 1 EGTA, and 10 H EPES; or
(3) 140 C sC l, 1 C aC l2 , 10 EGTA, 10 H EPES, and 2 MgATP, pH 7.25;
osmolarity, 270 –280 mOsm. L ucifer yellow (0.2– 0.4%) was routinely
added to the pipette solution for post hoc morphological identification.
E xtracellular field potentials were recorded conventionally using glass
micropipettes filled with AC SF (1–5 MV) and DAM80 amplifiers (low
filter, 1 Hz; high filter, 0.1 K Hz; W PI). Electrical stimulations (0 – 80 V,
10 –30 msec) were provided by a bipolar electrode placed in the CA3
hippocampal region.
Data anal ysis. Spontaneous neuronal activity and stimulation-evoked
responses were acquired on a digital audio tape recorder (Biologic) and
loaded into an 80486 personal computer using an analog-to-digital converter (TL1 DM A; Labmaster). Acquis (sampling rate, 1.3 K Hz; Axon)
and Axotape (sampling rate, 0.5 K Hz; Axon) programs were used for the
acquisition and analysis of evoked and spontaneous events, respectively.
Group measures were expressed as mean 6 SEM. Statistical significance of differences between means was assessed with the Student’s t test
with the aid of the statistical software StatView SE1 Graphics (Abacus
Concepts, C alabases, CA). The level of significance was set at p , 0.05.
Drugs. Tetrodotoxin was purchased from Sigma (St. L ouis, MO);
bicuculline, C NQX, and APV were purchased from Tocris Neuramin;
and L ucifer yellow was purchased from Molecular Probes (Eugene, OR).

RESULTS
Spontaneous synaptic activity in the limbic system of newborn
rats was investigated using electrophysiological techniques combining patch-clamp and extracellular field-potential recordings in
the in vitro preparation containing septum and both hippocampi
dissected from P0 –P6 animals.
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Synaptic activity of individual neurons in the intact
septum and hippocampus is characterized by
network-driven GDPs
Patch-clamp whole-cell recordings were performed blindly in the
CA3 region of hippocampus and medial septum from 19 animals.
The addition of Lucifer yellow in the internal solution allowed for
post hoc identification of the recorded neurons.
As in age-matched hippocampal slices, the spontaneous activity
of hippocampal neurons (n 5 104 cells from 22 hippocampi) was
characterized by recurrent GDPs (Ben-Ari et al., 1989). GDPs
are network-driven events: (1) their amplitude, but not frequency,
was modified by changing the membrane potential (Fig. 1 A); (2)
they were reversibly blocked by perfusion with high-Mg 21 (9 mM)
external solution (data not shown); and (3) they were evoked by
electrical stimulation in an all-or-none manner, increasing stimulation intensity above threshold decreasing their latency without
modifying their amplitude (Fig. 1 B). GDPs in the intact hippocampus had features similar to those described in slices: (1)
they were reversibly blocked by bath application of TTX (1 mM) or
the GABAA and glutamate receptor antagonists bicuculline (10
mM), APV (50 mM), and CNQX (10 mM), respectively (data not
shown), confirming that they are mediated by synaptic transmission via the activation of GABAA and glutamate receptors (BenAri et al., 1997; Khazipov et al., 1997; Leinekugel et al., 1997a);
and (2) the reversal potential of the GDPs was highly dependent
on internal Cl 2 (4.2 mM Cl 2, Einv 5 257 6 2 mV; n 5 17; 12 mM
Cl 2, Einv 5 247 6 2 mV; n 5 4; and 142 mM Cl 2, Einv 5 22 6
5 mV; n 5 8), indicating that they were primarily mediated by
GABAA receptors (Fig. 1C).
Interestingly, GDPs were present also in neurons from the
medial septum with similar properties (n 5 15) (Fig. 1 D), suggesting that they represent a common pattern of neuronal activity
in developing interconnected limbic structures. Because GDPs in
hippocampal transverse slices were shown to provide synchronous
neuronal activity (Khazipov et al., 1997; Leinekugel et al.,
1997a), we investigated whether neuronal activity among these
developing limbic structures was synchronized.

GDPs are locally synchronized events that propagate
As a first approach to study GDP synchronization, we combined
whole-cell and extracellular field potential recordings at different
locations in the intact hippocamposeptal complex. An extracellular electrode was placed in the CA3 pyramidal region of hippocampus or in medial septum, and a nearby individual neuron
was simultaneously recorded in the whole-cell mode. As illustrated in Figure 1, C and D, GDPs in individual cells were highly
synchronized with local extracellular field potentials, suggesting
that GDPs are locally synchronized events (n 5 6 whole-cell–field
pairs in hippocampus; n 5 8 whole-cell–field pairs in septum).
Moreover, as illustrated in Figure 2, double patch-clamp recordings (n 5 12 pairs) indicated that GDPs propagate from one
hippocampus to the other: (1) GDPs, which are typically associated with a burst of one to five action potentials (Khazipov et al.,
1997; Leinekugel et al., 1997a), were synchronous in CA3 neurons from both hippocampi (Fig. 2 B–D); and (2) electrical stimulation in one hippocampus evoked the generation of ipsilateral
and contralateral GDPs (Fig. 2 E, F ).
In keeping with these results, both spontaneous and evoked
GDPs were highly synchronous in simultaneous whole-cell recordings from pairs of individual neurons close to each other (n 5
32 pairs). Spontaneous GDPs also appeared synchronously in
pairs of neurons comprising one neuron in each hippocampus at
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Figure 1. Spontaneous and evoked GDPs are present in neonatal hippocampal and medioseptal neurons of the intact septohippocampal complex in vitro.
A, Whole-cell recording (voltage clamp) at two different membrane potentials (lef t, 240 mV; right, 120 mV) from a CA3 pyramidal cell. Note the
presence of recurrent GDPs which amplitude, but not frequency, changed with membrane potential. B, GDPs evoked by electrical stimulations (arrow)
in a CA3 pyramidal cell. Note that above threshold, increasing stimulation decreases GDP latency without affecting its amplitude. C–D, Whole-cell
recordings with different internal C l 2 concentrations (top traces: lef t, C li 5 142 mM; right, C li 5 12 mM) and extracellular field recordings (bottom traces)
of spontaneous GDPs in the CA3 region of hippocampus ( C) and in the medial septum ( D). GDPs were synchronized in individual neurons (w/c, whole
cell) and in the local neuronal population ( field, field recordings very close to whole-cell pipette). Note also that GDP amplitude strongly depends on
internal Cl 2 in neurons from both hippocampus and medial septum.

similar distances from their respective septal poles (n 5 12 pairs)
(Fig. 2 B –D). However, with recordings from distant cells along
the septotemporal axis, significant delays of up to 1 sec were
systematically observed. In fact, whereas evoked GDPs appeared
first in the cell closest to the stimulus location (in both single and
bilateral hippocampi) (Fig. 2 F), spontaneous GDPs appeared
most often first in the cell closest to the septal pole of hippocampus. These results suggest that locally synchronized spontaneous
GDPs initiate in the septal poles of the hippocampus and then
propagate toward the temporal poles.
To directly address this question, simultaneous multiple fieldpotential recordings were used, allowing us to study the origin
and propagation of GDPs in the neonatal septohippocampal
complex.

Spontaneous GDPs originate in the septal poles of
hippocampus and propagate to temporal poles
Three to five extracellular electrodes for field recordings were
placed in the CA3 region at various locations along the septotemporal axis of one or both hippocampi. Each experiment consisted
in the recording of 50 –200 consecutive GDPs. As illustrated in

Figure 3, GDPs appeared synchronously in both hippocampi and
propagated from septal to temporal poles. In average of 28
experiments, 82 6 3% of GDPs appeared in the most septal
recording site and propagated in the septotemporal direction,
whereas 3 6 2% appeared in the middle of hippocampus and
propagated in both septal and temporal directions, 5 6 2%
appeared in the temporal pole and propagated toward the septal
pole, 5 6 1% appeared simultaneously in all recording sites, and
5 6 1% appeared in only one recording site and did not propagate. These features were very similar when recordings were
obtained from two interconnected hippocampi (n 5 13) (Fig. 3)
or in the isolated hippocampus (n 5 15) (Fig. 4 A). Most GDPs
recorded in one hippocampus also appeared in the contralateral
one (84 6 9%; n 5 8). Although GDPs tended to appear first in
the left hippocampus, no significant leading behavior between left
versus right septal hippocampal poles was evidenced; 18 6 4% of
GDPs appeared synchronously in both septal poles, 54 6 9%
appeared first in the left hippocampus, and 28 6 9% appeared
first in the right hippocampus (n 5 8; p 5 0.2).
Interestingly, a limited proportion of GDPs appeared in both

6352 J. Neurosci., August 15, 1998, 18(16):6349–6357

Leinekugel et al. • GDPs in the Intact Septohippocampal Complex In Vitro

hippocampus (9.2 6 2, 9.4 6 2, 7.7 6 1, and 5 6 2 mm/sec in the
first 10 –50, 50 – 65, 65–75, and 75–90% of hippocampus respectively; n 5 11 hippocampi; p . 0.7).
Therefore, in the intact septohippocampal complex in vitro,
most of hippocampal GDPs appear in the septal poles and propagate bilaterally toward temporal extremities.

Septotemporal orientation of hippocampal activity

Figure 2. GDPs are synchronous in neurons from ipsilateral and contralateral hippocampi. Spontaneous ( B –D) and evoked ( E–F) GDPs
recorded in the whole-cell configuration from two CA3 pyramidal cells
(A, one from each hippocampus). B –C, Simultaneous recording of two
pyramidal cells in the cell-attached (cell 2) and whole-cell (cell 1) configurations. Note that bursts of action potentials occur in cell 2 during GDP
in cell 1 (the first GDP of B is presented in an expanded time scale in C).
D, Entry into whole-cell mode in cell 2 shows that GDPs are synchronous
in both cells. E–F, GDPs evoked in the same two cells as in B –D by
electrical stimulation (E: cell 1, whole-cell mode; cell 2, cell-attached
mode; F: both cells in whole-cell mode). Note that electrical stimulation
in the temporal extremity of one hippocampus generated GDP in both
ipsilateral (cell 1) and contralateral (cell 2) hippocampi, whereas when
spontaneous GDPs appeared simultaneously in both cells, the GDP
evoked in the ipsilateral side preceded the contralateral GDP.

septal poles but did not propagate until temporal extremities.
Precise analysis indeed revealed that although almost all GDPs
(97 6 1%; n 5 24 hippocampi) recorded in the most 10 –25%
septal part propagated to the first half of hippocampus, an increasing number of them faded with distance along the temporal
half. As illustrated in Figure 3D, among GDPs recorded in the
10 –25% most septal part of hippocampus, 85 6 4% propagated to
the rest 50 – 65% of hippocampus (n 5 22 hippocampi), 77 6 7%
to the rest 65– 80% of hippocampus (n517), and 60 6 8%
reached the rest 80 –90% of hippocampus (n512). Analysis of the
delays of appearance of GDPs at these different locations indicated that this septotemporal propagation occurred at a speed of
7.55 6 2 mm /sec (n 5 11 hippocampi). Although GDP propagation tended to slow down in the temporal part, no significant
difference in speeds was observed as a f unction of the portion of

Taking advantage of the in vitro preparation, we investigated the
behavior of surgically isolated parts of hippocampus to examine
whether the septotemporal pattern of GDP propagation is determined by particular differences between septal and temporal
hippocampal poles or by a septotemporal gradient of activity
along the longitudinal hippocampal axis. Removal of the septum
(n 5 18 with hippocampus and septum together; n 5 14 with
hippocampus alone), separation of each hippocampus (n 5 13
with both hippocampi together; n 5 12 with only one isolated
intact hippocampus), and more surprisingly, isolation of septal
and temporal halves of hippocampus (n 5 11 experiments with
recording from the same hippocampus before and after separation of septal from temporal halves) did not affect the septotemporal pattern of propagation of GDPs (Fig. 4), suggesting that it
does not require the integrity of the septohippocampal complex.
In the temporal half of hippocampus, 80 6 9% of GDPs appeared
in the most septal recording site and propagated in the septotemporal direction, whereas 7 6 7% appeared in the middle of the
preparation and propagated in both septal and temporal directions, 1 6 1% appeared in the most temporal recording site and
propagated toward the septal pole, 2 6 2% appeared simultaneously in all recording sites, and 9 6 5% appeared in only one
recording site and did not propagate. For the septal half, the
corresponding values were 72 6 12, 1 6 2, 15 6 8,12 6 5, and 0%,
respectively.
To test the hypothesis that the septal pole could drive the intact
hippocampal network because of higher spontaneous activity, we
compared the frequency of spontaneous GDPs in isolated portions of hippocampus. In the experiment illustrated in Figure 5,
measuring spontaneous activity before and after the cutting of
hippocampus into one-thirds revealed a real septotemporal gradient of GDP frequency, the most septal third having similar
GDP frequency as the intact hippocampus, whereas this frequency decreased by 30% and 80% in the middle and temporal
thirds, respectively. In nine experiments in which GDP frequency
was compared in septal versus temporal hippocampal halves,
GDPs had a frequency of 10.9 6 1 min21 in the septal half and
8.9 6 2 min21 in the temporal half of intact hippocampus. After
a knife cut was made to isolate septal from temporal halves (n 5
9), GDP frequency remained unchanged in the septal part (11.4 6
2 min21) but decreased by two to four times in the temporal half
(5.3 6 1 min21; p , 0.05) (Fig. 5D).
A possible additional factor for the preferential septotemporal
orientation of GDP propagation is derived from the observation
that spontaneous GDPs initiated in the septal poles had a higher
rate of propagation to the rest of the hippocampus than spontaneous GDPs initiated in the temporal poles. From 17 experiments
in which both types of GDPs were present, we observed that 75 6
6% of GDPs initiated in the septal pole propagated to the temporal pole, whereas 41 6 9% of GDPs initiated in the temporal
pole propagated to the septal pole (data not shown; p , 0.01).
Therefore, septotemporal initiation and propagation of GDPs
is supported by at least two factors: (1) GDPs occur more frequently in the septal than in the temporal pole; and (2) GDPs
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Figure 3. Spontaneous GDPs propagate synchronously
in both hippocampi from septal to temporal poles. Multiple extracellular field recordings from the CA3 region
of the intact bilateral septohippocampal complex. A,
Simultaneous extracellular field recordings at the four
recording sites indicated in the top scheme. RH, right
hippocampus; LH, left hippocampus. Note that most
GDPs (field deflections, arrow) appeared quite simultaneously in the four recording sites, with few exceptions of
GDPs that appeared in septal poles but not in temporal
poles (asterisk a) or appeared locally in one hippocampal
site but did not propagate (asterisk b). B–D, Simultaneous extracellular field recordings at the four recording
sites indicated in the scheme ( B). Corresponding electrophysiological traces (1– 4 ) showing propagation of a
GDP at a large time scale. Note that GDPs appeared first
in the most septal recording site (1, dashed arrow) and
propagated toward the most temporal recording site (4,
dashed arrow). As illustrated in A, not all GDPs propagated to the temporal extremity or to the contralateral
hippocampus. D, Summary of the percentage of GDP
propagation from one hippocampus to its contralateral
counterpart (H-H ) and from the septal pole to the other
recording sites in the same hippocampus (x-axis values
correspond to normalized septotemporal distances as
represented in B). Numbers above each bar indicate the
corresponding number of averaged experiments. Note
that a significant percentage of GDPs initiated in the
septal pole faded away before reaching the temporal
extremity.

initiated in the septal pole have a higher rate of propagation than
GDPs initiated in the temporal pole. It remains to be elucidated
whether this septotemporal gradient is attributable to differences
in cell properties or to network organization, possibly in relation
with maturational differences.

results suggest that septal GDPs originate in hippocampus and
propagate to septum via hippocamposeptal-projecting neurons.
Together, these results suggest that the septal pole of the
hippocampus paces the activity of the developing intact septohippocampal complex in vitro.

GDPs in septum are driven by the activity of extrinsic
hippocamposeptal projections

DISCUSSION

To examine the relationship between septal and hippocampal
GDPs, we recorded simultaneously the synaptic activity from
septal and hippocampal neurons. As illustrated in Figure 6 A,
most GDPs (92.5 6 4%; n 5 4) appearing in the septal pole of
the hippocampus appeared also in the medial septum. In addition,
GDPs typically appeared first in the hippocampus before appearing in the septum (Fig. 6 A).
To know whether GDPs could be generated in septum independently from hippocampus, we recorded synaptic activity from
septal neurons before and after section of hippocamposeptal
connections (Fig. 6). Although GDPs were present in septum
when f unctionally connected to hippocampus, surgical isolation
by a knife cut between hippocampus and septum abolished GDPs
in septum but not in hippocampus (n 5 12) (Fig. 6 B). These

Spontaneous neuronal activity of the intact neonatal septohippocampal complex in vitro was studied using simultaneous multiple whole-cell and extracellular field recordings. We found that
spontaneous GDPs, initially described in hippocampal transverse
slices (Ben-Ari et al., 1989), have particular spatiotemporal characteristics of generation and propagation in the intact septohippocampal complex. Three principal conclusions can be drawn
from the present results: (1) the neonatal hippocampal network is
characterized by a septotemporal gradient of automaticity; spontaneous GDPs are present in isolated transverse portions of
hippocampus, but the septal pole has the highest rhythm of
activity and drives the entire hippocampal network; (2) GDPs are
synchronized in both hippocampi via commissural connections;
and (3) in contrast to hippocampus, the septal network itself does
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Figure 4. GDPs propagate in the septotemporal direction in isolated portions of hippocampus. Simultaneous recording of GDPs at different recording
sites (1– 4 ) in the intact ( A), isolated septal ( B), or temporal ( C) halves of the hippocampus. Cross-correlograms for GDPs ( y-axis, number of GDPs;
x-axis, time, 100 msec bin) of different recording sites (septal pole, filled bars; temporal pole, open bars) are plotted below the corresponding traces. A,
Cross-correlogram of GDPs in sites 1 (septal pole, filled bars), 3 (reference event, GDP in site 3), and 4 (temporal pole, open bars) in the intact
hippocampus. B, Cross-correlogram of GDPs in sites 1 (septal pole) and 4 (reference event, GDP in site 4) in the septal half of hippocampus. C,
Cross-correlogram of GDPs in sites 1 (reference event, GDP in site 1) and 4 (temporal pole) in the temporal half of hippocampus. Note the
septotemporal propagation of GDPs in the intact hippocampus, as well as in the septal and temporal halves of the same hippocampus after they were
surgically transsected.

not generate GDPs. However, septal neurons undergo GDPs
originating in and propagating from hippocampus. Therefore, the
spontaneous neuronal activity of the intact septohippocampal
complex is tightly synchronized during the first postnatal week of
life, which may have major implications for the coordinated
development of the neuronal ensembles in immature limbic
structures.

Septotemporal orientation of hippocampal activity
Synchronized patterns of activity at the early stages of development were observed, primarily in the slice preparation, in various
structures (O’Donovan et al., 1992; Yuste et al., 1992, 1995; Gu
and Spitzer, 1995; Kandler and Katz, 1995; Feller et al., 1996;
Mooney et al., 1996; Ben-Ari et al., 1997). The use of novel in

vitro preparations such as the intact septohippocampal complex
allows the study of the generation and propagation of network
activities with similar technical facilities as in slices (Khalilov et
al., 1997a,b; Leinekugel et al., 1997b). We recently showed that
this preparation was fully viable and actually allowed better tissue
preservation than age-matched slices (Khalilov et al., 1997a).
Patch-clamp whole-cell recordings allow us to draw the conclusion that GDPs in the intact hippocampus have the same principal
features as in hippocampal slices: (1) they are mainly GABAergic,
because their reversal potential was primarily dependent on Cl 2
gradient; and (2) they are locally synchronous, because they
appeared synchronously in pairs of nearby individual cells.
However, recording from pairs of distant cells along the
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Figure 5. Septotemporal gradient of GDP frequency in the hippocampus. GDP frequency in different portions of hippocampus (top, recording
sites 1–3) was measured before ( A) and after ( B) their surgical transsection (top, dashed lines). Note that in addition to being desynchronized
after surgical transsection (compare A, B), GDP frequency gradually
decreased toward the temporal pole (compare traces 1–3 in B). C, Quantification of GDP frequency before ( H ) and after (1/3 S, most septal third;
1/3 m, middle third: 1/3 T, most temporal third) surgical transsection. D,
Average GDP frequency (n 5 9 hippocampi) in the septal and temporal
halves before (1/2 S and 1/2 T, respectively) and after (1/2 S alone and 1/2
T alone, respectively) surgical transsection. Note that whereas surgical
hemisection did not affect GDP frequency in the septal half, it decreased
GDP frequency by two times in the temporal half.

septotemporal axis, we observed systematic delays of GDP
occurrence. Combining simultaneous whole-cell and multiple
extracellular field-potential recordings clearly indicated that in
the intact hippocampus, and more surprisingly also in isolated
transverse portions of hippocampus, GDPs propagate in the
septotemporal direction. These results suggest that the neonatal hippocampus has a septotemporal gradient of neuronal
activity and /or a septotemporal orientation of neuronal
projections.
Although most GDPs are initiated in the septal pole, a significant number of them are initiated in the temporal pole and are
able to propagate toward the septal pole. Moreover, GDPs being
initiated in the middle of hippocampus propagate toward both
poles. These observations suggest that the hypothesis of asymmetric longitudinal orientation of projections is unlikely to fully
explain the preferential septotemporal orientation of GDP
propagation.
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Figure 6. GDPs in medial septum originate in the hippocampus. Extracellular field potentials were recorded simultaneously from the medial
septum (top scheme, S) and from the CA3 hippocampal region (top
scheme, H1, H2) before ( A) and after ( B) cutting the connections between
hippocampus and septum (B, dashed line). In the septohippocampal complex (A), GDPs (arrows) were synchronized in the hippocampus and the
medial septum. The GDP indicated by an asterisk in A is presented in the
right top corner at expended time scale, showing that GDPs typically
appeared first in the septal pole of hippocampus (H1) and propagated to
the septum ( S) and temporal pole of hippocampus (H2). After surgical
separation of hippocampus and septum ( B), GDPs (arrows) were still
present in hippocampus (H2) but not in septum ( S).

Because GDPs are present in isolated portions of hippocampus
at various septotemporal locations, including 500-mm-thick transverse hippocampal slices and even minislices of CA3 subfield or
fascia dentata (Khazipov et al., 1997), the neuronal elements
required for their generation are present already in local neuronal
circuits. However, the present results indicate a higher frequency
of GDPs in isolated septal parts of hippocampus compared with
more temporal parts. Therefore, the neonatal hippocampal network has a septotemporal gradient of autorhythmicity, and the
septal pole, being the most active, paces the rhythm of the entire
structure. Further investigations are required to examine whether
this gradient is attributable to differences in cellular properties or
in synaptic connectivity along the septotemporal axis of hippocampus. Because GABAergic interneurons play a major role in
the generation of GDPs, an additional possibility is that an
asymmetric longitudinal distribution of subclasses of GABAergic
interneurons, as suggested in previous morphological studies
(Buzsaki et al., 1990), could be implicated in the observed septotemporal gradient of GDPs frequency.
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Synchronization of hippocamposeptal activity
Our present results indicate that in the intact septohippocampal
complex in vitro, GDPs are synchronous in both hippocampi and
medial septum. However, they were absent in the isolated septum.
Therefore, only the use of a preparation that preserves hippocamposeptal connections intact could allow the observation that
GDPs represent a common pattern of activity for hippocampal and
septal neurons, which is one of the major findings of this work.
Septal GDPs have some similarities with hippocampal GDPs,
including their synchronous occurrence in neurons and the main
contribution of GABAA receptors. However, the mechanisms of
generation of GDPs in septum are different from in hippocampus.
Although hippocampal GDPs can be generated in isolated portions of the hippocampal network, the local septal neuronal
network does not seem able to generate GDPs. This may be
attributable to the absence of glutamatergic recurrent collaterals
in the septum (Jakab and Leranth, 1995), which play an important
role in synergy with GABAergic excitatory connections in the
generation of hippocampal GDPs (Ben-Ari et al., 1997; Khazipov
et al., 1997; Leinekugel et al., 1997a). Instead, septal GDPs result
from the propagation of hippocampal GDPs via hippocamposeptal projections.
From previous morphological and electrophysiological studies
(Freund and Antal, 1988; Buzsaki et al., 1992; Toth et al., 1993;
Lee et al., 1994; Bragin et al., 1995; Buzsaki and Chrobak, 1995;
Ylinen et al., 1995; Freund and Buzsaki, 1996; Toth et al., 1997),
extensive GABAergic networks were proposed to play a key role
in the synchronization of limbic neurons in the adult hippocampus, septum, and entorhinal cortex, giving rise to spontaneous
patterns of synchronized activities (theta rhythm, sharp waves).
Several morphological studies using retrograde and anterograde
labeling of hippocamposeptal and interhippocampal (commissural) neuronal projections have already reported the presence of
early GABAergic connections (Crutcher, 1982; Milner et al.,
1983; Linke and Frotscher, 1993; Super and Soriano, 1994). The
present results suggest that hippocamposeptal and commissural
projections are already f unctional at birth and support the view of
a major role of the GABAergic network in synchronizing activity
of large neuronal ensembles, inside and across developing limbic
structures.

Possible physiological implications of
GDPs propagation
Previous works on hippocampal slices showed that GDPs
were associated with synchronous C a 21 oscillations mediated
by voltage-dependent C a 21 channels and NMDA receptors
(Leinekugel et al., 1996, 1997a). Although the consequences of
the Ca 21 influx during GDPs via voltage-gated C a 21 channels
and NMDA channels are presently unknown, activation of
voltage-gated C a 21 channels promotes neuronal differentiation
in several preparations (Desarmenien and Spitzer, 1991; Gu and
Spitzer, 1995; L oT urco et al., 1995; Rusanescu et al., 1995), and
localized C a 21 influx through NMDA receptors can provide a
hebbian modulation of developing synapses (Komatsu and Iwakiri, 1993; Crair and Malenka, 1995; Fox, 1995; K irkwood et al.,
1995; Durand et al., 1996; Liao and Manilow, 1996; McLean et al.,
1996; Wu et al., 1996). It is now generally accepted that the
establishment and modulation of synaptic connections during
development is at least partly dependent on the coordination
between presynaptic and postsynaptic neuronal elements
(Constantine-Paton et al., 1990; Goodman and Shatz, 1993; Katz
and Shatz, 1996). It was shown recently that depending on the
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precise timing of presynaptic and postsynaptic firing, either longterm potentiation or long-term depression of synaptic transmission could be induced (Markram et al., 1997). Interestingly,
GDPs provided high synchronization locally, but because of their
slow speed of propagation, distant cells in the septotemporal
hippocampal axis have very significant delays of activation (up to
1 sec). According to the hebbian hypothesis “neurons that fire
together, wire together” (Stent, 1973), local synchrony could
serve as a basis for the formation of functional units inside large
neuronal ensembles. Existence of functional units in the septohippocampal system was recently suggested from morphological
studies indicating that distinct groups of cells, depending on their
positions along the longitudinal axis of hippocampus, project to
distinct specific areas of septum (Risold and Swanson, 1996). One
may therefore assume that GDPs, by differentially regulating
synaptic efficacy between neurons depending on their septotemporal distance, may drive the formation of functional units in the
septohippocampal complex.
Although the intact septohippocampal preparation in vitro allows us to characterize the neuronal activity in intact structures,
further studies are needed to examine whether similar spatiotemporal characteristics of spontaneous activity are present in the
neonatal limbic system in vivo.
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