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Both synaptic and intrinsic mechanisms underlie
the different properties of population bursts in the
hippocampal CA3 area of immature versus adult rats

Li-Rong Shao!? and F. Edward Dudek!+?

' Department of Biomedical Sciences, Anatomy and Neurobiology, Colorado State University, Fort Collins, CO 80523, USA
’Department of Physiology, University of Utah School of Medicine, Salt Lake City, UT 84108, USA

Pharmacological blockade of GABA, receptors on CA3 pyramidal cells in hippocampal slices
from immature rats (i.e. second to third postnatal weeks), compared to CA3 slices from adult
rats, is known to cause prolonged burst discharges (i.e. several seconds vs. tens of milliseconds).
Synaptic and intrinsic mechanisms responsible for this developmental difference in burst
duration were analysed in isolated minislices of the CA3 area. The frequency and amplitude of
spontaneous EPSCs in CA3 pyramidal cells were greater in slices from immature than mature
rats. In the presence of GABA,- and GABAg-receptor antagonists, the burst discharges of
immature CA3 pyramidal cells were still prolonged in thinner slices (350 um, vs. 450 um in
adults, to compensate for developmental differences in neuronal density) and in NMDA- and
mGlul-receptor antagonists. The AMPA receptor antagonist DNQX blocked the remaining
burst discharges, suggesting that differences in recurrent excitatory circuits contributed to the
prolonged bursts of immature CA3 pyramidal cells. In slices from immature versusadult rats, the
CA3 recurrent synaptic responses showed potentiation to repetitive stimulation, suggestive of a
lower transmitter release probability. The intrinsic firing ability was greater in CA3 pyramidal
neurons from immature than adult rats, and the medium-duration afterhyperpolarization was
smaller. These data suggest that, compared to adults, the CA3 area of immature rats contains
a more robust recurrent excitatory synaptic network, greater intrinsic membrane excitability,
and an increased capacity for sustained transmitter release, which together may account for the
more prolonged network bursts in immature versus adult CA3.
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Abbreviations AHP, afterhyperpolarization; AIDA, 1-aminoindan-1,5-dicarboxylic acid; AP-5, DL-2-amino-5-
phosphonopentanoic acid; DNQX, 6,7-dinitroquinoxaline-2,3-dione; FP, field-potential; KS test, Kolmogorov—
Smirnov test; mGlul receptors, type 1 metabotropic glutamate receptors; WC, whole-cell.

Introduction

In adult animals, the hippocampal CA3 area generates
brief (i.e. tens of milliseconds) bursts when GABA,
receptors are blocked pharmacologically (Schwartzkroin
& Prince, 1977; Wong & Traub, 1983), but much
more prolonged (i.e. ~10s) bursts with repetitive after-
discharges occur in the CA3 area from immature animals,
particularly during the second postnatal week (Swann &
Brady, 1984; Swann et al. 1991, 1993; Gomez-Di Cesare
et al. 1997). The propensity for generating prolonged
epileptiform bursts in immature CA3 could contribute to
enhanced seizure susceptibility early in development, but
the cellular mechanisms underlying the increased burst
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duration in the immature CA3 area are poorly under-
stood.

Multiple synaptic and intrinsic neuronal mechanisms
that may shape the bursting behaviour of the CA3 area
undergo maturational changes. For example, the dendrites
and axons of the CA3 neurons are more branched
during the second postnatal week, and axonal pruning
takes place during maturation (Gomez-Di Cesare et al.
1997). In addition, GABA is excitatory during early
development (Ben-Ari et al. 1997; Ben-Ari, 2002), and
may contribute to the enhanced propensity for seizure-like
activity (Dzhala & Staley, 2003). NMDA receptors have
unique features early in development (Ben-Ari et al. 1988;
Tremblay et al. 1988; Hestrin, 1992), which may promote
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generation of prolonged epileptiform bursts. Activation
of type 1 metabotropic glutamate (mGlul) receptors has
been reported to prolong picrotoxin-induced epileptiform
bursts in CA3 slices from adult rats (Merlin & Wong, 1997;
Galoyan & Merlin, 2000), and so differences in mGlul
receptors may underlie the developmental difference in
burst duration. The probability of transmitter release at
the CA3 recurrent synapses may differentially regulate the
duration of epileptiform bursts in the CA3 area (Staley
etal. 1998; Jones et al. 2007). Also, the intrinsic membrane
excitability of the CA3 pyramidal cells may change during
postnatal development, like other central neurons (Viana
et al. 1995; Belleau & Warren, 2000). Thus, maturational
changes in some or all of these synaptic and intrinsic
properties could hypothetically be responsible for the
developmental differences in the duration of epileptiform
bursts in the CA3 area.

To further understand the cellular mechanisms
underlying the developmental difference in the
synchronous bursts observed after pharmacological
blockade of GABA, receptors, we (1) measured changes in
excitatory synaptic activity in CA3 pyramidal neurons, (2)
analysed the contribution of different receptor-mediated
components of GABAergic and glutamatergic synaptic
transmission (i.e. GABA,, GABAg, NMDA, mGlul and
AMPA/kainate receptors) to synchronous bursts, (3)
assessed the dynamics of transmitter release of the
CA3 recurrent synapses, and (4) examined the intrinsic
excitability of CA3 pyramidal neurons in immature and
adultrats. Our data suggest that developmental differences
in recurrent excitation, glutamate release from recurrent
synapses, and intrinsic membrane properties of CA3
pyramidal neurons all contribute to the prolonged burst
discharge in immature CA3, versus the relatively brief
bursts in adults. Although developmental differences
in GABA, NMDA and mGlul receptors probably also
contribute to the prolonged bursts seen during the second
postnatal week, they do not appear to be necessary to
explain the developmental differences in the epileptiform
bursts of CA3 pyramidal cells.

Methods
Animals and slice preparation

All experiments were performed in slices from
Sprague-Dawley (Harlan) rats, and the procedures
were approved by the Colorado State University and
University of Utah Animal Care and Use Committees. In
initial experiments (i.e. bicuculline-induced epileptiform
bursts), the immature group contained rat pups of the
second postnatal week (9-14 days (d), n="7). Three rats
aged 18,20and 23 d werealso used for further observations
beyond the second postnatal week (i.e. the third to early
fourth postnatal week). Their results were similar, and so
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they were grouped together (n=10). The mature group
contained rats aged 90-100d (n=9), plus two younger
animals aged 60 and 75 d. Their results were similar, and
they were also grouped together.

In the initial series of experiments described above,
coronal slices were cut (i.e. mostly from the dorsal
hippocampus) at the same thickness for both immature
and mature groups (400 um). Because the brain volume
but not the number of neurons increases significantly
during this stage of development, it is possible that the
slices from the immature rats may have contained more
neurons and synaptic circuits than the slices of the same
thickness from the mature rats, which could hypothetically
explain the greater bursting activity in the slices from
immature animals. To compensate for this developmental
increase in brain volume, and to minimize a potential
false-positive effect due to differences in neuronal density,
another series of experiments were conducted in thinner
slices from immature rats (i.e. cut at 350 um) than those
from adult animals (i.e. 450 um). The rationale for and
calculation of the two thicknesses is explained in detail
in the Discussion. The second series of experiments were
conducted in rats of 10-13 d (for immature group, n=9)
and 90-120 d (for adult group, n=9).

Rats were deeply anaesthetized with halothane and
decapitated with a guillotine. Their brains were quickly
dissected out and placed in partially frozen oxygenated
artificial cerebrospinal fluid (aCSF) containing (in mm):
124 NaCl, 3 KCl, 26 NaHCO;, 1.4 NaH,PO,, 2 CaCl,,
2 MgSO, and 11 glucose. Coronal slices containing the
hippocampus were cut with a vibroslicer (Lancer series
1000, Vibratome, St Louis, MO, USA). Tissues adjacent
to the hippocampus were consequently removed and
additional knife cuts were made between the dentate gyrus
and CA3 and between CA3 and CA1/CA2 to isolate the
CA3 area from the rest of the hippocampus (i.e. CA3 mini-
slices). A large part of the CA3c (i.e. the area between the
two blades of the dentate gyrus) was inevitably removed,
and thus the CA3 minislices contained CA3a, CA3b and
part of CA3c (Fig. 1A). Slices were allowed to recover
for > 2h in a submerged storage chamber maintained
at 32-34°C before they were mounted onto a ramp-type
interface chamber for electrophysiological recording.

Recording procedures and data acquisition

Simultaneous extracellular field-potential and whole-cell
current-clamp recordings were performed with an
Axoprobe-1A amplifier and an Axopatch-1D amplifier
(Axon Instruments/Molecular Devices, Union City, CA,
USA), respectively. In some experiments, only field
potentials were recorded. Extracellular recordings were
DC-coupled. Thick-wall glass pipettes witha tip of 1-3 um
were used for both extracellular and whole-cell recordings,
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and were pulled from borosilicate glass capillaries (o.d.
1.65 mm, i.d. 1.2 mm, Garner Glass, Claremont, CA, USA)
with a P-87 Flaming—Brown puller (Sutter Instruments,
Novato, CA, USA). For extracellular recordings, pipettes
were filled with aCSF and placed in the CA3 pyramidal
cell body layer. For whole-cell recordings, pipettes were
filled with intracellular solution containing (in mm):
120 potassium gluconate, 1 NaCl, 5 EGTA, 10 Hepes,
1 MgCl,, 1 CaCl,, 2 ATP and 5 biocytin. The pH was
adjusted to 7.2 with 5mM KOH. Patch pipettes had a
resistance of 4-7 M2 when filled with this solution. The
theoretical liquid junction potential between the pipette
solution and the bath solution was +12mV at 32°C
(calculated using pCLAMP 8, Molecular Devices) and
was not corrected in the values presented in this study. A
bipolar stimulating electrode made of two Teflon-coated
platinum wires (wire diameter: 25 pum, with coating:
75 pum; separation between two wires: ~50 pum (i.e. twice
the thickness of coating)) was positioned in the stratum
radiatum of CA3 to deliver synaptic stimulation. In a sub-
set of experiments, the stimulating electrode was placed
in CA1/CA2 to antidromically activate CA3 recurrent
synapses; and the extracellular Mg*" concentration
([Mg**],) in these experiments was elevated to 4 mM,
in order to increase the membrane surface charge and
block multi-synaptic responses. The intensity of anti-
dromic stimulations was fixed (200 uA, 200 us) to
facilitate comparisons among slices and between groups.
Repetitive stimulation was delivered at a varied frequency
to test the dynamics of transmitter release at the CA3
recurrent synapses. In the set of experiments aimed at
examining intrinsic membrane properties, synaptic trans-
mission was eliminated by adding GABA,-, GABAg-,
AMPA/kainate- and NMDA-receptor antagonists to the
medium; and the experiments were performed in a sub-
merged chamber at 34-35°C, using an upright compound
microscope with infrared and differential interference
contrast optics (Zeiss microscopy, Zeiss Axioskop,
Germany; CCD camera, Hamamatsu, Japan) and a
multiclamp 700A recording system (Molecular Devices).
A 10mV, 20 ms hyperpolarizing voltage command was
used to determine the input resistance. A series of
15 s hyperpolarizing and depolarizing current pulses was
injected into the CA3 pyramidal neurons to determine
the input—output relationship for generating action
potentials. To analyse afterhyperpolarizations (AHPs), a
brief, triangular depolarizing current pulse (peak current:
200-900 pA; duration: 80 ms) was used to produce a burst
of four to five action potentials, while the membrane was
held at —40 mV to —50 mV in order to increase the driving
force for Kt currents.

All signals were sampled at 10 kHz, low-pass filtered at
2 kHz, and recorded online with pCLAMP 8.0/10 software
(Clampex, Molecular Devices) through a Digidata 1320A
or 1440A digitizer (Clampex, Molecular Devices).
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Data analysis and statistics

The pCLAMP 8.0/10 (Clampfit, Molecular Devices),
MiniAnalysis 5.0 (Synaptosoft, Inc., Leonia, NJ, USA),
SigmaPlot (SPSS Inc., Chicago, IL, USA) and Microsoft
Excel programs were used for data analysis. The threshold
of epileptiform bursts was defined as the lowest stimulus
intensity to evoke a network burst. Because of the network
nature of these bursts (see later sections), a ‘threshold’
stimulus could actually evoke no response or a full-length
burst (i.e. all-or-none bursts). A network burst probability
was thus calculated as the ratio of the times of occurrence
of network bursts over the number of near-threshold
stimulations. The latency of each epileptiform burst was
measured from each stimulus to the onset of the network
burst that occurred at threshold stimulation, which was
variable from burst to burst in the same slices. The
mean latency was averaged across slices. Spontaneous
excitatory postsynaptic currents (sEPSCs) were recorded
in voltage-clamp mode at —60 mV to —65 mV, detected
using MiniAnalysis, and visually checked to minimize
errors. A 3 min sample of whole-cell recording per cell
was used for measuring SEPSC frequency and amplitude.
The mean sEPSC interval and amplitude were averaged
across neurons (i.e. n = cells, not events). For constructing
histograms for amplitude and interval distributions, and
for calculating cumulative probability, a fixed number
of sEPSCs from each neuron (i.e. the first 100 sEPSCs)
were pooled, in order to minimize potential sampling
bias due to the difference in sEPSC frequency among
neurons (i.e. if sampled on a fixed time basis (e.g.
3 min), a histogram would contain more ‘events’ from
the neurons with higher frequency of sEPSCs, and thus
be skewed). Values of all sSEPSC intervals and amplitudes
were logarithmically transformed in the histograms. The
Kolmogorov-Smirnov (KS) two-sample, two-tailed test
was used to compare the cumulative probability of sSEPSC
intervals and amplitudes between control and epileptic
groups. The chi-square (x*) test was employed to compare
the ratios between groups. Student’s f test was used for
comparisons between two groups. Data are expressed as
means =+ S.E.M., and o = 0.05 in all tests.

Pharmacological agents

Bicuculline methiodide (30 um) or SR-95531 (gabazine,
10 um) was used to block GABA, receptors,
SCH50911 (10 um) to block GABAj receptors, DL-2-
amino-5-phosphonopentanoic acid (AP-5, 50 um) for
NMDA  receptors, 6,7-dinitroquinoxaline-2,3-dione
(DNQX, 50um) for AMPA/kainate receptors, and
l-aminoindan-1,5-dicarboxylic acid (AIDA, 500 uM) to
block mGlul receptors, respectively. SCH50911 was from
Tocris (Ellisville, MO, USA); the other blockers were from
Sigma (St. Louis, MO, USA).
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Results

Lack of epileptiform bursts in immature and mature
CA3 area in normal aCSF

It has been shown that GABA, receptor-mediated trans-
mission is excitatory during early development and
GABAergic inhibition has a delayed onset (Ben-Ari
et al. 1997; Ben-Ari, 2002). This lack of GABA-mediated
inhibition and an excitatory action of GABA may
contribute to an enhanced propensity for epileptiform
bursts during the early stages of postnatal development.
The excitatory actions of GABA contribute to K*-induced
seizure-like activity in slices from the developing CA3
area throughout the first three postnatal weeks (Dzhala
& Staley, 2003). In the present study, we first tested
synaptic responses in slices that contained only the CA3
area of the hippocampus (i.e. CA3 minislices, Fig. 1A)
from immature rats in normal aCSF to determine whether
abnormal or epileptiform bursts might occur during the
second postnatal week, while GABAergic transmission
might still be excitatory. In this condition, synaptic
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stimulation consistently elicited a field EPSP and a single
population spike in the CA3 area (Fig. 1B). Multi-spike
epileptiform bursts were never evoked regardless of
the stimulus intensity, although the amplitude of the
population spike increased with stimulus intensity
(Fig. 1B). Similar results were seen in CA3 slices from
mature rats (not shown). These data suggest the existence
of a GABAergic inhibitory system during the second post-
natal week (and in later developmental stages) that is
sufficient to prevent synaptically activated CA3 neurons
from firing repetitively and spreading to generate burst
discharges.

Epileptiform bursts in CA3 minislices from immature
versus mature rats

Initial experiments were performed to confirm results
from earlier studies that have shown that blockade of
GABA, receptors with penicillin or picrotoxin induces
epileptiform bursts in the CA3 area that are much more
prolonged in slices from immature compared to mature
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Figure 1. Prolonged population bursts after bicuculline treatment in CA3 minislices of immature versus

adult rats

A, diagram showing CA3 minislices used in this study. Dashed lines indicate knife cuts to isolate the CA3 area
from CA1 and dentate gyrus. B shows that in normal aCSF, synaptic stimulation in CA3 minislices from immature
rats only elicited a field EPSP and a single population spike and never evoked epileptiform bursts, regardless of the
stimulus intensity (the three responses were evoked at 100 nA, 200 A and 400 pA). Arrows indicate stimulations.
Boxed parts in B are shown in expanded scales below. Note the difference in the amplitude of population spikes
at different stimulus intensities (i.e. 100 A and 400 pA). C, simultaneous whole-cell (WC, current-clamp mode)
and field-potential (FP) recordings showing evoked population bursts in bicuculline (30 um) in CA3 minislices
from immature rats. These bursts typically contained an initial depolarization followed by rhythmic afterdischarges
lasting for several seconds. D, by contrast, the evoked population bursts that occurred in CA3 slices of mature rats
were composed of a single burst that lasted for a few hundred milliseconds.
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rats (Swann & Brady, 1984; Swann et al. 1993). Here, we
used a different GABA, receptor antagonist, bicuculline
(30 uM), to induce the epileptiform bursts. As expected,
prolonged population bursts were consistently evoked
(Fig. 1C, n=12 slices) in the CA3 area from immature
rats. These bursts contained an initial depolarization
followed by repetitive afterdischarges, which lasted for
many seconds (14.4=+1.7s, n=12 slices, Fig.1C). In
addition, these prolonged bursts were also observed in
slices from rats older than 2 weeks (i.e. at postnatal day
18, 20 and 23), suggesting that the CA3 area is capable of
generating prolonged population bursts during the third
postnatal week. In sharp contrast, epileptiform bursts
in the CA3 area from adult rats were much shorter
(0.18 £0.03s, n=14 slices, P < 0.001, Fig. 1D). These
data confirm the results from previous studies using other
GABA, receptor blockers (i.e. penicillin or picrotoxin)
that showed that the immature CA3 area generates much
more prolonged epileptiform burst discharges than the
mature CA3 area (Swann & Brady, 1984; Swann et al.
1993; Gomez-Di Cesare et al. 1997). However, how burst
duration decreases (i.e. suddenly or gradually) during the
transition period of development (i.e. after 2nd postnatal
week to full mature age) is unclear.

Glutamatergic sEPSCs in CA3 pyramidal cells

Gomez-Di Cesare and colleagues (1997) showed that
the dendrites and axons of the CA3 neurons are highly
branched during the second postnatal week, and axonal
pruning takes place during maturation, which suggests
that changes in the synaptic connectivity between CA3
pyramidal cells may occur during postnatal development.
To assess the potential involvement of these synaptic
changes in the changes of epileptiform bursting activity, we
analysed the properties of spontaneous synaptic activity in
11 CA3 pyramidal cells. All 11 CA3 pyramidal cells (in 10
slices) from immature rats exhibited sEPSCs (Fig. 2Aa) in
the presence of 30 uM bicuculline, confirming that these
synaptic events were glutamatergic and not GABAergic.
The amplitude of the sEPSCs ranged from tens to hundreds
of picoamperes (Fig. 2Aa). Giant sEPSCs up to 1000 pA
were occasionally seen in CA3 neurons from immature
rats, but never seen in CA3 neurons from mature rats. The
sEPSC mean amplitude in CA3 neurons from immature
rats was 41 9.7 pA (n=11). The sEPSC frequency of
CA3 neurons from immature rats ranged from 3 to
5 Hz with a mean inter-sEPSC interval of 376 & 90 ms.
Most CA3 neurons (10 of 13, in 10 slices) from mature
rats also displayed sEPSCs (n=10) (Fig. 2Ab); however,
the amplitude of their SEPSCs was significantly smaller
(22 £ 1.5pA, n=10, P < 0.05), and their frequency was
lower (~ 1 Hz, mean inter-event interval: 1227 4= 299 ms,
n=10, P <0.01). Further quantitative analysis showed
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that the histograms for log interval of the sEPSCs in
both immature and adult groups had a distribution that
was nearly Gaussian (Fig. 2B), in which the peak inter-
val of the immature group was shifted to the left (i.e.
smaller, Fig. 2B, black). The histogram for log amplitude
of the sEPSCs in the immature group (Fig.2C, black)
appeared to fit a two-peak distribution (Fig.2C, inset),
in which the second peak (i.e. large-amplitude sEPSCs)
was largely absent in the adult group (Fig. 2C). Moreover,
the cumulative distributions of sEPSC intervals and
amplitudes of the immature and mature groups were
significantly different (P < 0.001, KS test; Fig. 2D and E).
These data show that CA3 pyramidal cells from immature
rats have more frequent and larger sEPSCs than those
from mature ones, suggesting an increased degree of local
glutamatergic synaptic connectivity (i.e. more recurrent
excitation) and/or activity in the CA3 area of immature
versus adult rats, which parallels the increased duration of
epileptiform bursts.

Effect of selective GABAergic and glutamatergic
antagonists

In a second series of experiments, the dependence
of the developmental difference in the duration of
the epileptiform bursts on specific GABAergic and
glutamatergic synaptic receptors was determined by
comparing the epileptiform bursts in CA3 minislices
from immature and mature rats after bath application
of different receptor antagonists. In previous studies the
same slice thickness was used for immature and adult
slices (Swann & Brady, 1984; Gomez-Di Cesare et al.
1997). This raises the concern of a potential overestimation
of the epileptiform burst propensity in immature CA3
because the immature brain slices may contain more
neurons and synaptic connections than the adult ones,
since the neuronal density is diluted in mature brain
as brain volume increases during development while
maintaining a relatively constant number of neurons.
Thus, in the following experiments, slice thickness was
adjusted (350 um for immature and 450 um for adult
rats) to compensate for the brain volume increase (and
thus the decrease in the density of neurons) that occurs
during development.

GABA; receptors. Although the initial series of
experiments in this study showed that bicuculline
consistently induced prolonged epileptiform bursts in
immature CA3 versus brief bursts in adult CA3,
bicuculline is known to block Ca**-activated K channels
in addition to blocking GABA, receptors (Stocker
et al. 1999), which could add another variable for
analysing the developmental differences in properties of
epileptiform bursting in CA3. It is also possible that
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maturational changes in GABAj receptors play a role
in the developmental differences in the epileptiform
bursts in the CA3 area. The GABAj receptors have both
pre- and postsynaptic effects, and they also undergo
developmental changes (Turgeon & Albin, 1994). GABAg
receptor-mediated actions may impede synchronous
firing (de la Prida et al. 2006), but their role in seizure
generation is controversial (Veliskova et al. 1994; Snead,
1995). To eliminate possible developmental differences in
GABAjg receptor-mediated GABAergic transmission and
to avoid the non-specific actions of bicuculline, selective
GABA,- and GABAg-receptor antagonists (i.e. gabazine
and SCH50911 (Ong et al. 1998), respectively) were
concurrently used in all of the subsequent experiments.
In the presence of gabazine and SCH50911, prolonged
population bursts were consistently triggered in CA3 mini-
slices from immature rats (Fig.3A), and short bursts
were evoked in slices from adult rats (Fig. 3B), suggesting

Immature

Aa
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that developmental changes in GABAjp receptors and
the excitatory action of GABA via GABA, receptors are
not necessary for the developmental differences in burst
duration in the CA3 area.

NMDA  receptors. The @ NMDA  receptors are
well-developed at an early developmental stage (Ben-Ari
et al. 1997), when they have several unique features. For
example, NMDA receptors are less voltage dependent
(Ben-Ari et al. 1988), their density is relatively high
(Tremblay er al. 1988), and their kinetics are slow
(Hestrin, 1992). All of these features would be expected to
favour generation of robust and prolonged epileptiform
bursts in the immature CA3 area. We tested the effects
of NMDA receptor antagonists on evoked epileptiform
bursts in the presence of gabazine and SCH50911 (see
above). Prolonged bursts (>10s) in CA3 minislices

Figure 2. Spontaneous excitatory postsynaptic

currents (sEPSCs) in CA3 pyramidal neurons from
immature and mature rats

1 A, representative SEPSCs recorded in CA3 neurons from
immature (14 d, Aa) and adult (93 d, Ab) rats. Five

¥ o -y e — ' ¥ r-"r[ —p—
-—vqT'r iy - -!- ey -
'Il Lig [] b e T ' AN e o L
100 pA
Mature 4‘ 2
b .. S
"—FH{"""'——P" r— e -
= L Y '\-llrr'- L Lé Zit

consecutive traces (i.e. 5 s each) from continuous
recordings of sEPSCs are shown in each panel. The
SEPSCs in slices from immature rat (Aa) were more
frequent and of larger amplitude than the sEPSCs
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recorded in adult slices (Ab). B, combined histograms
showing the distribution of sEPSC intervals (milliseconds
in log value, bin = 0.2) for the immature (black) and
adult (red) groups. More sEPSCs in the immature group
had short inter-event intervals (i.e. left side of
histogram), and the peak of the histogram was shifted
to the left (i.e. shorter interval) compared to that in the
adult group. C, histograms showing the logarithmic
distribution of sEPSC amplitudes for the immature
(black) and adult (red) groups. The histogram of the
immature group appeared to fit a two-peak distribution
(inset), and the second peak (i.e. larger amplitude
SEPSCs) was largely absent in the adult group. D and E,
Kolmogorov-Smirnov test showing the cumulative
probability of sEPSC intervals (D) and sEPSC amplitudes
(E) was significantly different between immature (black)
and mature (red) groups (P < 0.001). Note that 100
SEPSCs from each cell were pooled for constructing
histograms and for calculating cumulative probability,
except for a few cells that had fewer than (but close to)
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Table 1. Comparison of bursting properties between the immature and adult groups

Immature Adult P value
Thickness of slices (um) 350 450
Burst threshold (©A) 39.7+94(n=9) 153+ 1.7 (n=10) 0.02
Burst duration (s) 13.3+1.4(n=16) 0.14 £ 0.01 (n = 10) <0.001
Burst latency (at threshold, ms) 28+ 5(n=238) 36.8+3.8(n=10) 0.19
Burst probability (at threshold) 0.32+0.05(n=238) 0.5 £ 0.05 (n=10) 0.02

The data were averaged across slices and were compa

from immature rats were still present when the NMDA
receptor antagonist AP-5 (50 um) was applied to the
bath medium from the beginning of the experiment
(n=13, Fig. 3A) or later in the experiments (n= 3, not
shown). The bursts evoked in gabazine, SCH50911 and
AP-5 (Fig.3A) were identical to the prolonged bursts
that occurred in bicuculline (13.3 £ 1.4s, n=16 slices
vs. 144 £ 1.7 s, n=12 slices, P > 0.05; compare Figs 1C
and 3Aa). Specifically, the bursts were typically long
duration and contained an initial depolarization followed
by rhythmic afterdischarges that lasted for many seconds
(Figs 1C and 3Aa).

As in bicuculline (see above), the epileptiform bursts
that were present after blockade of GABA,, GABA; and
NMDA receptors were elicited in an all-or-none manner;
that is, threshold synaptic stimulations induced either no
burst or a full-length burst with a long delay (Fig. 3A). The
bursts that occurred at threshold stimulations usually had
a long latency (up to 75 ms; on average: 28 = 5ms, n= 8
slices; Figs 3Aband 4A, and Table 1), and the latency varied

Aa

Figure 3. Prolonged population bursts were
present in CA3 minislices from immature rats after
pharmacological blockade of GABAg and NMDA
receptors

*

red using Student’s unpaired t test or x2 test.

among stimulations and among slices (Fig.4A). Once
a burst was evoked by a just-suprathreshold stimulus,
further increases of stimulus intensity (e.g. up to ten
times threshold) no longer caused a significant increase in
burst duration (Fig. 4B). The threshold to evoke a network
burst was relatively low (<100 #A) and variable from
slice to slice, ranging from a few microamperes to several
tens of microamperes (on average, 39.7 = 9.4 uA, n=9
slices, Table 1). In sharp contrast, synaptic stimulation
in CA3 minislices from mature rats (450 um thick, i.e.
compensated for developmental decrease in neuronal
density) in the presence of gabazine (10 um), SCH50911
(10 uM) and AP-5 (50 M) invariably evoked short-lasting
bursts (Fig.3B). The burst duration was 0.14 +0.01s
(n=10 slices) and was not different from that of
bicuculline-induced bursts in CA3 slices from adult rats
(0.18 £0.03s, n=14 slices, P> 0.05). While short in
duration, these events also displayed the typical properties
of ‘network’ bursts; that is, they had a long-and-variable
latency (36.8 3.8 ms, n=10 slices; Figs3B and 4C,

Gabazine + SCH50911 + AP-5

Immature, 350-um-thick slice

d | !5I-§ |
- | .

| 20mv

Simultaneous whole-cell (WC, upper traces) and
field-potential (FP, lower traces) recordings showing the

A 58 mV

response of a 350 um-thick CA3 minislice from a
10-day-old rat (Aa) and a 450 um-thick CA3 minislice
from a 99-day-old rat (B) to synaptic stimulation in the
presence of a mixture of antagonists of GABAa
(gabazine, 10 um), GABAg (SCH50911, 10 uMm) and
NMDA (AP-5, 50 um) receptors. The immature CA3 slice
in Aa responded to synaptic stimulation at threshold
intensity (arrow) with a 15 s long population burst with
rhythmic afterdischarges. The initial section of the burst
(i.e. boxed segment) is shown at an expanded time scale
in Ab. The responses were all-or-none, such that stimuli

| 3mv

B Mature, 450-um-thick slice

|25 my

of the same intensity evoked either an entire prolonged
burst (asterisks) or no burst (triangles). Note the long
latency from stimulation (arrow) to the onset of the
burst in Ab (~75 ms). In contrast, in CA3 slices from
mature rats, synaptic stimulation at threshold intensity
(arrow) evoked brief population bursts (B). Note the
all-or-none property of the response and the long
latency (~53 ms) at threshold stimulus intensity (20 uA).
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and Table 1) and occurred in an all-or-none manner
(Figs 3Band 4D). The mean threshold intensity of synaptic
stimulation to evoke a burst and the burst probability at
threshold were 15.3 & 1.7 A and 0.5 % 0.05, respectively
(n =10 slices, Table 1), in CA3 minislices from adult rats.
The all-or-none nature and the long-and-variable latency
of the responses are both stereotypical characteristics of a
neural network with recurrent excitation (Traub & Wong,
1982, 1983a,b; Wong & Traub, 1983). Thus, the short-
and long-duration synaptically evoked network bursts
in mature and immature CA3 minislices, respectively,
appeared to be mediated by a local (i.e. within the CA3
area) pyramidal cell to pyramidal cell neuronal network.
These data suggest that (1) NMDA receptor-mediated
excitation alone is not necessary for the generation of
prolonged epileptiform bursts in the CA3 area from
immature rats or the brief bursts in CA3 area from adult
rats, and (2) developmental changes in NMDA receptors
alone do not account for the developmental difference in
network bursting in CA3.

mGlu1 receptors. Activation of mGlul receptors converts
short (i.e. <0.5s) picrotoxin-induced bursts in adult CA3
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into prolonged (i.e. 2—4 s) bursts (Merlin & Wong, 1997;
Galoyan & Merlin, 2000). Therefore, activation of mGlul
receptors may be another possible synaptic mechanism for
the generation of prolonged population bursts in the CA3
area. To test whether the prolonged epileptiform bursts in
CA3 slices from immature rats involve activation of mGlul
receptors, a selective mGlul receptor antagonist, AIDA
(Moroni et al. 1997), was bath applied to CA3 minislices
from the immature rats. The synaptically evoked bursts
in gabazine, SCH50911 and AP-5 in CA3 minislices of
immature rats were not reduced in duration by AIDA
(500 um) (n=6, Fig. 5A and B). These data suggest that
the effect of endogenous activation of mGlul receptors
on the prolonged epileptiform bursts in CA3 slices from
the immature rats is small and thus is highly unlikely
to underlie the developmental differences in CA3 burst
duration of immature vs. mature rats.

AMPA/kainate receptors. The prolonged population
bursts in CA3 from immature rats that occurred in
gabazine, SCH50911 and AP-5 were completely blocked
by the AMPA/kainate receptor antagonist DNQX (50 pM)
(Fig. 6Ab). Moreover, sEPSPs which were evident in

duration

0 4 8 12 16
Stimulus intensity (x threshhold)

duration

0 4 8 12 16
Stimulus intensity (x threshhold)

Figure 4. The long-and-variable latency and all-or-none characteristics of the CA3 population bursts

from immature and mature rats

A, histogram showing the distribution of the latency values of 18 bursts pooled from 8 CA3 minislices from
immature rats. The latency values ranged from 5 to 75 ms, suggesting these bursts were multi-synaptic responses.
Bin = 10 ms. B, pooled data from 9 CA3 minislices from immature rats showing the all-or-none nature of the
prolonged network bursts; that is, stimulation below or at threshold intensity (< 1) evoked no bursts (duration = 0),
while threshold or slight supra-threshold stimulations (>1) elicited full-length bursts (duration = 1), and a further
increase of stimulus intensity up to 10 times threshold no longer significantly increased burst duration. The vertical
dashed line indicates the threshold (i.e. 1) and the short and long horizontal lines indicate the lack of a burst
(0) and the emergence of a full length burst (1) in response to threshold stimulation, respectively. C, histogram
showing the distribution of the latency values from 51 bursts pooled from 9 slices from adult rats, which ranged
from 11 to 131 ms, also suggesting the poly-synaptic nature of the brief epileptiform bursts. Bin = 10 ms. D, data
pooled from 9 slices illustrating that the brief population bursts in adult CA3 minislices were also all-or-none.
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Figure 5. The prolonged epileptiform bursts of immature CA3
pyramidal cells were also present in the mGlu1-receptor
antagonist, AIDA

A, whole-cell (WC, upper trace) and field-potential (FP, lower trace)
recordings showing a prolonged evoked burst in a CA3 minislice from
an 11-day-old rat in gabazine, SCH50911 and AP-5. Inset at the top
shows the boxed part of this burst at an expanded time scale. B,
bath-application of the selective mGlu1 receptor antagonist AIDA
(500 wm) did not reduce burst duration in this slice.

Aa Gabazine + SCH50911 + AP-5

Immature

Figure 6. All sEPSPs and epileptiform
bursts were completely abolished by the
AMPA/kainate-receptor antagonist, DNQX
A, frequent sEPSPs as large as 10 mV (Aa, left
panel) were present and prolonged epileptiform
bursts (Ab, left panel) were consistently elicited
in an immature CA3 minislice bathed with a
mixture of gabazine (10 um), SCH50911

(10 M) and AP-5 (50 pm). DNQX (50 zuM)
completely abolished the sEPSPs and prolonged
population bursts (Aa and Ab, right panels), i
confirming that the prolonged bursts under

these conditions (i.e. prior blockade of GABAa, |‘| |
GABAg and NMDA receptors) were solely I,
mediated by AMPA/kainate receptors. B, DNQX —

Population bursts in CA3

5915

the presence of gabazine, SCH50911 and AP-5 (Fig. 6Aa),
were eliminated by DNQX, thus indicating that these
events were mediated by AMPA/kainate receptors. DNQX
(50 uM) also completely abolished the brief bursts in
slices from adult animals (Fig. 6B). These data provide
strong evidence in support of the hypotheses that (1)
AMPA/kainate receptors on CA3 pyramidal cells are
well-developed during the second postnatal week, (2)
recurrent excitatory circuits requiring only AMPA/kainate
receptors can generate the characteristic epileptiform
bursts of CA3 pyramidal cells when GABA and NMDA
receptors are blocked in both the immature and adult rats,
and (3) the duration of these network bursts decreases
sharply in adult compared to immature rats.

Responses of CA3 recurrent synapses to repetitive
stimulation in slices from immature versus adult rats

The work from Staley and colleagues (Staley et al. 1998;
Jones et al. 2007) has shown that the probability of
transmitter release and the amount of releasable trans-
mitter at the CA3 recurrent synapses also contribute to the
duration of epileptiform bursts. Therefore, it is reasonable
to hypothesize that if the dynamics of transmitter release at
the CA3 recurrent synapses change during development,
it may contribute to the maturational difference in burst
duration. One approach to assess this issue is to test the
synaptic response at different time points after an initial
stimulation (Staley ef al. 1998), based on the assumption
that if a large amount of transmitter at the CA3 recurrent
synapses were released during the first stimulation (i.e.
high-probability release), then less transmitter would be
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similarly eliminated the brief bursts evoked in

mature CA3 minislices. Arrows indicate

stimulations. Dotted lines in A and B indicate

baseline potentials. 4
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available for the next stimulation, which would result in
a smaller response; and vice versa. To test this hypothesis,
CA3 recurrent synapses were antidromically activated in
the presence of the GABA -, GABAg- and NMDA-receptor
antagonists gabazine (10 uMm), SCH50911 (10 um) and
AP-5 (50 uM). Also, [Mg**], was elevated to 4 mMm to block
multi-synaptic responses. Under these conditions, anti-
dromic stimulation in immature CA3 evoked a field EPSP
with about two population spikes (Fig. 7Aa, 1st pulses) or
only a small recurrent EPSP (Fig. 7Ab, 1st pulse). The same
slices generated prolonged bursts in the same solution,
but with normal [Mg**], concentration (2 mMm, data not
shown). Repetitive activation of the recurrent synapses
at low frequencies (0.3, 1 Hz) significantly increased the
responses (i.e. facilitation) in only a small fraction of slices
(1 of 7 slices at 0.3 Hz; 2 of 7 slices at 1 Hz; Fig. 7Aa);
however, repetitive stimulations at higher frequency (i.e.

Aa Immature CA3

2" pulse

J.f\l“frm. |

3 pulse

0.3 Hzad | e

. f\fuﬁm ”

1Hz QY.

5 Hz Q..
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5Hz) induced clear facilitation in most of the slices
(6 of 7 slices from 5 rat pups, Fig.7Aa and b). In
contrast, under identical experimental conditions, single
antidromic stimulations in adult CA3 evoked more robust
responses with more and larger population spikes and
a longer burst duration (Fig. 7B, 1st pulses, n=6 slices
from 4 rats). Repetitive activation of the mature CA3
recurrent synapses, however, led to a marked reduction
in the responses at all three frequencies (3 of 6 slices at
0.3 Hz; 5 of 6 slices at 1 Hz; 4 of 6 slices at 5 Hz, Fig. 7B).
These data suggest that recurrent synapses in the immature
CA3 generate a relatively small initial response, but are
more responsive to repetitive stimulation, presumably
due to a low probability of transmitter release to single
stimuli but greater transmitter release during repetitive
stimulations. The opposite scenario holds for the adult
CA3.

Figure 7. Responsiveness of the CA3
recurrent synapses to repetitive
stimulation in slices from immature and
mature rats

CAS3 recurrent synapses were antidromically
activated in the presence of gabazine (10 um),
SCH50911 (10 um), AP-5 (um) and elevated
[MgZt], (4 mm). Repetitive stimulations at
different intervals (0.3, 1 and 5 Hz) were used
to test the dynamic properties of transmitter
release. Aa, field-potential recordings showed
that the initial responses were comparatively
small in immature CA3 slices, but they tended
to increase in later responses, particularly at

short intervals (i.e. 5 Hz). Ab, some slices
responded to the initial stimulation with only a
small field EPSP, but developed larger responses
with multiple population spikes and longer

5mv duration during later stimulation. B, in contrast,

t
5Hz.
" 20 ms
B

0.3 Hz
1 Hz
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in mature CA3 slices, the initial responses were
on average larger than those in immature
slices, and they tended to decrease during
repetitive activation.

50 ms
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Intrinsic membrane properties in immature vs. adult
CA3 pyramidal neurons

In addition to the above-mentioned synaptic mechanisms,
the intrinsic excitability of individual neurons is also
expected to affect network activity. A developmental
change in intrinsic membrane excitability may contribute
to the developmental differences in population bursts
in CA3. Although it has been reported that intrinsic
membrane properties of central neurons change during
postnatal development (Viana et al. 1995; Belleau &
Warren, 2000), it is unclear whether or how the intrinsic
properties of the CA3 pyramidal neurons undergo
maturational alterations.

Input-output relationship. The input—output relation-
ship of the firing properties of CA3 pyramidal neurons
was assessed in the absence of synaptic transmission
(i.e. blocked by GABA,-, GABAg-, AMPA/kainate- and
NMDA-receptor antagonists). The resting membrane
potential and the action potential threshold of
the CA3 pyramidal neurons were similar for the
immature and adult rats (—=59.9+0.8mV, n=9 vs.
—58.5+ 1.1mV, n=38, P> 0.05 and —31.1 £ 1.0mV,
n=9vs.34.3+0.5mV, n=_8, P > 0.05, respectively), but
input resistance was greater in neurons from immature vs.
mature rats (403.8 & 24.6 MQ, n =9 vs.159.4 &+ 20.7 M,
n=28, P<0.001). To test input—out relationships, the
membrane potential was held at ~—55 mV, and a series of
15 s-long hyperpolarizing and depolarizing current pulses
were injected into the cells. Virtually all CA3 pyramidal
neurons from immature rats were capable of firing action
potentials with little adaptation over the entire 15 s period
of the current pulse. The number of action potentials
was graded with the intensity of the depolarizing currents
(Fig. 8Aand C, n =9 cells from 7 slices, 5 rats). In contrast,
most of the CA3 pyramidal neurons from adult rats (6 of
8 cells) responded to depolarizing current injections with
either low-frequency firing (Fig. 8Ba) or only fired at the
initial 100-200 ms and then became quiescent (Fig. 8 Bb).
The mean input—output relationship of the adult CA3
neurons (n = 8 cells from 7 slices, 6 rats) was significantly
less steep than that of immature CA3 neurons (Fig. 8C). A
marked rectification to depolarizing currents (i.e. voltage
changes in response to depolarizing current injections
was smaller than predicted from an ohmic relation) was
observed in most of the adult CA3 pyramidal neurons
(Fig. 8Bb and D), which limited their ability to fire action
potentials. Altogether, these data show that CA3 pyramidal
neurons have a greater intrinsic excitability in immature
vs. adult rats, particularly in response to a prolonged
depolarization.

AHPs. AHPs can regulate neuronal firing and were
examined in both the immature and adult neurons. To
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isolate AHPs, GABAergic and glutamatergic transmission
was blocked. To optimize the generation of AHPs, a burst
of four to five action potentials was generated by a brief
triangular current pulse, and the membrane potential was
current-clamped at a depolarized level (i.e. —40mV to
—50 mV) to increase the driving force for Kt currents. A
medium-duration AHP (mAHP, lasting for tens of milli-
seconds) was observed in half (4 of 8 cells) of the mature
CA3 neurons, but only in 1 of 9 immature CA3 neurons
(Fig. 9). The slow AHP (sAHP) was absent in neurons
from the immature CA3, and was present but small in
neurons from the adult CA3 (Fig. 9).

Discussion

The key results of the present study are: (1) the
developmental difference in epileptiform burst duration
in CA3 area is associated with a parallel change in local
glutamatergic synaptic activity, as assessed by the increased
frequency and amplitude of sEPSCs in minislices from
immature rats; (2) the more prolonged epileptiform bursts
in CA3 from immature rats (i.e. later second postnatal
week) do not depend on the excitatory action of GABA
or developmental changes in GABAj receptor activity;
(3) developmental changes in neither NMDA nor mGlul
receptors are sufficient to account for the developmental
differences in the epileptiform bursts; (4) the recurrent
excitatory synapses in CA3 are more responsive to
repetitive stimulation in immature than mature rats (i.e.
consistent with the hypothesis of a low-probability but
more-sustained transmitter release in the immature CA3);
and (5) the CA3 pyramidal cells from immature rats have
a greater intrinsic ability to generate action potentials
than those from adult rats. It is important to emphasize
that the different electrophysiological properties of the
network of immature (versus adult) CA3 pyramidal cells
refer to the later part of the second postnatal week of
development. The electrical properties at <9 days of post-
natal development are likely to be quite different from the
ones observed here (e.g. excitatory role of GABA, receptor
activation).

Developmental difference in CA3 bursts in bicuculline
and parallel changes in sEPSCs

The bicuculline-induced epileptiform bursts observed
in CA3 in this study were essentially identical to the
ones induced by penicillin or picrotoxin in previous
studies (Swann & Brady, 1984; Swann et al. 1993).
Because of the network nature of these bursts, one
would expect that developmental differences in burst
properties are associated with developmental changes in
the local synaptic network in CA3. Indeed, we observed a
significantly increased frequency and amplitude of sSEPSCs
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in CA3 pyramidal cells from immature compared to
mature rats.

The larger sEPSCs are expected to reflect primarily
action potential-mediated transmission and most likely
originate from local synapses (i.e. CA3 pyramidal cell
connected to CA3 pyramidal cell), because the incoming
axons from remote areas were cut during preparation of
the CA3 minislices. Only axons with intact presynaptic
neurons (i.e. neighbouring CA3 pyramidal cells) would
be expected to generate spontaneous action potentials,
thus producing larger sEPSCs. The largest-amplitude
sEPSCs appear to be absent in the adult group (Fig. 2C),
which supports the hypothesis that CA3 pyramidal
neurons contain more connections from neighbouring
CA3 neurons in immature than adult rats. Alternatively,
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thelarger sEPSCs in immature CA3 neurons may originate
from release sites that are electrotonically closer to the
soma. This interpretation is consistent with a previous
study (Gomez-Di Cesare et al. 1997) that showed that
the axons of the CA3 neurons are more abundantly
branched in immature than adult rats, and thus may
synapse on more dendritic locations. An increase in action
potential-dependent sEPSCs would suggest increased
spontaneous firing of the immature CA3 neurons.
Although we did not find a significant difference in the
resting membrane potential or action potential threshold
between the immature and mature CA3 neurons, it is
still possible that the increased membrane resistance and
the higher frequency of synaptic events would lead to
spontaneous firing in the immature neurons.
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Figure 8. Intrinsic firing in CA3 pyramidal neurons from immature and adult rats

A, whole-cell recordings showing that CA3 pyramidal neurons from immature rats were able to fire action
potentials over the entire duration of a depolarizing current pulse (i.e. 15 s) with little adaptation. B, in contrast,
CA3 pyramidal neurons from mature rats responded to the same or larger current injections with fewer action
potentials (Ba), or only generated action potentials during the first few hundred milliseconds of the current pulses
(Bb). A strong rectification to depolarizing current pulses was seen in the mature CA3 neurons (Bb), which was not
present in immature CA3 pyramidal cells. C, summary plot showing the difference in the input—output relations in
CA3 pyramidal neurons from immature and mature rats. *P < 0.05; **P < 0.01; ***P < 0.001, Student's two-tailed
unpaired t test. D, summary plot showing that the immature CA3 pyramidal neurons displayed a nearly ohmic
current-voltage response, whereas adult CA3 pyramidal neurons showed a clear rectification to depolarizing
current injections (i.e. deviated from the hypothetical linear response as the dotted line indicates), which limited
their ability to fire repetitively. All experiments were performed in the presence of gabazine (10 um), SCH50911
(10 M), AP-5 (50 um) and DNQX (50 um), which blocked GABAergic and glutamatergic synaptic transmission.
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The higher frequency of sEPSCs could have resulted
from an increased degree of connectivity of the
immature CA3 pyramidal neurons, an increased firing
of the presynaptic neurons due to enhanced membrane
excitability of the immature CA3 pyramidal neurons, or
both. An increased size of a synaptic network may prolong
burst duration, as suggested by an earlier modelling study
(Traub et al. 1984), which showed that a sufficiently large
number of interconnected neurons are required in order
to keep the network burst activity ‘alive’ and to produce
a series of afterdischarges (as opposed to a single burst).
In a large network, a phase difference in action potential
discharges exists between the neuronal populations during
an initial burst, thus leaving ‘residual’ activity. Therefore,
during the periods when most neurons are either below
threshold or have non-conducting axons, the residual
activity from one synchronized burst can spread through
the population via excitatory synaptic connections to
initiate a subsequent burst (Traub et al. 1984).

Neuronal density and epileptiform bursts
in immature vs. adult CA3

Although our data on bicuculline-induced epileptiform
bursts (i.e. Fig. 1C) and data from previous studies have
demonstrated enhanced population bursting in immature
CA3, it is possible that this is due to a developmental
difference in neuronal density. The total number of
neurons in the brain is generally believed to be relatively
constant throughout the later stages of development, but
brain volume increases during maturation, suggesting the
density of neurons at an immature stage is higher than
that in adult. It is estimated that the density of pyramidal
cells in the hippocampus at the second postnatal week is
roughly 1.5 times greater than that of adults (Gomez-Di
Cesare et al. 1997). Therefore, brain slices cut at identical
thickness from immature and mature animals (as in the
initial experiments of this study and in previous studies)
may generate a technical bias in that the slices from
immature rats contain more neurons (and thus more
local synaptic circuits) than the slices from adults; this
difference in neuronal density could hypothetically be
responsible for the more prolonged epileptiform bursts in
the immature CA3. To compensate for this maturational
decrease in neuronal density, we reduced the thickness of
the CA3 minislices to 350 um in immature versus 450 um
in adult groups. The rationale was that the neurons and
synaptic circuitry in the superficial 50 um of tissue from
both sides of the slices are most likely damaged during
preparation; therefore, a 450 pum-thick mature slice would
actually have healthy tissue of 350 m. To compensate for
the developmental changes in neuronal density, the slices
for immature rats ought to be cut at about two-thirds
of the thickness of the actual viable tissue in a mature
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slice (i.e. 66% of 350 um = 233 pum). Assuming 50 pm is
damaged for both the upper and lower parts of the slice,
the total thickness of an immature slice should be 333 pm;
thus, all slices for immature rats were cut at 350 um. The
results show that the striking developmental difference in
epileptiform bursting in the CA3 area was still present in
the thickness-adjusted slices (Fig. 3), further supporting
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Figure 9. Afterhyperpolarizations (AHPs) in CA3 neurons from
immature and mature rats

A, most of the immature CA3 neurons displayed little or no discernable
AHP after a burst of 4-5 action potentials (upper traces) induced by an
80 ms triangular depolarizing current injection (bottom trace). B, some
of the mature CA3 neurons showed a medium-duration AHP (mAHP)
and negligible slow AHP (sAHP). The membrane potential of the
neurons was held at depolarized levels (=50 mV to —40 mV) to
increase the driving force for AHP (K* conductance). C, summary data
showing the amplitude of mAHP and sAHP in the immature and
mature groups (**P < 0.01, Student’s two-tailed unpaired t test).
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earlier studies reporting a fundamental difference in the
network bursts between the immature and mature CA3
area.

Excitatory action of GABA and enhanced epileptiform
bursting in immature CA3

GABA has been shown to be excitatory in early
development (Ben-Ari et al. 1997), but it is not clear
whether the excitatory action of GABA contributes to or
is necessary for the generation of prolonged epileptiform
bursts in the CA3 area of immature hippocampus during
and after the later part of the second postnatal week.
Our data show that prolonged epileptiform bursts were
readily evoked in the CA3 area of immature rats during
the later part of the second postnatal week, and these
events were not present in normal medium but occurred
when GABA, receptors were blocked by bicuculline
or gabazine (Fig. 1B versus Figs 1C, 3A and 5). These
observations strongly suggest that by the later part of
the second postnatal week, GABA, receptor activation
leads to powerful inhibition that normally and effectively
prevents epileptiform bursts from occurring. These data
appear to be in contrast to a recent study (Dzhala & Staley,
2003) in which bicuculline and gabazine diminished
K*-induced ictal epileptiform discharges in the developing
CA3. One possibility is that the excitatory GABA action
may be more significant in high [K*],, which decreases
the co-transport of intracellular [Cl™]; and [K*]; to the
outside of the neuron, thus resulting in an accumulation
of [Cl™]; and a depolarizing shift of E¢; (Staley & Proctor,
1999). Nonetheless, our results suggest that in normal
[K*],, a GABA-mediated excitatory action (if it is pre-
sent in the later half of the second postnatal week) is not
necessary for prolonged synaptically evoked epileptiform
bursts in the immature CA3 area. The [Cl™]; may also be
regulated by Na®,K*-ATPase, which determines [Na'];
and the rate of the Na™—K*—Cl~ co-transport (NKCC)
and thus [CI™]; (Brumback & Staley, 2008). The expression
of Nat,K*-ATPase in neurons appears to decline during
maturation (Lecuona ef al. 1996), suggesting an enhanced
Na*t,KT-ATPase function in the immature brain, which
may contribute to [Cl™]; accumulation and excitatory
GABA action. But again, our data argue that the excitatory
GABA effect is not sufficient (or necessary) for the
generation of the prolonged network bursts in developing
CA3 during the later half of the second postnatal week.

NMDA and mGlu1 receptors and epileptiform
bursting in CA3

Although the observed developmental difference in
epileptiform bursting occurred in bicuculline and the
parallel changes in sEPSCs imply an important role for
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glutamatergic synaptic mechanisms in the generation
of network bursts, the relative importance of different
components of glutamatergic transmission was still
unclear. NMDA receptors have been reported to have
unique features in early development, such as early
emergence (Ben-Ari et al. 1997), less voltage dependence
(Ben-Ari et al. 1988), higher density (Tremblay et al.
1988) and slower kinetics (Hestrin, 1992). These features
are expected to favour the generation of prolonged
epileptiform bursts. Our data, however, show that the
prolonged epileptiform bursts in immature CA3 were still
generated in AP-5 (Figs 3, 5 and 6), thus suggesting that by
the late second postnatal week, NMDA receptor-mediated
excitation is not required for the generation of prolonged
burst discharges in CA3 pyramidal cells. Therefore,
the developmental difference in burst duration between
immature and mature CA3 does not seem to depend on the
activation of NMDA receptors, although NMDA receptors
may well be involved in and contribute to the population
bursts in both immature and mature CA3.

The observation that the prolonged epileptiform
bursts in the immature CA3 were not reduced by the
application of the mGlul receptor antagonist AIDA
(Fig. 5) suggests that mGlul receptor-mediated excitation
is not significantly involved in the generation of these
bursts. Although activation of mGlul receptors has
been shown to prolong epileptiform bursts, this effect
requires exogenous application of mGluR1 agonists for an
extended period (i.e. a 30 min exposure prolonged bursts
to ~1s, and the bursts lasted ~4 s after 100—120 min;
Merlin & Wong, 1997; Galoyan & Merlin, 2000). Such
extensive activation of mGlul receptors is less likely to be
reached via endogenously released glutamate; thus, end-
ogenous activation of mGluR1s by glutamate appears to
contribute little to the prolonged network bursts in CA3
slices from immature rats. Similarly, an earlier study has
provided evidence that mGlul receptors are not involved
in prolonged epileptiform bursts in the CAl area from
guinea pig (Karnup & Stelzer, 2001).

Repetitive stimulation of the recurrent synapses
in immature vs. adult CA3

The work from Staley and colleagues (Staley et al. 1998;
Jones et al. 2007) has suggested that the rate of trans-
mitter release and the amount of releasable transmitter at
the presynaptic terminals may determine the duration of
population bursts in the CA3 area, which can be estimated
by the measurement of the length of a second burst
triggered at different time points after an initial burst
(Staley et al. 1998). Using a similar approach, we observed
that the antidromically evoked ‘monosynaptic’ responses
(i.e. in 4mM [Mg*™],, which minimized polysynaptic
responses) of CA3 recurrent synapses were shorter in
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duration and smaller in amplitude in slices from immature
than adult rats, and they tended to be facilitated by sub-
sequent stimulations, in a frequency-dependent manner
(Fig. 7). These data support, albeit do not prove, the
hypothesis that that the recurrent synapses in immature
CA3 have a lower probability of transmitter release during
repetitive or sustained activity than thatin theadult CA3. A
low release probability in the recurrent CA3 synapses may
have two consequences: (1) because of the weaker synaptic
strength, only a small number of neurons may be activated
at once, which would require a long and variable period
of time to spread through the entire network, whereas
high-probability transmitter release may activate more
neurons and quickly synchronize the network, and (2) an
initial activation of the recurrent synapses of immature
CA3 pyramidal cells would not deplete transmitter at
the terminals and would leave a sufficient amount of
transmitter available to be released during subsequent
activation, which would occur repetitively due to recurrent
excitation in the synaptic network. Therefore, in a synaptic
network, a low rate of transmitter release would require
more time to activate the entire network and would allow
sustained transmitter release for repetitive activation,
thus favouring the generation of prolonged, oscillatory
population bursts. Synapses with a high release probability
(i.e. in adult CA3) would tend to release most of the trans-
mitter after an initial stimulus, which would synchronize
the whole network quickly (particularly when the size of
the network is small) and would potentially deplete all
of the releasable transmitter if repetitively activated, thus
resulting in short bursts. These data are consistent with a
recent study which showed that reduction in the rate of
glutamate release at adult CA3 terminals prolongs burst
duration (Jones et al. 2007).

Sustained action-potential firing in immature
vs. adult CA3 pyramidal cells

Prolonged population bursts are mediated by multi-
synaptic transmission, which relies on reliable action
potential generation of the participating neurons (Traub
& Wong, 1982). Therefore, the intrinsic membrane
properties for action potential generation are crucial for
multi-synaptic transmission and production of network
bursts. The enhanced excitability in the CA3 pyramidal
neurons from immature rats would be expected to
boost multi-synaptic transmission and network burst
generation in at least two ways: (1) weak excitatory
input may be sufficient to trigger action potentials, which
is particularly important given the low probability of
transmitter release at these recurrent synapses; and (2)
sustained depolarization resulting from summation of
convergent excitatory inputs, which is likely to occur
in an interconnected synaptic network, should reliably
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generate action potentials, as long as the excitation lasts.
The intrinsic excitability in adult CA3 pyramidal neurons
is observed to be compromised by three factors: (1)
a lower input resistance, (2) a membrane rectification
that counteracts depolarization, and (3) to a lesser
extent, a larger mAHP. The presence of a lower input
resistance requires larger excitatory synaptic input to
reach action-potential threshold; the rectification further
impedes the excitatory synaptic input from reaching
action-potential threshold, and terminates repetitive
firing. The mAHP may further limit repetitive firing. The
membrane rectification is likely to involve the activation
of one or more voltage-gated K™ conductance(s), but the
responsible channels were not further investigated in this
study. The contrasting differences in intrinsic excitability
between the immature and adult CA3 pyramidal neurons
may partly account for the developmental difference in
burst duration. Interestingly, recent studies have shown
that blockade of M-type K' current transforms brief
epileptiform bursts into prolonged bursts in hippocampal
slices (Qiu et al. 2007), and enhancement of the M-current
suppresses epileptiform bursts (Qiu et al. 2008).

Hypothetical mechanisms for the generation
of differential population bursts in the CA3 area
of the immature and adult rats

Synchronous epileptiform bursts arise from the activity of
individual neurons that spreads along synaptic pathways
(Traub & Wong, 1982, 1983a,b); this process depends
on the degree of synaptic connectivity, the strength
of individual synapses and the intrinsic membrane
properties of the neurons (Traub et al. 1984). Our data
suggest that immature CA3 pyramidal neurons (i.e. later
half of the second postnatal week) have a higher intrinsic
excitability and are more widely connected, but are
connected with synapses that release a lower amount
of transmitter per action potential. Because of the low
probability of transmitter release in the immature CA3
pyramidal cells, an initial stimulus only activates a small
number of neurons in the large synaptic network, and the
activity of these neurons propagates to other neurons with
a phase difference, which tends to generate ‘oscillatory’
activity (i.e. afterdischarges) in the neuronal network
(Traub et al. 1984). The low rate of transmitter release
also makes glutamate available for a prolonged period of
synapticactivity. The enhanced intrinsic excitability allows
immature pyramidal cells to be activated repetitively,
which sustains the network activity. Inadult CA3, however,
where the neuronal connections are relatively sparse
(MacVicar & Dudek, 1980; Miles & Wong, 1986, 1987),
the intrinsic firing capacity is lower and transmitter
release per action potential is greater, such that the initial
synaptic excitation activates neurons more efficiently,
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which spreads through the CA3 network more quickly;
however, depletion of transmitter occurs more easily,
resulting in short bursts.

In summary, our data suggest that an enhanced
connectivity and/or activity of recurrent excitatory
circuits, a low probability but sustained transmitter release
at the recurrent synapses, along with a greater intrinsic
membrane excitability in the pyramidal neurons all
contribute to the generation of prolonged population
bursts in the CA3 area from the immature versus adult
rats. Thus, potential contributions of an excitatory action
of GABA, and differences in NMDA- and mGlul-receptor
components of glutamate synaptic transmission in the
later part of the second postnatal week are not necessary
for (albeit may contribute to) the generation of prolonged
population bursts in immature versus adult CA3.
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