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Activation of N-methyl-D-aspartate (NMDA) receptors by synapti-
cally released glutamate in the nervous system is usually studied using
evoked events mediated by a complex mixture of AMPA, kainate, and
NMDA receptors. Here we have characterized pharmacologically
isolated spontaneous NMDA receptor-mediated synaptic events and
compared them to stimulus evoked excitatory postsynaptic currents
(EPSCs) in the same cell to distinguish between various modes of
activation of NMDA receptors. Spontaneous NMDA receptor-medi-
ated EPSCs recorded at 34°C in dentate gyrus granule cells (DGGC)
have a frequency of 2.5 � 0.3 Hz and an average peak amplitude of
13.2 � 0.8 pA, a 10–90% rise time of 5.4 � 0.3 ms, and a decay time
constant of 42.1 � 2.1 ms. The single-channel conductance estimated
by nonstationary fluctuation analysis was 60 � 5 pS. The amplitudes
(46.5 � 6.4 pA) and 10–90% rise times (18 � 2.3 ms) of EPSCs
evoked from the entorhinal cortex/subiculum border are significantly
larger than the same parameters for spontaneous events (paired t-test,
P � 0.05, n � 17). Perfusion of 50 �M D(�)-2-amino-5-phosphono-
pentanoic acid blocked all spontaneous activity and caused a signif-
icant baseline current shift of 18.8 � 3.0 pA, thus identifying a tonic
conductance mediated by NMDA receptors. The NR2B antagonist
ifenprodil (10 �M) significantly reduced the frequency of spontane-
ous events but had no effect on their kinetics or on the baseline current
or variance. At the same time, the peak current and charge of stimu-
lus-evoked events were significantly diminished by ifenprodil. Thus
spontaneous NMDA receptor-mediated events in DGGC are predom-
inantly mediated by NR2A or possibly NR2A/NR2B receptors while
the activation of NR2B receptors reduces the excitability of entorhinal
afferents either directly or through an effect on the entorhinal cells.

I N T R O D U C T I O N

N-methyl-D-aspartate (NMDA) receptors are localized in the
postsynaptic membrane (Chen and Diamond 2002; Diamond
2001; Isaacson 1999; Kullmann et al. 1999; Momiyama 2000;
Rumbaugh and Vicini 1999; Sattler et al. 2000; Tovar and
Westbrook 1999) and at certain presynaptic terminals (Breukel
et al. 1998; Milner and Drake 2001; Paquet and Smith 2000;
Woodhall et al. 2001). This anatomical arrangement is also
reflected by NMDA receptor subtype heterogeneity. Thus the
five NMDA-receptor subunits, NR1 (8 isomers, A-H) and the
four NR2 subunits (A-D), co-assemble into functional NMDA
receptors, presumably in the stoichiometry of two NR1 gly-
cine-binding and two NR2 glutamate-binding subunits (Laube

et al. 1998). In cell culture, synaptic NR2A-containing recep-
tors appose presynaptic release sites, whereas NR2B-contain-
ing receptors are located predominantly outside the postsynap-
tic density (Tovar and Westbrook 1999). The latter subunits
also appear to be present on presynaptic terminals of entorhinal
cortex (EC) neurons in acutely prepared brain slices (Woodhall
et al. 2001). There is evidence from in vitro studies of hetero-
trimeric NMDA receptors such as NR1/NR2A/NR2B subunit
combinations (Brimecombe et al. 1997; Chen et al. 1997;
Vicini et al. 1998), but if such receptors are expressed in vivo
(Pina-Crespo and Gibb 2002), their subcellular localization is
unknown.

NR2A and NR2B receptor subunits are coupled through
different C-terminal domains to distinct second-messenger
pathways (Chan and Sucher 2001; Krupp et al. 2002; Lieber-
man and Mody 1994; Sattler et al. 2000), which in addition to
their separate localizations serve to diverge NMDA receptor
signaling. For example, extrasynaptic NR2B, but not synaptic
NR2A receptors, induce long-term genomic translational ef-
fects through activation of the cAMP-responsive binding pro-
tein (Hardingham et al. 2002). Whenever NMDA receptors in
the same intact synaptic structure can be expressed on the
presynaptic terminal and both in- and outside of the postsyn-
aptic density, it complicates the experimental design aimed at
distinguishing between the roles of the different receptors. Due
to the poor signal-to-noise ratio of spontaneous NMDA recep-
tor-mediated events, stimulus-evoked events are the usual
choice for characterizing the activation of postsynaptic NMDA
receptors. A major difference between stimulus-evoked and
spontaneous events is that spontaneous events are monosynap-
tic in origin, causing a relatively limited spillover of transmitter
to extrasynaptic receptors or neighboring postsynaptic sites. In
contrast, events evoked by stimulation of afferent fibers can be
polysynaptic and may be due to the simultaneous activation of
neighboring release sites, causing considerable spillover acti-
vating extrasynaptic receptors or neighboring synapses (Bar-
bour and Hausser 1997; Diamond 2001; Kullmann et al. 1999;
Lozovaya et al. 1999). To further our understanding of this
anatomical and functional receptor heterogeneity in an intact
system of synaptical structures, it is necessary to establish
physiological methods to characterize the mode of activation of
NMDA receptors at synapses. The purpose of the present study
was twofold: first we set out to distinguish the properties of
spontaneous NMDA receptor-mediated events in dentate gyrus
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granule cells including the underlying single-channel conduc-
tance. Second, we compared spontaneous and stimulus-evoked
events recorded in the same cell to distinguish between the
activation of NMDA receptor subtypes by evoked and sponta-
neously released glutamate.

M E T H O D S

Slice preparation

Rat brains were obtained from 8 to 10 wk old Sprague Dawley rats
(Harlan). Briefly, rats were decapitated after pentobarbital (75 mg/kg
ip) anesthesia, and the head was quickly chilled. The brain was then
rapidly dissected out in artificial cerebrospinal fluid (ACSF) contain-
ing (in mM): 126 NaCl, 2.5 KCl, 2 CaCl2, 2 MgCl2, 26 NaHCO3, 1.25
NaH2PO4, 10 D-glucose, 0.3 ascorbate, and 1.0 pyruvic acid. The
brain was glued with cyanocryalate to the platform of a Leica 1000
VS microtome and cut into 350-�m-thick horizontal slices. Osmolar-
ity of ACSF was 300 � 10 mosM, pH 7.4 � 0.1, and kynurenic acid
(3 mM) was added to the ACSF used in the dissection procedures
only. Slices were hemi-sected and stored in a chamber with continu-
ously carbogenated ACSF for 1–4 h at 32°C before being individually
transferred to a recording chamber. NMDA responses were pharma-
cologically isolated in a modified ACSF (ACSFNMDA) containing as
described above but with only 5 �M MgCl2 and with the following
compounds added (in �M) 10 DNQX, 30 picrotoxin, and 10 D-serine.
For field and whole cell recordings, we used slices that were located
approximately between 3.5 and 6.5 mm dorsal to the interaural line
(IAL, also see Fig. 8A). In a separate set of experiments we also
recorded bursts in whole cell and field configuration in slices posi-
tioned approximately between 2 and 3 mm above the interaural line
(see Fig. 8B) (Paxinos and Watson 1998). During the field recordings
of these ventral slices, a cut was made in the slice by a manipulator-
controlled micro-scalpel to sever the entorhinal cortex from the su-
biculum and dentate gyrus, thus transecting the perforant path.

Field potential recordings

During recordings slices were held in place on lens tissue paper by
small platinum weights and continuously perfused with carbogenated
ACSFNMDA at 34–35°C at a flow rate of 1.5–2 ml/min in a chamber
with an internal carbogenated and humidified atmosphere. A bipolar
tungsten stimulating electrode was placed in the perforant path/angu-
lar bundle immediately before crossing the hippocampal fissure and
set to deliver a 40-�s stimulus every 30 s. A recording glass electrode
filled with ACSFNMDA prepared as described below for whole cell
recordings was placed in the outer molecular layer of the dentate
gyrus. Current intensities for stimulation were set to evoke field
potentials of �0.4 mV peak amplitude, i.e., �60% of the stimulus
intensity required to evoke maximal peak responses.

Whole cell voltage-clamp recordings

Recording electrodes were made of borosilicate glass capillaries
with an inner filament (1.10 mm ID, 1.5 mm OD, Garner glass) and
pulled on a two-stage Narishige PP-83 puller or Zeitz horizontal puller
(resistances: 5–8 M�). Intracellular solution (ICS) contained (in mM)
135 CsCl, 4 NaCl, 2 MgCl2, 10 N-2-hydroxyethylpiperazine-N�-2-
ethanesulphonic acid (HEPES), 0.05 EGTA, 5 QX-314, 5 tetraethyl-
ammoniumchloride (TEA), 2 Mg-ATP, 0.5 Na2-GTP. The pH of the
ICS was adjusted to 7.2 with CsOH and its osmolarity was 285–290
mosM. Type of chamber and ACSFNMDA were similar for field and
whole cell recordings. A stimulating electrode was placed in the
angular bundle at the border of entorhinal cortex and the subiculum
and set to deliver a stimulus every 20 s. Dentate gyrus granule cells
were recorded using blind-patching, i.e., by lowering patch electrodes
down through the granule cell layer while monitoring responses to

5-mV test pulses (Staley et al. 1991). Seals (�7 G�) were formed by
applying gentle suction to patch pipettes. Whole cell currents were
amplified and low-pass filtered (2 kHz, 8-pole bessel) using an Axo-
patch 200A amplifier (Axon Instruments, Burlingame, CA) and 75%
compensated for series resistance. Cells were held for a period of �25
min during which series resistance and capacitance were monitored
every 3–4 min. After 10-min recording of baseline spontaneous and
evoked events, ifenprodil (10 �M) was added to the perfusate and an
additional 10 min were recorded after its addition. Cells in which
series resistance or capacitance deviated by �50% from initial values
were excluded from analysis. Also, cells with series resistances �18
M� at any time during the recording were excluded from analysis.

Establishing the time course of evoked NMDA EPSCs

The true synaptic conductance was determined by the method of
charge recovery of timed evoked events during a series of predeter-
mined voltage jumps (Hausser and Roth 1997; Pearce 1993). The
Strathclyde whole cell program V3.2.6 (courtesy of J. Dempster) was
used to generate voltage jumps from the reversal potential to –60 mV.
Three to four repetitions of a series of 11 trials with stimulation times
from �150 to 	100 ms relative to the voltage jump were recorded
and traces uncontaminated by spontaneous events were averaged and
subtracted from traces without stimulation. The charge recovery was
determined as the area-over-curve (AOC) of subtracted traces and
plotted against time relative to the voltage jump. A single exponential
was fitted to the curve from 150 to 15 ms before the voltage jump and
the time constant compared with the time constant from events re-
corded 100 ms after the voltage jump.

Data sampling

Field DC potentials were amplified 100 times through the headstage
and again 10 times through a BrownLee 440 precision amplifier (San
Jose, CA) and band-pass filtered (0.1–2 kHz) before digitization and
storage on a Pentium-processor-based PC using the in-house designed
event detection and analysis (EVAN) software package (www.EV-
AN.Thotec.com). Analog whole cell recordings were low-pass filtered
at 2 kHz (�3 dB, 8-pole Bessel, Frequency Devices 9002) and
digitized on-line at 8 kHz. Back-ups of field and whole cell recordings
were digitized through a Neurocorder (Neurodata) at 88 kHz and
stored on videotape.

Drugs

The sources of drugs were as follows: ifenprodil (Tocris, stock
dissolved in DMSO to100 mM), D-APV (Tocris), R-(�)-3-(2-car-
boxypiperazin-4-yl)propanephosphonic acid (D-CPP, Tocris), lido-
caine N-ethyl bromide (QX-314, Alomone lab), tetraethylammonium-
chloride (TEA, Sigma), 6,7-dinitroquinoxaline-2,3(1H,4H)-dione
(DNQX, Sigma), picrotoxin (Sigma) and D-serine (Sigma).

Detection, selection, and analysis of NMDA
receptor-mediated events

NMDA receptor-mediated events were identified in 300-s-long
continuous recordings based on the following criteria: a baseline (BL)
of 50 ms followed by a downward deflection of �3 
 BL SD (�BL)
lasting for �0.5 ms was identified as an event and periods of 100 ms
before and 300 ms after were sampled around the detection time. A
dead time of 15 ms and baseline standard deviation (SD) criteria of
�BL � 10 pA were used to select events only once. Events were
counted for frequency measurement but rejected for further analysis if
any other events were detected in �50 ms prior or 250 ms after the
detection point for a given event. Gaussian distributions were fitted to
10–90% RT, peak, 67% decay time, and total charge carried by the
event (AOC, from detection till 	250 ms). The number of Gaussians
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in the overall distribution for each parameter was determined by the F
value for two distributions with n and n 	 1 peaks by F � [(SSn �
SSn	1)/(fn � fn	1)]/(SSn/fn	1) and the associated P value by P � 1 �
invf[F, (fn � fn	1), fn	1], using P � 0.05 as level of significance
where SS is sum of squares, f is degrees of freedom, and invf is the
inverse of the F distribution function. The inter-event intervals were
binned in log-scaled bins and the mean (�) for the exponential
distribution was determined by fitting the function N � l*exp{ln (x/
�) � exp[ln (x/�)]} to the data. The weighted decay time constant
(�weighted) of spontaneous and evoked events was estimated from the
mean EPSC trace by dividing the AOC measured from the peak
(AOCpeak) by the peak amplitude or by fitting a single exponential to
the 20–80% decay-phase. An estimate of mean-channel conductance,
�, was obtained by nonstationary fluctuation analysis (NSFA) applied
to groups of 60–90 events comprised in the major Gaussian (mean �
SD) of the peak distribution. The variance around the mean in the
period 5 � 240 ms after the mean peak were divided into 25 bins and
plotted against the mean single-channel current and fitted with the
relation �2 � i � I � I2/N � �BL

2 in which �2 is the bin-variance of
traces around the mean, �BL

2 is the baseline variance, i is the single-
channel current and I is the mean current passed by the ensemble of
N channels (De Koninck and Mody 1994). The conductance is given
by � � i/(Vm � Vrev) in which Vm is the membrane (holding) potential
and Vrev is the reversal potential of NMDA receptors in this prepara-
tion. A Vrev � 3 mV was obtained from I-V plots of evoked events at
holding potentials ranging from �60 to 	40 mV. An estimate of the
average number of channels open at the peak is given by the ratio of
peak current to the single-channel current, i, obtained by NSFA.
Spectral analysis was performed on 39 discontinuous 4.096-s-long
(32,768 points) traces (low-pass filtered at 3 kHz, 8-pole Bessel) of a
baseline period and a similar period recorded during D-APV or D-CPP.
The data were Blackman-windowed and the one-sided power spec-
trum for each trace was obtained by fast Fourier transformation (FFT)
and all FFTs averaged for each period. The subtracted power spectrum
(baseline – APV or CPP) was plotted in a log-log diagram and the
corner-frequencies, fc, were obtained by fitting the data to a Lorent-

zian of the general form: S(f) � �
1

n

S(0)n/(1 � (f/fcn
)2), in which S(0)

is the lowest frequency noise intercept of the spectral density and fc is
the corner-frequency. The corner frequencies relate to the relaxation
time constant of a single exponential by � � 1/(2� � fc).

R E S U L T S

Characterization of spontaneous NMDA
receptor-mediated events

Pharmacological isolation of NMDA receptor-mediated
events recorded at 34–35°C was obtained through the removal
of currents through GABAA, AMPA, and kainate receptors, the
application of the glycine-site agonist D-serine, and recording
in a low Mg2	-medium to relieve the voltage-dependent block
of NMDA receptors. Postsynaptic Na	 and K	 channels were
blocked by QX-314, Cs, and TEA in the intracellular solution.
While holding cells at �60 mV, the holding current decreased
to a stable value (�35 � 10.7 pA, n � 17, Table 1) 3–5 min
after establishment of the whole cell configuration. Application
of 50 �M D-APV completely blocked the synaptic events,
decreased the baseline holding current by 18.8 � 3 pA (n � 5)
and decreased the SD of the baseline current (Fig. 1, A–C).
Therefore the spontaneous events were mediated solely by
NMDA receptors while the openings of NMDA channels also
significantly contributed to the baseline variance. NMDA re-
ceptor-mediated events are characterized by slow rise time,
long decay time, and a mean peak of �13.2 � 0.8 pA and

baseline SD (�BL) �2.7 pA (Table 1, means � SE of 17
granule cells). A set signal to noise ratio of 3 was used as
detection limit (ratio of lowest peak detected and �BL). Distri-
butions of peak amplitude and of rise-time were in all cells best
fitted to two or three Gaussian distributions (Figs. 2B and 3B).
Similarly, 67% decay times were best described by two or
three Gaussian distributions (Fig. 3C), whereas in the majority
of cells the distribution of charge carried by the events (AOC,
fC) was adequately described by a single-Gaussian with a
mean of �615 � 39 (SE) fC (Fig. 2C, Table 1). Overall, there
is an apparent proportionality among rise time, 67% decay time
and amplitude of the events (Fig. 3D).

Spectral analysis of 160-s-long traces (average of 39 traces
of 4.096 s length) in four cells resolved two corner frequencies
in the range 2.6–3.2 and 210–288 Hz, corresponding to expo-
nential relaxation time constants of 49–61 and 0.6–0.8 ms
respectively. The low-frequency component is in good agree-
ment with the decay time constant of the average event re-
corded during control conditions (Fig. 4, A and B), while the
latter frequency most likely reflects the average lengths of
openings of NMDA channels in these neurons (Lieberman and
Mody 1994).

NMDA channel conductance

An estimate of the synaptically activated NMDA-channel
conductance was obtained through nonstationary fluctuation
analysis (NSFA, Fig. 2D and Table 1). To reduce the variation
due to possible differences in synaptic size, number of chan-
nels, and dendritic filtering (De Koninck and Mody 1994;
Traynelis et al. 1993), NSFA was performed on 60–90 events
selected around the mean � 1 SD in the dominant Gaussian of
the peak-amplitude distribution (Fig. 2B, shaded area). Argu-
ably, scaling of individual peaks to the mean peak before
subtraction would be preferred to account for the variable
number of channels shaping the individual event if the popen is
high. However, NMDA channels possess a high intrinsic vari-
ance in the time from binding of agonist to first opening (Lester
et al. 1990) and a relatively low popen. Therefore, even after
selecting events as described in the preceding text, a significant
bias is introduced with peak scaling because of differing peak
times. Without peak scaling, the analysis of 17 granule cells
yielded an estimated average unitary current i � �3.42 pA
corresponding to a conductance, � � 60 � 5 pS (Table 1).
With an average peak amplitude of –13.2 pA (Table 1), this led

TABLE 1. NMDA Receptor-mediated events, granule cells

Spontaneous Events Evoked Events

10–90% RT, ms 5.4 � 0.3 18.0 � 2.3*
Peak current, pA �13.2 � 0.8 �46.5 � 6.4*
Eventarea (AOC) fC �615 � 39 �3806 � 942*
Tweighted (AOCpeak/Peakpeak) 39.6 � 2.2 ND
Tfitted 41.1 � 2.9 51.7 � 6.3†
Baseline current, pA �35.3 � 10.7 ND
Baseline variance, pA2 7.5 � 1.0 ND
Conductance, pS 60 � 5 ND
Channels open at peak �4 ND
Interevent interval, tau, s 0.39 � 0.06 20

Values are means � SE of 17 granule cells. NMDA, N-methyl-D-aspartate;
ND, not determined. * Significant difference between the control and ifen-
prodil (10 �M) period (paired t-test, P � 0.05). † P � 0.10.
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to an estimate of approximately four NMDA channels open at
the peak of the average spontaneous NMDA EPSC.

Comparison of evoked and spontaneous events

Events were evoked by a stimulating electrode in the per-
forant path at the subiculum-entorhinal cortex border (Fig. 5A,
site 1) or in the hippocampal fissure at the site from which field
potentials were evoked (Fig. 5B, site 2) every 20 s. Individual
slices were stimulated at one site only. Events evoked from
both sites had longer rise-times and larger peak-currents and
AOC than the spontaneous events (Tables 2 and 3). However,
the decay time constant of site-1-evoked events was not sig-
nificantly larger than that of spontaneous events (paired t-test,
n � 17, P � 0.10). Evoked events from stimulation site 2
differed from those evoked from site 1 by higher peak ampli-
tudes and by longer decay time constants, significantly differ-
ent from that of spontaneous events (table 3, P � 0.05, paired
t-test) recorded during the same period.

Charge recovery of evoked events

Stimulation at site 1 of cells held at 	3 mV (the reversal
potential of currents through NMDA receptors) did not cause
detectable events. By timing the stimulation relative to a jump
to a holding potential of –60 mV from the reversal potential,
the remaining charge caused by the event can be recovered by
the shift to the latter holding potential when corrected for the
capacitive current. The charge recovery in a series of 11 trials
with stimulation times ranging from �150 to 	100 ms relative
to the voltage jump is shown in Fig. 6A. An event recorded 100

ms after the voltage jump is shown in Fig. 6B. The average rise
time (RT0–100), for these events of four cells is 16.2 � 2.4 (SE)
ms. The fitted decay time constant, � is 52.3 � 6.3 ms. Fitting
a single exponential to the charge recovery graph from 150 to
15 ms before the jump (Fig. 6B) yields an average time
constant of 48.1 � 7.6 ms.

Effect of ifenprodil on spontaneous and evoked events in
whole cell recordings

Ifenprodil (10 �M, in final 0.1 ‰ DMSO) had no effect on
RT 10–90%, 67% decay time, peak-current, weighted or fitted
tau measured in the decay phase of EPSC’s charge carried by
the events (AOC, pA*ms), baseline holding current, baseline
SD, or unit channel conductance of spontaneous events (Table
2, Fig. 7A–F). However, ifenprodil significantly reduced the
frequency of spontaneous events (Table 2, Fig. 7C). Evoked
events from site 1 recorded simultaneously during the same
period had significantly reduced peak currents and AOC (Fig.
7D) which was similar for site 2 stimulation (Table 3).

Field potentials

Field potentials of pharmacologically isolated events were
evoked with a stimulating electrode in the perforant path close
to the hippocampal fissure and to the stratum lacunosum mo-
leculare. With a current stimulation adjusted to yield 60% of
the maximal response, field-responses remained stable for �1
h. As seen with evoked events in whole cell configuration,
ifenprodil significantly (paired t-test, P � 0.05, n � 6) reduced
the peak amplitude and AOC of NMDA receptor-mediated

FIG. 1. Whole cell N-methyl-D-aspartate (NMDA)
receptor-mediated spontaneous currents recorded
from rat dentate gyrus granule cells. A: sensitivity to
D(�)-2-amino-5-phosphonopentanoic acid (D-APV).
Bottom: baseline holding current and variance are
calculated by sampling 10-ms traces at 1-Hz fre-
quency throughout the recording. B: the distribution
of the baseline variance of these 10-ms traces. In
control conditions, some of the systematically sam-
pled 10-ms traces will fall on the rise or decay phases
of excitatory postsynaptic currents (EPSCs) giving
rise to a high variance (2nd peak in gray-shaded sum
of Gaussian distributions). The application of D-APV
(50 �M) significantly reduced baseline variance (peak
in nonshaded single-Gaussian distribution) indicating
the presence of NMDA receptor-mediated openings.
C: blocking NMDA receptors by APV or R-(�)-3-(2-
carboxypiperazin-4-yl)propanephosphonic acid (CPP)
caused a significant decrease in the holding current of
�19 pA. D: a log-binned plot of interevent intervals is
shown to follow an exponential distribution (line)
with a tau corresponding to an average frequency of
4.8 Hz.
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FIG. 2. NMDA receptor-mediated events are charac-
terized by small amplitudes and slow rise and decay
times. A: a typical event (gray noisy trace) is superim-
posed on the ensemble average (black smooth trace) �1
SD (SD, smooth gray traces). B: the peak distribution for
320 events for a control cell was best described by the
sum of 2 or 3 Gaussian distributions. The shaded area
indicates the mean of the dominant Gaussian �1 SD, the
criteria used for selecting 60–90 events for the nonsta-
tionary fluctuation analysis (NSFA) in D. C: the charge
distribution for the same cell (area over curve, AOC,
pA*ms � fC), was typically well described by a single
Gaussian distribution. Note that a considerable number
of events had AOC �0 as can be expected from the
average �1 SD shown in A. D: plot of the baseline
variance subtracted variance as a function of mean cur-
rent is well fitted to the parabolic relation �I

2� i*I �
I2/N (see text for details). The value obtained from the fit
for the single-channel current is 3.72 pA indicated on
the fit as the slope of the tangent to the fit at 0 variance
and current.

FIG. 3. Characteristics of NMDA receptor-mediated
events. A: magnification of 2 single noisy traces around the
ensemble average (smooth trace). The 2 events have dif-
ferent peak, rise, and decay times. B and C: the distribu-
tions for 10–90% rise times and 63% decay times, respec-
tively, from the same cell in Fig. 2. Typically, 2 different
rise times could be distinguished with a mean �5 and 11
ms and also decay times �10 and 20 ms. D: graphical
illustration of the relation among peak amplitude, 10–90%
rise time, and 63% decay time for the 320 events.
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field EPSPs. In addition, ifenprodil also reduced the decay time
of the field potentials (table 3, n � 6, P � 0.05, paired t-test,
5–10 min after application).

Dorsoventral differences in synaptic bursting of granule cells

We identified a sharp transition zone along the dorsoventral
axis separating two regions of the hippocampus with different
levels of synaptic bursting of granule cells. Ventral to this
zone, lying �3 mm above the interaural line (Fig. 8A), five of
five granule cells displayed spontaneous bursts (2–3/min) with
peak currents �2 orders of magnitude larger than the mean
peak current of normal events in ventral and dorsal slices (Fig.
8C). This type of large event was never observed in dorsal
slices. The presence of spontaneous field events with similar

frequency (2–3/min) recorded in the same region is most likely
a reflection of intracellular bursts. Evoked field and whole cell
events in this ventral region were characterized by double
peaks, 2–300 ms apart, both sensitive to inhibition by D-APV
(not shown) and ifenprodil (Fig. 8D). In whole cell configura-
tion, these bursts reversed polarity when recorded at 	40 mV
(Fig. 8, C and D), excluding the possibility of unclamped Ca2	

currents as the underlying mechanism. In field recordings, we
investigated the possibility that the double peaks observed were
due to reverberating activity or antidromic stimulation between
entorhinal cortex and dentate gyrus by cutting away the entorhinal
cortex (Fig. 8B) while recording field potentials. In each of the
four slices studied, the double peak disappeared after a cut sev-
ering the entorhinal cortex from the dentate gyrus (Fig. 8F).

FIG. 4. Average power-spectra of 39 continu-
ous 4.1-s long traces (160-s-long total) has a cor-
ner frequency comparable to the decay time con-
stant of spontaneous events recorded in the same
period. A: the power spectrum of baseline minus
the power spectrum during CPP fitted to a double
Lorentzian (see METHODS) has 2 characteristic cor-
ner frequencies of 2.9 and 248.4 Hz which trans-
late into time constants of 54.9 and 0.6 ms. The
spectrum of the CPP trace has less power and no
resolvable corner frequency. B: average spontane-
ous event recorded under baseline conditions has a
decay time constant of 49.2 ms in good agreement
with that of 54.9 ms obtained in the power spec-
trum (A).

FIG. 5. Characteristics of events evoked from 2 different stimulation sites. Individual slices were stimulated at 1 site only. In
the center, a horizontal section depicts the 2 sites of stimulation: site 1 being in the angular bundle at the border of the entorhinal
cortex (EC) and the subiculum and site 2 in the hippocampal fissure where the perforant path enters the molecular layer. A: whole
cell recording of events evoked from stimulation site 1. These evoked events were on average 3–4 times (peak) larger than
spontaneous events recorded in the same cell but were not significantly different with respect to decay time constant (Table 2). The
average spontaneous event is shown (small event) with evoked event (large noisy trace). The 3rd (large, smooth) trace is constructed
of by adding 3 staggered spontaneous events so that rise time and peak of the evoked event is matched (see B). The decay time
constant of the evoked event is 49.3 ms, and the staggered, constructed event is 43.2 ms. B: whole cell recordings of events evoked
from site 2. These events have significantly longer decay time constants than the spontaneous events recorded at the same time in
the same cell (Table 3). The composite event is constructed by the addition of 27 staggered spontaneous events with the criteria
to match rise time and peak yielding a decay time constant of 57.1 ms, compared with 102.2 ms for the evoked event. In this case
(compare with A), the composite event does not approach the decay kinetics of the evoked event.
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D I S C U S S I O N

The activation of NMDA receptors at and around synapses
has traditionally been studied by recording stimulus-evoked or
spontaneous composite AMPA/kainate and NMDA receptor-
mediated EPSCs in which the NMDA component can be
identified by its sensitivity to APV or MK-801 (Diamond 2001;
Hestrin et al. 1990; Traynelis et al. 1993). Here we character-
ized the spontaneous and evoked events purely mediated by
NMDA receptors in the same cell, which allowed us to discern
considerable differences between the activation of NMDA
receptors by stimulus evoked and spontaneous glutamate re-
lease in hippocampal slices. We characterized the basic param-
eters of pharmacologically isolated spontaneous NMDA recep-
tor mediated events in rat dentate gyrus granule cells (Figs. 2
and 3, Table 1). We also demonstrated that spontaneous open-
ings of NMDA receptors significantly contribute to the holding
current of the cell shown by its sensitivity to D-APV or D-CPP
(Fig. 1, B and C). Furthermore we have established that the
NR2B subunit containing NMDA channels do not participate
in the shaping of EPSCs activated by spontaneously released
transmitter but regulate the frequency of these events (Fig. 7C).
In contrast, events evoked in the same cell by stimulating the
perforant path were significantly diminished by ifenprodil (Ta-
ble 2, Fig. 7D), an effect quite similar to that described for
NMDA receptor-mediated field-potentials (Gordey et al.
2001). Finally we show that granule cells from ventral brain
slices (Fig. 8, A and B) display spontaneous NMDA receptor-
mediated bursts (Fig. 8C) and evoked events (Fig. 8, D and E,
whole cell) that are �2 orders of magnitude larger than their
counterparts recorded in dorsal slices.

Characterization of spontaneous events

The basic characteristics (RT 10–90%, 67% decay time,
peak-currents, decay time constant, and channel conductance)
have not been previously measured directly from the analysis
of spontaneous NMDA receptor-mediated events. In every cell,
the distributions of peak amplitudes, 10–90% rise times, and
67% decay time were best described by a sum of 2 or 3
Gaussians (Figs. 2B and 3, B and C), whereas the charge
carried by the event (AOC) was adequately described by a
single Gaussian (Fig. 2C).

The decay time constant of 42.1 � 2.1 ms (n � 17, Table 1)
corresponds well to the mean activation unit (super-cluster
duration) of NMDA channels during a synaptic activation, and
we note that it is comparable to the super-cluster duration of
NR2A channels after single fast exposure (1 ms) to low glu-
tamate (5–100 nM, �36 ms) and to the fast component re-
solved in the response to high glutamate (1 mM, �70 ms)
(Wyllie et al. 1998). Spectral analysis of 4.096-s-long epochs
during control perfusion and during perfusion with D-CPP
show that the first corner frequency of 2.9 Hz corresponding to
a decay time constant of 54.9 ms is in good agreement with the
actual observed decay time constant of 49.2 ms (Fig. 4, A and
B). A second corner frequency in the low-millisecond range
relates to the channel kinetics of openings during super-cluster
duration (events) and also of NMDA channel noise in the
baseline and is slightly lower than the mean open time of
NMDA channels (1.3 ms) that has been previously described in
cell-attached recordings (Lieberman and Mody 1994).

The NMDA receptor subtype expressed in adult rat dentate
gyrus granule cells is predominantly NR1, NR2A, and NR2B

TABLE 2. Stimulation in subiculum/EC, effect of ifenprodil

Spontaneous Events Evoked Events

Control Ifenprodil Control Ifenprodil

Peak*0.8/20–80% RT �3.6 � 0.4 �4.1 � 0.6 �9.0 � 3.1 �5.3 � 1.8
10–90% RT, ms 5.4 � 0.4 5.2 � 0.6 18.1 � 3.7 17.5 � 3.0
Peak current, pA �15.7 � 2.2 �15.5 � 1.8 �48.3 � 13.1 �30.5 � 8.3*
Eventarea (AOC), fC �689 � 68 �722 � 77 �3885 � 1394 �2385 � 854*
Tweighted (AOC/Peak) 50.7 � 6.4 50.9 � 6.0 ND ND
Tfitted 44.0 � 8.4 45.6 � 9.7 53.5 � 8.8 70.3 � 14.4
Baseline current, pA �47.0 � 18 �51.0 � 12 ND ND
Baseline variance, pA2 7.1 7.2 ND ND
Conductance, pS 66 � 6 69 � 5 ND ND
Interevent invl., tau, s 0.23 � 0.05 0.45 � 0.1* 20 20

Values are means � SE of 5 cells. * Significant difference between the control and Ifenprodil (10 �M) period (paired t-test, P � 0.05). Spontaneous and evoked
events were monitored simultaneously in the same cell.

TABLE 3. Stimulation in the hippocampal fissure, effect of ifenprodil

Control Ifenprodil

Spontaneous Evoked Fields Spontaneous Evoked Fields

10–90% RT, ms 6.8 � 0.4(1*) 17.3 � 4.1(13*) 12.2 � 2.9 6.7 � 0.4(2*) 16.3 � 3.2(2*) 11.9 � 2.6
Peak current, pA �12.4 � 0.9(1*) �412 � 113(13*) �0.57 � 0.06(1*) �12 � 1.1(2*) �216 � 62(23*) �0.5 � 0.04
Eventarea (AOC), pC �0.51 � 0.7(1*) �37.7 � 11.5(13*) �0.34 � 0.06(4*) �0.60 � 0.05(2*) �20.1 � 7.0(23*) �0.28 � 0.05(4*)

Tweighted (AOC/Peak) 39.5 � 5.5(1*) 72.7 � 8.5(13*) 49.6 � 7.9 47.6 � 6.0 59.6 � 7.1 47.3 � 10.9
Tfitted 35.3 � 5.5(1*) 66.3 � 9.4(1*) 53.5 � 10.8(4*) 45 � 5.8 71.6 � 8.7 47.2 � 8.1(4*)

Values are means � SE of 6 cells (whole cell—spontaneous and evoked) and 6 slices (field). Effects of ifenprodil were assessed in the period of 5–10 min
after application. Significant differences was determined using a paired t-test with level of significance at 0.05 between spontaneous and evoked in the same cell
for the control (1*) and the ifenprodil period (2*), between evoked in the two periods (3*), and between fields in the two periods (4*).

792 N. O. DALBY AND I. MODY

J Neurophysiol • VOL 90 • AUGUST 2003 • www.jn.org



with a lower expression of NR2D while NR2C is absent
(Dunah et al. 1996; Fritschy et al. 1998; Monyer et al. 1994;
Watanabe et al. 1993; Wenzel et al. 1995). NR2A and NR2B
receptors are kinetically indistinguishable—they possess both
high (50–60 pS) and low (�38 pS) conductance states, de-
pendent on temperature, extracellular Mg2	 and Ca2	 concen-
trations and recording configuration (whole cell vs. single
channel/patch) (Clark et al. 1997; Cull-Candy et al. 1998; Gibb
and Colquhoun 1992; Lieberman and Mody 1994; Stern et al.
1994). NR2D receptors possess two lower conductance-levels
at 42 and 19 pS (Cull-Candy et al. 1998). The application of
NSFA presumes that two conditions are met regarding the
composition of the channel-type and kinetics underlying the
events. These basic assumptions derived from the binomial
formulation of NSFA (Sigworth 1980) are that the kinetics of
the N channels shaping the event are independent from each
other and these N channels have a single conductance level
during openings. The second of these conditions are not nec-

essarily met here because NMDA channels possess distinct
subconductance levels (Clark et al. 1997; Cull-Candy et
al.1998; Gibb and Colquhoun 1992; Stern et al. 1994). The
estimate of the conductance obtained here is therefore only a
weighted average of the different conductance levels of a
presumably heterogeneous NMDA receptor population, which
nevertheless remains a reasonable characterization of the
weighted mean channel conductance. Our estimate of the chan-
nel conductance �60 pS (table 1, n � 17) is similar to that
determined at room temperature by Traynelis et al. (1993) of
56–65 pS and to that of Clark et al. (1997) of 59 pS both using
whole cell recordings of cerebellar granule cells, a preparation
mainly containing NR2B receptors (Cull-Candy et al. 1998).
Considering the increased channel conductance with tempera-
ture, our estimate recorded at 34°C appears comparatively low.
The reason for the discrepancy will have to be determined by
future studies, but it may be due to the synaptic localization of
the channels. The ratio of average peak to single channel

FIG. 6. Voltage jump from the reversal potential (	3
mV) to – 60 mV at 11 different times relative to stimu-
lation in site 1. A: the charge (AOC) recovered when
stimulation occurs from �150 to 	100 ms relative to the
jump. The rise time of events are16.2 � 2.4 ms (see B)
and fitting a single exponential to the charge recovered
from jumps 15–150 ms before the jump is comparable to
the decay time constant of events recorded 100 ms after
the jump (i.e., at – 60 mV). B: event recorded 100 ms after
the jump. The decay time constant is comparable (see
RESULTS) to that obtained in the charge recovery graph
(see A).

FIG. 7. Ifenprodil (10 �M) has no effect
on basic properties of spontaneous NMDA
receptor-mediated EPSCs. A and B: cumula-
tive probability plots of 63% decay times
and peak amplitudes, respectively. Inset: the
average of spontaneous events from control
and ifenprodil. C: cumulative probability
plot of the interevent intervals showing a
reduced frequency of events in ifenprodil. D:
the average evoked NMDA EPSCs recorded
during control (black) and in ifenprodil
(gray). E: the distribution of the baseline
current variance is unchanged by ifenprodil
as is the holding current (F). Its mean value
(�SE) is �47.0 � 18.0 pA in control and
�51 � 12.0 pA in ifenprodil.
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current yields an estimate of �4 channels open at the peak of
spontaneous events (Table 1), a small number compared with
�40–50 channels open at the peak of spontaneous GABAA
receptor-mediated events (De Koninck and Mody 1994).

Differences between evoked and spontaneous events

Stimulus evoked events had two to three times larger peak
amplitudes than spontaneous events but showed more cell-
to-cell variation in peak amplitude than spontaneous events.
This is most likely due to variations in required stimulus
strength and to a variable connection between EC afferents
en passage the site of stimulation and the dendrites of the
recorded cell. The higher peak amplitude of evoked (�46.5
pA) as compared with spontaneous events (�13.2 pA) most
likely results from the activation of an additional number of
release sites by the stimulated fiber(s) on the recorded cell.
The long rise time of stimulus evoked events (peak-smooth-
ing) may arise from the addition of several embedded com-
ponents (see also Traynelis et al. 1993): evoked stimuli
cause vesicle release through the activation of multiple
release sites and possibly also by asynchronous release of
multiple quanta from single release sites. Both situations
would lead to an asynchrony in activation of postsynaptic
receptors and thus a skew toward longer rise times. How-
ever, staggering of spontaneous events to match rise time
and peak amplitude of the evoked event in the same cell
show that when evoked from site 1, but not site 2 (different
slice), kinetics of spontaneous and evoked NMDA EPSCs
are comparable (Fig. 5, A and B). Although it is possible to
closely replicate an average evoked event from the stag-
gered addition of average spontaneous events (Fig. 5A), it
should not be assumed that evoked events are merely a
scale-up (summation) of spontaneous events. For example,
the population of synapses giving rise to spontaneous events
may not be identical to the synapses activated by stimulation
since the perforant path contacts granule cells monosynap-
tically only in the outer two thirds of the dendritic tree.

Furthermore, an average event is an average of single spon-
taneous events from a distribution usually best described as
being log-normal (see also Figs. 2, B and C, and 3, B and C).
It is probably an oversimplification to assume that events
from activated synapses along the outer two-thirds of the
granule cell dendritic tree follow a similar distribution. As
outlined in the preceding text, the synapses giving rise to
spontaneous and evoked events might be anatomically dis-
tinct, and for evoked events, on average may be more distal.
Voltage escape at distant synapses and slow onset-kinetics
(like NMDA channels) can lead to serious distortion of rise
time, peak current, and decay time measured at the soma,
whereas the charge recovered at the soma is much less
affected. To ascertain that the evoked events are not merely
a filtered version of the spontaneous events, we employed
the voltage jump/charge recovery method (Hausser and
Roth 1997; Pearce 1993). Figure 6, A and B, shows how the
charge recovery can reconstruct the true decay time constant
of evoked events, yielding a value comparable to that of
spontaneous events. Therefore the kinetics of evoked and
spontaneous events faithfully reflect the true time course of
synaptic NMDA channel conductance.

Evoked events from stimulation in site 2 (Fig. 6B, recorded
in whole cell) have similar rise times to the events evoked from
site 1 but larger peak amplitudes (�413 � 113 pA) and
significantly longer decay time constants compared with spon-
taneous events in the same cell (Table 3, �weighted � 66.3 �
9.4). This larger decay time constant may be due to the acti-
vation of a set of receptors by spillover of glutamate or perhaps
stimulation of synapses in the inner molecular layer (i.e., from
secondarily activated mossy cells) not activated during spon-
taneous activity or by “minimal” stimulation from the more
distant site 2.

Role of NR2B receptors

Ifenprodil is a noncompetitive inhibitor of NMDA receptors
with a �400-fold selectivity for NR2B over that of NR2A

FIG. 8. NMDA receptor-mediated events in slices obtained
from the ventral hippocampus, at a level �2–3 mm above the
interaural (IAL) line. A: sagital view of the rat brain and the
approximate location of 2.9 mm above IAL is indicated (� � �).
B: horizontal view of the hippocampus, subiculum, and medial
and lateral entorhinal cortex at IAL � 2.9 mm (adapted from
Paxinos and Watson 1998). The locations (1) of the stimulating
electrode for whole cell recordings and for field recordings (2)
are indicated. In some of the experiments, the entorhinal cortex
was severed from the slice by a cut along the � � � while record-
ing field potentials. C: large NMDA receptor-mediated sponta-
neous events were frequently encountered in ventral slices, but
never in dorsal slices. This type of event was �2 orders of
magnitude larger in amplitude than “normal” spontaneous
events in the same slices, or those recorded in dorsal slices, and
reversed polarity at positive holding potentials. D: in ventral
slices stimulus evoked events invariably gave rise to secondary
peaks, which also reversed polarity at positive holding poten-
tials. E: the amplitude of the secondary peak is much reduced in
ifenprodil. F: average of 8 field potentials before and after a cut
made to remove the entorhinal cortex.
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(Williams 1993) with a mechanism of action related to the
proton-mediated inhibition of NMDA receptors. We found that
ifenprodil had no effect on any measured parameter of spon-
taneous events, except their frequency (Table 2, Fig. 7, A–F).
In field potentials and evoked whole cell currents ifenprodil
caused a �40% reduction in peak amplitude and charge carried
by the event (Table 2). The differential effect of an NR2B
antagonist on spontaneous and evoked events raises some
questions about the differential distribution of NR2A and
NR2B receptors. Ultrastructural studies employing immuno-
gold labeled antisera recognizing extracellular epitopes con-
cluded that NR1 is localized on the spine of 98–99% of
asymmetric profiles at Schaffer-collateral synapses in the CA1
(Racca et al. 2000; Takumi et al. 1999a,b) and in the dentate
gyrus outer molecular layer (Milner and Drake 2001). These
studies also reported NR1 labeling of a few presynaptic profiles
in both regions, but in the dentate, these were shown to be
mainly associated with �-opiod receptor containing fibers es-
tablishing symmetric contacts on granule cell dendrites (Milner
and Drake 2001). However, because it has been argued that a
detailed analysis of presynaptic NR1 localization requires the
use of antibodies recognizing intracellular epitopes (Paquet and
Smith 2000; Racca et al. 2000), a cautious conclusion is that
NR1 is either not expressed or is expressed at below detection
levels (using extracellular epitope recoginizing antisera) in
terminals at asymmetric synapses in the molecular layer. Un-
fortunately, ultrastructural analyses of NR2 receptors are not
subtype specific, but functional studies from various synaptic
preparations including hippocampal CA3–CA1 Schaffer-col-
laterals supports a picture of predominantly synaptically local-
ized NR2A receptors with a largely extrasynaptic spread of
NR2B receptors (Chen and Diamond 2002; Diamond 2001;
Isaacson 1999; Kullman et al. 1999; Tovar and Westbrook;
1999) in which the timing of their activation is proportional to
their distance from the presynaptic release site (Barbour and
Hausser 1997; Takumi et al. 1999). However, two functional
studies also support a presynaptic localization of NMDA re-
ceptors at hippocampal excitatory synapses (Breukel et al.
1998) and more specifically of NR2B receptors in a localized
excitatory circuit in the entorhinal cortex (Woodhall et al.
2001). The possibility exists that heterotrimeric receptors (for
example NR1/NR2A/NR2B) are expressed at synapses in adult
rat dentate gyrus granule cells because there is good evidence
for such receptors in recombinant expression systems (Brime-
combe et al. 1997; Cheffings and Colquhoun 2000; Chen et al.
1997; Vicini et al. 1998). At present, evidence for the existence
of heterotrimeric receptors in vivo comes from an NR1/NR2B/
NR2D receptor combination expressed in P0 dentate granule
cells (Pina-Crispo and Gibb 2002). Although the NR2B and
NR2D receptor subunits are both considered to be predomi-
nantly extrasynaptic, we cannot rule out the existence of a
NR1/NR2A/NR2B receptor combination at dentate granule
cell synapses. This might be supported by comparing the decay
kinetics of NMDA receptors in recombinant systems with the
synaptic currents recorded by us. Although NR2A and NR2B
receptors display similar channel conductance, activation stud-
ies of expressed receptors show marked differences in decay
kinetics (Brimecombe et al. 1997; Chen et al. 1997; Vicini et
al. 1998). Moreover, presumed NR1/NR2A/NR2B receptors
displayed decay kinetics and pharmacological sensitivity inter-
mediate between those of NR2A and NR2B receptors. Based

on the kinetic model of Chen et al. (2001), we have calculated
the time constant at 32°C of the decay of a population of NR2A
(� � 16.5 ms) and NR2B (� � 122.6 ms) receptors (rate
constants are as described by Chen et al. 2001) (Table 1, using
a Q10 of 2.5). Both values are about threefold off from the
�decay of the synaptic events of 41.1 ms measured by us, and it
may be that the difference stems from a mixed population of
synaptic NR1/NR2A and NR1/NR2A/NR2B receptors. How-
ever, synaptic NMDA receptors are subject to modulation by a
number of intracellular proteins, kinases and phosphatases,
cytoskeleton anchoring proteins and Ca2	-activated modula-
tors, each of which have been shown to affect NMDA receptor
properties. Such intracellular regulation at the synapse is not
reflected by the modeled data or by recombinant expression
systems thus making difficult the accurate comparisons with
the properties of receptors at intact synapses.

In line with the potential NMDA receptor localization and
composition at granule cell synapses, there might be several
explanations for the effect of ifenprodil: the activity of layer II
stellate neurons in the EC, the neurons that target granule cells,
may be under the strict control of an NR2B receptor controlled
excitatory circuit (Woodhall et al. 2001) leading to an ifen-
prodil-induced diminished activity in the entire EC-dentate
gyrus circuitry. Ifenprodil may act presynaptically on NR2B
receptors or N-type Ca2	 channels (Bath et al. 1996) to reduce
presynaptic Ca-influx and hence release probability leading to
a diminished frequency of spontaneous events. However, the
reduction of presynaptic Ca2	 entry through voltage-gated
channels by 10 �M ifenprodil is unlikely given the lower
affinity of the drug for Ca2 channels (Bath et al. 1996) than for
NR2B receptors (Williams 1993). In light of the overlapping
amplitude distributions of the spontaneous events recorded
before and after ifenprodil administration (Fig. 7B), it is un-
likely that the decreased frequency seen in ifenprodil was the
result of smaller amplitude events having been driven into the
noise. Furthermore, based on the longer deactivation times of
NR2B compared with NR2A receptors, which would result in
a longer decay of the synaptic currents, the unaltered decay
times recorded under control conditions and in the presence of
ifenprodil (Fig. 7A) argue against the presence of synaptic
NR2B receptors. Based on the unaltered kinetics of the spon-
taneous events in the presence of ifenprodil, glutamate release
by spontaneous action potentials is not sufficient to spillover
and activate extrasynaptic NR2B receptors, i.e., NR2B recep-
tors do not participate in shaping the spontaneous NMDA
EPSCs at granule cell synapses. The presence of NR2B recep-
tors at postsynaptic densities may also be regulated, and such
receptors may not be in use during spontaneous activity. Stim-
ulus-evoked events and field potentials cause the near-simul-
taneous activation of multiple synapses and may spillover
glutamate to neighboring synapses. Surprisingly, the decay
time constant of evoked responses from sites 1 and 2 (whole
cell) was unchanged by ifenprodil (Tables 2 and 3), suggesting
that the increased glutamate release during these two types of
evoked responses does not selectively activate extrasynaptic
NR2B receptors. However, ifenprodil caused a reduction in
both the peak and decay time constant of NMDA field EPSPs,
suggesting that under these conditions, extrasynaptic NR2B
receptors are activated by overspill of glutamate. The discrep-
ancy between data in these three different preparations pre-
sumably stems from the much higher stimulus strengths and
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the proximity of the stimulating electrode required for evoking
field EPSPs rather than EPSC. We cannot exclude the possi-
bilities that NR2B receptor-mediated responses specifically ran
down in whole cell recordings or that an ifenprodil effect at
presynaptic EC layer II afferents will likely increase the num-
ber of failures during stimulation and thus reduce the number
of activated granule cell synapses.

Synaptic bursting in ventral slices

Spontaneous and evoked events in ventral slices with am-
plitudes of �2 orders of magnitude larger than mean peak in
dorsal slices are NMDA receptor mediated based on their
reversal at positive holding potentials (Fig. 8, C and D) and
APV and ifenprodil sensitivity (Fig. 8E). Ventral slices also
displayed spontaneous field potentials, while evoked fields
were composed of double peaks dependent on an intact per-
forant path (Fig. 8F). Future studies will need to examine this
phenomenon in more detail. At present, we note that the ventral
hippocampus and EC possess several characteristics, each of
which may contribute to the generation of these events. First,
the presence of supragranular mossy fibers is frequently seen in
control animals in this region (Buckmaster and Dudek 1997),
which may increase excitability under these recording condi-
tions. Second, horizontal slices from the ventral rather than
dorsal hippocampus presumably contain more intact connec-
tions between layer two-three EC neurons and dentate granule
cells (i.e., perforant path). Yet the angle of slicing may not be
the only explanation because it is well established that the
ventral hippocampus in vivo is much more excitable than the
dorsal hippocampus, e.g., during kindling (Lerner-Natoli
1984).

Summary

We have provided the first characterization of spontane-
ous NMDA receptor-mediated synaptic events at granule
cell synapses and demonstrated a dorsoventral difference in
these events. The two stimulation sites investigated here
show that evoked events from the EC/subiculum border
better approximate kinetic parameters of spontaneous events
than those evoked by stimulating near the hippocampal
fissure. Using ifenprodil we have shown that NR2B recep-
tors do not contribute to the spontaneous NMDA receptor-
mediated EPSCs at granule cell synapses but regulate their
frequency. The synaptic NMDA receptor aggregates pre-
dominantly contain NR2A with a possible contribution of
NR2A/NR2B receptors. It remains to be determined whether
the NR2B antagonist ifenprodil exerts its frequency-reduc-
ing effect at synapses through a reduction in the NR2B
receptor controlled excitability in a local EC circuit thus
reducing the output of the EC or alternatively via a presyn-
aptic NR2B receptor on EC layer II afferents terminating in
the molecular layer.
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