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Schaffer collateral and perforant path inputs activate different
subtypes of NMDA receptors on the same CA1 pyramidal cell
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1 The two major inputs to CA1 pyramidal neurons, the perforant pathway (PP) that terminates on
distal dendrites and the Schaffer collaterals (SCH) that terminate on proximal dendrites, activate both
AMPA and N-methyl-D-aspartate (NMDA) receptors.

2 In an in vitro slice preparation, the pharmacologically isolated NMDA receptor-mediated
excitatory postsynaptic currents (EPSCs) (NMDA-EPSCs) of either pathway can be selectively
activated onto a single CA1 pyramidal neuron.

3 Analysis of the decay phase of PP and SCH NMDA-EPSCs revealed no significant difference in
their time constants, suggesting no apparent different distribution in NR2-subunit composition in the
NMDA receptors (NMDAR) activated by the two synaptic inputs.

4 However, application of the NR2B-selective antagonist, ifenprodil, differently affected the
NMDA-EPSCs activated by the PP and SCH inputs. The reduction of the PP responses was only 30%
compared to 75% for the SCH responses.

5 In addition, for both pathways, the ifenprodil-insensitive component of the NMDA-EPSCs had
significantly more rapid decay kinetics than those prior to application of ifenprodil.

6 Our results show a greater NR2B subunit contribution to the NMDA component of the SCH
EPSC, compared to the NMDA component of the PP EPSC and that in single CA1 pyramidal

neurons NMDA composition is anatomically specific to the afferent input.
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Introduction

The N-methyl-D-aspartate (NMDA) receptors are glutamate-
activated cation channels characterized by permeability to
Ca>", a voltage-dependent block by Mg?* and the presence of
many modulatory sites. NMDA receptors (NMDAR) are
heteromeric subunit complexes composed of the obligatory
NRI1 subunit (Forrest et al., 1994) and at least one copy of
NR2A, NR2B, NR2C or NR2D (Kutsuwada et al., 1992;
Monyer et al., 1992). The NR1 subunit exists in eight isoforms
generated from alternative splicing of a single gene, is essential
for the channel activity and is expressed ubiquitously in the
central nervous system. In contrast, NR2A-D subunits are
transcribed from separate genes, show developmental and
regional expression and they determine pharmacological and
kinetic properties of the NMDARs (McBain & Mayer, 1994;
Dingledine et al., 1999).

The heteromeric subunit combinations of NMDAR are not
equally distributed in the central nervous system. They can
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progressively change during development (Cull-Candy et al.,
2001) or, even within the same neuron, different NMDAR
subunit compositions can be observed between specific inputs
(Ito et al., 2000; Kawakami et al., 2003; Kumar & Huguenard,
2003). Owing to the topographic organization of their synaptic
inputs, CA1l pyramidal neurons are a useful model for
studying the receptor composition of specific inputs, and
may offer the opportunity to test for a possible relationship
between the particular synaptic input and NMDAR subunit
composition. It is known that in the CAl region of the adult
hippocampus, NR2A and NR2B mRNAs predominate in
pyramidal cells, while NR2C and NR2D mRNAs predominate
in nonpyramidal cells (Monyer et al., 1994). CA1 pyramidal
neurons receive two anatomically segregated glutamatergic
inputs, the perforant pathway (PP), originating in layer 3 of
the entorhinal cortex and terminating on distal CA1 dendrites
in the stratum lacunosum moleculare and the Schaffer
collaterals (SCH), originating from CA3 pyramidal neurons
and terminating on proximal CA1l dendrites in the stratum
radiatum (Steward, 1976). Previous in vitro studies have shown
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that these two pathways can be separately activated and
further that they respond differently to muscarinic, GABAg
and monoamine receptor activations (Ault and Nadler, 1982;
Colbert & Levy, 1992; Hasselmo & Schnell, 1994; Nejtek &
Dahl, 1997; Otmakhova & Lisman, 1999; 2000). The input
specificity of these effects is more likely due to differences in
the distribution of presynaptic receptors in the PP versus SCH
terminals. More recent work has compared the properties of
the NMDA and AMPA receptors that in CAl neurons are
separately activated by the PP and the SCH inputs
(Otmakhova & Lisman, 2002). Using a similar preparation,
here we characterized the subunit composition of the
NMDAR mediating the responses activated by each of these
two inputs.

Methods
Slice preparation

Long-evans (7—8 weeks) rats were deeply anesthetized with
isoflurane, decapitated, their brains removed, and the hippo-
campus dissected and cut in transverse slices (400-um thick).
Part of the dentate gyrus and the CA3 field were removed from
the slices in order to interrupt the trisynaptic pathway
dentate > CA3— CA1l (Colbert & Levy, 1992; Otmakhova &
Lisman, 1999). Slices were then incubated at room temperature
in artificial cerebrospinal fluid (ACSF) containing (in mM):
NaCl, 124; KCl, 2; KH,PO,, 3; MgCl,, 1.3; CaCl,, 2.5;
NaHCOs;, 26; glucose, 10 (pH 7.35; 315—320mOsm when
gassed with O, 95% and CO, 5%) for about 1h before the
recordings started.

Whole-cell recordings

Whole-cell patch-clamp recordings were performed in voltage-
clamp mode using an Axopatch-1D amplifier (Axon Instru-
ments, Foster City, CA, U.S.A.). Data acquisition and analysis
were conducted with a Digidata 1200B interface and Clampex
8.0 software (Axon Instruments, Foster City, CA, U.S.A)).
Signals were low-pass filtered at 2kHz and digitized at 5 or
10kHz. Individual slices were recorded while submerged in
ACSF (flow rate 1.8 mlmin~') at 32°C. Patch electrodes were
prepared from borosilicate glass tubing (O.D. 1.5mm; 1.D.
0.86, with filament) with a P97 pipette puller (Sutter
Instrument, Novato, CA, U.S.A.). Electrodes (7—10MQ)
were filled with a recording solution containing (in mM): 120
K-gluconate, 10 KCI, 3 MgCl,, 10 HEPES, 2 MgATP, 0.2
NaGTP (pH 7.2 adjusted with KOH; 280 mOsm) and 1 mM
lidocaine N-ethyl bromide (QX314; Tocris, Ellisville, MO,
U.S.A.) and 2 mM D890 (Knoll, Ludwghsafen, Germany) were
added to block the voltage-dependent soma-dendritic currents
and to improve the voltage control of the NMDA-EPSCs
(Kovalchuk et al., 2000; Otmakhova er al., 2002). Series
resistance was 9-20MQ and was monitored at regular
intervals throughout the course of the experiments with
voltage pulses (—5mV; 20ms). Data were discarded if the
series resistance changed by more than 20% during an
experiment. The PP and SCH inputs were activated by using
two stimulating bipolar electrodes placed in the stratum
moleculare of the subiculum and in the stratum radiatum,
respectively. The PP and SCH inputs were activated alternately

every 20s (separated by 6s) with a 1-50unA, 200 us square
pulse delivered through two isolated constant-current sources,
Iso-flex (A.M.P.1., Jerusalem, Israel). The stimulation trigger
was controlled by Clampex 8.0 software. Pharmacologically
isolated NMDA excitatory post synaptic currents (EPSCs)
were obtained by recording (¥, = —60mV) in low-Mg*"
ACSF (0.1mM MgCl,/3.7mM CaCl,) to maintain the same
extracellular cation concentration (Bergeron ez al., 1998) and
by blocking GABA, receptors with bicuculline methiodide
(20 uM), GABAG receptors (Jarolimek ez al., 1993) with 3-N1-
S-3,4-dichlorophenyl ethyl amino-2-S-hydroxypropyl-P-ben-
zyl-phosphinic acid (CGP55845; 100 nM, Tocris) and AMPA
receptors with 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo-(F)-
quinoxaline (NBQX; 12uM). NMDA-EPSC recordings
were started after 20min in whole-cell configuration to
ensure that the intracellular blockers had time to diffuse
to the distal dendrites (Otmakhova et al., 2002). Unless
specified all reagents were purchased from Sigma-Aldrich
(St. Louis, MO).

Data analysis and statistics

Current traces displayed in the figures are averages of 6—15
EPSCs. The total NMDA-EPSC-induced charge was calcu-
lated as the absolute sum of the current over time. The
integrated area was set between the end of the stimulus artefact
and the return to baseline of the EPSC. NMDA-EPSC rise and
decay time constants were estimated by fitting with single
exponential functions with a nonlinear least-squares fitting
method using IGOR Pro 4.0 (WaveMetrics, Lake Oswego,
OR, U.S.A)). Fit range was set between 10 and 90% of peak
amplitude for the rise phase and between 90 and 10% of the
peak amplitude for the decay phase. Data are presented as
means + s.e.m. and statistical significance was established by
paired f-tests (two-tailed) with P-values as reported through-
out the text. All the fitting results are reported together with
the correlation coefficients (R).

Results

Pharmacological isolated PP and SCH NMDA-EPSCs
recorded in single CAI pyramidal neurons

The CA1 hippocampal pyramidal cells offer an advantage of
having functionally distinct inputs that may be selectively
activated by relatively large stimulation electrodes. Activation
of either PP input and the SCH input evoked a fast EPSC
followed by an inhibitory postsynaptic current (IPSC) in the
same CAl pyramidal neuron maintained at V,=—-60mV
(Figure 1). The IPSCs recorded at both PP and SCH synapses
were completely blocked by the application of bicuculline
methiodide (20 uM) and the selective GABAjp antagonist
CGP55845 (100 nM). Application of NBQX (12 uM) drastically
reduced the amplitude of the EPSCs leaving a residual 7% of
the EPSCs activated by the PP stimulation and 3% for those
activated by the SCH stimulation, both were completely
blocked by the application of DL-aminophosphonovaleric acid
(DL-APV; 100 uM; n=4). Thus, to isolate pharmacologically
the NMDAR-mediated EPSCs (NMDA-EPSCs), recordings
were made in ACSF (low Mg>*) and in the presence of
GABA,, GABAg and AMPA receptor antagonists. Under
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Figure 1 Isolation of NMDA receptor-mediated EPSCs. NMDA-
EPSCs are recorded in a single CA1 pyramidal neuron in response to
stimulations of the PP (left) and SCH (right) inputs. Recordings in
normal ACSF (control) show that both PP and SCH activations
evoke in the CAl neuron a fast AMPA receptor-mediated EPSC
followed by a GABAj receptor-mediated IPSC (asterisks). To
obtain isolated NMDA-EPSCs, recordings are performed at
Vy=-60mV, in ACSF (low Mg>"), bicuculline methiodide
(20 um), CGP55845 (100nM) and NBQX (12 uM). The NMDA-
EPSCs are completely blocked by the application of DL-APV
(100 uMm).

“NMDA-EPSC

these conditions, isolated NMDA-EPSCs at both PP and SCH
synapses were completely abolished by DL-APV (n=10). At
the start of each experiment, the stimulation strengths were
adjusted so that the EPSC amplitudes were approximately
equal for both pathways. However, when ACSF (low Mg?™)
was applied and GABA ,, GABAg and AMPA receptors were
blocked, the same stimulation intensity evoked larger NMDA-
EPSCs at the PP synapses (Figure 1). The apparent ratios
NMDAG, 1ow mg/AMPA+NMDA i, nomal Acsp) Were
1.63+0.2 at the PP and 0.714+0.08 at the SCH synapses
(P<0.01, paired t-test; n=16). These results are consistent
with previous work where, under similar experimental condi-
tions, a higher NMDA component at the PP versus the SCH
synapses was reported (Otmakhova et al., 2002).

Rise and decay kinetics of PP and SCH NMDA-EPSCs

To examine the kinetics of the NMDA component of the
EPSCs, the strength of the PP stimulation was decreased to
bring the PP NMDA-EPSC amplitude to approximately the
same as the SCH NMDA-EPSC. Kinetics of rise phases of PP
and SCH NMDA-EPSCs were determined by best fit with
single exponential functions. Rise phases at the PP synapses
were significantly slower: 28.1+2.5ms (R=0.9727+0.0022)
for PP NMDA-EPSCs and 17.94+1.2ms (R=0.9757+0.0034)
for SCH NMDA-EPSCs (P =0.004, paired z-test; n = 16). This
difference reflects, in large part, the greater electronic distance
of the PP input (Hausser & Roth, 1997). The deactivation of
NMDA-EPSCs has often been fit with double exponentials;
however, single weighted (Stocca & Vicini, 1998; Chapman
et al., 2003) as well as single exponential (Hestrin, 1992;
Kumar & Huguenard, 2003) functions have also been
reported. We found that increasing the order did not improve
the fit and did not yield independent exponential terms.
Kinetics of decay phases of PP and SCH NMDA-EPSCs were
therefore determined by best fit with single exponential
functions. Analysis of the decay phase of PP and SCH
NMDA-EPSCs revealed no significant difference in their time
constants. NMDA-EPSC decay time constants were
90.5+6.3ms (R=0.96854+0.0029) for the PP and
87.7+£6.8ms (R=0.9659+0.0045) for the SCH pathway
(P=0.6, paired t-test; n=16).

NR2B content of the NMDARs at the PP and
SCH synapses

To determine whether there was a difference in NR2B-
containing NMDAR compositions at the PP and SCH
synapses, we tested the effects of ifenprodil on the PP and
SCH NMDA-EPSCs in 10 neurons. Ifenprodil is a noncom-
petitive, activity-dependent and voltage-independent antago-
nist of NR2B subunit containing NMDARs (Williams, 1993;
1995). Ifenprodil has been previously used to determine the
NR2B component of NMDA synaptic inputs at concentra-
tions between 3 and 10puM (Lei & McBain, 2002; Kumar &
Huguenard, 2003; Lopez de Armentia & Sah, 2003). Ifenprodil
dose-response studies on both recombinant (Williams, 1993;
Mott et al., 1998) and native (Kirson & Yaari, 1996)
NMDARs have shown that in this concentration range,
ifenprodil is a selective antagonist for the NR2B subunit
containing NMDARs. We tested ifenprodil at 10 uM concen-
tration on both PP and SCH NMDA-EPSCs. Within single
CA1 pyramidal neurons, the proportion of ifenprodil-sensitive
components of the NMDA-EPSCs (NR2B mediated) was
significantly higher at the SCH synapses compared to the PP
synapses (Figures 2a, b and 3). Ifenprodil sensitivity at both PP
and SCH inputs was established as a reduction of the EPSC,
total recovered charge, measured as the area of the EPSC. The
EPSC recovered charge is the most accurate method available
for characterizing EPSC magnitude (Hausser & Roth, 1997),
and has been successfully used to analyze the PP input on the
distal dendrite (Otmakhova et al., 2002). While the peak of the
synaptic currents is attenuated with increasing electrotonic
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Figure 2 Ifenprodil effects on NMDA-EPSC evoked charge and
decay kinetics. (a) Example of ifenprodil effects on NMDA-EPSCs
recorded in a single CA1 pyramidal neuron evoked by PP (left) and
SCH (right) stimulations. In this neuron ifenprodil (10 uM) reduces
the PP NMDA-EPSC charge by 35% (control 12.15pA x ms;
ifenprodil 7.38 pA x ms) and the SCH NMDA-EPSC charge by
77% (control 11.31 pA x ms; ifenprodil 2.56 pA x ms). (b) Averaged
data from ifenprodil-mediated inhibition of the NMDA-EPSC
charge. Ifenprodil reduces the PP NMDA-EPSC charge by 29.6 +
4.4% and SCH NMDA-EPSC charge by 75.1 + 4.07% (P <0.01,
paired t-test; n = 10). Errors bars represent the s.e.m. (c) Ifenprodil
effect on the kinetics of NMDA-EPSC decay phase. The ifenprodil-
insensitive component of the NMDA-EPSCs activated by either PP
and SCH pathways have more rapid decay kinetics compared to the
corresponding NMDA-EPSCs measured in control. The traces are
the result of averaging peak-aligned, normalized NMDA-EPSCs
recorded in five neurons. The decay phase is best fit with a single
exponential equation which is shown superimposed on the average
NMDA-EPSC. Correlation coefficients (R) for PP were: 0.9805
(control) and 0.9852 (ifenprodil); and for SCH: 0.9771 (control) and
0.9659 (ifenprodil).
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Figure 3 Time course of the effect of ifenprodil on NMDA-EPSC
charge. Average responses of four CAl pyramidal neurons to the
application of ifenprodil (10 uM) and DL-APV (100 uM) on NMDA-
EPSCs evoked by stimulation of both PP (empty dots) and SCH
(filled dots). The percentage of NMDA-EPSC charge is calculated
by taking the mean NMDA-EPSC charge during the first 5min
(control) as 100%.

distances, the synaptic charge is less affected and is relatively
independent of the kinetics of the synaptic conductance
(Hausser & Roth, 1997). Ifenprodil reduced the PP NMDA-
EPSC charge by 29.6+4.4% and SCH NMDA-EPSC charge
by 75.1+4.07% (P<0.01, paired t-test; n=10). The time
course of ifenprodil effects on the EPSC evoked charge was
monitored in four of the neurons tested and showed a slower
block compared to DL-APV (Figure 3), which is compatible
with the activity-dependent property of ifenprodil action (Kew
et al., 1996).

In addition, for both pathways, the ifenprodil-insensitive
component of the NMDA-EPSCs had significantly more rapid
decay kinetics than those measured on the total NMDA-
EPSCs recorded prior to application of ifenprodil. The rate of
decay was determined by a best fit to a single exponential.
Fitting was possible for ifenprodil-insensitive currents only in
five of the 10 neurons tested. In the other cases, the ifenprodil-
insensitive currents for the SCH EPSCs were too small to be
analyzed. Ifenprodil reduced PP and SCH NMDA-EPSC
decay time constants equally (26%; n=15). PP time constants
measured 103.3+7.9ms in control and 73.5+8.6ms with
ifenprodil. SCH time constants measured 83.7+11.6ms in
control and 58.9+6.7ms with ifenprodil (n=15). The average
effects of ifenprodil on the decay kinetics are shown in
Figure 2¢ where fitting was applied on averaged, peak-aligned,
normalized NMDA-EPSCs.

Discussion

In summary, the NMDAR subunit composition of CAl
pyramidal cell synapses is specific to the two major CAl
inputs, the PP input and the SCH input. On the basis of the
sensitivity of evoked NMDAR-dependent total charge to the
NR2B-selective antagonist, ifenprodil, there is a greater
contribution of the NR2B subunits to the more proximal
synapses of the SCH input as compared to the more distal
inputs of the PP pathway, measured on the same CAl
pyramidal neuron.

Differential NMDAR subunit composition can occur during
early development such that at birth NR2B is the predominant
subunit, while NR2A expression gradually increases with

maturation (Monyer et al., 1994; Kirson & Yaari, 1996)
contributing to the developmental changes in NMDA-
mediated synaptic plasticity (Cull-Candy et al., 2001; Philpot
et al., 2001). In mature animals within the same neuron
differential NMDARs are reported between synaptic and
extrasynaptic receptors (Rumbaugh & Vicini, 1999; Momiyama,
2000), and an uneven distribution of synaptic NMDAR
subtypes can form a continuum (Lei & McBain, 2002) or it
can be specific to the type of input (Ito et al., 2000; Kawakami
et al., 2003; Kumar & Huguenard, 2003). NMDAR subtype
input specific distributions were recently described in CA3 and
CA1 pyramidal neurons. In CA1, NR2B subunits are evenly
distributed in NMDARs activated by the CA3 input to the
basilar dendrite and to the apical dendrites. However, an
asymmetric difference of NMDAR subunit composition
between left and right hippocampi was revealed, or possibly,
induced in animals that had received a surgical lesion of
commissural fibers (Kawakami ez al., 2003). In CA3 there is a
higher NR2B content in NMDARs activated by the input
from the contralateral CA3 compared with those activated by
the ipsilateral CA3 (Ito et al., 2000). Conversely, we found that
on the apical dendrites of CA1 pyramidal neurons from intact
adult animals a differential NMDAR subunit composition
may segregate according to input, suggesting functional
specificity of the NMDAR subunit composition as it correlates
with functionally distinct inputs. In single CAl pyramidal
neurons differential properties of the glutamatergic-mediated
response at PP and SCH inputs were also recently reported
(Otmakhova et al., 2002). The authors show that glutamate
released at the PP activates EPSCs with a larger NMDA/
AMPA ratio compared to the SCH EPSCs and report that the
NMDA-mediated responses were different with the PP
NMDA-EPSCs exhibiting an inward rectification that persists
in the absence of extracellular Mg?>*. Here we extend this
work by characterizing the pharmacological and kinetic
properties of the NMDA-EPSCs activated by these two
synaptic inputs.

It has generally been assumed that at glutamatergic
synapses, abundance in NR2B subunits generate EPSCs
characterized by sensitivity to NR2B-selective antagonists
and slow decay kinetics (Vicini et al., 1998; Tovar &
Westbrook, 1999). However, we have found that NMDA-
EPSCs activated by the SCH input are significantly more
affected by the NR2B-selective antagonist ifenprodil compared
to the PP NMDA-EPSCs, but we did not find them to exhibit
slower decay kinetics. This result was unexpected but is not
unique. Dissociation between NR2B-selective antagonist
sensitivity and slow decay kinetics has been reported in the
literature (Barth & Malenka, 2001). Faster NMDA-EPSC
kinetics are not always associated with a replacement of NR2B
by NR2A subunits, but they can reflect a NR2A expression
increase (Flint et al., 1997; Shi et al., 1997). This suggests that a
rearrangement of NMDA heteromers that incorporate NR2A
subunits coassembled with NR2B would form NMDARs with
fast kinetics (Flint ez al., 1997; Cull-Candy et al., 2001) and
sensitivity to NR2B-selective antagonists (Kew et al., 1998;
Hawkins ef al., 1999). Nevertheless, these trimeric assemblies
have also been reported to lose their sensitivity to activity-
dependent antagonists (Brimecombe et al., 1997). Based on the
pharmacological properties of the responses in each pathway,
and considering that in the adult hippocampus, NR2A and
NR2B mRNAs predominate in pyramidal cells (Monyer ef al.,
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1994) we propose that the contribution of NR1/NR2A/NR2B
heteromers in the SCH synaptic NMDARs may cause the
dissociation between ifenprodil sensitivity and slow decay
kinetics. Furthermore, and in accordance with the observation
for recombinant NMDARs (Vicini ef al., 1998), the decay
kinetics at the SCH synapses are too fast to be attributed to the
binary assembly NR1/NR2B.

An additional explanation for the discrepancy in having
indistinguishable decay time constants in synapses with
different ifenprodil sensitivity/NR2B content is that synapses
located at different distances from the soma are filtered to
varying extents. The EPSC kinetics are most distorted with
increasing electrotonic distances, with greater attenuation for
the faster kinetics (Hestrin et al., 1990; Hausser & Roth, 1997).
Thus, PP NMDA-EPSC kinetics are expected to be more
attenuated than those at SCH synapses. In agreement with this
we found that the rise phase of the PP NMDA-EPSCs was
significantly slower than the rise phase of SCH NMDA-
EPSCs. Furthermore, we found the PP NMDA-EPSCs to have
a decay phase slower than what we would have expected on the
basis of ifenprodil sensitivity. However, exposure to ifenprodil
significantly increased the decay kinetics of SCH and PP
EPSCs suggesting that filtering due to membrane properties
does not completely limit the rate of decay.

The NR2A/B subunit content determines many of the
properties of the NMDARs (Dingledine ez al., 1999; Loftis &
Janowsky, 2003). Although we did not test for any functional
difference between PP and SCH inputs, there are several
functional characteristics that we predict might differentiate
these two synaptic inputs according to their NR2B content.
For example, recombinants containing NR1-NR2B respond to
agonist application with slower time courses of deactivation,
inactivation and desensitization (Krupp et al., 1996; Vicini
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