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NMDA receptor antagonists reduce medial, but not lateral,
perforant path-evoked EPSPs in dentate gyrus
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Summary. NMDA receptor antagonists produced differ-
ential effects on medial and lateral perforant path-evoked
excitatory postsynaptic potentials (EPSPs) recorded in the
dentate gyrus molecular layer of hippocampal slices. D-
(—)-2—amino-5-phosphonovaleric acid (D(-)APV) and
3-[( + )-2-carboxypiperazin-4-yl]-propyl-1-phosphonic
acid (CPP) significantly reduced the peak amplitude and
total area, but not the initial negative slope, of the medial
perforant path-evoked EPSP. Neither antagonist affected
any component of the lateral perforant path-evoked
EPSP. In contrast, population spikes evoked by stimula-
tion of either pathway were depressed.
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Introduction

Glutamate has been shown to be a transmitter in the
perforant path (PP; White et al. 1977), which actually
consists of two anatomically and functionally discrete
subdivisions, the medial and lateral PPs (Hjorth-Simon-
sen 1972; Hjorth-Simonsen and Jeune 1972). The axons in
the medial PP project to granule cell dendrites in the
middle third of the molecular layer of the dentate gyrus,
whereas the lateral PP projects to the outer third of the
molecular layer (Steward 1976). It is not clear whether the
N-methyl-D-aspartate (NMDA) subtype of glutamate re-
ceptor is involved in synaptic transmission from the PP to
hippocampal dentate granule cells. Cotman et al. (1987)
demonstrated that there is a high density of NMDA
receptors in the molecular layer of the dentate. Inspection
of their figures suggests that the maximal density of
NMDA receptors is in the middle third of the molecular
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layer, which corresponds to the terminal field of the medial
PP. Several electrophysiological studies have suggested
that there is an NMDA receptor-mediated component
of PP-evoked responses (Koerner and Cotman 1981,
Burgard et al. 1989; Lambert and Jones 1989). However,
other groups have reported that there is no NMDA
receptor-mediated component of either the population
spike (Coan et al. 1987) or the medial (Crunelli et al. 1982;
Collingridge et al. 1984) or lateral (Collingridge et al. 1984;
Mody et al. 1988) PP-evoked EPSP in physiological
concentrations of extracellular magnesium. In only one
(Collingridge et al. 1984) of the previous studies was a
depth-profile for differential activation of lateral and me-
dial PP presented. In view of the diversity of experimental
methods employed and apparently contradictory results
obtained in previous studies, it is important to determine
the contribution of NMDA receptors to the medial and
lateral PP EPSPs under defined conditions.

Both the medial and lateral pathways can show long-
lasting modifications of synaptic activity. High-frequency
stimulation of either pathway can induce long-term poten-
tiation (LTP; McNaughton and Barnes 1977; Winson and
Dahl 1986), one form of synaptic plasticity (Sarvey et al.
1989). Additionally, activation of B-adrenergic receptors
can induce a long-lasting potentiation (LLP) of responses
to medial PP stimulation with a concomitant long-lasting
depression of responses to lateral PP stimulation (Dahl
and Sarvey 1989).

Induction of LTP (Morris et al. 1986; Wigstrom et al.
1986; Errington et al. 1987) and B-adrenergic agonist-
induced LLP (Burgard et al. 1989) in the dentate gyrus is
blocked by the NMDA receptor antagonists D-(—)-2-
amino-5-phosphonovaleric acid (D(—)APYV) and 3-[(+)-
2-carboxypiperazin-4-yl]-propyl-1-phosphonic acid (CPP).

In this paper, we show that the NMDA receptor
antagonists D(—)APV and CPP reversibly depress a
component of the subthreshold mediai PP-evoked excit-
atory postsynaptic potential (EPSP). D(—)APV and CPP
are without effect on lateral PP-evoked EPSPs. In con-
trast, population spikes elicited by stimulation of either
pathway are depressed.



Material and methods

Transverse slices prepared from hippocampi of adult male rats
(Sprague-Dawley, Taconic Farms; 150-200 g) were maintained at
35°C in a modified Andersen interface chamber. Previously de-
scribed (Dahl and Sarvey 1989; Stanton and Sarvey 1987) techniques
of electrical stimulation, electrophysiological recording, and tissue
maintenance were employed. Artificial cerebrospinal fluid (ACSF)
consisting of (mM): NaCl 125, NaHCO, 26, KCl1 3, CaCl, 2.4,
NaHPO, 1.2, MgSO, 1.3, and dextrose 10 was continuously bub-
bled with 95% O,/5%CO,.

Field potential recordings were made with glass micropipette
electrodes filled with 2 M NaCl (resistance 5-15 M). Monopolar
stimulating electrodes (single 100 um diameter Tefion-insulated
stainless steel wires), with the return path provided by a silver
chloride-coated silver wire in contact with the bath ACSF, were
employed. Stimulus currents varied from slice to slice (50-150 uA),
but were chosen to evoke EPSPs or population spikes less than 30%
of their maximum amplitude to preclude current spread beyond
the selected pathway. For EPSP evaluation, simultaneous bilevel
(molecular and granule cell layers) recordings revealed that EPSPs
were far below threshold to evoke population spikes. The frequency
of stimulation was 0.2 Hz.

Standard procedures of response measurement were employed
(Scharfman and Sarvey 1985; Stanton and Sarvey 1987). EPSPs were
analyzed by measurement of the (1) maximum initial negative slope,
(2) peak amplitude, and (3) total area of the response between the
points of initial excursion from, and return to, baseline. Population
spikes were measured by their (1) amplitude, (2) total area between
the two positive peaks corresponding to the beginning and end of the
spike (Scharfman and Sarvey 1985), and (3) latency to negative peak.

D(—)APV and CPP were obtained from Tocris Neuramin
(Essex, UK). Both drugs were soluble in ACSF and applied by
perfusion for 30 min. A concentration of 10 uM D(—)APV and 1 uM
CPP was selected from the established efficacies of these drugs in
blocking LTP and B-adrenergic agonist-induced LLP (Burgard et al.
1989). Experiments were terminated after 30 min of wash in drug-free
ACSF, at which time all effects had fully reversed to pretreatment
values. Effects of D(—)APV and CPP were evaluated using the two-
tailed Student’s ¢ distribution with the level of significance set at 0.03.
Data are expressed as mean percent +standard error of the mean
(SEM) of pretreatment values.

The location of the medial and lateral PPs in the molecular layer
of the hippocampal slice is shown in Fig. 1A and B. Representative
recordings from three positions are illustrated in Fig. 1C. Note that,
at the level of maximum negative medial PP-evoked EPSP in
the mid-molecular layer, the lateral PP-evoked EPSP is positive
(Winson and Dahl 1986; Dahl and Sarvey 1989). Similarly, the lateral
PP EPSP shows a maximum negativity in the outer molecular layer
where the medial PP-evoked EPSP is positive. The negative EPSPs
correspond to the location of current sinks (i.e., flux of positive
current into cellular elements) for lateral and medial PP terminal
fields.

Results
EPSPs

Effects of D(—)APV on medial and lateral PP-evoked
EPSPs are illustrated in Fig. 2A and B. Perfusion with
D(—)APV (10 uM) for 30 min was without effect on the
initial negative slope of the medial PP-evoked EPSPs [101
+2.5% of pretreatment slope, n=6, Not Significant
(N.S.)]. Thus, NMDA receptor activation does not appear
to contribute to the initial component of the medial PP-
evoked EPSP. However, a 30-min perfusion with D(—)
APV depressed the peak amplitude (to 82+3.9%, n=6,
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p<0.05) and the total area (to 87+ 1.8%, n=6, p<0.05) of
the EPSP. The D(—)APV-induced depression of medial
PP-evoked EPSPs reversed to pretreatment values follow-
ing a 30 min wash with drug-free ACSF (peak amplitude
10340.03; area 10240.01). Thus, the NMDA receptor
antagonist D(—)APYV produced a reversible depression of
the peak amplitude and total area of the medial PP-
evoked EPSP, but had no effect on its initial slope.

In contrast, in the same slices, D(—)APV had no effect
on the initial negative slope, (10343.3%, n=6, N.S.), peak
amplitude (105+4.0%, n=6, N.8.), or total area (100
+1.1%,n=6, N.S.) of the lateral PP-evoked EPSPs. Thus,
the depression of the peak amplitude and total area of the
EPSP by D(—)APYV is pathway-specific, that is, restricted
to the medial PP-evoked EPSP.

Perfusion of slices with the NMDA receptor antago-
nist CPP (1 uM) produced pathway-specific effects on the
medial PP-evoked EPSP, similar to D(—)APYV (Fig. 2B).
These were also completely reversed by 30 min wash with
drug-free ACSF (peak amplitude 103+0.02; area 103
+0.06)

Population spikes

While the effects of D(—)APV and CPP recorded in the
molecular layer were specific to activation of the medial
PP, population spikes recorded in the granule cell layer by
activation of either pathway were reduced from pre-
treatment values (Fig. 2A and C). The amplitude of both
medial and lateral PP-evoked population spikes after 30 min
perfusion with D(—)APV were reduced to 51+6.3%
(n=6, p<0.05) and 4543.7% (n=6, p<0.05) of pre-
treatment, respectively. The total area of the medial and
lateral PP-evoked population spikes was reduced to 53
+7.2% (n=6, p<0.05) and 55+6.2% (n=6, p<0.05) of
pretreatment values, respectively. Wash with drug-free
ACSF for 30 min completely reversed the effect on ampli-
tude (medial PP 102 +0.04; lateral PP 104+0.03) and
area (medial PP 98 +0.02; lateral PP 104+4-0.05). The
decrease in area of the population spike suggests that the
decrease in amplitude is not simply due to decreased
synchrony of firing of action potentials. Note that the
depression of the lateral PP-evoked population spike was
not significantly different from the depression of the
medial PP-evoked population spike (Student’s t-test).

CPP similarly reduced the amplitude and area of
population spikes evoked by activation of either the
medial or lateral PPs, which confirmed the results ob-
tained with D(—)APV. These results are shown in Fig. 2C.
Upon 30 min wash with drug-free ACSF, population spike
amplitude (medial PP 98 +0.05; lateral PP 1034 0.07) and
area (medial PP 102 +0.04; lateral PP 101 +0.03) returned
to pretreatment values. Thus, the pathway-specific depres-
sion of the EPSP is not translated into a similarly specific
depression of the population spike, as both the medial and
lateral PP-evoked spikes are equally affected.

Although the population spike amplitude and area
were reduced, there were no changes in latency of medial
(100+2.6%, n=6, N.S.) or lateral PP-evoked population
spikes (103+2.3%, n=6, N.S.) after a 30 min perfusion
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Fig. 1. A Scheme of a hippocampal slice. B Detail of the dentate
gyrus, showing a granule cell and medial and lateral PPs in the
molecular layer. The distance between the hippocampal fissure and
granule cell layer is approximately 300 um. Stimulating electrodes
were positioned in the outer- (S1) and mid-molecular (S2) layers to
activate the lateral or medial PPs, respectively. Recording electrodes
were placed in the outer- (R1), mid-molecular (R2), and/or the
granule cell layers (R3) to record EPSPs (R1 and R2) or population
spikes (R3) in response to discrete stimulation of the separate
pathways. C Responses recorded at three locations (R1, R2, R3) in

with D(—)APV (Fig. 2A and C). Population spike la-
tencies were also unaffected by CPP (Fig. 2C). The lack of
effect on the latency of either population spike provides
evidence for a dissociation of the population spike from
the NMDA receptor antagonist-sensitive component of
the medial PP-evoked EPSP. Moreover, the difference
between the latencies between medial and lateral PP-
evoked population spikes was not significantly changed by
D(—)APV exposure. This further indicates that stimulus
isolation of the pathways was obtained (Abraham and
McNaughton 1984).

Discussion

The present study indicates that there is an NMDA
receptor antagonist-sensitive component of synaptic
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the molecular-granule cell layers to discrete activation of the medial
or lateral PPs. Stimulation (80 us, 100 pA) of the medial PP evokes a
negative EPSP in the mid-molecular layer (R2, Fig. 1B). The lateral
PP-evoked response is positive at this recording position. Stimula-
tion (60 us, 100 pA) of the lateral PP evokes a negative EPSP in the
outer-molecular layer (R1, Fig. IB), where the medial PP-evoked
EPSP is reversed. In the granule cell layer (R3, Fig. 1B) in a different
slice, EPSPs elicited by stimulation of either pathway (medial: 80 us,
100 pA; lateral: 80 us, 100 gA) are positive, and population spikes are
negative. The asterisk indicates the stimulus artifact

transmission from the medial PP, but not the lateral PP.
Both D(—)APV and CPP, in concentrations known to
block B-adrenergic LLP and LTP induction (Burgard
et al. 1989), reduced the peak amplitude and total area of
medial PP-evoked EPSPs, but had no effect on lateral PP-
evoked EPSPs. These antagonists did not affect the initial
negative-going component of either the medial or the
lateral PP-evoked EPSP. These results suggest that the
initial phase of the medial PP-evoked EPSP does not
contain an NMDA receptor-mediated component; this is
in agreement with previous findings (Burgard et al. 1989).
However, NMDA receptor activation becomes apparent
as the EPSP reaches its maximum amplitude. Further
support for this idea is found in the decrease in EPSP area
produced by the NMDA receptor antagonists. Slow
EPSPs mediated by NMDA receptors have also been



A MEDIAL PP

T~

EPSP
B

175

LATERAL PP

e
JX@\

POPULATION SPIKE

MEDIAL LATERAL MEDIAL LATERAL
SLOPE AMP  AREA SLOPE  AMP AMP  AREA  LAT AMP  AREA  LAT
110 7 120
! . %a;ﬁ%
3 Lz, =
<L oo l‘ 'lé 190 11 1 %
E ] %
i o || 7007
= v ZRRZ 9
g 90 [ apv % g _% %
E f Z4 crp 60 1 ‘f f L %
[ o,
; T T

*

J

Fig. 2. A Effects of 10 uM D(—)APV on medial and lateral PP-
evoked responses. The EPSPs (upper row) were recorded in the mid-
molecular layer and outer-molecular layer of one slice; population
spikes (lower row) were recorded in the granule cell layer of a second
slice. Each trace is the digitized average of four responses. Medial PP
stimulation was 50 us, 80 uA for the EPSP and 70 ps, 80 pA for the
population spike; lateral PP stimulation was 50 us, 60 pA for the
EPSP and 70 ps, 80 pA for the population spike. The open arrow
indicates pre-treatment responses. The solid arrow indicates the

recorded in field CA1 hippocampal neurons (Collingridge
et al. 1988; Kauer et al. 1988). NMDA receptor antagonists
have been shown to depress synaptic transmission in field
CAT1 of the hippocampus (Hablitz and Langmoen 1986).

In agreement with our results, it has been shown that
activation of the NMDA receptor does not contribute to
the intracellularly recorded granule cell EPSP evoked by
lateral PP stimulation (Mody et al. 1988). Koerner and
Cotman (1981) determined that the potency of D,L-APV
on EPSPs recorded in the mid-molecular layer was 12
times higher than on EPSPs recorded in the outer molecu-
lar layer, with the stimulating electrode placed in the outer
molecular layer. Although we did not test higher concen-
trations of D (—) APV in order to avoid nonspecific effects,
our findings are qualitatively similar to those of Koerner
and Cotman (1981). Lambert and Jones (1989) state that
there is an NMDA component of the PP-elicited EPSP.

. 4
80 40
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peak of the population spike. B, C Histograms showing means and
SEMs of response parameters before and during exposure to
10 uM D(—)APV or 1 uM CPP on medial and lateral PP-evoked (B)
EPSPs (D(—)APV n=6; CPP n=4) and (C) population spikes
(D(—)APV n=6; CPP n=3). Measurements during exposure to
drugs are expressed as percent of pretreatment values. The asterisk
indicates that the difference from pretreatment values is significant
(p<0.05)

In contrast to our findings and those of Burgard et al.
(1989), Crunelli et al. (1982) reported that EPSPs evoked
with a stimulating electrode in the medial PP were not
affected by iontophoretically applied D,L-APV, although
they did not show any data to support this. Also, D(—)
APYV has been reported to produce no effect on either the
medial or lateral PP-evoked EPSPs (Collingridge et al.
1984) or population spikes (Coan et al. 1987). The dispar-
ity may result from differences in stimulating electrode
placement, as the exact location within the PP was not
mentioned in these latter papers. Although we cannot
reconcile these studies with our own, we (1) demonstrated
specific activation of only the medial or the lateral PP in
each slice, (2) compared medial with lateral PP-evoked
EPSPs in each slice, (3) compared the effects of the specific
NMDA receptor antagonist CPP with those of
D(—)APV, and (4) employed concentrations of these
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antagonists that had been shown to be pharmacologically
relevant in previous studies of LTP and B-adrenergic LLP.
We have previously shown that L(+)APYV has no effect on
medial PP-evoked responses (Burgard et al. 1989).

Population spikes elicited by activation of either the
medial or lateral PP were depressed by D(—)APV and
CPP. The decrease of lateral PP-evoked population spikes
could not be predicted from the EPSP effects and suggests
an additional site of NMDA receptor antagonist activity
different from that affecting the EPSP. Indeed, current
measurements from isolated CA1l neurons indicate that
D(—)APV may enhance GABA, receptor-mediated in-
hibition in hippocampal neurons (Stelzer and Wong 1989).
In our study, this may have produced an effect in the
granule cell layer not specific to either pathway. Neverthe-
less, antidromic granule cell population spikes have been
shown previously not to be affected by D(—)APV
(Burgard et al. 1989). Thus, the drug effect does not appear
to be directly on the action potential generating mech-
anism of the granule cells. Alternatively, it might be argued
that, at the higher stimulus intensities required to elicit a
population spike, depression of the lateral PP-evoked
population spike could be explained by current spread to
the medial PP. However, this is extremely unlikely, as the
medial and lateral PP-evoked population spikes were
depressed by about the same amount. Furthermore, the
difference between the latencies was not changed by
D(—)APV, as would be expected if the longer latency
lateral PP response were contaminated by the shorter
latency medial PP response (Abraham and McNaughton
1984),

Medial and lateral PP terminals differ anatomically
(Hjorth-Simonsen 1972; Hjorth-Simonsen and Jeune
1972; Steward 1976) and in their response to pharmaco-
logical agents (Koerner and Cotman 1981; Lanthorn and
Cotman 1981; Dahi and Sarvey 1989; Kahle and Cotman
1989). These differences also have physiological correlates
(Wilson and Steward 1978; McNaughton 1980; Deadwyler
et al. 1981; Abraham and McNaughton 1984). It is inter-
esting that (1) D(—)APV and CPP specifically depress
medial PP-evoked EPSPs, (2) B-adrenergic agonist-
induced LLP is limited to medial PP-evoked responses,
and (3) D(—)APYV and CPP block B-adrenergic agonist-
induced LLP. In contrast, LTP can be elicited in either the
medial PP or the lateral PP (McNaughton and Barnes
1977; Abraham and Goddard 1983; Winson and Dahl
1986). However, LTP in the dentate gyrus is generally
thought to require activation of the NMDA receptor
subtype (Morris et al. 1986; Wigstrom et al. 1986; Erring-
ton et al. 1987). Perhaps the lateral PP is analogous to the
granule cell mossy fiber projection to CA3 pyramidal
cells; LTP of the mossy fiber response is not sensitive to
D(—~)APV, whereas LTP of CA3 associational fibers is
blocked by this NMDA receptor antagonist (Harris and
Cotman 1986). It remains to be seen whether LTP in the
lateral PP-granule cell synapses can be prevented by
NMDA receptor antagonists.
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