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ABSTRACT Long-term potentiation (LTP) was investi-
gated in the mammalian entorhinal cortex by using two in vitro
preparations, the isolated brain and the entorhinal cortex slice.
Hebbian and non-Hebbian types of LTP appear to be present
in layer II entorhinal cortex cells as demonstrated using two
protocols: (i) tetanic stimulation of the piriform-entorhinal
cortex afferent pathway to generate homosynaptic potentiation
and (ii) postsynaptic subthreshold rhythmic membrane poten-
tial manipulation not paired to presynaptic activation, which
gives rise to non-Hebbian LTP. The induction and the expres-
sion of both types of LTP were found to be dependent on
activation ofN-methyl-D-aspartate receptors as shown by their
sensitivity to the receptor agonist D-2-amino-5-phosphonoval-
erate. This is in contrast to LTP in the hippocampus [Zalutsky,
R. A. & Nicoll, R. A. (1990) Science 248, 1619-16241, where
LTP is expressed by quisqualate receptors. Since, in the
entorhinal cortex, LTP is linked to a selective increase of the
N-methyl-D-aspartate-receptor-mediated synaptic responses,
this enhancement is most likely due to postsynaptic factors.

The study of synaptic plasticity is of great relevance in
defining the self-organizing properties of the central nervous
system. One such plastic phenomenon is the long-term po-
tentiation (LTP) of synaptic efficacy, which has been inten-
sively investigated in the hippocampus, where it was orig-
inally discovered (1). Little is known, however, about the
repertoire of synaptic plasticity in other cortical structures.
The neurons in layer II of the entorhinal cortex (EC) are of
particular interest in this respect as they demonstrate LTP
and in addition give rise to the main component of the
"perforant path," the major source of extrinsic input to the
hippocampus (2).
The study of the LTP of synaptic efficacy and of its

possible relation to certain forms of "memory" has been the
subject ofmany studies in vitro and in vivo (3, 4). Setting aside
the issue of whether LTP may relate to some aspects of
memory acquisition and/or recall, we describe here a set of
unique characteristics of LTP in the EC. Our special interest
in this cortex relates to its key position in the neocortex-
hippocampus-neocortex circuit.
The occurrence of LTP in the EC after tetanic stimulation

of afferent pathways as well as after direct rhythmic sub-
threshold membrane potential manipulation was investi-
gated. Two types of in vitro preparations were used: (i) the
adult guinea pig brain, isolated and maintained by arterial
perfusion, and (ii) adult rat brain slices of the EC.

MATERIALS AND METHODS
Isolated Whole Brain in Vitro Preparation. Adult guinea pigs

(150-200 g) were anesthetized with sodium pentobarbitol (60

mg/kg) and the brain temperature was reduced by intracar-
diac perfusion with ice-cold oxygenated modified Ringer's
solution (see below). A craniotomy was performed and the
brain was gently lifted from the skull. The brain, from the
olfactory bulbs to the end of the medulla, was transferred to
the perfusion chamber where one vertebral artery was can-
nulated (5, 6). Arterial perfusion (3-4 ml/min, determining a
perfusion pressure of 70-100 mm Hg; 1 mm Hg = 133 Pa)
was delivered by a peristaltic pump. The other vertebral
artery, the carotids, and other leaking vessels were then
ligated.
During this procedure the brain was superfused with ice-

cold oxygenated Ringer's solution. The ionic composition of
the superfusate and the perfusate was 126 mM NaCl, 26 mM
NaHCO3, 3 mM KCl, 1.2 mM KH2PO4, 1.3 mM MgSO4, 2.4
mM CaC12, 15 mM dextrose, and 5 mM Hepes. A plasma
expander [Dextran 70, 3% (vol/vol)] brought the perfusate to
the proper osmotic pressure. After 1 hr at 15°C the prepara-
tion was slowly warmed to 320C.
The piriform cortex (PC), which projects monosynaptically

upon EC layers II and III (7, 8), was stimulated with bipolar
twisted silver wires (insulated except for the tip). Field
potentials were recorded with low-resistance (5-8 MQ1) 2 M
NaCl-filled glass micropipettes. LTP was evoked by a set of
100-Hz pulse bursts (four shocks per burst) repeated five
times per sec for 1-3 sec. This pattern, which mimics the
0-rhythm present in limbic structures, has been shown to be
highly effective in inducing LTP (9). In some experiments the
brain was perfused with a selective antagonist of N-methyl-
D-aspartate (NMDA) receptors, DL-2-amino-5-phosphonov-
alerate (APV) (10) at 100 ,uM. APV reached the brain in 2-3
min. Experiments in the isolated brain were performed in the
absence of picrotoxin.

Brain Slice Preparation. Horizontal brain slices (400 Am)
were made from the retrohippocampal region of the adult rat
by standard procedures (11). Slices were superfused with a
350C solution containing 124 mM NaCl, 5 mM KCI, 1.2 mM
KHPO4, 2.6 jnM MgSO4, 2.4 mM CaC12, 26 mM NaHCO3,
and 10 mM glucose (equilibrated with 95% 02/5% C02).
Intracellular recordings were obtained using 3 M potassium
acetate-filled micropipettes. EC layer II neurons with a
resting membrane potential of at least -60 mV and an input
resistance >20 MQl were analyzed. All experiments were
carried out in the presence of the type A y-aminobutyric acid
(GABAA)-receptor-blocker picrotoxin (100 AM).

Abbreviations: EPSP, excitatory postsynaptic potential; EFP, extra-
cellular field potential; LTP, long-term potentiation; EC, entorhinal
cortex; NMDA, N-methyl-D-aspartate; APV, DL-2-amino-5-phos-
phonovalerate; PC, piriform cortex.
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Bipolar stainless steel stimulating electrodes were placed
on the molecular layer of the EC (layer I), 0.5 mm lateral to
the recording electrode. Stimuli applied at 0.1 Hz activated
associational fibers originating in the olfactory cortices
(mainly the PC) (7) as well as intrinsic local projections. LTP
was induced by a -pattern stimulation, similar to that used
in the whole-brain preparation or by 10-20 sec of 5-Hz
stimulation. In some experiments the superfusate contained
APV and the non-NMDA receptor antagonist 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX) (12). The bath solution
exchanged completely within 3 min.

RESULTS
LTP in the Isolated Brain. In all brains tested (n = 6),

6-patterned stimulation of the PC generated a significant
increase in the amplitude of the monosynaptic extracellular
field potentials (EFPs) in the EC. This potentiation could be
followed for up to 4 hr. Laminar field-potential analysis
demonstrated that PC stimulation elicits a monosynaptic
surface negativity in the EC that is associated with a current
sink at the level of the apical dendrites of the layer II and III
cells and a corresponding current source in the depth of the
cortex (8, 13). Recordings for the LTP experiments were
made at 100-150 gm from the surface of PC, at the depth of
the peak of the monosynaptic current sink.
An example of a long-lasting enhancement of the EFP in

the PC-EC pathway is shown in Fig. lA (top row and open
squares in B). Control shocks delivered at 0.1 Hz to the PC
elicited field responses with an average amplitude of 250 gV
(trace a). After tetanic stimulation as described above, an
early post-tetanic potentiation of the EFP was seen (trace b);
the EFP amplitude decreased slightly within 3 min (trace c),
to reach a stable potentiated level (trace d) where the EFP
remained for up to 2 hr. Subtraction of the control and the
enhanced EFPs (trace c-a) shows the potentiated response.
In most of the experiments the LTP lasted as long as we kept
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the brain alive-in others it was transient, but lasted at least
2 hr.
As reported in other cortical structures, APV prevented

the induction of LTP after tetanic stimulation of the PC in all
isolated brain experiments (n = 4). As shown in Fig. 1A
(lower row and solid squares in B), during APV perfusion (100
,uM), PC tetanic stimulation induced only the post-tetanic
potentiation (trace b'), which faded within 5 min (traces c'
and d'). This result indicates that NMDA receptor activation
is required for LTP induction in the PC-EC pathway. APV
did not affect the nonpotentiated EFP.
APV also interfered with the expression of LTP. In Fig.

1C, after the initial post-tetanic potentiation, LTP amplitude
continuously increased to reach a maximal amplitude within
10 min. A second tetanic stimulation (second arrow in D)
generated further LTP (trace b). Perfusion with APV (bar in
Fig. iD) decreased the field potential to control value (trace
c). This effect was reversible (trace d). The reduction in the
potentiated EFPs in the presence of APV is shown in trace
c-b. This result indicates that in the PC-EC pathway a
NMDA-mediated mechanism is required for both the acqui-
sition and expression of LTP.
LTP in EC Slices. LTP was elicited in EC layer II neurons

by afferent stimulation, as shown in Fig. 2. This cell was
identified as a layer II stellate cell by its subthreshold 6-like
rhythmicity and the presence of strong delayed and anoma-
lous rectification (15). A fast and a slow voltage-dependent
component could be distinguished in the excitatory postsyn-
aptic potentials (EPSPs) evoked by molecular-layer stimula-
tion (Fig. 2A). All layer II cells investigated displayed a late
voltage-dependent component.
The EPSPs in Fig. 2 A and B were elicited from three

membrane-potential levels (resting potential, -62 mV). Note
that the prominent late component in the EPSP elicited from
a depolarized level (Fig. 2A, trace a) was reduced by mem-
brane hyperpolarization (Fig. 2A, traces b and c). APV (50
jLM) reduced the early peak of the EPSP and abolished the

C

a b c

d c-b 0.5 mV

D 20 msec
180-

160
E 140a

a,

V~~~~~~P
801 .

0 600 1200 1800 2400
time (sec)

FIG. 1. EC LTP in the isolated whole-brain preparation at 320C (A). Upper traces are averaged EC surface-field potentials (n = 5) before
(trace a) and after (traces b-d) a "0-like" tetanizing stimulus to the surface of the PC (arrow in the plot in B). Lower traces are the same as
the upper traces but during APV perfusion. The traces on the far right ofA isolate the field component induced by LTP in control conditions
(trace c-a) and during 100 Atm APV (trace d'-a'). (B) Changes with time in the normalized field-potential amplitude. Open squares, control; solid
squares, during APV administration. (C) Effect of APV on the EFP after the induction of LTP. Control (trace a) and field potential (trace b)
after two tetanic stimuli (arrowheads in D) that induced LTP. APV perfusion decreased the EFP to control values (compare traces a and c) after
the LTP was induced and recuperated after APV washout (trace d). The reduction in the EFP amplitude during APV is shown in the subtraction
trace c-b on the right. (D) Time course of LTP and its block by APV.
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late component (Fig. 2B; see also Fig. 2C Insets). The
APV sensitive component of the EPSP as a function of
membrane potential (Fig. 2C) clearly shows the voltage-
dependent properties of the slow component of the EPSP and
its enhancement with depolarization. The block of this
"anomalous" voltage-dependent property by APV indicates
that it is dependent on NMDA-receptor activation. Applica-
tion of 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (20
,uM) abolished the APV-insensitive component of the EPSP
(n = 2, data not shown), indicating that this is mediated by
quisqtdalate/kainate receptors (14).

0-Pattern 10-20 sec 5-Hz single-shock afferent stimulation
resulted in a long-lasting increase in EPSP amplitude (Fig. 3).
Control shocks evoked constant amplitude EPSPs (Fig. 3A,
traces a). After test stimulation (5 Hz for 10 sec), the EPSP
amplitude increased (Fig. 3A, trace b) but decreased in <2
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FIG. 3. Time course of LTP of EPSPs induced by tetanic afferent
fiber stimulation. (A) Records a through e show potentials recorded
intracelularly at the times indicated. Upper records show the
intracellularly recorded EPSP; lower records show the membrane
response to a hyperpolarizing current pulse used to monitor the input
resistance. At time 0 repetitive (arrow in B) 5-Hz single-shock
stimulaition was applied for 10 sec to the EC molecular layer at the
same intensity as during the control period. The superposition of
traces a and e shows the increase in EPSP amplitude induced by the
tetanic stimulation. (B) Normalized peak EPSP amplitude with
respect to time. Letters correspond to EPSPs. In this plot and in
those in Figs. 4 and 5 when the cell fired, the peak EPSP amplitude
was measured at the firing level. Each point is the mean of three
consecutive measurements.

min (Fig. 3A, trace c). Thereafter, the amplitude increased
again and a prominent late component developed (Fig. 3A,
trace d). Six minutes after the test stimulation the EPSP was
maximal and a spike was elicited (Fig. 3A, trace e). The EPSP
remained at this potentiated value for the length of the
recording period (35 min). In Fig. 3A (traces a and e), control
(trace a) and potentiated EPSPs (trace e) have been super-
imposed to illustrate the changes in the EPSP after potenti-
ation. Note that the augmentation of the late component of
the EPSP was not accompanied by an input resistance change
as illustrated by the voltage responses to the hyperpolarizing
current pulses in traces a to e. In all the cells tested (n = 5)
tetanic-induced changes persisted for the duration of the
observation period (from 15 min to 2 hr).
Non-Hebbian LTP. EC layer II neurons have been shown

to have intrinsic oscillation properties that may play an
important role in the genesis of the 6 rhythm. These cells
display a Na-dependent 2- to 7-mV subthreshold membrane
potential oscillation in the 0 frequency range (15). Because it
has been suggested that 0 rhythmicity may underlie synaptic
plasticity (9), we designed a series of experiments to deter-
mine whether postsynaptic manipulations could potentiate
synaptic transmission in the absence of evoked synaptic
input. In these experiments control EPSPs were evoked by
white matter stimulation. The intracellular conditioning stim-
ulus comprised of 20-sec bursts of 100-msec subthreshold
(10-20 mV), depolarizing current pulses delivered at 5 Hz.
This conditioning stimulus was not paired with white matter
stimulation and was usually applied from 5- to 10-mV hyper-
polarization from rest to prevent spike activation. Intracel-
lularly induced increases in synaptic strength, developing
within 30 sec from the intracellular stimulation, were ob-
served in 16 of the 24 cells tested. In half of these cells the
increased synaptic strength persisted for the duration of the
observation periods (30 min to 3 hr). A shorter potentiation
of at least 10 min was seen in the other 8 neurons.

Fig. 4 illustrates postsynaptically induced LTP. Control
EPSPs were evoked by white matter stimulation (Fig. 4A).
The intracellular conditioning stimulus was then applied from
a -70-mV membrane potential from a resting potential of
-60 mV (Fig. 4B). Twenty seconds after the intracellular
train, the first test white matter stimulus evoked an enhanced
EPSP (Fig. 4 C and G), which soon reached firing threshold
(Fig. 4D). In this cell the synaptic strength remained poten-
tiated for the recording period of almost 3 hr (Fig. 4 F and G).
The input resistance of these cells during this paradigm
remained constant throughout the experiments.

In agreement with the results obtained in the isolated-brain
preparation, afferent fiber tetanic stimulation in the presence
of APV (50 ,M) did not induce any significant LTP (n = 3).
In addition administration ofAPV prior to intracellular direct
stimulation prevented the increase in EPSP amplitude (n =
4). These results clearly indicate that the activation ofNMDA
receptors is necessary for the induction of both Hebbian and
non-Hebbian LTP in the EC.

In contrast to the hippocampus, where a selective increase
in non-NMDA component of the EPSP has been observed
with NMDA-dependent LTP (16, 17, 18), our results indi-
cated that in the EC the non-NMDA-mediated component of
the EPSP remained unchanged after intracellular induced
LTP. The NMDA component appears, in consequence, to be
responsible for the observed long-lasting increase in synaptic
strength in the EC. This is shown in Fig. 5 in which the
non-NMDA component of the EPSP was examined before
and after intracellularly. induced LTP. Two control EPSPs, in
which the late component was very apparent, are superim-
posed in Fig. 5A. This component was blocked by APV (50
tLM) revealing the non-NMDA component (Fig. 5A, trace b,
and B). The NMDA component returned 6 min after super-
fusion with the control solution (Fig. 5 A, trace c, and B). Five
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FIG. 4. Time course of LTP of EPSPs induced by postsynaptic subthreshold rhythmic membrane depolarizations. (A) Control EPSP. The
traces in A and C-F were recorded at the times indicated after rhythmic depolarization of the cell. B illustrates the characteristics of the
postsynaptic stimulation. (D) Note the powerful delayed rectification in the upper trace was broken to illustrate the beginning and end of the
30-sec stimulus train. (G) Normalized peak EPSP amplitudes during the potentiation as a function of time. Arrow indicates time of postsynaptic
stimulation.

minutes after the recording in Fig. 5A, trace c, the intracel-
lular conditioning burst of stimuli was applied. The first test
EPSP, evoked 20 sec after the intracellular stimulation, was
clearly potentiated for the next 15 min (Fig. 5 A, trace d, and
B). At that time the slice was again superfused with APV (50
,uM) to isolate the non-NMDA component of the EPSP (Fig.
5A, trace e) for comparison with the same component before
potentiation (trace b). Trace f shows the recovery of the
NMDA component of the EPSP. The non-NMDA compo-
nents of the EPSP before and after potentiation have been
superimposed in trace b + e. It is clear that the non-NMDA
component did not change during LTP, indicating that the
NMDA component is indeed responsible for the potentiation
induced by intracellular stimulation. Similar results were
found in three other experiments.

DISCUSSION
We have demonstrated the presence of LTP in the EC after
tetanic stimulation of the PC using an isolated-brain prepa-
ration. Intracellular recordings from brain slices demon-
strated that this LTP is induced in EC layer II neurons by
afferent fiber tetanic stimulation and by subthreshold mem-
brane potential stimulation of the postsynaptic cell. These
results indicate that important changes in synaptic efficacy
related to the functions of the hippocampal circuits may be
taking place in neurons in EC layer II. These changes will
deeply affect the activity in the hippocampal "trisynaptic
circuit" for which stellate cells provide the afferent drive by
the "perforant path" (19). LTP in the EC after stimulation of
afferent pathways (including the PC-EC pathway) has been

A
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a b

recovery

f

APV recovery

reported (4, 20) but the underlying cellular mechanism was
not investigated.
Our pharmacological studies in the isolated-brain prepara-

tion associated NMDA receptors with the induction as well
as the expression ofLTP in the PC-EC pathway. APV always
prevented LTP induction by PC stimulation, indicating that
a NMDA-mediated mechanism is required in the EC, as has
been shown in the hippocampus (for review, see ref. 3) and
other cortical structures (21, 22).

In the hippocampus, blocking NMDA receptors with APV
did not abolish the expression of LTP once it was established
(17, 18). In the PC-EC pathway, we found, however, that the
amplitude of the potentiated monosynaptic evoked potential
was reduced to control levels after perfusion with APV,
suggesting that NMDA receptor activation is not only in-
volved in the induction of LTP but also in its expression.
Our in vitro intracellular recordings from EC layer II

neurons revealed a fast and a slow component in the EPSP
evoked by electrical stimulation of the EC molecular layer
that were abolished by APV, indicating its mediation through
NMDA receptor (10). This finding was further supported by
the fact that the APV-sensitive components displayed volt-
age-dependent properties characteristic of NMDA-receptor-
mediated events (23, 24). It seems reasonable to assume,
therefore, that the NMDA-mediated components of the
EPSP observed in the slice preparation provide the basis for
the LTP observed in the isolated-brain preparation. In fact,
and in full agreement with this interpretation, tetanic stimu-
lation of the EC molecular layer [where most afferent PC
originating fibers terminate (7)] also resulted in a long-lasting
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increase in the amplitude of the EPSP, and this induction was
found to be APV sensitive.

According to Hebb's hypothesis, the strength of synapses
may be enhanced when presynaptic activation occurs con-
comitantly with postsynaptic spike activity (25). In the hip-
pocampus, the induction ofNMDA-dependent LTP has been
shown to require stimulation of presynaptic fibers and simul-
taneous postsynaptic depolarization (although not necessar-
ily spiking) (3); i.e., they behave in a manner consistent with
Hebb's postulate.
One model for NMDA-dependent LTP proposes that ac-

tivation of presynaptic fibers induces release of glutamate,
which by depolarizing the target neuron removes a voltage-
dependent Mg block of the NMDA receptor channel, allow-
ing Ca to enter through this channel, which serves as a trigger
for LTP (3, 26).
The above pseudo-Hebbian model for LTP may also apply

to the induction of NMDA-dependent LTP in the EC after
afferent fiber stimulation reported here. However, since our
results show that NMDA-dependent LTP can also be ob-
tained after postsynaptic rhythmic subthreshold membrane
potential manipulation, other possibilities must be consid-
ered. The latter finding invokes an entirely non-Hebbian
mechanism, since in this paradigm the presynaptic and
postsynaptic elements were never stimulated simultane-
ously.
The finding that intracellularly induced LTP was never

obtained in the presence of APV indicates that NMDA
receptor activation is essential in this induction. Further, it
implies the presence of sufficient extracellular glutamate to
activate NMDA receptors in the absence of afferent stimu-
lation, as reported for pyramidal cells in hippocampal slices
(27). In agreement with that report, we also observed a
decrease in the excitability in EC layer II neurons to direct
stimulation during bath application of APV.
Because in EC stellate cells neither hyperpolarizing cur-

rent pulses nor maintained subthreshold depolarizations po-
tentiated synaptic efficacy, a special mechanism must be at
work in the non-Hebbian LTP. We propose that in addition
to relieving the voltage-dependent block of the NMDA chan-
nel, rhythmic depolarizations can lock into a constructive
resonance with the intrinsic oscillations present in these
neurons (14). This mechanism would allow peak depolariza-
tions to reach remote dendritic postsynaptic sites, very
effectively generating a pulsatile entry of Ca through NMDA
channels opened by background glutamate present in the
extracellular medium. By contrast steady depolarization
would have a less prominent remote depolarizing effect due
to the powerful delayed rectification present in these cells
(Fig. 4B). We must also consider the possible existence of an
intermediate step in the potentiation of the NMDA channel,
which would display time- or calcium-dependent inactiva-
tion, that is, an underlying chemical oscillator that resonates
with the rhythmic entry of Ca into the cell.
From a functional point of view intracellularly induced

LTP in EC layer II neurons leads to a selective increase in the
NMDA-mediated component of the EPSP (Fig. 5). This
suggests that the enhancement of synaptic transmission dur-
ing intracellular-induced LTP is exclusively due to a postsyn-
aptic modification.
The finding that LTP in the EC occurs in Hebbian as well

as non-Hebbian paradigms raises the question of the role of

LTP in central nervous system function. Although the pos-
sibility that synaptic potentiation is related to memory is
presently under vigorous study, other functions forLTP must
also be considered. Indeed the fact that Hebbian and non-
Hebbian LTP may occur in the same cell, utilizing the same
ionic mechanisms, indicates that LTP may also serve to
enhance resonance in networks that fire rhythmically. That
is, LTP may be involved in many states-such as attention-
that may require potentiation of synaptic efficacy for rela-
tively brief functional periods. In addition non-Hebbian LTP
may be considered to be a component in "epileptic kindling,"
which in the rhinencephalon is particularly sensitive to stim-
ulus frequency (20, 28).
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