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Cellular/Molecular

Hippocampus-Mediated Activation of Superficial and Deep
Layer Neurons in the Medial Entorhinal Cortex of the
[solated Guinea Pig Brain

Vadym Gnatkovsky and Marco de Curtis
Unit of Clinical Epileptology and Experimental Neurophysiology, Istituto Nazionale Neurologico, 20133 Milan, Italy

The entorhinal cortex (EC) is regarded as the structure that regulates information flow to and from the hippocampus. It is commonly
assumed that superficial and deep EC neurons project to and receive from the hippocampal formation, respectively. Anatomical evi-
dences suggest that both the hippocampal output and deep EC neurons also project to superficial EC layers. To functionally characterize
the interlaminar synaptic EC circuit entrained the by hippocampal output, we performed simultaneous intracellular recordings and
laminar profile analysis in the medial EC (m-EC) of the in vitro isolated guinea pig brain after polysynaptic hippocampal activation by
lateral olfactory tract (LOT) stimulation. Optical imaging of voltage-generated signals confirmed that the LOT-evoked hippocampus-
mediated response is restricted to the m-EC. The hippocampal output generated an extracellular current sink in layers V-VI, coupled with
an EPSP in deep neurons. Deep neuron firing was terminated by a biphasic IPSP. The earliest response observed in superficial layer
neurons was characterized by a feedforward IPSP of circa 100 ms (—69 % 1.3 mV reversal potential) abolished bylocal application of 1 mum
bicuculline. The feedforward IPSP was followed by a delayed EPSP blocked by AP-5 (100 um), presumably mediated by deep-to-
superficial m-EC connections.

Our findings demonstrate that superficial m-EC cells are inhibited by the hippocampal output via a feedforward pathway that prevents
activity reverberation in the hippocampal-EC- hippocampal loop. We propose that such inhibition could serve as a protective mecha-

nism to prevent epileptic hyperexcitability.
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Introduction

The entorhinal cortex (EC) holds a critical position within the
temporal lobe as a gate structure for the bidirectional informa-
tion flow between the neocortex and hippocampus, which sup-
ports memory and spatial orientation functions (Witter, 1993;
Squire and Zola, 1996; Burwell, 2000; Witter and Wouterlood,
2002). To understand how the EC and the hippocampus perform
such complex operations, it is crucial to analyze and establish the
functional interactions between these two structures. The present
study will focus on the EC circuit determined by hippocampal
activation.

The morphological features of EC neurons and the connec-
tion between the EC and hippocampus have been extensively
analyzed by anatomical studies (Witter et al., 1989; Insausti et al.,
1997; Burwell, 2000, 2001; Witter and Wouterlood, 2002). Mem-
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brane and synaptic properties of EC neurons have also been ex-
amined in detail on in vitro slice preparations (Jones and Heine-
mann, 1988; Klink and Alonso, 1993; Jones, 1994; Berretta and
Jones, 1996; Dickson et al., 1997; van der Linden and Lopes da
Silva, 1998; Hamam et al., 2000; Gloveli et al., 2001; Wang and
Lambert, 2003). With reference to the hippocampal projection to
the EC, deep neurons represent the main target (Swanson and
Cowan, 1977; van Groen etal., 1986), although a fiber contingent has
been demonstrated to project directly into superficial layers (Witter,
1993; Tamamaki and Nojyo, 1995; van Haeften et al., 1995).

To date, the reciprocal interactions between the hippocampus
and the EC have been studied in vivo by analyzing the responses
to local stimulations either within the EC or in the CAl-subicu-
lum (Deadwyler et al., 1975; Finch et al., 1986, 1988; Jones and
Heinemann, 1988; Bartesaghi et al., 1989; Lopes da Silva et al.,
1990; Isokawa and Finch, 1991; Gloveli et al., 1997b; Klooster-
man et al., 2000, 2003b). Similarly, intra-EC deep-to-superficial
associative projections (Kohler, 1986; Dolorfo and Amaral, 1998;
van Haeften et al., 2003) were analyzed in vivo (Bartesaghi et al.,
1989) and in slices (Yang et al., 2004) by analyzing field responses
to direct local EC stimulation. The activation of fibers passing in
the hippocampal/EC transition region and the direct activation
of intrinsic EC fibers induced by these procedures could lead to
nonphysiological phenomena, such as antidromic firing, which
hinder the correct evaluation of the EC network interactions
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evoked by the hippocampal output. To
avoid this problem, we recently developed
a new protocol that consists in the repeti-
tive stimulation of the lateral olfactory
tract (LOT) in the in vitro isolated guinea
pig brain (Biella and de Curtis, 2000). This
procedure induces an early activation of
the lateral EC that is followed by the inva-
sion of the hippocampus (Biella et al.,
2003; Gnatkovsky et al., 2004; Uva and de
Curtis, 2005). In these studies, a delayed
activation of the EC mediated by the out-
put of the hippocampus was consistently
observed during low-rate repetitive LOT
stimulation. Interestingly, experiments
performed with either optical imaging
(Biella et al., 2003) or multielectrode tech-
niques (Gnatkovsky et al., 2004), demon-
strated that the delayed hippocampus-
mediated response was restricted to the
caudal and medial part of the EC and was
not observed in the lateral/rostral EC. In
the present study, repetitive LOT stimula-
tion was used to study the medial EC net-
work activated by the hippocampal output ' b
in the isolated guinea pig brain prepara-
tion, by performing optical imaging exper-
iments and simultaneous intracellular and
laminar profile recordings performed with
multichannel silicon probes. The rele-
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vance of the findings for the EC-hip-
pocampal loop circuit are discussed.

Preliminary data have been reported
previously in abstract form (Gnatkovsky
and de Curtis, 2004).

Materials and Methods

After barbiturate anesthesia (80 mg/kg sodium
thiopental, i.p.), brains of adult Hartley guinea
pigs (150-250 g weight; Charles River, Com-
erio, Italy) were isolated and transferred to an
incubation chamber, according to the previ-
ously described technique (Llinds et al., 1981;

olfactory tract. Optical imaging of brain signals and electrophysiological recordings were performed during perfusion of the
preparation via the arterial system with the voltage-sensitive dye di-2-ANEPEQ. Optical signals were recorded with a high-speed
imaging system MiCAM-01 (SciMedia; developed by BrainVision). A, A picture of the isolated brain with the position of the
stimulation and the recording electrodes (intracellular sharp pipette and multichannel silicon probe) is shown. The dotted area
outlines the region from which optical recordings of the signal generated by LOT stimulation were performed. In the bottom panel
in A, the borders of the ECare delineated in a picture obtained through the recording camera. The position of the silicon probe in
the medial ECis illustrated. B, Pseudocolor images illustrate the activation pattern evoked by stimulation of the LOT. An early
activation of the lateral and rostral portion of the EC (Ba, Bb) is shown, followed by a delayed (=50 ms) activation of the
caudal/medial EC (Bd) (Biella et al., 2003; Gnatkovsky et al., 2004). The correlation between laminar profiles recorded with a
16-channel silicon probe in the lateral EC (I-EC) and in the m-EC and the optical signal recorded in I-EC (0S1) and in m-EC (0S2) is
showninC.051and 052 were recorded at the two pixels marked 1and 2 in Ba. The time pointsillustrated in B correlate to the time
delays indicated in C by the vertical dotted lines. The delayed, hippocampus-mediated activation is restricted to the m-EC.
According to a previous study (de Curtis et al., 1999), the optical signal is most probably generated from neurons located in
superficial layers. Optical recordings and laminar profiles in € were not recorded simultaneously.

de Curtis et al., 1991, 1998; Muhlethaler et al.,
1993). A saline solution composed of the fol-
lowing (in mm): 126 NaCl, 3 KCl, 1.2 KH,PO,, 1.3 MgSO,, 2.4 CaCl,, 26
NaHCO;, 15 glucose, and 3% dextran, molecular weight 70.000, oxygen-
ated with a 95% O,/5% CO, gas mixture, pH 7.3, was arterially perfused
in vitro at 7 ml/min. The experiments were performed at 32°C.
Extracellular potentials were recorded in the EC with either single glass
pipettes filled with 1 M NaCl, or with multichannel silicon probes inserted
perpendicular to the cortical lamination (16-channel arranged on a sin-
gle shaft, separated by 100 wm; kindly provided by the Center of Neural
Communication and Technology of the Michigan University, Ann Ar-
bor, MI). A twisted silver wire was positioned on the LOT to deliver
stimuli (10-25 wA; 300 us) at 0.2-2 Hz. Intracellular recordings were
performed with sharp glass microelectrodes filled with 2 M potassium
acetate and 1.5% biocytin (input resistance, 70—100 M(2). In some ex-
periments, glass pipettes were filled with potassium chloride (KCl; 3 M) to
study IPSP reversal. The position of the recording electrodes was visually
controlled with a stereoscopic microscope. Signals were amplified with
either a multichannel differential extracellular amplifier (Biomedical En-
gineering, Thornwood, NY) or with a Neuro Data intracellular amplifier
(Neuro Data Instruments, New York, NY). Amplified signals were digi-
tized with an ATMIO-64E3 data acquisition board (National Instru-

ments, Milan, Italy) and were acquired and analyzed with ELPHO soft-
ware developed by Vadym Gnatkovsky at the Istituto Nazionale
Neurologico (Milan, Italy). Simultaneous intracellular recordings and
extracellular recordings with silicon probes were performed in the me-
dial EC. Current source density (CSD) analysis of laminar field profiles
was performed with the 16-channel silicon probes on 200 wm spacing
according to the standard procedure (Mitzdorf, 1985; Ketchum and
Haberly, 1993; de Curtis et al., 1994; Biella and de Curtis, 2000).

Optical recordings of the signal generated by cerebral cells stained with
a voltage-sensitive dye were performed according to the technique de-
scribed previously (Tominaga et al., 2000). The fast-response voltage-
sensitive dye di-2-ANEPEQ (1.5 mg) (Invitrogen, Eugene, OR) was ar-
terially perfused for 2 h. The dye is absorbed by neurons and the changes
in fluorescence properties in response to change in membrane potential
were recorded. A single staining of the brain allowed recording of the
evoked fluorescent signal for 3—4 h. Optical signals were acquired with
the MiCAM-01 charge-coupled device-based digital high-speed camera
system (SciMedia, Irvine, CA; developed by BrainVision, Tsukuba,
Japan).

At the end of the electrophysiological experiments, brains were re-
moved from the incubation chamber and were fixed by immersion in a
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thionine staining.

4% paraformaldehyde solution. After atleast 24 h, 75-100 um slices were
cut by Vibratome and the morphology of intracellularly recorded neu-
rons was revealed by processing the sections with an ABC kit (Vector
Laboratories, Burlingame, CA) for standard biocytin-horseradish perox-
idase visualization. Sections were counterstained with thionine to iden-
tify cortical layers.

Bicuculline methiodide (1 mm) and (Z)-2-amino-5-phosphono-
pentanoic acid (AP-5; 2 mm) were locally applied by pressure ejection via
a blunted glass pipette; 100 um AP-5, 3 mm bicuculline, and a mixture of
saclofen (200 um) and phaclofen (500 wm) were also applied by arterial
perfusion. Drugs were obtained from Sigma-Aldrich (St. Louis, MO).

Results

As reported previously (Biella and de Curtis, 2000; Biella et al.,
2003; Gnatkovsky et al., 2004), repetitive stimulation of the LOT
induces a delayed EC response generated by the hippocampal
output (Uva and de Curtis, 2005). To localize the region of dis-
tribution of the hippocampal input in the EC, we performed a
preliminary study by recording neuronal activity during pat-
terned LOT stimulation with combined electrophysiological and
imaging techniques (Fig. 1) (n = 4). The correlation with the
optical signals generated during perfusion of the isolated brain
with voltage-sensitive fast-response probe di-2-ANEPEQ dem-
onstrated a direct response in the lateral-rostral part of the EC
(I-EC) with a circa 30 ms delay (Fig. 1 Ba,Bb). Such activation was
followed by a response with a delay longer than 50 ms that in-
vaded exclusively in the caudal and medial part of the EC (m-EC)
(Fig. 1Bd). According to a previous study (de Curtis et al., 1999),
the optical signals recorded in the EC are most probably gener-
ated from neurons located in superficial layers. The correlation
between the optical recordings (OS) and the field profiles (FP)
with 16-channel silicon probes is illustrated in Figure 1C. Lami-
nar depth reversals of field responses confirmed that the early
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activity was locally generated within the
I-EC (Fig. 1C, right top panel), whereas the
delayed response originated in the m-EC
(Fig. 1C, right bottom panel). The local
m-EC response was preceded by a com-
\ plex far field that represents the sequential
; activation of the I-EC (filled dot) and the
hippocampus (filled triangle) (Biella and
de Curtis, 2000; Gnatkovsky et al., 2004;

Uva and de Curtis, 2005). These data con-
firmed that, exclusively, the m-EC receives

the hippocampus-mediated output (Uva
et al., 2004), a finding recently corrobo-
rated by an in vivo study (Kloosterman et
al., 2003b). Therefore, we performed addi-
tional extracellular and intracellular elec-
trophysiological recordings in this region.

Seventy-one and 20 m-EC principal
neurons were recorded with sharp elec-
trodes in superficial (200-700 uwm depth)

,-'“’

Typical electrophysiological responses recorded in a superficial (4) and a deep (B) layer m-EC neuron during
hippocampus-mediated activation induced by 0.2—2 Hz LOT stimulation. In the left part of each panel, the intracellular potentials
(top traces) and the superimposed extracellular traces that form an FP laminar profile recorded with 16-channel silicon probes are
illustrated. Intracellular recordings, performed at membrane potentials depolarized (top trace) and hyperpolarized (bottom trace)
with respect to the resting membrane potential (rmp; dotted line), are shown for the superficial cell in A. In the right part of each
panel, the morphology of the recorded neurons, revealed by biocytin-HRP staining (right) and the position of the cell on thionine
counterstained sections (left), are shown. Field responses within a laminar profile obtained at the indicated different depths are
illustrated to the left of the histology sections. High-magnification pictures of the neurons were taken before performing the

and deep m-EC layers (800-1100 wm
depth). Average membrane potentials of
superficial and deep neurons were
—60.8 £ 6.8 mV and —61.4 £ 6.4 mV,
respectively (mean = SD). The morphol-
ogy of cells was reconstructed after visual-
ization of intracellularly injected biocytin.
Pyramidal and stellate cells (Germroth et
al., 1989; Lingenhohl and Finch, 1991;
Gloveli et al., 1997a; Klink and Alonso,
1997; van der Linden and Lopes da Silva,
1998) were recorded in superficial layers I
and III. Polymorphic-multipolar and pyramidal neurons were
found in deep layers V and VI (Hamam et al., 2000). The mor-
phological classification of neuronal type was based on somatic
and dendritic structures.

Both superficial and deep cells were activated exclusively in
coincidence with the delayed hippocampus-mediated extracellu-
lar response, which was simultaneously recorded with a 16-
channel silicon probe in a position close to the intracellular re-
cording electrode. The correlation between intracellular
responses of typical superficial and deep neurons and FP laminar
profiles recorded with the silicon probe is illustrated in Figures 2,
3, and 4.

Deep neurons
Deep layer neurons generated an excitatory potential that
reached the firing threshold at resting membrane potential, as
illustrated in Figures 2 B, 3, and 5. The onset of the intracellular
response correlated with the onset of the deepest sink at 800—
1000 wm, detected by CSD analysis of the field potential laminar
profile simultaneously performed with the silicon probe (Fig. 3,
bottom). The depolarization that subtends deep cell action po-
tentials increased in amplitude with membrane hyperpolariza-
tion (Fig. 5A) and was followed by a biphasic inhibitory potential
that showed membrane potential reversals typical of GABA,-
(=72.6 =2.4mV;n = 17) and GABA,-mediated IPSPs (—98.7
3.9 mV; n = 17) (Fig. 5B). These findings suggest that deep neu-
rons are briefly excited by the hippocampal output and are effi-
ciently inhibited by a pronounced IPSP (see Discussion).

The onset of the EPSPs recorded in 20 deep m-EC neurons
was plotted on the averaged time duration of the deep layer sinks
calculated on the laminar profiles (Fig. 6, open circles). In 75% of
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Figure 3.  Correlation between intracellular activity of a deep m-EC neuron and the field
potential laminar profile simultaneously recorded with a 16-channel silicon probe during 0.2-2
Hz LOT stimulation. Intracellular recordings, performed at different membrane potentials after
intracellular injection of steady current, are correlated to superimposed traces of the FP laminar
profile and to the CSD profile (bottom; surface on top). A trace that shows the activity recorded
with the intracellular electrode just before cell impalement is also shown (“out of cell”) as
control to exclude possible influences of the extracellular field potential on the intracellular
responses; no field activity was recorded with the high-impedance intracellular electrode. In the
top rightinset, the intracellular and the extracellular traces are shown at a faster time scale. The
track of the silicon probe is shown in the histological microphotograph to the left of the (SD
profile. RMP, Resting membrane potential. Current calibration: from 0.3 to —0.3 mV/mm?,

deep neurons, the onset of the EPSP coincided with the deepest
m-EC sink at 8001000 wm.

Superficial neurons

In correlation to the simultaneously recorded delayed extracellu-
lar m-EC response, all superficial neurons generated an inhibi-
tory potential followed by a prolonged depolarization (Fig. 2 A, 4,
and 7). None of the superficial neurons fired a spike before the
inhibitory potential. The GABA,-receptor antagonist bicucul-
line, applied by either arterial perfusion (3 mMm; n = 5) or local
injection in superficial layers (1 mm; n = 7), abolished the early
inhibitory potential in m-EC superficial cells (Fig. 7A). More-
over, the early hyperpolarizing event reverted into a depolarizing

Gnatkovsky and de Curtis ® Hippocampus-Driven Neuronal Activities in EC

potential when intracellular recordings were performed with mi-
cropipettes filled with 3 M KCI (n = 5) (data not shown). There-
fore, we identified such a potential as an IPSP that could be stud-
ied in isolation when the delayed depolarizing potential was
abolished by both arterial (100 um) and local (2 mm) applications
of AP-5 (Fig. 7B, C). In these conditions, the IPSP lasted 98.3 *+
5.4 ms and showed a membrane reversal potential at —72.4 * 2.3
mV (Fig. 7C) (n = 6). A slow IPSP component with a more
hyperpolarized membrane reversal (—96.3 = 4.2 mV; n = 6) was
revealed in superficial cells by blocking the delayed depolariza-
tion by either arterial or local application of AP-5 (100 and 2 mm,
respectively) (Fig. 7B—D). The slow IPSP was blocked by arterial
perfusion with a mixture of GABA, receptor antagonists phac-
lofen (500 M) and saclofen (200 um; n = 3) (Fig. 7D).

Simultaneous intracellular recording and CSD analysis of
laminar profiles demonstrated a correlation between the IPSP
and a current sink located at 500—800 wm depth (Fig. 4). The
onset of the inhibitory potential followed the deepest m-EC sink
at 800—1000 pwm (Fig. 4 B). The time relation between the IPSP
onset recorded in 67 neurons and the averaged duration of the
extracellular deep-layer sink is illustrated by the filled squares in
Figure 6. The plot confirmed that the onset of the superficial cell
IPSPs correlates to the sink at 500—800 pm.

The delayed depolarizing potential that follows the IPSP had a
duration of 409 = 32.6 ms at resting membrane potential and was
abolished by arterial perfusion of AP-5 (100 um; n = 6) (Fig.
7B, (), suggesting a dependence from synaptic NMDA receptor
subtypes. The duration of such a slow EPSP decreased with mem-
brane hyperpolarization (Figs. 4A, 7C). It increased in amplitude
and generated neuronal firing at 20—40 Hz when the membrane
potential was depolarized from resting (Figs. 4A, 7C). The de-
layed slow EPSP was coupled to a superficial sink at 200 —400 pwm,
identified by simultaneous recording of a laminar profile (Fig.
4A).

To exclude the possibility that the potentials recorded in su-
perficial m-EC cells could be mediated by the propagation of
activity within the EC via intrinsic associative connections that
originate from the 1-EC, we performed simultaneous extracellu-
lar recordings from 1-EC, CA1 in the hippocampus, and m-EC
after interrupting 1-EC-to-m-EC associative fibers with a trans-
verse blade cut, as illustrated in Figure 8A (n = 4). In these
experimental conditions, the same pattern described above was
observed in the extracellular field responses recorded in the CA1
region and in the lateral and medial EC before and after the cut
(Fig. 8 A). Simultaneous extracellular recording in m-EC and in-
tracellular recording in a superficial m-EC neuron confirmed the
persistence of the delayed responses after the disconnection be-
tween I-EC and m-EC (Fig. 8C). The intracellularly stained m-EC
neuron is shown in the parasagittal section shown in Figure 8 D
and in the expanded panel. The lesion between the I-EC and the
m-EC (asterisk) is evident in Figure 8 Band D. The orientation of
the cut is also illustrated by a dotted line in the schemes in Figure
8A and C. The results confirmed that the delayed m-EC activities
are not generated by intra-EC associative connections.

Discussion

The isolated guinea pig brain is ideal for studying long-range and
local neuronal interactions in unrestricted brain networks. We
used this preparation to describe the EC network activated by the
hippocampal output by means of optical imaging and intra-
extracellular electrophysiological recordings. To avoid retro-
grade EC activation, instead of directly stimulating the hip-
pocampus output, we induced hippocampal responses by
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Figure 5.  Dependence from membrane potential polarization and reversals of synaptic po-
tentials in a typical deep m-EC cell. The voltage dependence of the early EPSP isllustrated in A.

The reversals of the fast and slow IPSPs in a different deep layer neuron are shown in B. rpm,
Resting membrane potential.

repetitively stimulating the LOT at low frequencies. Such a stim-
ulation is known to induce a delayed response in the m-EC that is
mediated by the hippocampal output (Biella et al., 2003; Gnat-
kovsky et al., 2004; Uva and de Curtis, 2005).

The present study demonstrates that the hippocampal output
(1) generates EPSPs followed by a prolonged inhibition in deep

50 ms -48mV. -

-TamV..
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layer EC neurons, (2) transiently inhibits
superficial EC neurons, possibly via a
feedforward inhibitory circuit, and (3)
generates a delayed synaptic excitation of
superficial neurons that depends on
| NMDA-receptor activation and follows

the IPSP. The network mechanisms that
subtend such responses are discussed in
the following paragraphs.

The circuit activated by LOT stimula-
tion is schematically summarized in Fig-
ure 9 (Uva and de Curtis, 2005). LOT
stimulation activates superficial neurons
in the piriform cortex (PC), which are
connected via associative fibers to the su-
perficial layers (mostly layer II) of the ros-
tral part of the I-EC (Krettek and Price,
1977; Wilson, 1978; Boeijinga and Van
Groen, 1984; Liu and Bilkey, 1997; Biella
and de Curtis, 2000; Biella et al., 2003).
Stellate (and pyramidal) neurons of the
1-EC project to the dentate gyrus (and the
CA region) of the hippocampus, from
where activity propagates to CAl and to
the subiculum (Witter, 1993). Pyramidal
neurons in both these hippocampal sub-
fields represent the main source of feedback output into the EC,
which islargely relayed to the m-EC in the guinea pig (Biella et al.,
2003; Gnatkovsky et al., 2004) and in the rat (Kloosterman et al.,
2003b). The observed m-EC responses in superficial layer neu-
rons could be caused by propagation of activity along associative
fibers that originates from the 1-EC (Dolorfo and Amaral, 1998;
Biella et al., 2002), directly activated by LOT stimulation. A pos-
sible role played by this projection in the network analyzed in the
present study is ruled out by the experiments in which associative
connections are severed by a transversal cut performed between
I-EC and m-EC.

Our study confirmed previous anatomical (Hjorth-
Simonsen, 1971; Swanson and Cowan, 1977; Sorensen and Ship-
ley, 1979; Tamamaki and Nojyo, 1995; Ino et al., 2001) and phys-
iological findings (Kohler, 1985; Finch et al., 1986; Van Groen
and Lopes da Silva, 1986; Jones, 1987; Bartesaghi et al., 1989;
Kloosterman et al., 2003b, 2004), and demonstrates that the hip-
pocampal input into the m-EC excite neurons in the deep layers
V and VL. The deep neuron EPSP/spike correlated with a current
sink at 800-1000 wm depth (layers V-VI), which represents the
first population event generated in the m-EC after the hippocam-
pal response (Bartesaghi et al., 1989; Kloosterman et al., 2003b).
As shown during in vivo experiments (Finch et al., 1988), but not
in EC slices (Jones, 1993), excitatory potentials in deep neurons
were followed by biphasic IPSPs. Long-lasting feedback inhibi-
tion of deep EC cells after hippocampal output stimulation has
been hypothesized previously by Kloosterman et al. (2003b).

Tracer studies demonstrated that a fraction of the efferent
fibers that originate from CA1 and the subiculum also project to
superficial m-EC layers (Dolorfo and Amaral, 1998; Ino et al.,
2001; Kloosterman et al., 2003a; van Haeften et al., 2003). The
existence of such a connection was suggested in vivo studies
(Finch et al., 1986; Kloosterman et al., 2003b) and is definitively
demonstrated in our electrophysiological experiments. The ear-
liest response observed in superficial layer m-EC neurons was an
inhibitory potential that (1) showed typical duration and mem-
brane potential reversal of an IPSP mediated by GABAa recep-
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Figure 6.  Correlation between the sinks recorded with 16-channel silicon probes and the

onset of superficial cell IPSPs (filled squares) and deep cell EPSPs (open circles). The position of
the symbols on the y axis represents the depth of the neuron from which the synaptic potential
was recorded. The time extensions of the deep and superficial sinks located at 800 —1000 um
and at 500 — 800 um, respectively, are shown by the rectangular areas. The average duration of
each sink was calculated on 14 experiments. Note the area of overlap between the two sinks.

tors, (2) appeared as a depolarizing event when recorded with
KCl-filled electrodes, and (3) was blocked by local application of
bicuculline. The time course of the IPSP was characterized in
detail when polysynaptic excitatory responses were abolished by
NMDA-receptor antagonist treatment. Neither action potential
firing nor excitatory synaptic potentials preceded the IPSP in
superficial neurons, suggesting that it was generated by a feedfor-
ward inhibitory circuit. Feedforward IPSPs mediated by local
interneurons were recorded during subicular and intraentorhinal
stimulation on in vitro EC slices (Jones, 1993; Funahashi and
Stewart, 1998) and have been demonstrated during local stimu-
lation in vivo in the subicular area and in the EC (Finch et al.,
1988). The activation of local GABAergic neurons in superficial
m-EC (Jones and Buhl, 1993) via the hippocampal input fibers
may be responsible for the generation of feedforward IPSPs. The
most likely circuit responsible for feedforward inhibition in prin-
cipal m-EC neurons of superficial layers is mediated by a direct
activation of inhibitory interneurons (possibly located in super-
ficial layers) mediated by the hippocampal output (Fig. 9). Intra-
cellular and juxtacellular recordings from presumed EC inter-
neurons performed in vivo (Finch et al., 1986) showed short-
latency bursting activity after hippocampal stimulation. Similar
high-frequency firing was observed during preliminary intracel-
lular recordings from fast-spiking neurons (putative interneu-
rons) in the isolated guinea pig brain, in temporal coincidence
with the earliest potential generated by the hippocampal output
in m-EC deep layers (V. Gnatkovsky and M. de Curtis, unpub-
lished observations).

As illustrated in Figure 6, the onset of superficial layer IPSPs
showed a 2-3 ms delay from the EPSP generated in deep layer
cells, suggesting that the IPSPs occurred with a one-synapse delay
from deep cells activation. Because deep neurons are expected to
exert mainly an excitatory effect on superficial neurons, the pos-
sibility that the IPSP in superficial neurons could possibly be
mediated by the activation of deep EC cells is excluded. A small
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Figure 7.  Characterization of the IPSP and the delayed slow EPSP in superficial m-EC neu-

rons. A, Local pressure ejection of the GABA, receptor antagonist bicuculline methiodide (BMI;
1 mw) via a blunted micropipette in the m-EC (0.5 mm from the intracellular recording site)
abolishes the early IPSP in a superficial neuron. B, Arterial perfusion of the isolated brain with
the NMDA receptor antagonist AP-5 (100 wum) reversibly abolishes the delayed slow EPSP. C,
Membrane potential dependence of both the IPSP and delayed slow EPSP. Perfusion with AP-5
reveals the time course and the reversal potential of the IPSP. D, Local pressure injection of AP-5
(2 mw) in the m-EC abolishes delayed slow EPSP and reveals IPSPs. The late hyperpolarizing
potential was abolished by combined arterial perfusion of GABAg receptor antagonists saclofen
(200 pum) and phaclofen (500 wum). rmp, Resting membrane potential.

proportion of excitatory synapses formed by deep EC axons also
terminate on superficial interneurons (van Haeften et al., 2003).
Superficial cell IPSPs mediated via deep neurons along such di-
synaptic circuits are expected have a longer delay than that ob-
served in our experiments. This possibility is, therefore, also
excluded.

The delayed slow depolarization observed in superficial neu-
rons after the feedforward IPSP is likely to be synaptically medi-
ated by intrinsic m-EC connections activated by the hippocampal
output. The effects of arterial and local intra-EC application of
the antagonist of the NMDA-glutamate receptors, AP-5, suggest
that this potential is mediated by an NMDA-dependent EPSP,
although we cannot exclude that other conductances may con-
tribute to its late part. Prominent NMDA-dependent EPSPs have
been demonstrated in superficial EC neurons in vitro (Jones,
1994). Based on the analysis of time delays of synaptic responses,
the most likely source of such an excitation originates from the
activation of deep layer cells, which project to superficial cells via
excitatory synapses (van Haeften et al., 2003). Alternatively, the
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Figure9. Summary of the hypothetical networks activated by the LOT-evoked hippocampal
input into the m-EC. The schematic representation of the circuit is superimposed on a parasag-
ittal section of the olfactory-limbic cortex, which includes the PC, the I-EC, and the m-EC. See
Discussion for details. Excitatory and inhibitory pathways are illustrated by continuous and
dotted lines, respectively. LOT, Lateral olfactory tract; PC, piriform cortex; DG, dentate gyrus; CA,
cornu ammonis; LD, lamina dissecans; SUB, subiculum.

EPSP could be mediated by a direct excitatory effect of the hip-
pocampal output from the CA1 and subiculum, activated in par-
allel to the direct excitation of interneurons responsible for the
feedforward IPSP. If this were the case, the direct hippocampal
excitation on superficial cells should precede, by one synaptic
delay, the feedforward IPSP. The absence of an EPSP in superfi-
cial neurons before the feedforward IPSP plays against this
possibility.

The delayed EPSP promotes firing that is not synchronous

Delayed responses are not mediated by intra-EC associative fibers, which connect the I-EC to the m-EC. A, Scheme of
the experimental setting. A blade cut was performed transversally in the EC to separate the I-EC from the m-EC (dotted line marked
by the asterisk). A thin foil of plastic was inserted into the cut to improve isolation. Simultaneous FP recordings in the I-EC,
hippocampus (Hip; CA1), and m-EC show no difference before and after cut. B, Parasagittal section (100 wm) of the EC that
includes the I-EC (left to cut) and the m-EC (right to cut). The blade cut that interrupts the connections between the two EC
subfields is marked by the asterisk. €, In a different experiment, simultaneous extracellular recordings and intracellular recording
performed from a superficial m-EC neuron after m-EC disconnection show the same pattern observed in the intact preparation. D,
Parasagittal section (100 m) of the EC. The blade cut between the I-EC and m-ECis marked by the asterisk. The superficial m-EC
pyramidal cell recorded in € was revealed after visualizing the intracellularly injected biocytin. The position of the neuron in the
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between neurons, because it does not gen-
erate clear synchronous population spikes.
Preliminary findings suggest that firing
generated during the slow EPSP may sus-
tain oscillatory sequences similar to the
periodic oscillations observed during
muscarinic activation (Dickson et al.,
2003) that promote cortical arousal and
plasticity. It could be speculated that this
mechanism of hippocampus-mediated
non synchronous activation of superficial
EC layers may play a role in setting a con-
dition of EC arousal that facilitates inte-
gration with other converging inputs (i.e.,
the neocortically derived input mediated
via the perirhinal/postrhinal cortex) (Bur-
well and Amaral, 1998; de Curtis and Pare,
2004). It is interesting to note that in our
experimental condition, the m-EC activa-
tion is driven by a patterned low-
frequency stimulation that mimics the
sniffing frequency used by lower mammals
during olfactory discrimination (Macrides
et al., 1982). As discussed previously, the
selective m-EC activation observed during
such a peculiar stimulation pattern may
support odor discrimination as well as
olfactory-driven memory processes.

Both feedforward inhibition of superfi-
cial EC cells and desynchronization of fir-
ing during the delayed NMDA-dependent
EPSP prevent massive activation of the
EC-hippocampal reentrant pathway. Re-
verberation along the hippocampal-EC-
hippocampal loop has never been shown
in physiological conditions and is frequently associated to the
generation of epileptiform discharges. Loop reverberation has
been, indeed, observed exclusively during prolonged repetitive
stimulation (Bartesaghi and Gessi, 2003; Kloosterman et al.,
2004) and during epileptogenic conditions (Pare et al., 1992).
Therefore, massive hippocampal-EC reverberation is possibly a
nonphysiological event that should be prevented to avoid epilep-
tiform hyperexcitability. The circuit described in the present
study may be responsible for controlling pathologic synchronous
reverberation in the EC-hippocampal loop and could play a role
in regulating memory EC functions by favoring asynchronous
superficial-layer firing rather than massive loop reverberation.
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