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Abstract—Paired intracellular recordings were used to investigate recurrent excitatory transmission in layers Il, 11l and V of the rat
entorhinal cortexn vitro. There was a relatively high probability of finding a recurrent connection between pairs of pyramidal
neurons in both layer V (around 12%) and layer Il (around 9%). In complete contrast, we have failed to find any recurrent synaptic
connections between principal neurons in layer Il, and this may be an important factor in the relative resistance of this layer in
generating synchronized epileptiform activity. In general, recurrent excitatory postsynaptic potentials in layers Il and V of the
entorhinal cortex had similar properties to those recorded in other cortical areas, although the probabilities of connection are among
the highest reported. Recurrent excitatory postsynaptic potentials recorded in layer V were smaller with faster rise times than those
recorded in layer IIl. In both layers, the recurrent potentials were mediated by glutamate primarily actiagngto-3-hydroxy-5-
methyl-4-isoxazole receptors, although there appeared to be a slow component medidtetethylb-aspartate receptors. In

layer Ill, recurrent transmission failed on about 30% of presynaptic action potentials evoked at 0.2 Hz. This failure rate increased
markedly with increasing (2, 3 Hz) frequency of activation. In layer V the failure rate at low frequency was less (19%), and although

it increased at higher frequencies this effect was less pronounced than in layer Ill. Finally, in layer Ill, there was evidence for a
relatively high probability of electrical coupling between pyramidal neurons.

We have previously suggested that layers IV/V of the entorhinal cortex readily generate synchronized epileptiform discharges,
whereas layer Il is relatively resistant to seizure generation. The present demonstration that recurrent excitatory connections are
widespread in layer V but not layer 1l could support this proposal. The relatively high degree of recurrent connections and electrical
coupling between layer Il cells may be a factor in it's susceptibility to neurodegeneration during chronic epileptic conditions.
© 2000 IBRO. Published by Elsevier Science Ltd. All rights reserved.
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There is increasing evidence that the entorhinal cortex (EC) into the superficial layers (II-IllI) and into the hippocampus.
may be a site of seizure generation in temporal lobe epilepsy.Differences between the discharges in the two layers lead to
Temporal lobe resection to control refractory epilepsy is usually the suggestion that the deep layers may be ‘seizure sensitive’
aimed at removing hippocampal tissue, but entorhinal tissue isand the superficial layers ‘seizure-resistant’. We have identi-
invariably removed as welf and the outcome of such surgery fied a number of factors that may contribute to such a differ-
is positively related to the degree of removal of parahippocampal ence in seizure susceptibility (see discussion). In the present
tissue®! In humans, seizures may occur simultaneously in EC study we have examined whether differences in recurrent
and other limbic areas, but can also arise independently orexcitatory transmission in different layers could be a factor

preferentially in the EC® Similar results have been reported
in an animal model of limbic status epilepticus produced by
electrical stimulation of the hippocamp®¥. In both human
temporal lobe epilepsy and animal models of the condition
there is a characteristic loss of cells in layer Il of the BG53

in predisposition to seizure generation.

Recurrent excitatory connections between excitatory
neurons are probably the physiological and anatomical
substrate for neuronal synchronization in cortical networks.
It seems likely that such connections serve the fundamental

In vitro experiments in brain slices have demonstrated a functions of cross-correlation and integration of afferent

pronounced susceptibility of the EC to acutely provoked
epileptogenesig?*2529-31.45486870 Jones and Lambefi3!

have provided evidence that pharmacologically elicited
epileptiform discharges were likely to be initiated in the
deep layers (IV-VI) of the EC and to propagate from there
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synaptic information between subsets of cortical neurons,
and the importance of recurrent excitation in cortical function
has often been stressétf:184452546The other side of the
coin is that unrestrained recruitment of these connections
between pyramidal neurons could lead to abnormal levels
of synchronized activity between neurons and the generation
of epileptic discharges. The role of recurrent excitation in
the generation of epileptic activity has often been
stressed@123440-425057.586564n  the present study, we have
used dual intracellular recordings to determine the probability
of occurrence of single axon excitatory connections between
pairs of principal neurons in layers I, Ill and V of the EC.
The major finding of this study was that recurrent connections
occur with a high probability in layer V and (to a lesser extent)
layer llI, but that such connections were undetectable in layer II.
Some of the results have been presented in Abstract form.
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EXPERIMENTAL PROCEDURES trigger sweeps in the ‘event detect’ mode. For any given situation, as
. ) many sweeps as possible were accumulated into a single data file. This
Slice preparation varied greatly from neuron to neuron and with the different situations,
Experiments were performed on slices containing EC and hippo- but generally we considered about 200 sweeps was sufficient to obtain
campus prepared from male Wistar rats (120—150g;49). All a decent average. Data files were then visually inspected trace by trace

experiments were performed in accordance with the UK Animals and manually edited to reject sweeps where transmission failed, where
(Scientific Procedures) Act 1986, European Communities Council it was not possible to determine whether a postsynaptic response
Directive 1986 (86/609/EEC) and the University of Bristol ethical occurred or not, or whether the potential was clearly contaminated
review document. All efforts were made to minimize the number of by baseline fluctuation or spontaneous synaptic potentials. The remain-
animals utilized in these experiments and to eliminate any suffering. iNg sweeps in a file were then used to produce an averaged rEPSP. The
Animals were decapitated under anaesthesia induced with ketamineanalysis function of the WCP programme was used to calculate rise
(120 mg/kg) and xylazine (8 mg/kg) administered by intra-muscular time (10-90%), peak amplitude and time to 50% decay,{Tof the
injection. The brain was rapidly removed and submerged in chilled (4— averaged rEPSPs. Where mean values are given in the text for rEPSP
5°C) artificial cerebrospinal fluid (ACSF) during dissection. Slices Characteristics these represent the mean of the average values from
(450 wm) were cut using a Campden Vibroslice. They were transferred individual neurons. Errors represent S.E.Ms. Statistical comparisons
directly to the recording chamber where they were maintained at the Were made with Studentstest.
interface between a continuous stream (1.2 ml/min) of ACSF and
warm, moist carbogen gas (95%:®% CQ). The ACSF had the Biocytin fills
following composition (in mM): NaCl (126); KCI (3.0) Cagl2.0);
MgSQ, (2.0); NaBPO, (1.25); NaHCQ (24.0); p-glucose (10) and In experiments, where we attempted to study the morphology of
had a pH of 7.4. The temperature of the recording chamber was main-connected neurons the electrode tips were backfilled with a 2% solu-
tained at 33t 0.3°C. Slices were allowed to equilibrate for at least 1-h  tion of biocytin dissolved in 1.5 M KMeSgBiocytin was injected
before recording began. using negative current pulses (500 ms, 0.5-0.8 nA, 1 Hz) for 5-15
min. Both electrodes were withdrawn and the slice immediately
removed from the baths sandwiched between 2 Millipore filters and
Intracellular recording immersed overnight in 0.1M phosphate buffer (PB 0.1M containing
. . . . 3% paraformaldehyde, 0.1% glutaraldehyde). The following day the
Somatic intracellular recordings were made from pairs of neurons in gjices were embedded in gelatine and immersed in 0.1 M PB for 1-2 h
layer II, layer Il or layer V of the medial division of the EC using an  pefore being resectioned at 60—8M. They were washed in PB,
Axoprobe-1A amplifier (Axon Instruments) in conventional bridge rinsed in tris (hydroxymethyl) amino methane (0.05M; pH 7.4) Tris-
mode. Electrodes were filled with K-acetate (3M), and had resistances pffered saline (TBS) and incubated for 30 min in 0.3% Triton X-100.
of 70-120 M. After further rinsing in PB and TBS the sections were incubated over-
For recording, separate electrodes were connected to the twopignt in 1% avidin—biotinylated horseradish peroxidase complex
chan_nels of the ampllfle_r and advang:ed into the slices using separate ABC; Vector Laboratories). Unbound ABC was removed by washing
manipulators. A major difficulty of using two intracellular microelec-  j, TBS, and the sections were reacted in TBS with 3,3-diamino-
trodes in close proximity is the capacitative coupling that occurs penzidine tetra hydrochloride (0.05%). After rinsing they were
between them. Separating the tips and shanks of the electrodes as fagounted on gelatinized slides, dried overnight and subsequently dehy-
as possible could considerably reduce the size of this artefact. This wasgrated in ethanol. They were rinsed in xylene and infiltrated with DPX
achieved by inserting both electrodes at angles &ff8im vertical. mountant for light microscopy examination. Labelled cells were

The remaining coupling artefact was greatly reduced by means of the |pcated and reconstructed from the serial sections using a drawing tube.
cross capacitance compensation facility on the Axoprobe 1A amplifier.

This circuitry operates by injecting an adjustable, compensating

current into the driven shield of one channel that is derived from the Materials
voltage in the other channel. The circuit was modified according to a
design of Dr A. Mason (unpublished data) to allow it to operate on
either channel, at an appropriate gain, permitting precise control over
artefact cancellation.

Electrodes were placed onto the surface of the slice within 50—
300um of each other. One electrode was advanced until a stable
impalement was obtained. This neuron was required to have a stable
resting potential more negative thar65 mV (without holding
current) and to show overshooting (byl5 mV) action potentials in
response to depolarizing current pulses. When an impalement meeting
these criteria was obtained, the other microelectrode was advanced i”tOProbabiIity of connection
the slice until a second impalement was obtained. The criterion initi-
ally imposed upon this impalement was that action potentials of 50— The cells recorded in layer V had the electrophysiological
60 mV could be evoked reliably by depolarizing current pulses before ~nharacteristics of the regular-spiking neurons described by

testing a neuron as being presynaptic to the original impalement. In . . S
practice, the vast majority of recordings were made from two “healthy” JON€s and Heinemarth.No morphological examination of

neurons meeting the criteria of,&> —65 mV and action potentials  recorded cells was made in the present studies but previous
overshooting zero by 15 mV. It should be stressed that all the post- Lucifer Yellow fills (Jones R.S.G., unpublished data) have
synaptic potentials presented in this paper were examined in healthyshown that these neurons are medium-sized pyramidal cells.
neurons. : :

When a pair of recordings was achieved, continuous depolarizing Recordings were m.ade from 89 pairs of neurons. I.n four of
current was applied to one neuron of the pair to evoke action potentials. th€se, loss of one impalement meant that connections were
On-line averaging was often required to determine if a single-axon only tested for in one direction, making a total of 174 possible

postsynaptic potential was present in the second (non-firing) neuron. connections. rEPSPs were detected in 20 of these, giving a
Action potentials in the (potential) presynaptic cell were used to trigger high connection probability of 0.115. In each case, the

an oscilloscope (Gould DRO1604), and initially, 32—64 sweeps were . . .
averaged. If no recurrent excitatory postsynaptic potentials (rEPSPs)ConneCtlon was one way, no reciprocally connected pairs of

were detected in the second neuron, then the procedure was reverse§€ells having been found as yet.

and the presence of rEPSPs in the second cell as a result of action The cells in which we recorded rEPSPs in layer Il had
potentials evoked in the first was tested for. All data was recorded on reqular firing characteristics similar to those recorded in
tape using a Sony DAT recorder modified for use as a data recorder. : ; :
Offline analysis was performed using the WCP programme of the layer V. Three pairs of Ce"S. Whlc.h W_ere fs,ynaptlcally
Strathclyde Electrophysiological Software (Courtesy of Dr John connected were successfully filled with biocytin, and sub-

Dempster). Action potentials in the presynaptic cell were used to sequently recovered by histological analysis. Both pre and

Salts used in the preparation of ACSF were obtained from BDH and
were Analar grade. All drugs were applied by bath perfusion at concen-
trations stated in the text. The drugs used wegre2-amino-5-phos-
phonovalerate (2-AP5, Tocris); 6-cyano-7-nitroquinoxaline-2,3-dione
disodium (CNQX, Tocris); 6-nitro-7-sulphamoylbenzo[flquinoxalone-
2,3-dione disodium (NBQX, Tocris).

RESULTS
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Fig. 1. Camera lucida reconstructions of synaptically connected neurons in layer Ill. Both neurons had a pyramidal morphology. The green neuron was
presynaptic to the yellow. The traces in the lower left corner show a single action potential in the presynaptic neuron and the averaged EPgR3licited b
action potentials in the postsynaptic cell.

postsynaptic cells in each pair had a pyramidal morphology. neuron and the averaged rEPSP recorded in the cell post-
One of these pairs is illustrated in Fig. 1 which shows camera synaptic to it. The pyramidal nature of both neurons is
lucida reconstructions of the two neurons and their dendritic clear. The axons of both could only be followed for a short
arbors. The inset shows an action potential in the presynapticdistance from the soma towards the white matter, through




416 A. Dhillon and R. S. G. Jones

A B

neuron 1 presynaptic neuron 2 presynaptic
50 mV
200 pv

50 ms

neuron 2 postsynaptic neuron 1 postsynaptic

Fig. 2. Recurrent EPSPs recorded in a pair of layer Il neurons. (A) Spikes in neuron 1 elicited a clear EPSP (average of 220 sweeps) in neuron 2. (B) The
connection was reciprocal since spikes in neuron 2 also elicited an EPSP (average of 261 sweeps) in neuron 1.

layer IV/V. Unfortunately this was the case in all three pairs Characteristics of recurrent excitatory postsynaptic potentials
of filled neurons, so we have no information as to likely sites
of synaptic contact of recurrent collaterals. Glovetlalhave
described four morphologically and physiologically distinct
groups of pyramidal neurons in layer Pt would be inter-
esting to determine the relative preponderance of recurrent
connections between these different groups, or if connections
between cells of different groups had different characteristics,
but at present we do not have enough morphological or
electrophysiological data to confidently assign our connected
pairs of neurons to specific subgroups.

The probability of connection between layer Il cells was
somewhat less than in layer V, although still quite high at
0.084. A total of 393 possible connections have been teste V. The mean peak amplitude was 3447 .V at a mean

for in 202 pairs in layer Ill, with the discrepancy of 11 pos- resting potential of—74+5mV. The largest rEPSP was

sible connections not tested because one neuron of the pail.- wV and the smallest 108V, 10—90% rise times varied

was lost before reciprocal connectivity could be examined. In .
33 of these possible connections rEPSPs were clearly presentbt:‘\t\'\“:"en 2.1 ms and 7.6 ms with a mean of.0.4 ms. Fos,

Two of these connections arose in a single pair of reciprocall varied from 15.0 to 94.7 ms with a mean of 42..8 ms. In
S glep ~CIP! Y some neurons in which the largest amplitude rEPSPs were
connected neurons. This is illustrated in Fig. 2. Initiation of

action potential firing in either neuron elicited a clear rEPSP recorded, stepwise fluctuations in amplitudes of rEPSPs
in the (?ther 9 could be detected. Figure 3B shows our best example of

. this. We have not analysed such results further, given the
The neurons we have recorded from in layer Il were

electrophysiologically characterized as type | or type I, as rarilty Witg wh_ic: wfe_could recodrofl Iargeh EPSIPS- for the
previously described’ To date, we have tested for a total of prolonged periods of time required for such analysis.

268 single axon connections in 135 cell pairs in layer Il.
Surprisingly, we have found no evidence for the existence
of rEPSPs at resting membrane potential in any of these,
nor did recording the postsynaptic neuron at depolarized or The effect of changing the postsynaptic membrane poten-
hyperpolarized potentials reveal any synaptic responses. Wetial on rEPSPs was determined in 11 pairs of neurons in layer
tried altering the orientation of cutting the slices but this made I1il. rEPSPs evoked at resting membrane potential had a mean
no difference. Thus, we have to conclude, on the basis of ouramplitude of 343.5 50.7wV, rise time of 4.6+ 0.4 and Ty,
studies to date, that the probability of recurrent excitatory of 38.2+ 8.2 ms. Steady sub-threshold depolarizatiet7 £
connections in layer Il in our slices remains at zero, and 8 mV) of the postsynaptic neurom+£ 10), did not signifi-
that recurrent excitatory connections between stellate cellscantly alter these parameters (28%3.2 wV, 5.1+ 0.8 ms

in layer Il are sparse or non-existent. and 55.2+ 13.9 ms) although there was a clear trend towards

Layer V.rEPSPs in layer V neurons were generally small
with fast rise times. The meartS.E.M.) peak amplitude was
149+ 14wV with a range of 71-204V when recorded at a
mean resting potential of 73.4+ 3.5 mV. They had a mean
10-90% rise time of 1.2 0.2 ms, which was significantly
(P<0.05) faster than their counterparts in layer Ill (see
below). The mean ghy, was 41.3+ 15.4 ms. Examination of
individual sweeps also revealed transmission failures (see
below).

Layer Ill. rEPSPs in layer lll neurons were significantly
d(P < 0.05) larger and had slower rise times than those in layer

Voltage dependence of recurrent excitatory postsynaptic
potentials
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Fig. 3. (A) Recurrent EPSPs elicited in a layer Ill cell at different membrane potentials. At resting potential, the fast EPSP (average of 53asaweayspg

a slower phase of depolarization. With the cell membrane hyperpolarized, the fast phase was increased in amplitude and the slow phase waséess pronoun

(average of 420 sweeps). The reverse was seen when the membrane was steadily depolarized (average of 390 sweeps). (B) Fluctuations in ERSP amplitude i

pair of layer Ill neurons. The traces show individual sweeps. Spikes in the presynaptic neuron evoked EPSPs of different amplitudes in thécpostsynapt

neuron, and failures of transmission could also occur (upper trace). The histogram of EPSP amplitudes (3434 responses, failures excluded)mey show s
evidence of separate peaks at around L®0Omntervals.

a decrease in amplitude-6%) and an increase in decay rise times and decay times of rEPSPs evoked at 0.2 Hz were
time (+45%). The large variations in these parameters not significantly different to those evoked at either 2 Hz or

meant that they failed to reach significance. 3Hz (Table 1). However, although there was no clear change
With steady hyperpolarization (8—10 mW=11) there in shape or amplitude of the averaged rEPSPs recorded at

was an increase in mean amplitude (3984.2uV, different frequencies, there was a change in the rate of success

+15%), with little change in rise time (4:80.3 ms,—7%). of transmission at the recurrent synapses. Thus, when the

Again, neither change was significant. However, the short- presynaptic firing rate was 0.2 Hz, transmission failures
ening (—46%) of the Ty, (17.8% 2.1ms) was significant  were recorded to 28% of spikes in the presynaptic neuron.
(P<0.05). One example of the voltage dependence of This failure rate increased to 36% when the presynaptic firing
rEPSPs is shown in Fig. 3A. In this case, there were fast rate was 2 Hz, and to 48%, at 3Hz.
and slow phases in the decay of the rEPSP at resting potential. Frequency dependent changes in rEPSPs have also been
With hyperpolarization the amplitude of the fast phase of the examined in five layer-V neurons. Again, there was little
EPSP increased and the slower phase was less evident. Depddifference in amplitude, rise or decay times between 0.2, 2
larization elicited the reverse, the fast phase declining in and 3 Hz (Table 1), but this time there was also less change in
amplitude, with a concurrent increased contribution of the failure rates. At 0.2 Hz, transmission failures were noted with
slow phase of the EPSP. only 19% of action potentials and this was only increased to
26% at 2 Hz, and 29% at 3 Hz.

Frequency-dependent changes in recurrent excitatory post-
synaptic potentials Pharmacology of recurrent excitatory postsynaptic potentials

The effect of varying the presynaptic firing rate on the N-methylp-aspartate receptor blockad&he effects of the
postsynaptic rEPSPs was determined in seven cells in layerNMDA receptor antagonist, 2-AP5 (50M) was tested on
lll. In these experiments, single action potentials were evoked rEPSPs in five layer-lll neurons. The antagonist had little
in the presynaptic neuron by injecting short (3—4 ms) positive effect on amplitude or rise time of rEPSPs but significantly
current pulses at the desired frequency. The mean amplitude (P < 0.05) reduced the decay phase of the responses (Table



418 A. Dhillon and R. S. G. Jones

Table 1. Frequency dependent alterations in recurrent excitatory postsynaptic potentials

Hz Amplitude @V) Rise time (ms) Decay time (ms) Failures (%)
Layer Il

0.2 342+ 73 4.7+0.8 39.7£5.2 28

2 293+ 60 4.1+0.7 445+ 11.0 36

3 37757 5.0+0.8 34.3+t3.9 48

Layer V

0.2 121+ 23 1.4+0.4 41.2¢7.7 19

2 131+ 19 1.6+0.3 37.6+6.4 26

3 127+ 31 1.4+0.7 35.7£ 5.6 29

2). An example of the effect of 2-AP5 is shown in Fig. 4B. apart. Assuming that both impalements were somatic, then
After 20 min perfusion there was little detectable change in this would indicate that the site of electrical coupling was
rEPSP amplitude, but there was a noticeable change in shapelijkely to be dendro—dendritic or somato—dendritic. If the
with a distinct reduction in the falling phase. two-way electrical coupling in layer Il is included with the
We have also tested the effects of 2-AP5 on rEPSPs in threesynaptic connections& 33) noted above, this would raise
layer-V neurons. Again, there appeared to be a reduction inthe probability of finding a connection of either electrical or

the Tsge (from 34.7+12.8 ms to 27.8 13.1 ms) with little
consistent alteration in amplitude or rise time, although the
data were too variable to draw any firm conclusions.

AMPA/kainate receptor blockadeThe effects of the
AMPA/kainate receptor blockers, NBQX or CNQX (8v)
were tested on rEPSPs in five neurons in layer Il and in two

neurons in layer V. In all seven studies the rEPSPs were

virtually abolished within 15—-20 min of perfusion with the
antagonist. One example, in a layer-V neuron, is shown in
Fig. 4A. In three of the studies in layer 11l the AMPA antagon-
ist was tested after perfusion with 2-AP5. The neuron in Fig.

synaptic between layer Il neurons to 0.104.

DISCUSSION

In comparison to most studies of recurrent excitation, the
probability of detecting such connections was relatively high
in both layer V (0.115) and layer Il (0.084) of the EC. In the
cingulate and sensorimotor cortex, probabilities of &’@hd
0.01%% have been reported in layers II/Ill and V/VI, respec-
tively. In visual cortex, connection probability in layer V was
0.015# but in layer II/11l was comparable with the values we
obtained at 0.08% In the hippocampus, Miles and Woffg

found a connection probability of 0.02 in CA3, whereas
Deuchars and Thomsé&hreported a value of only 0.005 for
CA1 pyramid—pyramid connections. A much higher probabil-
. ) ) ) . ity of connections was found between CA3 and CA1 (0.063;
Electrical coupling.Four pairs of cells in layer Ill, which Ref. 49). Very much higher probabilities were found in hippo-
were probably not synaptically connected, showed clear campal slice cultures (0.56 in CA3; 0.76 in CA3—CAL; 0.8 in
evidence of electrical coupling. Thus, either depolarizing or ca1_CA3: Ref. 9), but how these relate to “normal” slices is
hyperpolarizing current-pulses injected into one neuron 5 matter for debate. Itis clear that the values we have obtained
changed thg membrane potential in both, and action potlentlalsfor layer V and layer |1l are among the highest so far reported,
generated in one cell were almost always accompanied byjngicating that these layers exhibit a high degree of recurrent
action potentials in the other (Fig. 5A). However, by injecting excitatory connections.
steady depolarizing current into one neuron and hyperpolar-  These probability ratios should underestimate the degree of
izing current into the other, it was possible to generate action ygcyrrent excitatory connections since many would be cutin a
potentials in one neuron only. In this situation, the action 400-.M-thick slice. Markramet al. 33 have recently made
potentials were coincident with coupled depolarizing events visually guided, whole-cell patch clamp recordings, specifi-
_(5—15 mV) which d!d not reach threshold for spik_e generation cally from pairs of thick-tufted layer V pyramidal cells in
in the other cell (Fig. 5B). However, the potential was only somatosensory cortical slices. This approach provided greater
just sub-threshold for firing in the coupled cell (Fig. 5B), glectrical resolution of small single axon responses, and
and when it did fire it prolonged the decay phase of the zjjowed selection of neurons in close apposition to each
action potential in the other cell. The delay between the giher «50pM apart), whose axon pathways could be
spike and the coupled events varied from aboupSQp to  followed for some distance from the soma with a defined
around 50Qus in the four pairs recorded. The impalements 4natomical orientation to each other. These studies yielded
illustrated in Fig. 5 were estimated to be around ADO a connection probability of 0.1, which is virtually the same as
that we obtained in layer IV/V of the EC. However, previous
studies in layer V of the neocortex have yielded connection
probabilities of only 0.01% and 0.01%% and Markramet al 3"
have suggested that the higher probability in their studies
could result from selection of a uniform population of neurons
with defined anatomical relationships. They have also indi-
cated, for various reasons, that the actual probability of

4B is one example of this. 2-AP5 reduced the decay phase of
the EPSP, and the remaining EPSP was abolished by NBQX.

Table 2. Effect of 2-AP5 on recurrent excitatory postsynaptic potentials in
layer Il

Amplitude (V) Rise time (ms) Decay time (ms)

299+ 48.5
323£73.4

4.1£0.6
4.2+1.6

37.6£35
26.8+ 4.5%

Control
2-AP5
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Fig. 4. (A) Blockade of a rEPSP (250 sweeps) in a layer-V neuron during perfusion (243 sweeps) with the AMPA-receptor antagonist, NBQX. (B) The control
response (277 sweeps) in this layer-11l neuron was relatively prolonged. Perfusion with the NMDA-receptor antagonist reduced the decay fitiase with |
alteration in amplitude (177 sweeps). Addition of NBQX (103 sweeps) all but abolished the remaining EPSP.

connection may well be substantially higher than the one in kainate receptors and a slow component mediated by
10 that they found. If we assume that the same reasoningNMDA receptors?®232%47fEPSPs in both layers appeared to
applies to our situation, then it is possible that the probability have a similar dual receptor mediation. They were virtually
of finding recurrent connections in the EC would be much abolished by CNQX or NBQX, demonstrating that they were
higher if we were to study a visually identified, homogeneous primarily mediated by AMPA/kainate receptors. However,
population of neurons. there was also some contribution from NMDA receptors
Perhaps the most startling observation in the present studysince 2-AP5 reduced the duration of rEPSPs. This dual
was the failure to detect any recurrent excitatory connections receptor mediation of rEPSPs is similar to that reported in
between neurons in layer IlI. It seems unlikely that this was a hippocampu$!® and neocorteX’¢! The contribution of
result of the experimental approach since such connectionsNMDA receptors during the latter part of the rEPSP was
were readily detectable in other layers. Layer-Il principal also suggested by a shortening and lengthening at hyper-
neurons are a heterogeneous populatiti>®” and it is polarized and depolarized membrane potentials, respectively.
conceivable that recurrent connections only exist between However, it has been suggested that such alterations may
certain classes of neurons. However, our sample size shouldreflect a role of voltage activated conductances (e.g. persistent
have been large enough for us to detect at least some degree dfla* or C&* currents) in shaping rEPSP$6land this cannot
connectivity, and we have to conclude that recurrent excita- be ruled out.
tion is very low or non-existent. Morphological studies have  Generally, the mean amplitudes of rEPSPs in both layer V
shown that the axons of many layer-1l cells arborize exten- and layer Il were small compared to those reported for other
sively within the layet”33355%0 the lack of recurrent excita-  cortical areas’3%424340.83However, those in layer V were
tory connections seems surprising. Evoked synaptic responsegarticularly small, although similar to those seen at Schaffer
in layer Il are dominated by GABAergic inhibitiéh?” and it collateral synapses on to CAL pyramidal céiSEPSPs in
may be that intralaminar recurrent axon collaterals in layer Il layer Il were clearly larger than in layer V, but on average
make exclusive contact with inhibitory interneurons, rather smaller than those recorded at other recurrent synapses. The
than acting as a substrate for integration of excitatory infor- largest rEPSP we have recorded was arounduAdOvhereas
mation between principal neurons. others have reported rEPSPs up to 4 or 5 #h§p42:43.40.63
rEPSPs recorded in layer Ill and layer V displayed both Resting membrane potentials in our neurons were about the
differences and similarities. In both layers, evoked excitatory same as in other studies, so this is unlikely to be a factor.
responses exhibit a fast component mediated by AMPA/ Other than the study of Markranet al’ the technical
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A B

neuron 1
e

20 mV | neuron 2
0.8 nA

50 ms

Current step in neuron 2

Fig. 5. Electrical coupling between a pair of layer lll-cells. (A) Injection of a 100-ms positive current-pulse in neuron 2 elicited a membraneadiepodad
the generation of two action potentials. This was mirrored by a similar response in neuron 1. Likewise, negative current injected into neuedre2 elicit
hyperpolarizing response in both neurons. (B) In the upper panel, neuron 2 was driven to fire action potentials by injection of continuous glepalanizin
whilst neuron 1 was just prevented from firing by a continuous hyperpolarization (by 2—3 mV). This revealed a coupled sub-threshold depolatiairig pote
neuron 1 that arose at a very short latency and decayed slowly compared with the action potential in neuron 2. The inset shows the temporas relationship
between events in the two cells on a faster time-base. The lower panel shows that the coupled in event in neuron 1 could readily give rise to amtiattion pote
The boxed inset shows the falling phase of the action potentials in neuron 2 from the upper and lower panels superimposed. When an action potential i
generated on the coupled potential in neurorAP) this induces a reciprocal coupled potential in neuron 2 which is seen as a deflection on, and prolongation

of, the falling phase of the action potential.

approaches were virtually identical so we assume that the might be expected that a higher failure rate might have been
small rEPSPs in EC reflect a true difference between EC encountered there. Although the neurons selected for this
and neocortex. analysis were those with relatively large rEPSPs, this applied
At present, we can only speculate on what may underlie to both layers, so it does not explain the discrepancy. What
differences in rEPSP amplitude. One possibility would be that was clear was that failure rate increased with increasing
recurrent synapses on layer-V neurons are located at morefrequency of presynaptic firing. Again, there was a difference
distal dendritic locations, and suffer greater electrotonic in that layer Il rEPSPs failed on around 50% of trials at 3 Hz,
attenuation than those in layer Ill, which could be located whereas those in layer V were more resilient and only failed
closer to the cell soma. We have estimated (see Refs 22 andn around 30%. Thomson’s group have reported increasing
53) electrotonic length () of neurons during whole cell  failure rates related to increasing frequency in €Aand
voltage clamp recordings (Ref. 4 and Jones, unpublished).somatosensory corté% This was accompanied by a decrease

Ly in layer V and Il neurons were similar (1.570.15 vs in amplitude of the rEPSPs, but it is not clear whether they
1.63+ 0.18) whereas layer Il neurons were less electrotoni- excluded failures from the averaged potentials at the different
cally compact (2.46- 0.29). If recurrent synapses on layer lll  frequencies. We did, and found that there was little alteration

neurons were closer to the soma, it might be expected thatin amplitude, or rise and decay kinetics at higher frequencies.
rEPSPs would have a faster rise time in layer Ill than in layer The most likely explanation for the increase in failures is a
V. The reverse was true, so dendritic location may not play a decline in release probabilifi#:5* Assuming this to be the case
major role in the difference in amplitude. Other factors which in the EC, it would seem that recurrent excitatory transmis-
could account for the difference could be a lower quantal sion in layer V has a greater safety factor when presynaptic
content in layer V, a smaller number of release sites, a frequency starts to increase.
decreased probability of release, or even differences in post- Evoked excitatory responses in all layers of the EC exhibit
synaptic receptor activation. a frequency-dependent facilitation at 1-3 #2628 We
Failure rates at layer-V recurrent synapses also differed considered the possibility that this facilitation may be due,
from layer Ill. At 0.2 Hz, transmission failures were noted in part, to progressive recruitment of recurrent excitation with
on around 29% of trials in layer 1ll compared with only increasing frequency of activation of afferent pathways.
19% in layer V. This may be surprising, since, at other cortical However, the increasing failure of rEPSPs at higher frequen-
synapses!%failure rate was inversely proportional to rEPSP cies, combined with the demonstrable lack of recurrent exci-
amplitude. With the small amplitude EPSPs seen in layer Vit tation in layer 1l would make this unlikely.
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Do the present results have implications for the generation contribute to hyperexcitability and excitotoxicity leading to

of epileptiform activity in the EC? We have previously cell death during prolonged seizure activity. It is very inter-
suggested that layer V may be a relatively seizure-susceptibleesting that we found evidence for a relatively high degree of
site, in contrast to layer Il which is relatively seizure- electrical coupling between cells in layer Ill. It has been
resistan®3° A number of factors could contribute to this. suggested that electrical junctions could be strongly involved
Evoked synaptic inhibition is much less pronounced in the in high frequency oscillations and synchronized epileptiform
deep than the superficial layers® Conversely, frequency-  activity in cortical networkg® This, together with strong
dependent facilitation of evoked excitation is more powerful recurrent excitation could rapidly distribute synchronized
in layer V.26 Whole-cell voltage-clamp studies of glutamate excitation amongst the neuronal population of layer Il and
release have shown that spontaneous excitatory postsynapticontribute to excitotoxicity during prolonged seizure activity.
currents are larger in layer V, have a greater contribution from

NMDA-receptors than in layer Il, and that there is a higher CONCLUSION

frequency of pure NMDA-receptor mediated events in the L ) ) i
deep neuron&.In contrast, the frequency of spontaneous Recurrent excitation occurs w_lthahlgh degre;e of probabil-
GABA-mediated inhibitory postsynaptic currents in layer-ll 1ty between pyramidal neurons in layer V and in layer Il of
neurons is double that recorded in layer’VPresynaptic the EC. Th|s_c_ouI(_JI co_ntnb_ute to the susceptlblllty of these
group 4 metabotropic receptors inhibit glutamate release in 12Y€rs to participation in epileptic discharges, and in the case
layer I, but facilitate it in layer VA7 The laminar specific ~ ©f layer Ill to a propensity to degenerate during chronic
differences in recurrent excitatory connections are a further €PIlepsy. In contrast, recurrent excitatory connections
factor that could contribute to layer V being a primary site P€tween principal neurons in layer Il appear to be very sparse

where temporal lobe seizures may originate and reverberate. . !
Finally, in both chronic human, and animal models of @aréa to seizure generation.

or absent, and this could be a factor in the resistance of this

temporal lobe epilepsy, layer Il suffers marked neurodegen-

eration4-16:32\hilst the reasons for this are still unclear, we
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