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Previous
study revealed
that bursting
activity generated
by
a variety of means in slices of piriform
cortex induces
persistent epileptiform
EPSPs in superficial
pyramidal
cells by
an NMDA-dependent
process.The
present
study was undertaken
to test the hypothesis
that the observed
epileptiform EPSPs in superficial
pyramidal
cells are driven by deep
cells. This hypothesis
was suggested
by recent findings from
in vitro studies
of the properties
of deep cells and in viva
studies
indicating
that the deep part of the piriform
cortex
or neighboring
deep structures
are involved
in the generation
of seizure activity in animal models of epilepsy.
Results from
simultaneous
cell-pair
recordings,
examination
of subdivided slices, and local application
of excitatory
and inhibitory
agents provided
strong evidence
in support
of this hypothesis. It was concluded
that the endopiriform
nucleus,
a collection of cells immediately
deep to the piriform cortex, plays
a central role in generation,
but that cells in the deep part
of layer Ill and the claustrum
may also contribute.
Furthermore, it was found that generation
of prolonged
ictal-like
activity only occurs in slices of piriform
cortex in which the
endopiriform
nucleus is present.
Implications
of these findings for epileptogenesis
are discussed.

Evidence from animal models of epilepsy suggeststhat the piriform (olfactory) cortex is highly susceptible to epileptogenesis.
In kindled rats, the majority of interictal spikes originate in the
piriform cortex regardless of the position of the kindling electrode (Racine et al., 1988). Injection of excitatory amino acid
antagonists (Croucher et al., 1988) or a GABA transaminase
inhibitor (Stevens et al., 1988) into an area near the deep boundary of the piriform cortex suppresses kindling and kindled seizures, respectively, from stimulation in limbic structures. Furthermore, injection of convulsant drugs at the deep boundary
of the piriform cortex evokes generalized seizures in unanesthetized rats at doses that are 20-30 times lower than required in
other parts of the forebrain including the hippocampus, amygdala, and neocortex (Piredda and Gale, 1985, 1986; Stevens et
al., 1988). Finally, recordings from the piriform cortex of kindled rats in vivo have shown the presence of long-latency excitatory potentials with epileptiform characteristics in response
to afferent fiber stimulation (Racine et al., 1988).
A recent study has demonstrated that persistent epileptiform
EPSPs (e-EPSPs) can be induced in vitro in piriform cortex by
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subjecting slices to brief periods of bursting activity (Hoffman
and Haberly, 1989). These induced EPSPs in slices are similar
to potentials recorded from the piriform cortex of kindled animals in vivo (L. B. Haberly and T. P. Sutula, unpublished observations) and in slices of piriform cortex taken from kindled
animals (McIntyre and Wong, 1986; W. H. Hoffman and L. B.
Haberly, unpublished observations), suggesting that this preparation may be a useful model for study of the kindling phenomenon. Furthermore, based on the persistent nature and
NMDA dependence of the induction process, it may also have
implications for understanding plastic processes involved in
learning and memory.
In the earlier report (Hoffman and Haberly, 1989), e-EPSPs
were studied in superficial pyramidal cells in layer II (analogous
to stratum pyramidale in hippocampus). Based on the high susceptibility of the deep part of piriform cortex to epileptogenesis
and on the recent finding that deep pyramidal and spiny multipolar cells in the piriform cortex and subjacent endopiriform
nucleus have properties that could promote epileptic activity
(Tseng and Haberly, 1989a,b), the present study was undertaken
to test the hypothesis that bursting-induced EPSPs originate in
deeply placed cells. The results have provided evidence that
e-EPSPs in superficial pyramidal cells are synaptically driven
from deep cells, and suggest that these cells are concentrated in
the endopiriform nucleus (considered to be layer IV of piriform
cortex in some accounts; see Tseng and Haberly, 1989a).
Preliminary results have been presented in abstract form
(Hoffman and Haberly, 1987, 1988).

Materials and Methods
Rats were anesthetized with ether and decapitated, and a block of brain
containing piriform cortex was quickly removed to oxygenated (95%
O,, 5% CO,) bathing medium maintained at 4-10°C. Slices 0.5 mm
thick were cut in a plane perpendicular to the cortical surface with a
Vibratome (Lancer) and transferred to holding chambers, where they
recovered at room temperature for at least 2 hr. In some experiments,
slices were further trimmed l-5 min after the initial cutting (still at 410°C) to isolate specific cortical structures. Such trimming was performed by positioning the submerged slice on a flat piece of wax and
lowering a small section of razor blade through the slice at the desired
point. Diagrams of the different slice dissections used are shown in
Figure 1 (shaded areas were studied). Histological verification of structures included in slice segments was performed in most cases using
methods described below.
Recording was carried out on continuously perfused, submerged slices
with the chamber described by Tseng and Haberly (1988) at atemperature of 28-3 1°C. Use of dark-field illumination
allowed visualization
of all layers of the piriform cortex and the cell-dense endoniriform
nucleus. Standard bathing medium contained (in mM) 124.0 NaCl, 5.0
KCl, 2.4 CaCl,, 1.3 MgSO,, 26 NaHCO,, 1.2 KH,PO,, and 10 D-glucose.
In some experiments, CaCl, was 1.5 mM and KC1 was 1.8 mM, for a
total K+ of 3 mM. Bathing medium with no added Mg*+ (termed 0 Mg2+)
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Figure 1. Diagrams of secondary cuts used to isolate specific structures
in slices. Shaded regionsare the isolated portions that were studied. A,
“Perpendicular”
slice strip containing all layers of piriform cortex and
the endopiriform nucleus. B, Deep segment containing the endopiriform
nucleus and the deep part of layer III of piriform cortex. C, Isolated
superficial layers of piriform cortex (I, II, and superficial III). D, Ventral
segment containing all layers of piriform cortex, but no endopiriform
nucleus. In addition to piriform cortex and endopiriform
nucleus, all
segments except that illustrated in C contained portions of subcortical
structures (principally striatum). Ventral segments also contained olfactory tubercle. En, endopiriform nucleus; LOT, lateral olfactory tract;
PC, pirifotm cortex; RS, rhinal sulcus. Roman numerals refer to layers
in piriform cortex.

was made by replacing MgSO, with equimolar Na,SO,. Cells were impaled with glass micropipettes containing 4 M potassium acetate (neutralized) with resistances of 30-80 MR. In some experiments, extracellular recordings were obtained with a tungsten microelectrode with a
1-Hz to 10-kHz band pass. Association fibers were stimulated in layer
Ib, the deep part of layer III, or the endopiriform nucleus with bipolar
tungsten stimulating electrodes at l/6 Hz. Similar synaptically evoked
responses were recorded with stimulation at all three locations, presumably because association fibers that originate from pyramidal cells in
piriform cortex form a dense plexus that extends through layers &III
of the piriform cortex and the endopiriform
nucleus. Responses were
digitized and analyzed by computer as previously described (Tseng and
Haberly, 1988). In some experiments, r&ttamate,
KCl, or CoCl, were
locally applied by pressure injection with a PicoPump (World Precision
Instruments) using glass micropipettes with tip diameters of 1S-5rm.
Solutions were applied by variable-length pulses (3-1000 msec) at 30
psi. CoCl, and glutamate (10 mM) were dissolved in 0.9% NaCI; KC1
solutions (100 mM) were made by replacement of NaCl in the normal
bathing medium. Control injections of 0.9% NaCl were also carried out.
In some experiments, the effects of local glutamate, K+, and Co2+
application were systematically mapped. During experiments, injection
sites were recorded on detailed drawings or Polaroid photographs of the
slice. At the completion of experiments, holes were made with a broken
micropipette to mark sites of cell recording or drug application. Slices
were then fixed in formaldehyde, sectioned at 80 pm with a freezing
microtome, mounted on slides, and stained with cresyl violet. Positions

normal bathing
medium after 0 Mgz+

Figure 2. Induction of long-latency e-EPSPs in deep cells by bursting
activity. A, Typical responses of a deep cell to shock stimulation of
association (corticocortical) fibers in layer III. The response consists of
an initial monosynaptic EPSP and disynaptic Cl- and K+-mediated
IPSPs. V,,, = -66 mV for top trace, -31 mV for bottom trace. B-D,
Control response, bursting response of deep cell after removal of Mg*+
from the bathing medium, and response 10 min after return to normal
bathing medium, respectively. Stimulation was in layer Ib with identical
shock strengths in B-D. Sub- and suprathreshold traces are superimposed in D to illustrate the all-or-none occurrence of the induced EPSP.
of reference holes and other landmarks were used to transfer injection
and recording sites to camera lucida drawings of the stained sections
for precise correlation with anatomical structures.
Although cells were not identified morphologically,
previous studies
using similar recording electrodes and injection of Lucifer yellow have
shown that cells impaled in layer II are consistently pyramidal, cells in
the endopiriform nucleus are consistently spiny multipolar neurons, and
cells in layer III are either pyramidal or spiny multipolar neurons (Tseng
and Haberly, 1989a). Because cells in the deep part of layer III and the
endopiriform nucleus have indistinguishable
membrane properties and
morphology, and very similar synaptic response properties (Tseng and
Haberly, 1989a,b), they will be collectively termed “deep cells.”

Results
Bursting induces e-EPSPs in deep cells
Synaptically
stimulation

mediated responses of deep cells to association fiber
under control conditions
(Fig. 24 are similar to
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Figure 3. e-EPSPsinduced by bursting activity are of higher amplitude and occur at shorterlatency in deep than in superficialcells. Simultanec;Js

recordingsfrom two setsof cell pairs in different slices are illustrated in A and B. For each set, one cell was a presumedsuperficialpyramidal :ell
in layer II (sup.cell), and one, a deepcell in the endopirifonn nucleus.Trace pairs at top are responsesto shock stimulation of associationfibers
(layer III in A, layer Ib in B) at an intensity that was suprathresholdfor e-EPSPgeneration;those at the bottom were subthreshold.The inset in .4
revealsthe temporal relationship betweenthe e-EPSPand evoked action potentials in the deep cell and the e-EPSPin the superficialcell. Note
that the e-EPSPin the deep cell in B occurred in isolation without an initial gradedEPSP (cf. suprathresholdresponseat top with subthreshold
responseat the same stimulus strengthat bottom).

those of superficial pyramidal cells, consisting of an early EPSP,
a fast Cl--mediated IPSP, and a slow K+-mediated IPSP as
previously described (Tseng and Haberly, 1988, 1989a). Following 2-20 min of bursting evoked by association fiber stimulation at l/6 Hz in 0 MgZ+ (Fig. 2C) and subsequent return to
normal medium (Fig. 20) a high-amplitude, long-latency depolarizing potential was consistently induced as in superficial
pyramidal cells by low-strength shock stimulation to layers IIII of the piriform cortex and the endopiriform nucleus (Hoffman and Haberly, 1989). These late depolarizing potentials occurred at a discrete threshold, but were variable in amplitude
and waveform, and decreased in latency with increasing shock
strength as also observed in superficial cells. Furthermore, late
depolarizing potentials in deep cells were epileptiform in character (all-or-none population responses) as in superficial pyramidal cells, because occurrence was perfectly correlated in simultaneously recorded cell pairs (Fig. 3), threshold for their
occurrence was the same for all cells impaled in a given slice,
and intracellularly recorded late potentials were always correlated with the occurrence of a large extracellular field potential
(not shown). As in superficial pyramidal cells (Hoffman and
Haberly, 1989), EPSPs underlie the late depolarizing potential.
Evidence includes the lack of effect of polarizing current on
threshold of these potentials, occurrence in some cells at stimulus strengths subthreshold for the early, graded EPSP (precluding exclusive generation by voltage-dependent currents triggered by the early EPSP, seeFig. 3B), and a decreasein amplitude
at depolarized membrane potentials and increase at hyperpolarized potentials. Both induction and expression occurred at

physiological levels of K+ (3 mM) and Ca2+(1.5 mM) (n = 3) as
well as at the higher concentrations in the standard bathing
medium.
Although there were many similarities between e-EPSPs in
superficial and deep cells, there was one striking difference: these
potentials were consistently of greater amplitude in deep than
in superficial cells. In superficial pyramidal cells, e-EPSPs only
rarely evoked action potentials (< 10% of cells). In contrast, in
greater than 95% of deep cells, e-EPSPs consistently triggered
one or more action potentials (Figs. 2, 3). This finding is consistent with the hypothesis that e-EPSPs in superficial cells are
synaptically driven by deep cells. To test this hypothesis and to
delineate the areas containing cells involved in e-EPSP generation, a number of different experiments were performed involving simultaneous recording from cell pairs, slice dissection,
and localized injection of excitatory and inhibitory agents.
e-EPSPs occur at shorter latency in deep cells than in
superjcial pyramidal cells
If action potentials evoked by e-EPSPs in deep cells synaptically
mediate e-EPSPs in superficial pyramidal cells, then it can be
predicted that they would occur earlier in deep than in superficial
cells. Measurements from 10 simultaneously recorded pairs consisting of one deep and one superficial cell confirmed this prediction (Fig. 3). Onset of e-EPSPs in deep cells always preceded
those in superficial cells, usually by a sufficient interval that the
first action potential in the deep cell preceded the e-EPSP in the
superficial cell (Fig. 3A, inset).
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In narrow, perpendicularly

oriented slice segments (Fig. lA),

e-EPSPscan be confinedto deepcells.A, Responsesfrom a layer II cell
to stimulation

in layer Ib before bursting (control), in 0 Mg2+, and after

return to normal bathing medium (wash).Note the absenceof the inducede-EPSPnormally seenin intact slices.No e-EPSPwas observed
in a secondsuperficialcell in the sameslice(not illustrated).B, Response
from a deepcell in the sameslice,recordedsubsequentlyto the response
in A. Note the presence of a small e-EPSP that was subthresholdfor
action potential generation.

e-EPSPscan be conjned to deeplayers in slicefragments
When thin strips cut from slices of piriform cortex (Fig. 1A)
were subjected to bursting activity in 0 Mg2+, e-EPSPs were
induced only in deep cells in three out of four experiments.
These “perpendicular” slice strips (cut normal to the cortical
surface) were 0.5-0.75 mm in width and contained all layers of
the piriform cortex and a portion of the underlying endopiriform
nucleus and striatum, but no other areas. As illustrated in Figure
4A, stimulation of association fibers in 0 Mg2+ typically failed
to induce e-EPSPs in superficial cells on return to normal bathing
medium, despite the fact that e-EPSPs were consistently present
in deep cells (Fig. 4B). Moreover, e-EPSPs in deep cells in slice
strips were much smaller than in intact slices and frequently
failed to evoke action potentials (cf. Figs. 20, 3 with 4B). In
the slice strip in which e-EPSPs did occur in superficial pyramidal cells, they were low in amplitude (2-3 mv), and e-EPSPs
in deep cells were larger than in the strips in which abnormal
EPSPs were absent in superficial cells.
The findings that e-EPSPs can occur in deep cells alone, and
that absence of e-EPSPs in superficial cells is associated with
subthreshold e-EPSPs in deep cells, support the hypothesis that
these EPSPs originate in deep cells.

Local applicationof glutamate or K+ evokese-EPSPsonly
from deepstructures
To further localize the source of e-EPSPs, stimulation was carried out by local injection of glutamate ( 10 mM) or K+ ( 100 mM
KCl) through application of pressure to micropipettes. Based
on droplet size before placement of injection pipettes in slices,
estimated total amount injected was 4-70 pl (20-50-pm-diameter droplets in air). In contrast to shock stimulation, glutamate does not excite “axons of passage” (see, e.g., Christian
and Dudek, 1988). Although K+ would be expected to depolarize
all exposed membranes, results obtained from injection of K+
corresponded closely to those obtained with glutamate.
Responses to pressure injection ofglutamate and K+ in control
slices were consistently graded in amplitude as a function of
pulse duration and distance from the recorded cell (Fig. 5A,B).
After stimulus-evoked bursting in 0 Mg2+ and return to normal
bathing medium, brief pulses of glutamate and K+ typically
evoked a low-amplitude graded potential (Fig. 5C, bottom traces), but with increases in pulse duration, a large all-or-none
depolarizing potential could be triggered at relatively short latency (Fig. SC’, top traces). Adjustment of pulse duration revealed a consistent threshold for this component. Control injections of 0.9% NaCl under identical conditions failed to elicit
responses of any type. Amplitudes and waveforms of all-ornone depolarizing potentials evoked by glutamate and K+ closely resembled those evoked in the same cell by shock stimulation
of association fibers (cf. Fig. 5C,D), indicating that the same
“population” process was triggered. As in shock-evoked responses, e-EPSPs triggered by glutamate and K+ in deep cells
preceded those in simultaneously recorded superficial cells (Fig.
50, consistent with deep initiation.
Systematic mapping in eight slices revealed that e-EPSPs were
evoked by glutamate or K+ only from a restricted deep area
(Fig. 6). Histological analysis (Fig. 6C) revealed that this area
always included the endopiriform nucleus. In addition, in all
slices in which it was present, e-EPSPs were consistently evoked
from the claustrum, and in four slices they were occasionally
evoked from sites in the ventral agranular insular cortex that
overlies the claustrum. Maps obtained with glutamate and K+
were very similar, and in one slice in which mapping with both
agents was carried out, they were virtually identical. Outside
the above mentioned areas, pulse durations up to 10 times
longer failed to evoke e-EPSPs.

Local application of Cd+ to deeplayers blocksinduced
e-EPSPs
As a further test of the role of deep cells in generation of e-EPSPs,
Ca2+ currents were locally reduced by pressure injection of 10
mM CoZ+from micropipettes. This procedure would be expected
to reduce cell excitability by attenuating both synaptic transmission and endogenous excitatory Ca*+ currents that are known
to occur in deep cells (Tseng and Haberly, 1989b). In the eight
slices studied, injection into the endopiriform nucleus decreased
amplitudes and raised thresholds of e-EPSPs, and in some cases
blocked generation at the highest shock strengths tested (up to
4~ threshold before injection). A typical experiment with recording from a cell in layer II is illustrated in Figure 7. After
injection of Co2+, there was a substantial decrease in amplitude
and a small increase in latency of the e-EPSP evoked by association fiber stimulation in layer Ib, followed by a complete
disappearance of the e-EPSP. There was no concomitant de-
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Figure 5. e-EPSPs can be evoked from the endopiriform nucleus by local elevation of external K+. A, Responses of a deep cell under control
conditions to variable-duration pulses of 100 mM KC1 delivered through a micropipette. Both recording and injection sites were in the endopiriform
nucleus, with a separation distance of 100 pm. B, Same cell and conditions as in A, but distance of K+ injection from recorded cell was varied with
a constant 50-msec pulse duration. All injection sites were within the endopiriform nucleus dorsal to the recorded cell except the site at 800 Hm,
which was in the claustrum. Response amplitudes were graded with pulse duration and distance. C, Responses of simultaneously recorded deep
and superficial (sup.) cells to pressure injection of K+ into the endopiriform nucleus after induction of e-EPSPs by transient exposure to 0 Mg*+
(different slice than in A and B). Pulse duration was at threshold for the evoked e-EPSP. D, Shock-evoked e-EPSPs in the same cell pair illustrated
in C. Note the close similarity in e-EPSPs evoked by shock stimulation and high K+. Similar results were obtained by local injection of glutamate
(not illustrated). Barsin A-C indicate times of application of pressure pulses.

creasein the amplitude or slope of the initial graded EPSP.
Becausethe records illustrated were obtained during injection
of Co*+into the endopiriform nucleusimmediately deepto the
impaled cell, it can be concluded that the action of Co2+was
confined to deep structures(basedon the laminar distribution
of dendrites of superficialpyramidal cells, initial graded EPSPs
would have been attenuated by diffusion to layer Ib and the
superficial part of layer III).
Although it was more difficult to map accurately the area of
sensitivity ofthe e-EPSPto Co2+than to glutamateor K+ because
several minutes were required to obtain blockageand recovery
for each test, relatively complete mapswere obtained in three
slices. As with glutamate and K+, sensitivity was observed

throughout the endopiriform nucleus,but not from siteswithin
layers I, II, or III of the piriform cortex. Partial or complete
blockagecould also be obtained from the ventralmost portion
of the claustrum that is adjacent to the endopiriform nucleus.
These experiments suggestthat deeply placed cells are required for e-EPSP generation. The required cells appear to be
concentratedin the endopiriform nucleus,but may alsobe found
in the ventral part of the claustrum or other adjoining structures
that might have been affected by diffusion of Co’+.
Induction of e-EPSPscan occur in isolateddeepstructures
The experiments with Coz+injection suggestthat deepcells are
necessaryfor the generation of e-EPSPs,but do not show that
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Figure 6. Maps of sites from which epileptiform EPSPs could be evoked in anterior piriform cortex by injection of K+ (A) or glutamate (B).
Injection was by application of pressure to micropipettes containing 100 mM KC1 or 10 mM L-glutamate. +, sites yielding consistent e-EPSPs; -,
sites from which no responses were obtained; x , sites from which e-EPSPs were inconsistently obtained. C, Photomicrograph
of the section in B.
The dotted lines in B indicate the area of the photomicrograph.
Cl, claustrum; ec, external capsule; En, endopiriform
nucleus; IC, insular cortex;
LOT, lateral olfactory tract; OT, olfactory tubercle; PC, piriform cortex; St, striatum. Roman numeralsdenote layers in piriform cortex. Arrowheads
denote boundaries between cortical areas.
they are sufficient. To determine if e-EPSPs can be induced and
expressed in deep structures alone, layers I, II, and superficial
III were removed from slices (Fig. 1B). An intriguing finding
that complicated this experiment was that, in most of these deep
fragments (12 of 14), all-or-none epileptiform potentials were
present under control conditions in response to shock stimu-

lation (i.e., before perfusion with 0 Mg2+; Fig. 8A). In several
slices such potentials were observed to occur spontaneously.
In two slice fragments containing only deep structures, graded
synaptic responses to deep stimulation similar to those observed
in intact slices could be obtained under control conditions (Fig.
8B, top trace). In these slices, bursting in 0 Mg2+ induced
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Figure 7. Blockageof e-EPSPsby injection of Co*+into the endopiriform nucleus.A, Responseof a superficialpyramidal cell to shockstimulation
of layer Ib in normal bathing medium after induction of an e-EPSPby bursting in 0 Mg 2+. B, Response following the initiation of Co*+ injection
into the endopiriform nucleus. Injection was by application of pressure pulses to a micropipette containing 10 mM CoCl,. C, Response after further
injection of Co*+. D, Response 4 min after termination of Co2+ injection. Note the initial decline in amplitude, then blockage of e-EPSP generation
during Co2+ injection without decrement of the initial graded EPSP. Map at right indicates sites from which blockage of e-EPSPs could be obtained
with Co2+ injection. +, sites where blockage was consistently obtained, -, sites from which no effects were observed, x , sites from which consistent
decreases in amplitude or increases in latency of e-EPSPs could be obtained without a complete block. Abbreviationsare the sameas in Figure 6.

e-EPSPs on return to normal bathing medium, as in intact slices
(Fig. 8B, bottom trace). These results indicate that burstinginduced changes can occur in deep cells, and that the circuitry
in deep structures is sufficient for expression of the resulting eEPSPs.
Induction of e-EPSPs following exclusion of the endopiriform
nucleus
An important question is whether the endopiriform nucleus is
the only site capable of generating e-EPSPs, or whether it is
simply the region of lowest threshold for their initiation. The
finding that the excitable cells that are concentrated in the endopiriform nucleus are also found in the adjoining deep part of
layer III of piriform cortex (Tseng and Haberly, 1989a) suggests
that this region could also be involved in e-EPSP generation.
To test this hypothesis, slice segments with and without the
endopiriform nucleus were examined. In the ventral part of
bisected slices that contained all layers of piriform cortex but
not the endopiriform nucleus (Fig. lD),l e-EPSPs could be consistently induced (n = 5; not shown). In contrast, in slice segments from which both the deep part of layer III and the endopiriform nucleus were removed (Fig. 1C), e-EPSPs could not
be induced (n = 5). Absolute sizes of the latter segments were
I In these slice segments, the entire cytoarchitectonically distinct portion of the
endopiriform nucleus was removed. Krettek and Price (1977) have introduced
the term “ventral endopiriform nucleus” for an indistinct ventral region that has
certain similarities in projections to the traditional endopiriform nucleus. However, the fact that e-EPSPscould not be evoked from this region by K+ or glutamate
suggeststhat it differs from the endopiriform nucleus in local connections or other
factors.

approximately the same as the olfactory portions of perpendicular slice segments and deep fragments in which e-EPSPs did
occur.
Role of the endopirlform nucleus in generation of ictal-like
activity
In greater than 90% of slices, ictal-like responses were recorded
during perfusion with 0 Mg*+ (Fig. 9). These responses were very
long in duration (Fig. 9AI) and resembled activity that occurs
in the cerebral cortex during seizures (Ayala et al., 1970). Ictallike activity consisted intracellularly of an initial high-amplitude, long-duration depolarization with superimposed rhythmic
fluctuations, in both pyramidal cells in the piriform cortex and
cells in the endopiriform nucleus. Simultaneously recorded extracellular potentials revealed the synchronous nature of these
responses (Fig. 942,3). When stimulation rate was l/6 Hz, only
the initial response was ictal-like in most slices (Fig. 9B; see
also Fig. 2C). However, when stimulation was discontinued for
several minutes, i&al-like activity could again be evoked.
To determine if deep structures are involved in generation of
ictal-like activity, responses were recorded in slice fragments
during perfusion with 0 Mg 2+. In the ventral part of bisected
slices that lacked the endopiriform nucleus (Fig. lD), prolonged
afterdischarges were never observed in 0 Mg2+ (n = 5; Fig. 9C).
Moreover, no ictal-like activity was observed in superficial slice
segments that included layers I through superficial III of the
dorsal part of piriform cortex, but no endopiriform nucleus (n
= 7; see Fig. 1C). In contrast, i&al-like responses were observed
in the two slice segments containing only the deep part of layer
III and the endopiriform nucleus that did not show epileptiform
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Figure 8. Cells in isolated deep structures can display epileptiform
activity, including bursting-induced
e-EPSPs. A, Superimposed responses sub- and suprathreshold for a high-amplitude
burst response
recorded under control conditions (i.e., no exposure to 0 Mg2+) in a
deco cell from a slice with layers I, II. and sunerficial III trimmed away.
Threshold stimulus strength was ‘so ‘low that virtually no synaptic response could be detected in subthreshold traces. B, Although most deep
slice segments displayed epileptiform responses under control conditions as shown in A, normal graded responses were observed in two
slices as illustrated by the top truce.After exposure to 0 Mg*+ and return
to normal bathing medium, e-EPSPs were evoked (bottom truces;suband suprathreshold responses are superimposed). As in A, threshold was
so low that virtually no early synaptic component was observed in
subthreshold responses. All responses in A and B were evoked by shock
stimulation in the endopiriform
nucleus.

under control conditions. These findings suggest that
the endopiriform nucleus may play a central role in the generation of both interictal-like and ictal-like activity.

activity

Discussion
The present results suggest that deeply placed- cells drive the
persistent e-EPSPs that were previously observed in superficial
pyramidal cells in piriform cortex after bursting (Hoffman and
Haberly, 1989). Supporting evidence includes higher amplitudes
of e-EPSPs in deep than in superficial cells, triggering of action
potentials by e-EPSPs in deep cells before onset of e-EPSPs in
superficial

pyramidal

cells, occurrence

of e-EPSPs in deep cells

alone in perpendicular slice strips, and the induction of e-EPSPs
in isolated deep portions
of slices, but not in fragments
containing only superficial layers. Moreover,
injection of very small

amounts of glutamate or K+ into the endopiriform nucleus, but
not the overlying cortex, consistently evoked e-EPSPs, whereas
injection of Co*+ blocked their occurrence without affecting the
initial graded EPSP in overlying
superficial
pyramidal
cells.

Evidence was also obtained that the claustrum may be involved in e-EPSP initiation OF generation. Although studies with

slice fragments from which it was excluded show that it is not
essential for their occurrence, e-EPSPs could be consistently
triggered by injection of K+ and glutamate into this structure.
Some degree of blockage of e-EPSPs could also be obtained by
injection of Co?+ into the ventralmost portion of the claustrum,
though the possibility that this was a result of diffusion to the
adjoining endopiriform nucleus cannot be ruled out.
Previous studies of the endopiriform nucleus have revealed
that it is reciprocally connected with the overlying piriform
cortex (Haberly and Price, 1978; Haberly and Presto, 1986) and
that it is excited by stimulation of association fibers in piriform
cortex (Tseng and Haberly, 1989a). Furthermore, a population
of spiny multipolar
cells has been identified
in this nucleus with
properties that could promote the observed long-latency epileptiform potentials (Tseng and Haberly, 1989a,b). These include a lower action potential threshold than superficial cells,
the presence of small all-or-none EPSP components at long
latency in synaptically mediated responses,a striking facilitation
in occurrence of these late EPSPs in response to paired shocks,
and the existence of membrane currents with the capacity for
mediation of slow regenerative potentials and rhythmic bursting. In addition, anatomical study of these cells (Tseng and
Haberly, 1989a) revealed local axon collaterals that could be
the substrate for positive feedback interactions that have been
postulated to underlie certain forms of epileptiform activity
(e.g., Johnston and Brown, 198 1; Peters and Kara, 1985; Traub
et al., 1985; Traub and Dingledine, 1990).
Although the present results provide the most direct evidence
for participation

of the endopiriform

nucleus and adjoining

por-

tion of the claustrum in e-EPSP initiation, cells in the deep part
of layer III of piriform cortex may also be involved. Cells in
this layer exhibit

high-amplitude

e-EPSPs

like those observed

in the endopiriform nucleus. Previous study (Tseng and Haberly, 1989a,b) has also revealed that spiny multipolar cells in
the deep part of layer III are very similar both physiologically
and morphologically to those in the endopiriform nucleus; that
is, they also have properties that could underlie or promote
generation of epileptiform activity. The observation that e-EPSPs
could be induced in ventral slice segments that lack endopiriform nucleus but contain all layers of piriform cortex, but could
not be induced in slices from which all deep cells had been
removed, indicates that cells in deep layer III contribute to the
generation of e-EPSPs. Lack of blockage by Co2+ or initiation
by glutamate or high K+ in layer III could be explained by the
much lower density of cells in this layer than in the endopiriform
nucleus (Fig. 6B,C').
A potentially puzzling question is why comparatively weak
shock stimulation in superficial layers (I, II, and superficial III)
consistently

triggers

e-EPSPs, while

excitation

of superficial

py-

ramidal cells by glutamate or K+ does not. Although superficial
pyramidal cells synapse on and presumably excite cells in layer
III and the endopiriform nucleus (Haberly and Presto, 1986), a
relatively small number would be activated by glutamate or K+
injections from micropipettes, so that excitatory drive onto deep
structures is presumably insufficient for triggering the generation
of epileptiforrn
activity.
In contrast, shock stimulation
excites
association fibers that extend for long distances in layers I and
III and give rise to numerous synapses that would orthodromically excite cells over a broad area, including those in the endopiriform nucleus. In addition, shock stimulation would antidromically excite cells in the endopiriform nucleus and layer
III (see Tseng and Haberly, 1989a).
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Ictal-like activity is evoked by 0 Mg2+in intact slices, but not in slice segmentslacking endopiriform nucleus.A, Sustainedictal-like
activity evoked by shock stimulation to layer III during perfusion with 0 Mg2+bathing medium. Al, Extracellular recording from endopiriform
nucleuswith slow time base.A2 and A3, Simultaneousextracellular recordingas in Al and intracellular recordingfrom a cell in the endopiriform
nucleus.The calibration bars in A3 also apply to A2. Extracellular recordscorrespondto the numbered bars above the recordingin Al. The response
to an identical stimulus recorded6 set before the ictal-like activity was evoked is superimposedin A2. B, Simultaneousintra- and extracellular
recordingsof an inter&al-like burst obtained during l/6 Hz stimulation in 0 Mg2+ after termination of the initial sustainedictal-like response
(samecell as in A). Note the lack of rhythmic dischargesand much shorter duration (time baseis fasterthan in A). C, Superimposedresponsesof
a superficial cell to layer Ib stimulation under control conditions and during perfusion with 0 Mg2+bathing medium in a slice of ventral piriform
cortex containing no endopiriform nucleus.Slices lacking the endopiriform nucleusconsistently failed to display i&l-like activity.

Figure 9.

Although the present study was not designed for identification
of the change or changesinduced by bursting that underlie e-EPSP
initiation, the results do provide possible insight into the circuitry interactions that are involved in their generation. The
primary relevant observation is that, when the number of active
cells in the endopiriform nucleus was decreased by injection of
Coz+(Fig. 7) or slice dissection (Fig. 4) the amplitudes of e-EPSPs
were decreased in both deep and superficial cells. One possible
explanation for this observation is that positive feedback interactions via excitatory interconnections contribute to e-EPSP
generation, as modeled for hippocampus (Traub and Wong,
1983; Wong and Traub, 1983; Traub et al., 1985, 1987; Traub
and Dingledine, 1990), and that the interconnections between
cells in the endopiriform nucleus and their projections to superficial pyramidal cells are highly distributed spatially. In such
a network, each cell would receive excitatory drive from nearby

and distant cells so that removal of a part of the pool of active
cells would decrease e-EPSP amplitude in all cells. From the
dissection experiments (Fig. 8B), it can also be concluded that
circuit interactions between the endopiriform nucleus and superficial layers of piriform cortex are not required for e-EPSP
generation. Based on the finding that e-EPSPs can be triggered
at brief latency by very small amounts of injected glutamate
and K+, it would appear that the postulated positive feedback
interactions can be initiated by activity in a small number of
cells. However, failure of current-evoked action potentials in
individual deep cells to trigger e-EPSPs (Hoffman and Haberly,
unpublished observations) indicates that this number is usually
greater than 1 (cf. Miles and Wong, 1983).
e-EPSPs induced by bursting activity in the piriform cortex
closely resemble bursting-induced potentials in the hippocampus. Ben-Ari and Gho (1988) have reported that bursting in-
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duced in slices of rat hippocampus by perfusion with kainic acid
or high potassium was followed, upon return to normal bathing
medium, by the persistent appearance of long-latency EPSPs in
the CA3 region. Like e-EPSPs observed in the deep layers of
piriform cortex, these EPSPs were high in amplitude (evoking
short bursts of action potentials), all-or-none in occurrence, accompanied by extracellular field potentials, and dependent on
the activation of NMDA receptors during the induction process
but not for their continued presence after bursting. Preliminary
results obtained in this laboratory (Hoffman and Haberly, unpublished observations) suggestthat epileptiform potentials very
similar to e-EPSPs can be induced by bursting activity in neocortex, both in slices containing piriform cortex and in isolated
neocortex.
An incidental observation with implications for epileptogenesis is that horizontal cuts through layer III of piriform cortex
oriented parallel to the cortical surface result in high-amplitude,
spontaneous and shock-evoked epileptiform potentials in the
deep but not superficial portions of slices (Fig. 8A). Similar but
smaller potentials were also frequently observed in slices in
which single cuts oriented perpendicular to the cortical surface
passed through the endopiriform nucleus (Hoffman and Haberly, unpublished observations). One possible mechanism for
these effects is the interruption of inhibitory circuitry. For example, loss of inhibition from superficially placed cells onto
deep cells or loss of excitatory drive from superficial pyramidal
cells onto deep inhibitory interneurons could contribute (see
Haberly et al., 1987; Sheldon and Aghajanian, 1990). Cuts parallel to the cortical surface would completely interrupt such
pathways; perpendicular cuts on three sides (original Vibratome
cuts and secondary cut) could interrupt a substantial part of
obliquely oriented laminar connections such as deeply directed
axon collaterals of superficial pyramidal cells (e.g., Haberly and
Bower, 1984, their Fig. 7). The lack of epileptiform potentials
under control conditions in narrow perpendicular slice strips
(Fig. 4) may result from the limited capacity for excitatory feedback interactions in such small fragments.
Alternatively, epileptiform activity induced by secondary cuts
may result from additional damage to slices associated with such
procedures. This possibility seems less likely because all cuts
(both Vibratome and secondary) were carried out in rapid sequence under the same conditions of temperature and oxygenation. Moreover, epileptiform potentials associated with secondary cuts appeared to require the presence ofthe endopiriform
nucleus, because they did not occur under control conditions in
slice segments containing only ventral piriform cortex or superficial layers.
The effect of secondary cuts also provides a possible explanation for the intense bursting activity reported by McIntyre
and Wong (1986) in slices from piriform cortex of normal rats
under control conditions-an observation not corroborated by
in vitro or in vivo studies from other laboratories. The close
resemblance of the burst potentials reported by McIntyre and
Wong to those obtained in the present study after removal of
superficial layers suggests that the bursting they observed may
have been a consequence of superficial damage resulting from
stripping of the pia that was carried out before slices were cut.
This result also indicates that care must be taken when trimming
slices to isolate structures adjacent to the piriform cortex (e.g.,
the amygdala or neocortex), because cuts through the piriform
cortex or the endopiriform nucleus could induce epileptiform
activity that could propagate to the areas of interest.

An important question is whether the area of initiation of
e-EPSPs delineated in the present study in vitro overlaps with
the areas in “deep piriform cortex” from which generalized
seizures are evoked by injection of convulsant drugs (Piredda
and Gale, 1985; Stevens et al., 1988) or from which blockage
of kindling and kindled seizures is obtained from injection of
excitatory amino acid antagonists (Croucher et al., 1988) or the
GABA transaminase inhibitor y-vinyl-GABA
(Stevens et al.,
1988) in studies in vivo. The present data are not adequate to
determine the extent of correspondence in the anterior-posterior
dimension, but there is a close correspondence between the
present maps obtained in vitro and those generated by Stevens
and coworkers (Stevens et al., 1988) both for generation of seizures by injection of bicuculline and blockage of kindled seizures
by y-vinyl-GABA. In maps generated by Piredda and Gale (1985)
and Croucher and coworkers (Croucher et al., 1988), the most
sensitive areas were somewhat more ventrally placed than in
the present study or the study of Stevens and coworkers. However, because injection cannulas were placed stereotaxically in
the frontal plane in the in vivo studies, they would have passed
close to or through the endopiriform nucleus and claustrum.
Therefore, this discrepancy could have been a consequence of
backflow during injection.
Physiological and anatomical evidence, taken together, suggests that the endopiriform nucleus may play a role in generation
of certain types of seizures. Of particular relevance is the present
observation that this structure can generate prolonged ictal-like
as well as interictal-like activity. Because the endopiriform nucleus projects to the overlying piriform cortex that, in turn, gives
rise to heavy direct projections to the entorhinal cortex, amygdala, and insular and orbitofrontal areas of neocortex (Luskin
and Price, 1983; Price, 1985; Takagi, 1986), epileptic activity
originating in this structure could spread throughout the forebrain, thereby accounting for the rapid generalization of seizures
observed with injection of convulsants into the vicinity of the
deep piriform cortex. The observation that appropriately placed
cuts through the piriform cortex or the endopiriform nucleus
can induce epileptiform activity may also be relevant to understanding the initiation of “uncinate seizures” that are often
associated with tumors involving olfactory structures in the uncinate gyrus (Jackson and Beevor, 1890).
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