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Bursting Induces Persistent All-or-None EPSPs by an
NMDA-Dependent Process in Piriform Cortex

William H. Hoffman' and Lewis B. Haberly'?

Neurosciences Training Program and 2Department of Anatomy, University of Wisconsin, Madison, Wisconsin 53706

Burst responses to stimulation of excitatory fiber tracts in
olfactory cortex slices after removal of extracellular Mg>* or
decreases in extracellular Cl-, resulted in long-lasting
changes in response properties of neurons following a return
to normal bathing medium. After bursting activity, the re-
sponse of pyramidal cells to stimulation of afferent or as-
sociational fiber systems consisted of the normal graded
depolarizing postsynaptic potential and a new, high-ampli-
tude depolarizing potential that followed the graded poten-
tial at a variable latency. The new late potential had a wave-
form that resembled the initial graded response, but it
occurred in an all-or-none fashion with a discrete threshold
and persisted for many hours. Threshold for the late potential
was similar for different cells in the same slice and was not
affected by intracellular current injection, indicating that a
synchronized interaction among a large number of cells is
involved in its generation. Properties of the late potential
indicate that it is an EPSP. NMDA receptor antagonists (APV
and ketamine) had little effect on the late potential but pre-
vented its development if present during bursting activity.
The possible relevance of these findings to the study of the
neuronal substrate for long-term memory and epilepsy is
discussed.

Synchronous activation of fiber tracts by shock stimulation can
induce long-lasting changes in response properties of neurons
(McNamara et al., 1980; Teyler and DiScenna, 1987). These
changes are being explored for possible roles in learning and
memory, as well as epileptogenesis. While most studies of this
type have been carried out on the hippocampus, the olfactory
cortex has similar structural features that make it well-suited
for physiological analysis and modeling. These features include
a relatively simple structure that has been comparatively well-
characterized and a laminar segregation of fiber systems, somata
of different neuron types, and dendritic elements of pyramidal
cells (Haberly, 1985). In recent years there has been increasing
interest in the olfactory cortex for the development of models
for learning and memory (e.g., Grossberg, 1976; Freeman and
Schneider, 1982; Haberly, 1985; Lynch, 1986; Wilson and Bow-
er, 1987) and for analysis of neuronal mechanisms that underlie
kindling and pharmacologically induced epilepsy (e.g., McIntyre
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etal.,, 1982; Kairissetal., 1984; Piredda and Gale, 1985; McIntyre
and Racine, 1986; McIntyre and Wong, 1986; Millan et al.,
1986).

We report here that fiber tract stimulation in vitro, after ionic
or pharmacological manipulations that evoke bursting activity,
results in the appearance of a long-latency depolarizing poten-
tial, not present in control responses, that can persist for the
duration of experiments. Development of the bursting-induced
late potential is dependent upon activation of NMDA receptors.
Identification of the long-lasting plastic changes that underlie
the late potential and the mechanism of their induction may be
relevant to understanding the neural substrate of learning and
memory. In addition, because of similarities to changes induced
by kindling in vivo (Sutula and Haberly, 1986), the present prep-
aration is a potential in vitro model for kindling and epilepto-
genesis.

Materials and Methods

General methods for slice preparation and recording have previously
been described in detail (Tseng and Haberly, 1988a). In brief, ether-
anesthetized rats were decapitated, a block of brain containing piriform
cortex was removed, and slices 500 um thick were cut perpendicular to
the cortical surface with a Vibratome (Oxford) in oxygenated artificial
cerebrospinal fluid (ACSF) at 4-10°C. Slices were allowed to recover
for a minimum of 2 hr in oxygenated ACSF at room temperature.
Recordings were taken from submerged slices continuously perfused
with ACSF at 27-30°C in the chamber described by Tseng and Haberly
(1988a). The ACSF consisted of (mm) 124.0 NaCl, 5.0 KCl, 2.4 Ca(Cl,,
1.3 MgSO,, 26.0 NaHCO,, 1.2 KH,PO,, and 10.0 p-glucose, equili-
brated with 95% O,-5% CO,. In some experiments, Na,SO, was sub-
stituted for MgSO, (referred to below as 0 Mg?+ ACSF); in others, 50,
90, or 93% of Cl- was replaced with isethionate (referred to below as
low-CL- ACSF). Intracellular recordings were made from pyramidal
cells in layer II (compact cell body layer) (Fig. 1), identified as previously
described (Haberly and Bower, 1984; Tseng and Haberly, 1988a). Mi-
cropipettes were filled with 4 M potassium acetate; tip resistances were
40-90 MQ. Current was injected intracellularly with a bridge circuit
(WPI M707). Bipolar tungsten microelectrodes were used to stimulate
pyramidal cell association fibers in layer Ib or, occasionally, lateral
olfactory tract afferents in layer Ia at 1/6 Hz (Fig. 1). Shock strengths
were typically 20-50% of the strength evoking a maximal response,
Responses were digitized, stored on high-capacity disk cartridges, and
analyzed by computer as described previously (Tseng and Haberly,
1988a). Drugs were bath-applied; D,L-2-amino-5-phosphonovaleric acid
(p,L-APV) and 4-aminopyridine (4-AP) were obtained from Sigma, p-2-
amino-5-phosphonovaleric acid (D-APV) was obtained from Cambridge
Research Biochemicals, and ketamine HCI was obtained from Parke-
Davis.

Results

Recordings were made from 148 pyramidal cells in 89 slices.
Resting membrane potentials averaged —75.0 mV (n = 70, SD
= 4.1 mV). The response to stimulation of afferent and asso-
ciation fibers, which has been previously characterized in this



preparation (Bower and Haberly, 1986; Tseng and Haberly,
1988a), consists of an initial depolarizing potential followed by
a late hyperpolarizing potential (LHP) of approximately 600
msec duration (Fig. 2, A, B). The depolarizing potential consists
of a monosynaptic excitatory postsynaptic potential (EPSP) and
a partially overlapping, disynaptic, Cl--mediated inhibitory
postsynaptic potential (IPSP) that is depolarizing at resting
membrane potential. The Cl--mediated IPSP becomes hyper-
polarizing and can be seen to truncate the EPSP when the cell
is depolarized past the Cl- equilibrium potential by current
injection (Fig. 2B). The LHP is a disynaptic IPSP mediated by
K+ (Fig. 2, 4, B) (Tseng and Haberly, 1988).

Bursting activity in 0 Mg**

As previously demonstrated in hippocampal cortex (Coan and
Collingridge, 1985; Anderson et al., 1986; Walther et al., 1986)
and neocortex (Horne et al., 1986; Thomson and West, 1986),
burst responses could be induced by removal of Mg?+ from the
bathing medium. Burst responses in 0 Mg+ evoked by stimu-
lation of association or afferent fibers consisted of a high-am-
plitude (1040 mV), long-duration (0.5~6 sec) depolarizing po-
tential with superimposed action potentials (Fig. 2C).
Spontaneous bursts and smaller depolarizing potentials oc-
curred in the absence of stimulation, but not between burst
responses evoked at 1/6 Hz. The development of evoked and
spontaneous bursting behavior was blocked by APV (below),
indicating that such activity resulted from NMDA receptor ac-
tivation.

Long-lasting changes in response properties afier 0 Mg?*

Following a return to normal ACSF after 5-25 min of stimulus-
induced bursting in 0 Mg?*, there was a striking change in the
response to stimulation of association or afferent fibers in com-
parison with control responses obtained before bursting activity.
As illustrated in Figure 2D, the post-bursting response consisted
of the initial graded depolarization followed by a new, high-
amplitude depolarizing potential that followed the graded po-
tential. A consistent feature of this late depolarizing potential
was the presence of a discrete threshold stimulus strength, below
which it was not evoked. Once established in a slice, late de-
polarizing potentials were observed in all cells impaled and were
retained for the remainder of experiments (up to 10 hr) in 36
of 42 slices. Late potentials of this form were never observed
in control slices, even in response to high-strength stimulation
of afferent or association fiber systems. A second induction of
bursting by stimulation in 0 Mg2* resulted in an increase in
amplitude (up to 2 times) and a decrease in threshold (5-15%)
of the late potential after restabilization in normal ACSF (n =
3), suggesting that the induction process is graded in nature and
may depend upon the intensity or duration of bursting activity.

Latency, amplitude, and duration of the late depolarizing po-
tential were variable in individual trials, especially near thresh-
old (Fig. 2E), but remained relatively unchanged over long pe-
riods of time when averaged over a number of trials at a fixed
stimulus strength. Average latency was strongly correlated with
stimulus intensity, being maximal at threshold (up to 300 msec)
and decreasing with increasing stimulus strength (Fig. 3). The
average amplitude of the late potential appeared to be indepen-
dent of stimulus strength, except at higher strengths, where am-
plitude decreased when overlap occurred with the initial graded
potential. Because of the lack of dependence of amplitude on
stimulus strength and the presence of a discrete threshold, the
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Figure 1. Schematic diagram of piriform cortex showing layers, po-
sitions of electrodes, and relevant neuronal circuitry. Potentials were
recorded intracellularly from pyramidal (P) cells in layer II (compact
cell body layer equivalent to stratum pyramidale of hippocampus) in
response to stimulation of intrinsic association fibers in layer Ib or
afferent fibers from the olfactory bulb in layer Ia or the overlying lateral
olfactory tract (LOT). Deep multipolar (M) cells in layer III (equivalent
to stratum oriens of the hippocampus) and the subjacent endopiriform
nucleus (£n) that are believed to be involved in the changes induced
by bursting activity are also illustrated.

late potential can be said to be all-or-none in character, despite
the presence of variability in amplitude and waveform on suc-
cessive trials.

Plots of threshold for the late potential (n = 6) revealed only
small variations over periods of 0.5-3.5 hr. In the cell illustrated
in Figure 4, for example, average threshold was constant within
+0.2 V over a period of more than 3 hr (before the experiment
was terminated) following an initial 5-10 min stabilization pe-
riod after return to normal ACSF. In some cells there appeared
to be a small, but progressive increase in threshold over a com-
parable period. Threshold also increased following continuous,
suprathreshold stimulation (1/6 Hz) but returned to its former
stable level after a brief period of subthreshold stimulation.

A question of central importance in determining the mech-
anism of generation of the late depolarizing potential is whether
the potential is endogenously mediated in individual cells or
synaptically mediated. Alteration of the somatic membrane po-
tential of individual impaled cells over the range —15 to —140
mYV had no detectable effect on the threshold stimulus strength
(n = 3). Moreover, all cells tested in a given slice had similar
thresholds for the late potential (n = 3 slices) (Table 1), while
thresholds for cells in different slices varied over a wide range
(0.5-10 V). These observations indicate that the late potential
is generated as a consequence of a synchronous interaction among
large numbers of cells, and is not an endogenous potential evoked
independently in individual pyramidal cells. Failure of high-
amplitude depolarizing current pulses delivered to individual
pyramidal cells to evoke late potentials or bursting activity
strengthens this conclusion.

When the amplitude of the late potential was sufficiently high,
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Figure 2. Response properties of layer II pyramidal cells and changes following bursting activity. All traces are from the same cell in response to
identical 3.0 V shocks to association fibers in layer Ib, except C, where shock strength was 6.0 V. 4, Control response at resting membrane potential
(average of 6 trials). Response consists of an initial graded depolarizing potential (combined monosynaptic EPSP and depolarizing, Cl--mediated
IPSP) and a slow K*-mediated IPSP (see text). B, Control response with cell depolarized to —42 mV by intracellular current injection, showing
inversion of the Cl--mediated IPSP and enhancement of the K*-mediated IPSP (average of 4 trials). C, Burst response to stimulation of layer Ib
in 0 Mg+ (note change in scale). Response consists of large depolarization evoking action potentials. D, Response to association fiber stimulation
32 min after return to normal bathing medium following bursting activity in 0 Mg?*. Note the late depolarizing potential that follows the normal
graded depolarizing potential. The all-or-none character of this potential is illustrated by superimposed traces recorded at threshold for its occurrence.
E, Selected responses to threshold stimuli showing the range of variability in waveform and latency of the late depolarizing potential. F, Superimposed
traces at threshold stimulus strength as in D but with somatic membrane depolarized by current injection to —53 mV. Note that high-amplitude
early and late IPSPs are present (compare with B). G, Same as F, but cell hyperpolarized to —89 mV. Scale bars in 4 apply to all traces except C.

action potentials were evoked. Like the monosynaptic EPSP, Table 1. Threshold stimulus strength for the all-or-none depolarizing
the late potential did not invert during injection of depolarizing potential recorded from 13 cells in 1 slice
current that reversed the depolarizing, Cl--mediated IPSP (Fig.

; ; ; . Mean
2F). The amplitude of the late potential decreased with mem threshold Number of
Penetra- stimulus threshold
tion strength measure- Time
number Cell number (V) ments (min)
1 1 1.3 23 53
2 1.3 6 64
3 1.3 8 76
2 4 1.3 2 81
5 1.4 11 97
6 1.4 5 106
3 7 1.4 12 123
8 1.5 7 132
9 1.4 4 142
4 10 1.5 1 146
4.5V ssscnes 11 1.5 1 149
. . . . 5 12 1.6 6 158
Fzgure _3. Latency of the late depolarizing poteptlgl d;:creasqs with 6 13 15 6 171
increasing stimulus strength. Values at leff of baseline indicate stimulus
strength for each trial, starting below threshold for the late potential. Penetrations 2—4 were within 400 um of penetration 1; penetrations 5 and 6 were
Note that amplitude of the late potential is independent of stimulus 500-1000 pym from penetration 1. Time zero refers to switch from 0 Mg** to

strength when there is no overlap with the initial depolarizing potential. normal bathing medium.
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Figure4. Averagethreshold for thelate
depolarizing potential changes little over
time following an initial stabilization
period. Time zero corresponds to the
return to normal bathing medium after
repeated burst responses evoked in 0
. Mg2* by association fiber stimulation.

Each point was obtained by increasing
stimulus strength in 0.1 V increments
until the late potential was observed
(stimulus frequency 1/6 Hz).
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brane depolarization and increased with hyperpolarization (Fig.
2, F, G). As discussed below, these observations, taken together
with the evidence for an interaction among a population of cells,
suggest that the late potential is an EPSP and that synchroni-
zation of this potential throughout the slice is synaptically me-
diated.

Effects of late potential induction on properties of layer 11
pyramidal cells

To investigate the mechanism of generation of the late potential,
membrane properties and synaptically evoked potentials were
examined in layer II pyramidal cells. Comparisons of current—
voltage relationships before and after development of the all-
or-none response component showed no consistent differences:
a small increase in membrane resistance was observed in 1 cell,
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a small decrease in 2 cells, and no apparent change in 4 cells
(Fig. 5). Comparison of the slope of the rising phase of the
monosynaptic EPSP evoked by association or afferent fiber stim-
ulation before and after establishment of the late potential also
failed to reveal consistent changes that could underlie generation
of the late potential: in 15 cells, the slope displayed small de-
creases (n = 11) or small increases (n = 4), with an overall
average decrease of 7%. In all cells tested (r» = 10), the presence
of both early, Cl--mediated and late, K*-mediated IPSPs could
be demonstrated after development of the late potential by in-
jection of depolarizing current (Fig. 2F). While accurate quan-
titative comparisons of IPSPs before and after development of
the late potential were difficult because of technical limitations,?
amplitudes and durations did not appear to change substantially
for either IPSP after induction of the late response (compare B

Figure 5. Current-voltage relation-
ships for 2 cells (dots and triangles) be-
fore (solid lines) and after (dashed lines)
bursting activity and establishment of
the late depolarizing potential. Mem-
brane potential was measured at a la-
tency of approximiately 300 msec after
onset of square pulses of current in-
jected through the recording micropi-

4 3 -2 1 0
Current (nA)

2 3 pette. Bridge balance was verified for

- . each step. In these and other cells,
bursting activity had little effect on the
current-voltage relationship.
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Figure 6. Effects of APV on normal responses to association fiber
stimulation. 4, Superimposed responses of a cell in a normal slice before,
during, and after addition of 30 uM D,L-APV. B, Same as 4, but different
slice with 15 uMm D-APV. A positive-going inflection on the falling phase
of the depolarizing potential was blocked or greatly reduced by both p-
and D,L-APV.

and F in Fig. 2). Determinations of Na* spike threshold were
subject to the same technical limitations as IPSP amplitudes,
but approximate values obtained using suprathreshold afferent
or association fiber stimulation ruled out substantial changes
following induction of the late response. It appears unlikely,
therefore, that the late potential results exclusively from changes
in the membrane or response properties of layer II pyramidal
cells or from changes in the strength of excitatory or inhibitory
processes evoked by stimulation of association or afferent fibers.

Effects of APV on changes induced by 0 Mg**

It has been shown in other preparations that NMDA receptors
play an important role in the induction of plastic changes in the
CNS. To test for the involvement of NMDA receptors in the
normal response to association fiber stimulation, and in the
generation of the late depolarizing potential, the specific NMDA
receptor antagonist APV was employed. The most obvious effect
of APV on the normal response to association fiber stimulation
was the blockage of a depolarizing inflection on the falling phase
of the graded depolarization evoked by high-strength stimula-
tion (Fig. 6). This effect was obtained over a wide concentration
range of b,L.-APV (10-100 um) and with 15 uMm D-APV (1 = 16).
The change in response waveform was not due to a decrease in
membrane time constant since APV produced no change in
input resistance (z = 3). In addition to blocking the depolarizing
hump, D,L-APYV at concentrations as low as 10 um reduced the
rise-time of the monosynaptic EPSP. However, 15 um D-APV
had little or no comparable effect, suggesting that the effect of
D,L-APV on EPSP rise-time is largely the result of a nonspecific
action of the L-isomer, as previously reported for other systems
(see Collingridge et al., 1982).

In all cells tested in 9 of 9 slices, the presence of 30 uM D,L-
APV or 15 um D-APV prevented the induction of bursting ac-
tivity in 0 Mg?+, as well as the subsequent development of a

3 As a consequence of the long period of time (typically 1.5-2 hr) required for
the recording of averaged control traces at a number of different shock strengths,
stimulation in 0 Mg?*, and stabilization after washout, small changes (1-5 mV)
in apparent resting membrane potential occurred in most cells. Since IPSP am-
plitudes are a strong function of membrane potential and since it could not be
determined if these changes in potential represent alterations in membrane po-
tential or electrode tip potential, quantitative comparisons of IPSP amplitude
were not attempted.

late depolarizing potential following return to normal ACSF
(Fig. 7). In 1 slice, 10 uM p,L-APV failed to prevent bursting
activity and late potentials developed, although in 4 other slices,
10-15 um D,L-APV did prevent bursting activity and develop-
ment of late potentials. The blockage by APY was reversible
since bursting activity and late potentials developed in all slices
after washout of APV, a second application of 0 Mg?+, and a
return to normal ACSF (Fig. 7, E, F).

Although p,L.-APV at 10-30 uMm blocked burst responses in 0
Mg+ and development of the late depolarizing potential, con-
centrations of 10-100 um did not block this potential after it
was established in the absence of APV (n = 7) (Fig. 8). Latency
of the late potential, however, was consistently increased in
APV. Decreases in amplitude of the late potential were observed
in some cells, but such decreases were always comparable to
those observed for the initial graded depolarizing response (Fig.
8). Membrane depolarization, which enhances NMDA response
components by release of Mg?* block (Nowak et al., 1984), failed
to uncover a specific effect of APV on the established late po-
tential. It appears, therefore, that NMDA receptor activation is
not required for generation of the late depolarizing potential
once it is established.

Effects of ketamine

All effects observed with APV, a competitive NMDA antagonist
believed to act on receptors, were also obtained with ketamine,
a specific, noncompetitive NMDA antagonist that may act on
channels (Thomson et al., 1985; MacDonald et al., 1987). Ke-
tamine at 10-15 um reversibly blocked the induction of bursting
in 0 Mg?+ (n = 7), as well as the subsequent development of the
late depolarizing potential following washout of 0 Mg2+. How-
ever, ketamine at concentrations as high as 100 um failed to
block the established late potential (n = 7), even after application
of a large number of stimulation trials to promote its blocking
action (MacDonald et al., 1987). Ketamine also blocked the
APV-sensitive inflection on the falling phase of the depolarizing
PSP in control responses.

Changes induced by low CI- and 4-AP

Interpretation of the findings with 0 Mg?* is complicated by the
fact that bursting activity does not occur when NMDA receptors
are blocked. Therefore, other manipulations of the bathing me-
dium were employed to induce burst responses to fiber stimu-
lation that continued after blockage of NMDA receptors. Both
low Cl- and 4-AP were found to be effective for this purpose.
In low Cl-, burst responses to association fiber stimulation
were consistently obtained (Fig. 9B), presumably because a re-
duction in extracellular Cl- converts the Cl--mediated IPSP to
an EPSP by moving the Cl- equilibrium potential positive to
threshold (Tseng and Haberly, 1988a). Upon return to normal
ACSF, late depolarizing potentials with all-or-none properties
were recorded in all cells impaled in 15 of 16 slices (Fig. 9C).
These depolarizing potentials closely resembled those induced
by 0 Mg+, although in cells in 8 of 15 slices, threshold pro-
gressively increased or amplitude progressively decreased until
they could no longer be evoked after periods of 6-97 min. Sta-
bility of the late potential appeared to be correlated with the

+ While APV blocked the development of burst responses in 0 Mg?*+, there was,
nevertheless, an increase in the duration of the initial depolarizing potential, even
at a concentration of 30 um (185% increase at 10 um, n = 3; 109% increase at 30
uM, n = 3; see Fig. 7C). This increase may represent incomplete blockage of
NMDA receptors by APV,
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Figure 7. D,L-APV reversibly blocks development of burst responses to association fiber stimulation in 0 Mg?* and subsequent development of
the late depolarizing potential following return to normal bathing medium. All records are from the same cell; shock strength was 6.0 V for response
in E and 3.0 V for all other responses. Traces 4-D are averages of 6 responses; E and F are single responses. 4, Control response to association
fiber stimulation in normal bathing medium. B, Response in 10 um p,L-APV. C, Response in 0 Mg2+ with 10 um p,L.-APV. APV blocked bursting
in 0 Mg?+, although a consistent increase in duration of the initial depolarizing potential was observed. D, Response following washout of 0 Mg+
and APV (recorded 3 hr after control traces in 4). E, Response after return to 0 Mg+ following washout of APV. F, Response in normal bathing
medium after washout of the second application of 0 Mg2+, demonstrating reversibility of the blocking action of APV. Scale bars in 4 apply to all

traces except E.

duration of exposure to low Cl- with a constant stimulation rate.
Multiple applications of low Cl- increased the stability of the
response in 3 of 5 slices.

In contrast to its effects on bursting induced by 0 Mg?*, 30
uM D,L-APV did not prevent burst responses to association fiber
stimulation in low-Cl- ACSF (Fig. 9D). In all 7 slices examined,
bursting activity in the presence of 30 uM D,L-APV failed to
induce late potentials following a return to normal Cl- and sub-
sequent washout of D,L-APV (Fig. 9F). As in the experiments
with 0 Mg2+, the blockage by APV was reversible, since a second
treatment with low Cl- in the absence of APV did induce late
potentials following washout.

Bursting activity induced by bath application of 20-100 um
4-AP also resulted in the development of long-lasting, late de-
polarizing potentials that were retained following washout of
4-AP (all cells impaled in 17 of 17 slices) (Fig. 9, F-I). b,L.-APV
at 30 um did not block bursting activity in 4-AP (Fig. 9G) (n =
3 slices) but did block the development of consistent, stimulus-
evoked late potentials following washout of 4-AP (Fig. 9H).
However, spontaneous all-or-none depolarizing potentials oc-
curred at low frequency in all slices in 30 um D,L-APV for 40
min or more after washout of 4-AP, and in 1 cell, such potentials
were occasionally evoked by association fiber stimulation. Fol-
lowing washout of APV, the spontaneously occurring potentials
became increasingly time-locked to stimulation until responses
were indistinguishable from those induced in the absence of
APV (Fig. 91). This transition from spontaneous to stimulus-
evoked late depolarizing potentials was irreversible since rein-
troduction of APV did not reduce the degree of stimulus control.

Discussion

The primary observation reported here is that bursting activity
induced by 0 Mg?*, low Cl-, or 4-AP results, upon return to
normal ACSF, in the development of a long-lasting, high-am-
plitude depolarizing potential that follows the normal graded
postsynaptic potential in response to association or afferent fiber

stimulation. This late potential occurs in an all-or-none fashion
with a discrete threshold and has properties of an EPSP. Bath
application of APV blocks development of this potential but
does not block its occurrence once established.

A striking feature of the late potential is its stability over long
periods of time. After induction in 0 Mg?+, this potential usually
lasted for the remainder of the experiment, typically 1-3 hr,
with little change in average amplitude or threshold. While care-
ful measurements of threshold over a period of several hours
did reveal a small but progressive increase in threshold in some
experiments (e.g., Table 1), such gradual increases may have
been a consequence, at least in part, of a general decrease in
slice excitability since in many cells the normal graded response
decreased in amplitude by a small amount over comparable
periods of time (e.g., compare 4 and D in Fig. 7).

Synaptic nature of the late potential

The nearly equivalent thresholds for the late potential in many
cells in the same slice and the lack of effect of alterations in
membrane potential of impaled cells on this threshold constitute

5 My

50 MS

CONTROL

Figure 8. Effects of APV on responses to association fiber stimulation
after induction of late depolarizing potentials by bursting activity in 0
Mg?+. A, Superimposed control responses from a cell in which late
depolarizing potentials had been induced by bursting activity. B, Re-
sponses to the same stimulus as in 4, but in the presence of 100 um
D,L-APV. The late potential was not blocked, but latency was increased.



212 Hoffman and Haberly « Burst-Induced EPSPs in Piriform Cortex

CONTROL 10

k 50 MS

L

CONTROL SMY

A N LS F
Low Cr
B 15 MY
] 4AP and 304M DL-APY
oS
SV 15 WY
WASHOUT
C ] 100 W
WS

LOW CI- W 30pM D,L-APV

D o
e

WASHOUT AFTER LOW CI

E k W 30uM D L-APV Sy WASHOUT 10 MV
S0 ms 50
L A e,
\\

H 30uM D,L-APV 10 MY

Figure 9. Burst responses and late depolarizing potentials induced by low Cl- and 4-AP, and the NMDA dependence of this induction. 4, Control
response to association fiber stimulation in normal bathing medium (average of 6 trials). B, Stimulus-induced bursting activity in bathing medium
with 10% of normal Cl-. C, Response to the same stimulus as in 4, following return to normal Cl-. Note the presence of a late depolarizing potential
not present in the control response. As in the response after 0 Mg2+ (Fig. 2), this potential occurred with a discrete threshold. D, Bursting activity
elicited by low Cl- (7% of normal concentration) in the presence of 30 um D,L-APV in a different slice than A-C. E, Responses to association fiber
stimulation in cells from 3 different slices following bursting induced in the presence of 30 uMm D,L-APV by medium containing 7% (top 2 traces)
or 50% (bottom trace) of the normal Cl- concentration. Responses were recorded after washout of both low Cl- and APV. The top trace was recorded
from the same cell as in D. F, Control response to association fiber stimulation in normal bathing medium (average of 6 trials). G, Stimulus-
induced bursting in 100 uMm 4-AP in the presence of 30 uM D,L-APV. H, Response to the same stimulus as in F in the presence of APV following
washout of 4-AP. No stimulus-evoked late depolarizing potentials were observed while APV was present in the bath. /, Initial and late depolarizing
potentials in response to the same stimulus as in F and H following washout of APV. A stimulus-evoked late depolarizing potential developed in
this cell after removal of APV without a return to 4-AP medium (see text). Re-addition of APV (not illustrated) failed to block this potential.

strong evidence for generation by an interaction among large
numbers of cells rather than an endogenous mechanism oper-
ating independently within individual cells. Given the presence
of extensive intrinsic excitatory fiber systems in the pyriform
cortex (Price, 1973; Haberly and Bower, 1984; Haberly and
Presto, 1986), it can be postulated that the population synchrony
is synaptically mediated via EPSPs. In the neocortex and hip-
pocampal cortex it has been proposed that gap junctions also
contribute to synchronous activity (Gutnick and Prince, 1981;
Knowles et al., 1982), but a major role in generation of the
present late depolarizing potential can probably be ruled out
since dye coupling between pyramidal cells in the piriform cor-
tex is comparatively rare, is usually confined to isolated cell

pairs, and always occurs between distal dendrites of pyramidal
cells (G.-F. Tseng and L. B. Haberly, unpublished observations).
A significant synchronizing effect of field potentials as postulated
for hippocampal cortex (Snow and Dudek, 1984) can also be
ruled out on the basis of their very low amplitude in the present
olfactory cortex slice preparation (typically <300 uV), as well
as the modeling study of Traub et al. (1987a).

Role of NMDA receptors

A central issue is whether NMDA receptors play a direct role
in the induction of the changes that underlie the late potential
or if their action is indirect via a boosting of some aspect of
bursting activity (see, for example, Herron et al., 1986). The



experiments with low Cl- clearly established that APV can block
induction of this potential even in the presence of bursting ac-
tivity, suggesting a direct role for NMDA receptors. Neverthe-
less, an indirect role cannot be ruled out since activation of
NMDA receptors could alter a component of bursting activity
that is essential for the induction process. As a consequence of
the complex nature of burst responses evoked in low Cl-, 0
Mg+, and 4-AP, and the high degree of variability of these
responses over time and in different slices, a systematic analysis
of the effects of APV on bursting activity was not undertaken.

The findings with 4-AP were consistent with the primary
conclusion that bursting activity induces long-lasting, stimulus-
evoked, late depolarizing potentials, but the effects of APV on
generation of these potentials were more complex than in ex-
periments with 0 Mg2+ and low Cl-. On the basis of the present
evidence it cannot be determined if the spontaneous all-or-none
potentials that occurred in the presence of APV after 4-AP
treatment were a consequence of a non-NMDA-dependent
change in neuron response properties induced by 4-AP or if they
resulted from incomplete washout of 4-AP. A lack of complete
reversibility of the effects of 4-AP has been reported for other
preparations (Lundh, 1978; Buckle and Haas, 1982), suggesting
that the spontaneous potentials may be unrelated to the late
depolarizing potential.

Possible relationship to LTP and kindling

The late potential shares with long-term potentiation (LTP) in
certain other systems a dependence on NMDA receptors for
induction but lack of dependence once established (Harris et
al., 1984; Wigstrom et al., 1986; Collingridge and Bliss, 1987;
Errington et al., 1987). However, in contrast to LTP-boosted
postsynaptic potentials, which retain their graded character, the
late potential is evoked in an all-or-none fashion. Nevertheless,
as postulated for epileptiform activity in the hippocampus
(McNamara et al., 1980; Racine and Burnham, 1984), a graded
LTP-like process could contribute to generation of the late all-
or-none potential. While no LTP of afferent and associational
inputs to layer II pyramidal cells was detected, potentiation of
other excitatory synapses in the piriform cortex could underlie
generation of the late potential, as discussed below. This spec-
ulation is supported by the recent demonstration that shock
trains like those that induce LTP of monosynaptic responses in
the hippocampus, potentiate long-latency potentials in the pir-
iform cortex in vivo (Stripling et al., 1988).

The present findings may also be related to the kindling phe-
nomenon (Goddard et al., 1969; McNamara et al., 1980). Stud-
ies in the rat in vivo have revealed that kindling induces a high-
amplitude depolarizing potential in layer II pyramidal cells in
the piriform cortex that resembles the present in vitro potential
by virtue of an all-or-none occurrence, properties suggesting an
underlying EPSP, a similar latency range, and great stability
over time (Sutula and Haberly, 1986, and unpublished obser-
vations; also see Racine et al., 1983; Russell and Stripling, 1985).
These parallels suggest that the present phenomenon is a pos-
sible in vitro model for kindling and epileptogenesis. The late
potential also resembles responses obtained from slices taken
from previously kindled animals (see Fig. 5, McIntyre and Wong,
1986), although interpretation of findings from this study is
complicated by the fact that 4 mm Mg?+ was required in the
bathing medium to prevent spontaneous and stimulus-evoked
bursting activity by neurons in layer II in both control and

The Journal of Neuroscience, January 1989, 9(1) 213

experimental slices. Such bursting activity has never been ob-
served in vivo (Haberly and Bower, 1984), or in the present in
vitro preparation in slices through the same region studied by
Mclntyre and Wong (see Tseng and Haberly, 1988a).

Relationship to findings from hippocampus

The present findings for olfactory cortex are similar in certain
respects to those obtained in slice preparations from the CAl
(Slater et al., 1985) and CA3 (Anderson et al., 1987) regions of
the hippocampus. In these studies, bursting activity evoked by
shock trains or NMDA application induced evoked and spon-
taneous epileptiform activity that lasted for up to several hours.
High concentrations of p,L-APV (100-200 um) blocked devel-
opment of the epileptiform activity but did not block it once
established. However, the epileptiform activity in these studies
was different in form from that observed in the present study
(much longer duration with repetitive spiking), and in the study
of Slater et al. (1985), the initial graded response to Schaeffer
collateral stimulation increased substantially after bursting ac-
tivity, prompting the hypothesis that LTP-like facilitation of
inputs to pyramidal cells led to the epileptiform activity. In the
present study no such facilitation was present in pyramidal cells
in layer II (equivalent to stratum pyramidale of hippocampus).

Possible mechanisms of generation

Experimental and theoretical studies (Traub and Wong, 1983;
Wong and Traub, 1983; Traub et al., 1985, 1987b; Rutecki et
al,, 1987) have provided evidence that long-latency, all-or-none
EPSPs can be induced in systems in which reciprocal excitatory
connections are present if the balance between excitatory and
inhibitory processes is disturbed. These results, and the recent
demonstration of an APV -sensitive reduction in the strength of
both Cl-- and K+-mediated inhibition in hippocampal cortex
as a consequence of tetanic stimulation (Stelzer et al., 1987;
see also Miles and Wong, 1987), suggest that a decrease in the
strength of inhibition could be involved in development of the
late potential. While technical limitations precluded accurate
quantitative comparisons, both Cl-- and K+-mediated IPSPs
were clearly present and of substantial amplitude in layer II
pyramidal cells after induction of the late potential. Neverthe-
less, since large decreases in amplitude of these processes could
have occurred in cell populations that were not examined, and
since even small decreases could facilitate generation of all-or-
none responses, this mechanism cannot be ruled out as a con-
tributing factor on the basis of the present evidence. However,
it appears unlikely that a decrease in the strength of inhibitory
processes acting on layer I1 pyramidal cells is solely responsible
for generation of the late response.

In view of the extensive excitatory interconnections between
layer II pyramidal cells in the piriform cortex via short and long
fibers (Haberly and Behan, 1983; Haberly and Bower, 1984;
Haberly and Presto, 1986), an increase in the strength of exci-
tation with an insufficient compensatory increase in inhibition
could also lead to all-or-none potentials via regenerative positive
feedback within this cell population (Traub and Wong, 1983;
Traub et al., 1985, 1987b; Wilson et al., 1986; Rutecki et al.,
1987). However, the lack of a consistent increase in the strength
of EPSPs evoked in pyramidal cells by stimulation of intrinsic
association fibers following bursting activity,® the lack of con-
sistent changes in the /-V relationship, and the lack of detectable
changes in Na* spike threshold argue against this mechanism.
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In addition, the high threshold of Na* spikes in layer II pyra-
midal cells in vitro (Tseng and Haberly, 1988a) as well as in vivo
(Haberly and Bower, 1984) appears to preclude a major con-
tribution from positive feedback between layer II cells to gen-
eration of the all-or-none late response.

The evidence outlined above suggests that the fundamental
change or changes that underlie development of the late poten-
tial occur primarily in neuron populations that are synaptically
connected with layer II pyramidal cells rather than in the layer
II pyramidal cells themselves. Recent anatomical and physio-
logical studies indicate that pyramidal cells in layer II provide
synaptic input to cells in the deep part of layer III and the
underlying endopiriform nucleus and that local and ascending
collaterals from these deep cells are present that could provide
reciprocal connections and positive feedback (Haberly and Pres-
to, 1986; Tseng and Haberly, 1987). Changes in excitatory or
inhibitory processes in these deep cells could therefore underlie
the late potential. Deep cells in normal slices (Tseng and Ha-
berly, 1987, 1988b, and unpublished observations) have prop-
erties that could contribute to generation of the present long-
latency, all-or-none response. These include a slow regenerative
potential, lower Na+ spike thresholds than layer II pyramidal
cells, and long-latency EPSPs. The synchronization of such long-
latency excitatory activity or the enhancement of reciprocal syn-
aptic connections between superficial and deep layers following
bursting activity, may be sufficient to generate a long-latency,
all-or-none potential in layer I pyramidal celis. The observation
that the deep layers of piriform cortex have a low threshold for
induction of seizure activity by convulsant drugs (Piredda and
Gale, 1985) is an additional indication that this alternative war-
rants consideration.
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