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ABSTRACT:  Whole-cell recordings from 140 pyramidal neurons in
layer V of rat perirhinal cortex (PR) revealed three distinct firing patterns:
regular spiking (RS, 76%), burst spiking (BS, 9%), and late spiking (LS,
14%). LS neurons have not previously been reported in layer V of any
cortical region. LS cells in layer V of PR exhibited delays of up to 12 s from
onset of a depolarizing current step to spike threshold, followed by
sustained firing. In contrast, pyramidal cells in layer V of other cortical
regions contain only RS and BS cells. Within PR, the percentage of LS
neurons in layer V differs markedly from what we previously observed in
layers 1I/11l (50% LS) and VI (90% LS). Morphologically, BS neurons in
layer V of PR had thick primary apical dendrites that terminated in a tuft
within layer I, whereas RS and LS cells had relatively thin primary apicals
that terminated either diffusely or in a layer I tuft. At holding potentials
near rest, PR neurons exhibited small (~15 pA), inward, spontaneous
postsynaptic currents (PSCs) that were indistinguishable among the three
cell types. Currents evoked by minimal stimulation of layer | were about
2.8 times larger than the spontaneous PSCs. Evoked currents had
unusually long onset latencies with little variation in latency, consis-
tent with monosynaptic responses evoked by stimulation of unmyeli-
nated fibers. The prevalence of LS cells in combination with the
long-latency monosynaptically evoked PSCs suggested that PR is not a
region of rapid throughput. This is consistent with anatomical data
suggesting that PR is a higher-level association cortex. These data
further advance an emerging picture of PR as a cortical region with a
unique distribution of cell types different from other cortical regions.
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INTRODUCTION

Perirhinal cortex (PR) is important not only because of
its role in learning and memory (Suzuki et al., 1993;
Zola-Morgan et al., 1993; Herzog and Otto, 1997; Ea-
cott, 1998), but also because it is one of the earliest re-
gions damaged in Alzheimer’s disease (Van Hoesen and
Solodkin, 1994; deToledo-Morrell et al., 1997; Juot-
tonen et al., 1998). PR has extensive reciprocal connec-
tions with the amygdala (Pitkiinen et al., 2000), and it
serves as a major gateway to the hippocampus through
both direct and indirect projections (Burwell et al., 1995;
Naber et al., 1999; Suzuki and Eichenbaum, 2000).

Lesion studies in human and nonhuman primates
have demonstrated the importance of perirhinal cortex
for recognition memory at long intervals. Patients with
damage to PR correctly matched complex objects when
the delay interval was less than 2 s, but not when the delay
was greater than 6 s (Buffalo et al., 1998). In nonhuman
primates, PR lesions result in profound deficits in delayed
nonmatch-to-sample (DNMS) tasks, particularly at
longer delay intervals (Meunier et al., 1993). In rats,
damage to PR impairs memory of an odor-guided
DNMS task, especially at long delays, analogous to ob-
servations in primates (Otto and Eichenbaum, 1992).
Perirhinal cortex lesions in rats also result in profound
deficits in odor-guided fear conditioning, a DNMS ver-
sion of an eight-arm maze, water maze, and delayed non-
match-to-position tasks (Mumby and Pinel, 1994; Her-
zog and Otto, 1997; Otto et al., 1997; Liu and Bilkey,
1998a,b; Wiig and Burwell, 1998). Taken together, these
data suggest that PR is important for temporal aspects of
information processing, independent of sensory modal-

ity.



While there are a large number of lesion studies demonstrating
the importance of perirhinal cortex in various learning and mem-
ory tasks, little is known about how neurons in perirhinal are
organized or how their firing and network properties change dur-
ing learning. Extracellular single-unit recordings in behaving mon-
keys suggest that perirhinal neurons respond more to an object
when it is novel than to when it is familiar, supporting involvement
of perirhinal neurons in recognition memory (Fahy et al., 1993).
Similarly, some rat perirhinal neurons fire tonically during the
delay period of an odor-guided DNMS task, suggesting that
perirhinal neurons may be involved in maintaining a sensory rep-
resentation of the sample cue during the recognition memory task
(Young et al., 1997).

Through comparative studies it is important to understand how
neuronal firing properties vary among and within cortical regions
(Connors and Gutnick, 1990). To understand better the cellular
neurobiology of perirhinal cortex, we have been examining the
electrophysiology and morphology of neurons within each of the
individual layers. Our previous studies demonstrated that, un/ike
any other cortical region, 50% of the pyramidal neurons in layers
II/1I1 (Beggs et al., 2000) and 90% of the large principal neurons in
layer VI (McGann et al., 2001) are late-spiking (LS) cells. The
present study used visually guided, whole-cell recordings to exam-
ine the properties of pyramidal neurons in layer V of rat perirhinal
cortex. Our data demonstrate that PR layer V is quite different
from its adjacent layers (II/IIl and VI). Layer V of PR is also unique
among cortical regions because it contains three distinct classes of
pyramidal cells (RS, BS, and LS). Portions of these data have been
presented in abstract form (Moyer and Brown, 1996, 1999; Moyer
et al., 1998).

MATERIALS AND METHODS

Slice Preparation

Horizontal brain slices through perirhinal cortex were prepared
as previously described (Moyer and Brown, 1998). Sprague-Daw-
ley rats (mean age, 5.2 = 1.2 weeks) were deeply anesthetized using
halothane and decapitated. The brain was quickly removed and
placed in ice-cold oxygenated sucrose-CSF (composition in mM:
206 sucrose, 2.8 KCI, 1 CaCl,, 1 MgCl,, 2 MgSO,, 1.25
NaH,PO,, 26 NaHCO3, and 10 D-glucose) for about 3 min. The
brain was then blocked, hemisected, and glued to the tray of a
vibratome (ventral surface up). Horizontal brain slices (300400
pm) were cut at ~1°C, using a temperature-controlled vibratome.
Slices were removed and placed into individual wells of our 24-well
slice incubation chamber (Moyer and Brown, 1998). The chamber
contained oxygenated artificial CSF (aCSF; composition in mM:
124 NaCl, 2.8 KCl, 2 CaCl,, 2 MgSO,, 1.25 NaH,PO,, 26
NaHCOj, and 10 D-glucose, pH 7.4, 295 mOsmol). Slices were
allowed to recover at room temperature (23-25°C) for at least 1 h
prior to beginning any experiment. Cutting and recording solu-
tions used in earlier experiments contained 2.0 mM KCI rather
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than 2.8 mM KCI. No differences in cell properties were observed
and data were pooled.

Visualization of Neurons and Whole-Cell
Recordings

An upright microscope (Zeiss Axioskop) equipped with a 40X
water immersion objective (0.75 NA), infrared filtered light, DIC
optics, and a Hamamatsu C2400 video camera and video enhance-
ment device was used for visualization of the cell and patch elec-
trode (Keenan et al., 1988; Moyer and Brown, 1998; Xiang and
Brown, 1998). Video images were captured on a PC using Bio-
Rad’s COMOS software in video-capture mode and transferred to
a Macintosh computer using NIH Image. PR was defined accord-
ing to previously published coordinates (Burwell et al., 1995; Bur-
well and Amaral, 1998). Only slices corresponding to plates 98—
100 of a rat stereotaxic atlas (Paxinos and Watson, 1998) were
used. Recordings were restricted to the rostrocaudal area of —3.8
to —5.2 mm relative to bregma.

Whole-cell recordings were made from 140 visually identified
pyramidal neurons from layer V of rat perirhinal cortex using ei-
ther an AxoPatch 1D or 200A amplifier (Axon Instruments, Foster
City, CA), as previously described (Moyer and Brown, 1998).
Cells were located an average of 70.8 * 1.5 pm below the slice
surface (range, 30-135 pm). Cells were classified as RS, BS, and
LS based on their discharge patterns (described in detail in Re-
sults). Only cells with a stable uncorrected resting membrane po-
tential more negative than —60 mV and overshooting action po-
tentials of at least 70 mV (measured from threshold) were analyzed.
All recordings were somatic. Therefore, references to transmem-
brane potentials only apply to the soma; we do not assume that the
cells are isopotential. Patch pipettes (mean resistance: 3.7 = 0.1
MQ) were fabricated from borosilicate glass (i.d. 1.303 mm, o.d.
1.689 mm; Drummond Scientific) using a Sutter Instruments
model P-97 puller. Pipettes were filled with the following solution
(in mM): 110 K-gluconate, 10 HEPES, 1.0 EGTA, 20 KCl, 2.0
MgCl,, 2.0 Na,ATP, 0.25 Na;GTP, and 10 phosphocreatine (di-
tris), pH 7.3, 290 mOsmol. In most experiments, electrodes also
contained 0.5% biocytin to obtain cellular morphology (Moyer et
al., 1998; Faulkner and Brown, 1999). In some experiments, pi-
pette tips were fire-polished and/or coated with Sylgard to reduce
capacitance noise.

Voltages were corrected for a measured + 13 mV liquid junction
potential between the bath and patch pipette solutions, according
to the equation Vy; =V, — V|, where V) is the corrected mem-
brane voltage, V,, is the observed pipette voltage and Vy is the
liquid-liquid junction potential (Moyer and Brown, 1998). A bi-
polar concentric electrode was used for synaptic stimulation of
layer I afferents. Signals were filtered at 2 kHz, digitized at 44 kHz,
and stored on VCR tape for off-line analysis using custom software
written for IgorPro (WaveMetrics, Lake Oswego, OR). The indi-
vidual evoked current sweeps shown in Figure 10A,B were digitally
filtered within IgorPro using a binomial algorithm (Marchand and
Marmet, 1983), with a smoothing parameter of 3. Tetrodotoxin,
bicuculline methobromide, and picrotoxin were purchased from
Sigma (St. Louis, MO), and 6-cyano-7-nitroquinoxaline-2,3-di-
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one (CNQX) and DL-2-amino-5-phosphonovalerate (APV) were
purchased from Tocris (Ballwin, MO).

Morphological Reconstructions of Layer V
Pyramidal Neurons

Reconstructions were obtained from 77 biocytin-filled layer V
pyramidal neurons. Without exception, neurons that were deemed
pyramidal under IR-DIC visualization were also confirmed mor-
phologically to be pyramidal. Reconstructions were obtained as
previously described (Faulkner and Brown, 1999). After recording,
slices were incubated in 4% paraformaldehyde/0.1 M phosphate-
buffered saline (PBS) at least overnight at 4°C, followed by 30%
sucrose/PBS for 24—48 h. Thin sections (50—65 p.m) were cut on
a freezing microtome and collected as free-floating slices in PBS.
Sections were then incubated in avidin and biotinylated horserad-
ish peroxidase (HRP), using the VectaStain Elite ABC kit (Vector
Laboratories, Burlingame, CA) following the manufacturer’s in-
structions, and HRP was localized using diaminobenzidine tetra-
hydrochloride (DAB). Slices were then incubated in ascending
concentrations of glycerol (20-100%) and mounted in 100%
glycerol. Sections were then coverslipped, and the coverslip was
sealed with nail polish. Individual neurons were reconstructed us-
ing a camera lucida drawing tube attached to a Zeiss Axioskop.
Cells were reconstructed using either a 40X air objective (0.85 NA
and an air condenser) or 63X oil objective (1.4 NA and an oil
condenser).

Data Analysis and Statistics

Gigaohm seal resistance was calculated in response to a 25 mV
hyperpolarizing voltage step (mean resistance, 5.7 = 0.4 G{}).
Whole-cell capacitance (mean, 8.6 = 0.2 pF) and series resistance
(mean, 7.3 = 0.6 M()) were estimated from dials on the AxoPatch
1D amplifier after compensation for capacitance transients. In all
current-clamp experiments, 800-ms or 5,000-ms alternating hy-
perpolarizing and depolarizing current steps were used to evaluate
cellular membrane properties. In experiments with LS neurons,
longer duration steps (10, 20, or 40 s) were occasionally used to
evaluate their responses to suprathreshold current injections. Volt-
age-current (V-I) relations were constructed for all neurons.

Neuronal input resistance (Ry) was calculated from the slope of
the line (least-squares regression) in the linear portion of the V-I
relationship, near the resting potential, where alternating hyperpo-
larizing and depolarizing voltage responses were symmetrical.
Measurements of Ry were made at two different times: early (50
ms after current onset) and late (50 ms prior to current offset).
Since the late measurement was taken at steady-state, well beyond
the time constant (1,,) of the membrane voltage response, it is used
in the text as the neuronal input resistance. The early measurement
was only taken to check for the presence of fast active conduc-
tances. Individual current injections (<20 pA) that resulted in
small voltage deflections (<10 mV), well within the linear portion
of the V-I relationship, were used to obtain estimates of 7.

The current required to elicit a single AP was determined by
increasing the depolarizing current amplitude in 5 pA increments
until a spike was elicited and then finding threshold using itera-

tions of =1-2 pA. The AP amplitude was calculated from thresh-
old, and the width was calculated at one-half the amplitude. AHPs
were measured after the first AP elicited by current injections less
than 50 pA above threshold. The amplitude and duration of these
single-spike AHPs were measured relative to spike threshold. Typ-
ically, BS cells lacked a measurable AHP after the first AP (11 0of 13
cells). In these cases, BS cells were given a value of zero for both the
amplitude and duration of the first-spike AHP. To characterize
further the firing properties of each of the three cell types, the
interspike interval (ISI) between each spike during a spike train was
plotted against the interval number at different stimulus intensities
(ISI-interval number plots).

Spontaneous postsynaptic currents (PSCs) were measured for
2-6 min at the resting potential and at several different holding
potentials (range, —95 to —55 mV). Detection of spontaneous
PSCs involved the use of an autodetection program written in
IgorPro, followed by visual inspection of all detected currents.
Only currents that were at least three times larger than the RMS
noise (~1.4 pA) were included. The number and frequency of
spontaneous PSCs were calculated. For individual PSCs, the 10/90
and 20/80 rise times, the decay constant, and the peak amplitude
were calculated, and the data were averaged for each cell.

For experiments with TTX, data were analyzed after bath
application of TTX for 20-30 min. The effectiveness of TTX
was confirmed by a complete block of synaptically evoked re-
sponses, which generally occurred within 4 min. Cumulative
probability distributions were constructed to evaluate the ef-
fects of TTX on spontaneous PSC amplitudes. Amplitude data
were binned at 2 pA intervals, and the cumulative frequency was
divided by the total number of events to obtain the cumulative
probability distribution. Cumulative probability distributions
were compared using the Kolmogorov-Smirnov (K-S) test ap-
plied to unbinned cumulative probability distributions to eval-
uate significant effects of TTX.

Synaptic currents were evoked by stimulating layer I, using a
concentric bipolar platinum electrode (FHC, Bowdoinham, ME)
at minimal or near-minimal stimulation (we attempted to find a
stimulation intensity just above threshold). We use the term “near-
minimal” to distinguish it from the more rigorous minimal stim-
ulation typically used in quantal analysis studies to prove that only
one afferent is stimulated (Xiang and Brown, 1998). Only cells
with evoked currents that displayed little variability in onset la-
tency were studied. In some cases, the stimulating electrode was
moved several times within layer I to obtain what appeared to be a
monosynaptic response. Latency to onset, rise time, decay time,
and peak amplitude were calculated for each evoked response and
averaged for each cell. The coefficient of variation of the onset
latency was also calculated. For evoked and spontaneous PSCs, I-V
plots were constructed by taking peak amplitude measurements of
the current at several different holding potentials. A least-squares
linear regression fit through the I-V plot was used to estimate the
slope conductance.

Statistical analyses were performed using a commercial software
package (Statview, Abacus Concepts). One-way analysis of vari-
ance (ANOVA) was used to evaluate group effects (RS, BS, and
LS), and paired #tests were used to evaluate drug effects (aCSF,
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Comparisons Between Pyramidal Cell Classes in Layer V of Rat Perirhinal Cortex®

Cell Classification (1)

Cellular property measured

Regular spiking

Burst spiking Late spiking

Resting membrane potential (mV)
Input resistance, early (M)
Input resistance, late (MX(2)

Time constant (ms)

Spike threshold (mV)

Action potential amplitude (mV)
Action potential width (ms)
Action potential rise:fall dV/dt ratio
Single spike AHP amplitude (mV)
Single spike AHP duration (ms)
Mean rat age (weeks)

—77.4 * 0.3 (107)
161.2 * 5.0 (104)
257.4 = 11.9 (107)
66.4 * 2.3 (104)
—53.7 = 0.4 (104)
94.0 = 0.9 (107)
2.0 = 0.04 (104)
3.6 = 0.1 (104)
8.4 + 0.3 (104)**
276.1 = 17.8 (104)**
5.2 + 1.4 (107)

—77.6 = 0.7 (20)
194.9 + 11.5 (20)*
312.7 + 22.5 (20)*
72.7 + 5.0 (20)
—52.6 = 0.9 (20)
90.9 = 1.8 (20)
2.2+ 0.11 (20)
3.7 = 0.3 (20)
12.5 + 0.6 (20)**
473.8 + 76.8 (20)**
4.8 + 2.4 (20)

772+ 1.4 (13)
1415 + 11.2 (13)
205.5 = 34.5 (13)*
59.1 + 7.6 (13)
—56.5 = 2.2 (13)*
97.9 + 2.3 (13)
1.8 + 0.09 (13)*
32+ 0.3 (13)
0.5 + 0.4 (13)**
16.5 + 5.8 (13)**
5.7 + 2.0 (13)

“One-way ANOVA revealed a statistically significant main effect of cell type on input resistance, early (F, 3, = 5.34,
P < 0.005); input resistance, late (F, 13, = 3.28, P < 0.05); spike threshold (F,,3, = 3.37, P < 0.05); action potential
width (F,,34 = 4.14, P < 0.05); single-spike AHP amplitude (F,,3, = 66.05, P < 0.001); and single-spike AHP
duration (F, 3, = 19.72, P < 0.001) among the three cell classes. Post hoc comparisons made using Fisher’s PLSD:
input resistance, early (LS-BS and LS-RS *P < 0.05); input resistance, late (BS-LS *P < 0.05); spike threshold (BS-RS
and BS-LS *P < 0.05); action potential width (BS-RS and BS-LS *P < 0.05); single-spike AHP amplitude and duration
(all groups significantly different from each other, **P < 0.001).

TTX). If the ANOVA was significant (0.05 level), a Fisher’s PLSD
was used for post hoc comparisons. All data are reported as the
mean ¥ standard error of the mean.

RESULTS

Layer V pyramidal cells had a mean resting membrane potential
(Eg) of =77.4 = 0.2 mV, an input resistance (Ry) 0£260.5 = 10.3
M(), a time constant (7,,) of 66.6 * 2.0 ms, and an action poten-
tial amplitude (AP,,,,,) of 93.9 = 0.8 mV. A mean current injec-
tion of +60.7 % 3.6 pA was required to elicit an AP, and the
average threshold voltage for AP generation was —53.8 = 0.4 mV.
All 140 neurons fit into one of three classifications, as described
below.

Physiology and Morphology of Regular Spiking
Pyramidal Neurons in Layer V of Rat Perirhinal
Cortex

Most layer V pyramidal cells (107 of 140) were RS adapting
neurons (Table 1). Figure 1A illustrates that the pyramidal
somata were easily identified using IR-DIC optics; this was true
for all three cell types and was also confirmed by all 77 recon-
structions. The voltage-current relation (V-I relation) was lin-
ear at 50 ms, indicating the absence of any fast active conduc-
tances (Fig. 1A, triangles), but showed inward rectification at
750 ms (Fig. 1A, circles). A sag in the voltage response was

present in response to large hyperpolarizing current injections
(Fig. 1A, asterisk) and was typical of RS cells (103 of 107 cells).
In response to suprathreshold current injections, RS cells fired
their first AP shortly after onset of the current pulse. With larger
current injections, the interspike interval (ISI) between APs
increased across time (Fig. 1B), similar to RS adapting cells in
other cortical regions (McCormick et al., 1985; Schwindtetal.,
1997). Frequency adaptation is clearly visualized by the upward
shape of the family of ISI-interval number curves (Fig. 2A). A
graph of the first IST as a function of current injection reveals
the rapid decrease in first ISI as more current is injected into the
soma (Fig. 2A, inset, solid symbols).

Within layer V, RS pyramidal cells were located both in upper
(Va, n = 51) and lower (Vb, n = 56) regions. Morphologically,
they have prominent basilar dendrites and a thin primary apical
dendrite (some bifurcating) that terminated either diffusely or in a
tuft within layer I. Examples of the range of RS morphologies
observed are shown in Figure 3. All 54 reconstructed RS cells
possessed numerous spines throughout both the basilar and apical
dendrites, including the primary apical. Axons of RS cells tended
to ramify within layer V and project toward layer VI and the
external capsule (data not shown).

Physiology and Morphology of Burst-Spiking
Pyramidal Neurons in Layer V of Rat Perirhinal
Cortex

Burst-spiking (BS) cells generated an initial burst of 2—4 APs in
response to a just-suprathreshold depolarizing current step or syn-
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FIGURE 1. Intrinsic properties of regular spiking pyramidal onset of current pulse (see arrows in middle image). The V-I relation

neurons in layer V of rat perirhinal cortex. A: At left, a video image
shows the position of the patch pipette on the soma (scale bar, 10 pum;
pial surface up). At center is an overlay of voltage traces in response to
hyperpolarizing and depolarizing current injections in the same RS
cell (Ex = —78 mV; Ry = 320 MQ; AP, = 97 mV). Notice the
pronounced sag (onset denoted by asterisk) in the voltage response to
hyperpolarizing current injections characteristic of RS cells. At right
is the voltage-current (V-I) relation for this cell. Open triangles and
open circles represent measurements taken at 50 ms and 750 ms after

aptic stimulation. Burst spiking was observed in 13 of 140 PR layer
V pyramidal neurons. As with previous studies in rat sensorimotor
and visual cortices (Franceschetti et al., 1993; Kasper et al.,
1994b), we only observed burst spiking in cells from animals =14
days of age. Table 1 summarizes and compares the electrophysio-
logical properties of BS pyramidal cells with those of RS and LS
cells in layer V of rat PR. A typical feature of BS cells was the lack
of an AHP following the first AP. Only two BS cells had a measur-
able AHP after the first spike, while in the other 11 BS cells, the
second spike within the burst occurred before the membrane volt-
age returned to the threshold voltage for elicitation of the first ADP.
Figure 4A shows a typical BS cell that fired a burst of three APs in
response to a just-suprathreshold depolarizing current step. Notice
that subsequent spikes in the burst are smaller than the initial spike,
as was true of all BS neurons, possibly due to prolonged sodium
channel inactivation (Jung et al., 1997; Williams and Stuart,
1999).

Like RS neurons, the V-I relation of BS cells was linear at 50 ms
(Fig. 4A, triangles) and showed inward rectification at 750 ms after
current onset (Fig. 4A, circles). A sag in the voltage response to

measured at 750 ms shows inward rectification, while that at 50 ms is
linear, indicating the absence of fast active conductances. B: Re-
sponses of another RS cell (E; = —78 mV; Ry = 403 M€); AP =

amp

102 mV) to increasingly larger depolarizing current injections (from
left to right: +30 pA, +39 pA, + 59 pA, +69 pA). In response to
suprathreshold depolarizing current injections, RS cells fire APs early
during the step. Note that with larger current injections, more APs are
elicited, and that the interval between spikes increases across time
(frequency adaptation).

hyperpolarizing current injections was also typical (12 of 13 cells)
of BS neurons (Fig. 4A, asterisk). BS cells always fired an initial
burst of 2—4 action potentials, followed by either a second burst or
a series of single adapting APs (Fig. 4B), similar to those seen in
low-threshold BS cells previously reported in rat sensorimotor cor-
tex (Schwindt et al., 1997). ISI-interval number plots of BS cells
reveal that curves generated at different stimulus intensities all
emerge from a nearly identical initial ISI (Fig. 2B, interval number
1). Indeed, the lack of variation in the initial ISI, plotted as a
function of injected current, was characteristic of BS cells (Fig. 2B,
inset, solid symbols).

BS pyramidal cells were located both in upper (Va, n = 5)
and lower (Vb, n = 8) regions of layer V. Morphologically, BS
cells had variable amounts of basilar and oblique dendrites
emerging from the soma, and they displayed a thick, non-
tapering primary apical dendrite that terminated in a tuft
within layer I. Examples of typical BS cell morphologies
are shown in Figure 5. Like the BS pyramidal cells described
in layer V of somatosensory and visual cortices (Chagnac-Ami-
tai et al., 1990; Kasper et al., 1994a), the thick, nontapering
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FIGURE 2. Plots of interspike interval (ISI) vs. interval number

in the three classes of perirhinal layer V pyramidal cells. A: With larger
depolarizing current injections, RS cells show a decrease in initial ISI,
while continuing to show adaptation. Inset: Initial ISI and firing
frequency plotted as a function of injected current. The first ISI rap-
idly decreases with larger current injections (solid circles). This cell
was capable of generating an initial firing frequency of 40 Hz (open
circles). B: ISI-interval number plots of BS cells indicate that the
interval between the first two APs is consistent and independent of
size of the depolarizing current injection. Subsequent intervals in-
crease in duration (adaptation), even with extremely large current
injections (e.g., +245 pA). Inset clearly shows that the initial ISI
changed little as a function of current injection (solid circles), and that
this cell could achieve an initial firing frequency of about 100 Hz
(open circles). C: ISI-interval number plots of LS cells indicate that
small current injections result in a progressive decrease in ISI as a
function of interval number (anti-adaptation), whereas larger current
injections (in this case, 120—147 pA) result in a progressive increase in
ISI across intervals (frequency adaptation). Inset shows that the initial
ISI decreases steadily as a function of current injection (solid circles)
and that an initial firing frequency of <20 Hz was achieved (open
circles).

primary apical dendrite was characteristic of BS pyramidal
neurons in layer V of rat PR. All nine reconstructed BS cells had
a thick primary apical dendrite and possessed numerous
spines throughout both the basilar and apical dendrites (includ-
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ing the primary apical). Axons of BS cells tended to ramify
within layer V and project toward the external capsule (data not
shown).

Physiology and Morphology of Late-Spiking
Pyramidal Neurons in Layer V of Rat Perirhinal
Cortex

Late spiking (LS) was the most surprising firing pattern observed
among perirhinal layer V pyramidal neurons (20 of 140). Late-
spiking cells have not been reported in layer V of any other cortical
region. Unlike RS and BS cells, which fired shortly after onset of a
just-suprathreshold depolarizing current injection, LS neurons ex-
hibited an initial rapid rise in membrane voltage followed by a
slowly ramping depolarization that led to an AP near the end of a
just-suprathreshold current step. Electrophysiological characteris-
tics of the 20 LS neurons and comparisons with RS and BS cells are
presented in Table 1. In response to hyperpolarizing current injec-
tions, the V-I relation of LS cells was linear at 50 ms (Fig. 6A,
triangles) and showed inward rectification at 750 ms (Fig. 6A,
circles), like RS and BS cells. Note the relative absence of a sag in
the hyperpolarizing voltage responses, and the presence of a slow
depolarizing ramp prior to the first action potential near the end of
the current step (Fig. 6A, curved arrow). The absence of an obvious
sag in the voltage response was typical of LS neurons, unlike RS
and BS cells (compare with Figs. 1 and 4).

Examples of the exceptionally long delays typical of LS neurons
in layer V are shown in Figure 6B. When long steps of 10-40 s
were used, spike delays between 7—12 s were common (Fig. 6B, top
traces). In each case the long delays were also followed by sustained
firing throughout the current step, even in response to a 40-s,
+38-pA current injection (Fig. 6B, bottom trace). Early in the
spike train the intervals between APs remained fairly constant or
decreased, while spike intervals later in the train tended to increase
(Fig. 6B, top right trace and bottom trace). Unlike either RS or BS
cells, the ISI-interval number plots of LS cells typically showed
anti-adaptation at small stimulus intensities, followed by mild ad-
aptation at larger stimulus intensities (Fig. 2C). The initial ISI vs.
injected current plot of LS cells illustrates that the first IST decreases
fairly linearly with increasing current (Fig. 2C, inset).

LS pyramidal cells were located in both upper (Va, n = 9) and
lower (Vb, n = 11) regions of layer V. Morphologically, LS cells
had prominent basilar dendrites and thin primary apicals (some
bifurcating) that terminated either diffusely within layer V or in a
tuft within layer I (Fig. 7). All 14 reconstructed LS neurons pos-
sessed numerous spines throughout both the basilar and apical
dendrites. Axons of LS cells tended to ramify within layers V and
VI as well as project up toward layers II/1II (data not shown).

Spontaneous Postsynaptic Currents in Perirhinal
Layer V Pyramidal Neurons

To date there have been no studies of spontaneous PSCs in layer
V of PR. Spontaneous PSCs from 16 layer V pyramidal cells were
analyzed in detail at holding potentials near rest (Table 2). No
statistically significant differences in the size, shape, and frequency
of spontaneous PSCs were observed among the three different cell



224 MOYER ET AL.
RS pyramidal cells
' / }
Y ,
S F
' ‘
\
[/1II /o
| %
/
-5
% z 7
<~ o
\ n’..“‘
bt ”_\ 3' R
_ ’\Q i J/w
AN f
/ .
pm——
FIGURE 3. Morphology of regular spiking pyramidal neuronsin  that terminated diffusely within layer II/III (second cell from right).

layer V of rat perirhinal cortex. Shown are camera lucida drawings
from four biocytin-filled RS cells, indicating the range of morpholo-
gies observed (n = 54). Most cells had prominent basilar dendrites
and a thin apical dendrite that terminated in a tuft within layers II/IIT
or I (left two cells). One RS cell had thin bifurcating apical dendrites

types, so the data were pooled. Spontaneous PSCs in PR are much
smaller (~15 pA) than those we see in the adjacent lateral amyg-
dala (Faulkner and Brown, 1999). Inhibitory currents were not
analyzed in detail but were observed at holding potentials more
depolarized than —50 mV (data not shown).

Spontaneously occurring PSCs may include currents activated
by neurotransmitter quanta released either spontanecously or
through presynaptic spike activity. To evaluate the origin of spon-
taneous PSCs in PR layer V pyramidal neurons, spontaneous cur-
rents were collected from seven neurons before and after bath

application of tetrodotoxin (TTX). TTX reduced the frequency

Cells located in upper regions of layer V had thin apical dendrites that
terminated in a tuft within layer I (right cell). While spines were not
drawn, all cells had numerous spines distributed throughout their
basilar and apical dendritic trees. Cortical layers are indicated by bars
and roman numerals (Scale bar, 100 pm).

and mean amplitude of spontaneous PSCs (Fig. 8). Under control
conditions the amplitude frequency histogram was positively
skewed (Fig. 8A, open bars). Bath application of 0.5 pM TTX had
little effect on the general shape of the amplitude frequency histo-
gram for events smaller than 20 pA, but it nearly eliminated spon-
taneous PSCs larger than 20 pA (Fig. 8A, shaded bars, and Fig,.
8B). Indeed, the leftward shift of the cumulative probability dis-
tribution in TTX reflects a statistically significant amplitude reduc-
tion (Fig. 8C, K-S test, 2 < 0.001).

Statistical analyses (paired #tests) indicated that bath applica-
tion of TTX (n = 7) significantly decreased both the mean ampli-
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FIGURE 4. Intrinsic properties of burst-spiking pyramidal
neurons in layer V of rat perirhinal cortex. A: At left, a video image
shows the position of the patch pipette on the cell body (scale bar,
10 pm; pial surface up). Middle image is an overlay of voltage
traces in response to hyperpolarizing and depolarizing current
injections in the same BS cell (E = —78 mV; Ry = 216 MQ;
AP = 107 mV). This cell fired a burst of three APs in response

to :}l;st—suprathreshold depolarizing current injection (+34 pA).
BS cells also showed a prominent sag in the voltage response to

tude (15.9 % 1.7 pA before TTX; 11.2 = 1.0 pA after TTX; £, =
3.33, P < 0.05) and frequency (4.0 % 0.8 Hz before TTX; 1.9 =
0.5 Hz after TTX; #;, = 3.74, P < 0.01) of spontaneous PSCs
without effects on 10/90 rise time (¢, = —0.59, P > 0.5), 20/80
rise time (¢, = —0.81, P > 0.4), or decay constant (¢, = —1.01,
P > 0.3). These data are consistent with previous observations of
the effects of tetrodotoxin on spontaneous PSCs in other brain
regions (Livsey and Vicini, 1992; Arancio et al., 1994; Xiang,
1995; Berretta and Jones, 1996; Cormier and Kelly, 1996; Smith
and Dudek, 1996).

To address the identity of the spontanecous PSCs, 50 pM
APV and 10 pM CNQX were bath applied to block NMDA
and AMPA receptors, respectively (n = 3). Under control con-
ditions, the amplitude frequency histogram was positively
skewed (Fig. 9A, open bars). With APV and CNQX present,
virtually no spontaneous PSCs were observed (Fig. 9A,B). In
the presence of TTX, bath application of a combination of 10
uM bicuculline and 10 wM picrotoxin had no effect on the
frequency, amplitude, rise time, or decay time of spontancous

\J\JL’ Luuu\’

hyperpolarizing current injections (onset denoted by asterisk).
Right image shows the V-I relation measured at 50 ms (open tri-
angles) and 750 ms (open circles) after current onset. B: Responses
of another BS cell (Eg = =76 mV; Ry = 161 MQ; AP, = 98 mV)
to increasing amounts of depolarizing current injection (from left
to right). Initially, one burst of three APs was elicited in this cell
after injection of +25 pA (left trace). A current injection of +30
pA resulted in a second burst, but additional increases in current
resulted in single adapting APs (right two traces).

PSCs (n = 2, data not shown). The results indicate that GABA
currents were not contributing to these histograms and suggest
that the spontancous currents observed at membrane potentials
near rest were glutamatergic.

Synaptically Evoked Currents in Perirhinal
Layer V Pyramidal Neurons

Evoked PSCs were studied in 25 PR layer V pyramidal neurons
(18 RS, 5 BS, and 2 LS). Mean evoked data for layer V cells
voltage-clamped near —75 mV are summarized in Table 3. No
statistically significant differences were seen among the three cell
types, so the data were pooled. Figure 10A shows typical responses
to layer I stimulation. In this cell, the mean latency to PSC onset
was 11.7 = 0.1 ms with a coefficient of variation (CV) of 0.05. The
small CV is consistent with the possibility that these were mono-
synaptic PSCs. Currents evoked by near-minimal stimulation of
layer I were 2.8 times larger than the mean of all spontaneous
currents studied under control conditions. A similar ratio was ob-
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FIGURE 5. Morphology of burst-spiking pyramidal neurons in
layer V of rat perirhinal cortex. Reconstructions from four biocytin-filled
BS cells illustrate the range of morphologies observed (n = 9). BS cells
had variable amounts of basilar and oblique dendrites emerging from the
soma, and all were characterized by a thick prominent apical dendrite
that terminated in a tuft within layer I. Two BS cells were relatively

served when spontaneous and evoked currents were compared in
the same cells (evoked 33.3 £ 7.6 pA, spontancous 14.7 = 1.4 pA,
n =9). Electrode distance (distance between stimulating and re-
cording electrodes) was positively correlated (r = 0.8) with onset
latency of evoked PSCs. The slope of the linear regression sug-
gested a conduction velocity of ~0.16 m/s (> = 0.6, n = 21),
consistent with velocities reported in unmyelinated fibers (Berg-
Johnsen and Langmoen, 1992; Murakoshi et al., 1993; Lohmann
and Rorig, 1994). Extrapolating the regression line to zero distance
suggested a synaptic plus excitation delay of about 1.2 ms.

devoid of basilar dendrites, but did have a thick primary apical dendrite
ending in a tuft within layer I (second cell from right). BS cells also had
numerous secondary dendrites emerging from the apical dendrite prior
to the apical tuft. Although not drawn, BS cells had many spines located
throughout their basilar and apical dendrites. Cortical layers are indi-
cated by bars and Roman numerals (Scale bar, 100 pm).

The relative insensitivity of evoked PSC amplitudes to hold-
ing potentials from —90 to —60 mV is indicative of excitatory
inputs (Fig. 10C,D). Indeed, this was confirmed by blockade of
evoked PSCs by 50 puM APV and 10 pM CNQX (n = 2, data
not shown). A least-squares regression fit through the plot of
evoked EPSC amplitude plotted against holding current (r* =
0.95; Fig. 10C) indicated a slope conductance of 454 pS (data
not shown). Note that the evoked currents shown in Figure 10C
also contained a late outward component, presumably
GABAergic. This slow outward component was rarely observed
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FIGURE 6. Intrinsic properties of late-spiking pyramidal neurons
in layer V of rat perirhinal cortex. A: At left, a video image shows the
position of the patch pipette on the soma (scale bar, 10 pum; pial surface
up). Middle image is an overlay of voltage traces in response to hyperpo-
larizing and depolarizing current steps in the same LS cell (E, = —84
mV; Ry = 330 MQ; AP, = 98 mV). Note the depolarizing ramp
preceding initiation of the first AP near the end of the current step
(curved arrow). Note also the absence of a sag in the voltage response to
hyperpolarizing current injections. At right is the V-I relation measured
at 50 ms (open triangles) and 750 ms (open circles) after the current step.
B: LS cells respond to long current steps with unusually long delays prior

and was not analyzed. In agreement with findings of Martina et
al. (2001), however, we only saw a late inhibitory component
when the stimulation electrode was <1 mm from the recorded
cell (2 of 8 cells with electrode <1 mm). Paired-pulse stimula-
tion of layer I (20-25 Hz) resulted in mild depression (Fig.
10B; Table 3). Trains of 10 stimuli presented at 20-25 Hz
(only frequencies tested) always elicited evoked currents (fre-
quency following), but they rapidly depressed to a steady-state
amplitude (Fig. 10E).

MM
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to spiking. Upper left trace shows voltage response to a 10 s, +39 pA
current step. The membrane voltage exhibits a steady ramp depolariza-
tion until threshold is reached and the cell fires its first AP ~7.5 s later.
Upper right trace shows the response to a 20 s, +37 pA current step
resulting in a 12 s delay and sustained firing. Lower trace clearly indicates
the ability of LS cells to show both long delays before spiking (~7 s) and
sustained firing throughout the pulse (40 s, +38 pA). Note that LS
neurons show anti-adaptation early in the spike train and adaptation
later in the spike train. Voltage traces in B are from the same cell (E; =
—79 mV; Ry = 434 MQ; Al’amP = 100 mV).

DISCUSSION

Unlike previous descriptions of firing properties throughout
layer V of the cerebral cortex, which only included RS and BS cells,
the present study demonstrates that pyramidal cells in layer V of rat
PR also contain a substantial population of LS cells, not found
among cortical pyramidal cells outside the PR. The presence of LS
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FIGURE 7. Morphology of late-spiking pyramidal neurons in  within layer I (left three cells) or, in one case, a bifurcating apical that

layer V of rat perirhinal cortex. Shown are reconstructions from four
biocytin-filled late-spiking cells, illustrating the range of morpholo-
gies observed (n = 14). Late-spiking cells were characterized by prom-
inent basilar dendrites and #hin apical dendrites that ended in a tuft

cells, along with the long-latency monosynaptically evoked PSCs,
suggests that PR is not a region of rapid throughput. On the
contrary, PR may be better viewed as a higher-order association
cortex with unique processing capabilities that may not exist else-
where in the cortex.

Three Classes of Pyramidal Neurons in Layer V
of Rat Perirhinal Cortex

The presence of LS cells in the present study was surprising
because LS cells have never been reported in layer V of any other
cortical region. Their discharge pattern was dramatically different

ended diffusely within layer V (right cell). Although not drawn, LS
cells had numerous spines emerging from their basilar and apical
dendrites. Cortical layers are indicated by bars and Roman numerals
(Scale bar, 100 pum).

than that of BS or RS cells, because the latter groups fired shortly
after onset of a current step, whereas LS cells exhibited pronounced
delays up to 12 s prior to reaching spike threshold. Classifying cells
solely on the basis of their individual voltage traces can be ambig-
uous and subjective. To circumvent this problem and to eliminate
some of the subjectivity involved in classifying cells, we con-
structed ISI-interval number plots (Fig. 2). Each cell type had a
characteristic pattern or fingerprint, enabling them to be distin-
guished based on the effect of current intensity on the first IST and
the overall shape of the families of curves. RS and BS cells had
upward going curves, indicative of frequency adaptation. With



TABLE 2.

Spontaneous PSCs in Layer V of Rat Perirhinal Cortex®

Parameter measured Mean = standard error

10/90 rise time (ms) 2.7 +0.2
20/80 rise time (ms) 1.8 0.1
Peak amplitude (pA) 14.7 =09
Decay 7 (ms) 16.6 = 1.2
Holding potential (mV) —-79.8 £ 1.2
Recording time (min) 3.8*03
Number of events 662 + 133
Frequency (Hz) 2.8 +0.5

*Analyzed data are from 16 pyramidal neurons. PSCs, postsynaptic
currents; Decay T, decay time constant.

increasing current, however, the first ISI decreased rapidly in RS
cells but remained constant in BS cells. In contrast, families of
ISI-interval number curves in LS cells were, overall, more horizon-
tal, with smaller currents yielding downward going curves (anti-
adaptation) and larger currents yielding upward going curves (ad-
aptation). In addition, the first ISI changed in a fairly linear
manner, with increased current injection in LS cells. These ISI-
interval number plots serve as a graphically simple and objective
way to distinguish among the three physiological cell types. With
their ability to capture the range of cellular discharge patterns,
ISI-interval number plots could be useful for accurately represent-
ing different physiological cell classes in computational modeling
studies (see Tieu et al., 1999).

Morphologically, BS cells had nontapering, thick primary apical
dendrites that terminated in a tuft in layer I, similar to BS pyrami-
dal cells in layer V elsewhere (Chagnac-Amitai et al., 1990; Tseng
and Prince, 1993; Franceschetti et al., 1995). Modeling studies
suggest that the presence of such a thick primary apical dendrite
can increase the tendency of a neuron to burst (Mainen and Se-
jnowski, 1996). In contrast, RS and LS cells had thin primary
apical dendrites and were morphologically indistinguishable from
each other, suggesting that differences in ionic conductance distri-
bution or expression rather than dendritic structure are at least
partly responsible for the dramatic variations in firing properties
among the RS and LS classes of pyramidal neurons in the present
study (cf. Mainen and Sejnowski, 1996). Our reconstructions sug-
gest that axons of each cell type ramify within layer V and project
toward layer VI and the external capsule (data not shown). How-
ever, some LS cells in layer V also sent axons to layers II/1Il and VI,
both of which contain large percentages of LS cells (Faulkner and
Brown, 1999; Beggs et al., 2000; McGann et al., 2001).

Comparisons With Late-Spiking Neurons in
Other Brain Regions

The only other cortical region where LS cells have been seen is
rat frontal cortex, where they were identified as a population of
GABAergic, neurogliaform cells, reportedly comprising 11% of
nonpyramidal neurons in layer II/III (Kawaguchi, 1995; Kawagu-
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chiand Kubota, 1997). The present study represents the first dem-
onstration of LS cells in layer V anywhere in the cortex, as well as
the first demonstration of LS cells in a population of spiny pyra-
midal neurons in the cortex. Since our LS cells are spiny pyramidal

“2 1 O aCSF

“>) 120 4 TTX

()

B 80-

St

(3]

£

5 404

Z

04 hll el
—r 1 T T T T
0 20 40 60 80
Peak amplitude (pA)
B acsk

O
v B o ® ©
1 1 1 1 1

Cumulative probability

T ! I ! 1 ' 1
0 20 40 60 80
Peak amplitude (pA)

FIGURE 8. Effects of TTX on spontaneous PSCs of pyramidal
cells in layer V of rat perirhinal cortex. Data from an RS cell voltage-
clamped at —77 mV demonstrates that bath application of 0.5 pM
TTX had a dramatic effect on both the frequency and amplitude of
spontaneous currents. A: Under control conditions (open bars), the
amplitude frequency histogram was positively skewed (1,026 events,
frequency 4.3 Hz). Most events were small (mean 18.6 = 0.4 pA), but
27% of PSCs were larger than 20 pA. In 0.5 pM TTX (shaded bars),
the amplitude frequency histogram was still positively skewed (453
events, frequency 1.3 Hz), but only 5% of the currents were larger
than 20 pA (mean, 10.7 = 0.3 pA). B: Individual 1 s sweeps before and
after TTX show the dramatic effect of TTX on larger amplitude cur-
rents. C: Cumulative probability distributions constructed from the
same cell before (solid line) and after (dashed line) bath application of
TTX. The substantial shift to the left in the cumulative probability
distribution after TTX indicates a statistically significant amplitude
reduction (Kolmogorov-Smirnov test, P < 0.001).
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FIGURE 9. Spontaneous PSCs of perirhinal layer V pyramidal
neurons recorded near the rest potential are primarily mediated by
release of glutamate. A: Amplitude frequency histograms constructed
before (open bars, mean PSC amplitude 12.5 = 0.4 pA, n = 259
events) and after (shaded bars) bath application of a combination of
10 pM CNQX and 50 pM APV indicated that at membrane poten-
tials near rest, greater than 97% of all currents were excitatory. B:
Individual 1 s sweeps clearly show the absence of spontaneous activity

in the presence of CNQX and APV.

neurons, it is likely that they are excitatory. However, dual-labeling
studies will be required to elucidate the excitatory or inhibitory
nature of the population of LS cells reported here.

Late-spiking neurons have also been identified in nucleus soli-
tarius type II neurons (Dekin and Getting, 1984, 1987), basolat-
eral amygdala neurons (Washburn and Moises, 1992), superior
salivatory parasympathetic neurons (Matsuo and Kang, 1998),
hippocampal CA1 neurons (Storm, 1988; Wu and Barish, 1999),
neostriatal spiny projection neurons (Nisenbaum et al., 1994;
Nisenbaum and Wilson, 1995), and amygdala central nucleus
neurons (ACe) (Martina et al., 1999). These various LS cell types
are quite different morphologically and physiologically. For exam-
ple, both nucleus solitarius type II and hippocampal neurons re-
quired a strong hyperpolarizing prepulse to show late spiking in
response to a depolarizing current step. Some LS neurons in the
medial subdivision of ACe are quite different: after the initial de-
lay, they fire a burst of spikes rather than single spikes (Martina et

al., 1999). It is unclear whether any of the late-spiking cell types
reported elsewhere can show delays as long as those we report here
in the perirhinal (up to 12 s), because the investigators used shorter
current steps (typically <1 s).

The ionic currents underlying late spiking in perirhinal layer V
neurons are currently unknown. Late spiking in hippocampal,
neostriatal, and ACe neurons has been suggested to result from a
slowly inactivating potassium conductance that is blocked by low
concentrations of 4-aminopyridine (4-AP) (Storm, 1988; Nisen-
baum and Wilson, 1995; Gabel and Nisenbaum, 1998; Martina et
al., 1999). Preliminary data from LS neurons in layers II/IIl and VI
of rat perirhinal indicate that 30 wM 4-AP and 30 nM a-dendro-
toxin block late spiking in current-clamp recordings, and that 30
WM 4-AP appears to block a slowly inactivating outward current in
voltage-clamp recordings (Moyer et al., 2000).

Spontaneous and Evoked Currents in Layer V
Pyramidal Neurons of Rat Perirhinal Cortex

At holding potentials near rest, the spontancous PSCs we ob-
served were glutamatergic because they were completely blocked
by CNQX and APV (Fig. 9). Comparisons with the adjacent
amygdala (lateral or basolateral nuclei) indicate that amygdalar
neurons receive larger, faster spontaneous PSCs at higher frequen-
cies than PR layer V (Smith and Dudek, 1996; Faulkner and
Brown, 1999). Comparisons with the adjacent entorhinal cortex
(EC), however, indicate that spontaneous PSCs in the present
study are similar in size but occur with higher frequencies than
those in EC layers II and IV/V (Berretta and Jones, 1996). Rise
times of spontaneous PSCs in EC layer II neurons are faster,
whereas rise times in EC layer IV/V neurons are comparable to
those of PR layer V (see Table 2 and compare with Berretta and
Jones, 1996).

TABLE 3.

Evoked PSCs in Layer V of Rat Perirhinal Cortex®

Parameter measured (1) Mean * standard error

Single pulses (25)

Onset latency (ms) 9.8 0.7
CV of onset latency 0.07 = 0.002
10/90 rise time (ms) 44+ 0.6
20/80 rise time (ms) 29+0.3
Peak amplitude (pA) 395+ 44
Decay 7 (ms) 24.3 + 0.6
Holding potential (mV) —-783*09
Paired pulses (11)
Amplitude pulse 1 (ms) 34189
Amplitude pulse 2 (ms) 293 *+7.6
Ratio (pulse 1/pulse 2) 09 =01
Holding potential (mV) —844=*19

“Currents were evoked by near-minimal stimulation of layer I (see
Methods). CV, coefficient of variation; Decay 7, decay time constant; 1,
number of cells studied.
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FIGURE 10. Analysis of postsynaptic currents evoked in rat
perirhinal layer V pyramidal neurons. A and B: Typical excitatory
responses to layer I stimulation. At membrane potentials near rest,
purely excitatory evoked PSCs were seen in 6 of 8 cells when the
stimulation electrode was <1 mm (C and D) and 17 of 17 cells when
it was >1 mm (A and B) from the recorded cell. A: Upper traces are
individual currents evoked in response to layer I stimulation. Lower
trace shows the average of all 24 evoked responses in an RS cell
voltage-clamped at —87 mV. Evoked currents from this cell had a
peak amplitude of 17.5 = 0.8 pA, a 20/80 rise time of 4.4 * 0.3 ms,
and a decay constant of 26.4 * 2.8 ms. B: Upper traces are individual
responses evoked by pairs of stimuli delivered to layer I at an ISI of 50
ms. Lower trace shows the average of all 40 paired-pulse responses.
The peak amplitude of the second response was about 10% smaller

Bath application of TTX decreased the frequency and ampli-
tude of spontaneous PSCs by a selective reduction of larger-ampli-
tude events (Fig. 8). The effect of TTX can be easily explained if
the larger events are multiple quanta evoked by sodium-dependent
APs. Similar effects of TTX on both inhibitory and excitatory
spontaneous PSCs have been observed in other cell types, includ-
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50 ms

than the first response. C: Average evoked responses recorded at hold-
ing potentials near rest (range, —60 to —90 mV). Neither the onset
latency nor the general shape of the evoked response was altered by
the membrane potentials used in these experiments. Note the late
outward (presumably inhibitory) component in each current trace. D:
Opverlay of first 25 ms of evoked currents from C indicates that mem-
brane potential had little effect on evoked response amplitude or
onset latency (arrow). E: Evoked currents display frequency follow-
ing. Average of four consecutive evoked PSCs recorded from a differ-
ent cell (voltage-clamped at —76 mV) in response to 10 stimuli deliv-
ered to layer I at 20 Hz. Notice that the amplitude decreased rapidly to
a steady state that was maintained throughout the duration of the
train.

ing hippocampal, entorhinal, and amygdala neurons (Edwards et
al., 1990; Livsey and Vicini, 1992; Arancio et al., 1994; Xiang,
1995; Berretta and Jones, 1996; Cormier and Kelly, 1996; Smith
and Dudek, 1996).

Currents evoked by near-minimal stimulation of layer I had
larger amplitudes with slower rise and decay times than spontane-
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ous PSCs. This is probably due to simultaneous release of multiple
quanta from synapses originating remotely relative to the soma.
The long latencies of our monosynaptically evoked PSCs suggest
activation of small-diameter unmyelinated fibers. Indeed, one hall-
mark of PR is its relatively low myelin content (Zilles and Wree,
1995), and our estimated conduction velocity of 0.16 m/s is con-
sistent with stimulation of unmyelinated fibers (Berg-Johnsen and
Langmoen, 1992; Murakoshi et al., 1993; Lohmann and Rérig,
1994). In addition, all 17 cells where the stimulating electrode was
>1 mm from the recorded cell yielded purely excitatory evoked
PSCs (Fig. 10A). In contrast, 2 of 8 cells where the stimulating
electrode was <1 mm from the recorded cell had evoked PSCs
containing a late inhibitory component (Fig. 10C), similar to ob-
servations by Martina et al. (2000).

Relationship With Layer V Pyramidal Neurons
of Other Cortical Regions

LS cells have not been reported among neurons in layer V of any
other cortical region. Since layer V of PR contains three distinct
classes of pyramidal neurons, it is unique among cortical layers. In
terms of how layer V of PR relates to other cortical regions, several
lines of evidence indicate that layer V of rat PR may be more similar
to layer V of EC than to layer V of any other cortical region. For
example, BS cells typically comprise 35—60% of layer V pyramidal
cells in other cortices (Connors et al., 1982; Agmon and Connors,
1989; Chagnac-Amitai et al., 1990; Schwindt et al., 1997; France-
schetti et al., 1998). Like layer V of EC (Jones and Heinemann,
1988; Hamm et al., 2000), we observed BS cells among ~9% of
PR layer V pyramidal cells (Table 1). Similar to spontaneous PSCs
in layer V of EC (Berretta and Jones, 1996), those in PR layer V
were small (~15 pA) relative to the adjacent lateral amygdala
(Faulkner and Brown, 1999).

Single-unit recordings further support similarities between PR
and EC. For example, theta-frequency oscillations of perirhinal
neurons correlate highly with EC theta oscillations, and PR neu-
rons lack the ubiquitous neocortical sleep spindles (Collins et al.,
1999). Although we did not evaluate subthreshold membrane po-
tential oscillations (MPOs), previous studies demonstrated theta-
frequency MPOs in layer V of both EC and PR (Bilkey and Hei-
nemann, 1999; Hamm et al., 2000). Consistent with its role as part
of the medial temporal lobe memory system, PR appears to share
more features with the adjacent EC than with other cortical re-
gions.

Potential Significance of Late-Spiking Neurons
in Rat Perirhinal Cortex

The precise role of LS cells in information processing is cur-
rently unknown. Empirical and theoretical studies suggest that
cells endowed with LS properties may significantly affect informa-
tion flow in the network in which they occur. Using the dynamic
clamp, Turrigiano et al. (1996) added a slowly inactivating potas-
sium conductance to stomatogastric neurons that were not LS
cells. Their data suggest that a potassium conductance with slow
kinetics (slowly inactivating and slowly recovering) confers upon
neurons a memory of past activation that can last many seconds

and depends only on intrinsic properties of the cell. Also, in rat PR
layer II/III pyramidal neurons, synaptic stimulation of layer I in-
puts resulted in pronounced delays in firing, but only in cells that
were intrinsically LS cells (Beggs et al., 2000). Thus, in response to
trains of synaptic stimulation (20-25 Hz), LS cells fired an AP
after a several-second delay, whereas RS cells fired almost immedi-
ately. The fact that LS cells show long delays followed by sustained
firing with little adaptation could have important ramifications for
network function. Through their delayed and sustained firing
properties, it has been demonstrated in a computational model
that a network containing LS neurons could, theoretically, effec-
tively encode temporal intervals in the range of seconds (Tieu et al.,
1999; McGann and Brown, 2000). Alternatively, the relative lack
of frequency adaptation in LS cells could also permit a recurrent
network to perform a sample-and-hold function.

In summary, layer V of rat PR contains three distinct classes of
pyramidal cells based on their firing properties: RS, BS, and LS.
The combination of LS cells and long-latency evoked currents
suggests that PR is not simply a region of rapid throughput. Such
diversity among pyramidal cells within layer V of PR affords
unique processing capabilities, not previously observed among py-
ramidal cells in layer V of any other cortical region. These data
support the view that PR is physiologically unique among cortical
regions.
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