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Abstract

We performed whole-cell recordings of layer III non-pyramidal neurons in the piriform cortex of Sprague–Dawley rats. For comparison
purposes, recordings were made from deep pyramidal cells, which are also present in layer III. These two cell types could be
distinguished both anatomically and physiologically. Anatomically, the layer III non-pyramidal neuron displayed smooth beady dendrites,
while deep pyramidal cells showed thicker dendrites with spines. The dendrites of the layer III non-pyramidal neuron also tended to be
restricted to layer III while deep pyramidal cells had long apical dendrites that spanned layers I and II. Although the resting membrane
potentials of both cell types were very similar, significant differences were noted in other physiological measures. Layer III non-pyramidal
neurons typically displayed higher input resistances, faster time constants, smaller spike amplitudes, shorter spike widths, and higher spike
thresholds. In addition, layer III non-pyramidal neurons were able to spike at much higher rates when stimulated with the same level of
threshold normalized current injection. The most dramatic differences in physiology were seen in the pattern of spiking in response to
increasing levels of positive constant current pulses. Layer III non-pyramidal neurons showed qualitatively different responses at low and
high levels of stimulation. At low levels, spikes occurred with long latency and the firing frequency increased throughout the duration of
the current pulse. At high levels, non-pyramidal neurons started spiking with short latency, followed by a decrease in firing frequency,
which in turn was followed by an increase in firing frequency. Deep pyramidal neurons differed dramatically from this pattern, displaying
a qualitatively similar response at all levels of current injection. This response was characterized by short latency spikes and spike
adaptation for the duration of the current pulse.  2000 Elsevier Science B.V. All rights reserved.
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1. Introduction shown to correlate to sniffing and exploratory behavior in
awake-behaving animals [7,39].

Our laboratory has had a long standing interest in Dual intracellular recordings definitively showing neu-
elucidating the function of the mammalian olfactory rons in layer III eliciting IPSPs in postsynaptic cells have
system through a variety of experimental and modeling not yet been done. However, immunohistochemical stain-
methods [4,5,23,38]. One topic of great interest to us is the ing of GABA- and glutamic acid decarboxylase (GAD)-
role of inhibitory neurons in piriform cortex. An earlier containing neurons in layer III of piriform cortex suggests
network model of piriform cortex developed in our labora- the presence of inhibitory neurons in that layer [12,17].
tory had suggested that feedback inhibitory neurons might Anatomical and physiological work has also suggested that
control the generation and amplitude of g oscillations layer III interneurons may provide feedback inhibition to
(30–50 Hz) and feedforward inhibitory cells might control pyramidal cells in the piriform cortex [12,28].
u oscillations (4–12 Hz) [38]. These oscillations have been Previous experimental studies of inhibitory and putative

inhibitory neurons in piriform cortex have focused on
synaptic properties [14,26–29,34,36], neuromodulation*Corresponding author. Tel.: 11-646-602-8115; fax: 11-626-795-
[8,9,19,20,30], and anatomy [12,17]. In this study, we2088.
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tive inhibitory cells located in layer III of piriform cortex. 2.2. Recording procedures
More specifically, we describe the active and passive
properties of layer III non-pyramidal neurons and contrast All recordings were intracellular and were done using
them with those of deep pyramidal cells, whose somata are the whole-cell technique. Electrodes had impedances of
also located in layer III. The results indicate clear physio- 3.0–9.5 MV and were filled with the following solution (in
logical differences between the two cell populations. We mM): potassium gluconate 120, KCl 10, EGTA 10, Hepes
have characterized the layer III non-pyramidal neurons in 10, MgCl 2, CaCl 2, Na ATP 2, with pH 7.3 (adjusted2 2 2

such a way that a computer modeler can easily parame- with KOH) and osmolarity 290 mOsm [18]. Each electrode
terize a simple model of this cell type using the measure- was filled with solution that was first passed though a
ments provided in this paper. 0.02-mm filter. Only neurons with stable resting membrane

potentials of ,260 mV and spike half widths of ,2 ms
were used for analysis. To account for the presence of

2. Materials and methods diffusion potentials [3] at the electrode tip, we used the
computer program JPCalc [2] to calculate junction po-

2.1. Experimental slice procedures tentials based on the ionic concentrations of our electrode
and bath solutions and the temperature at which we did our

2.1.1. Slice preparation experiments. Calculated junction potentials are subtracted
Female Sprague–Dawley rats of 4–5 weeks in age were from all recordings of membrane potential reported in this

decapitated under ether anesthesia following procedures study.
approved by the animal care and use committee at Caltech An Axoclamp 2A amplifier (Axon Instruments, Foster
(protocol [1156). The brains were removed and bathed in City, CA) was used to inject current and record membrane
cooled medium previously bubbled with 95% O and 5% potential. Stimulation was controlled by software de-2

CO during the slicing procedure. A vibratome (WPI VSL) veloped in our laboratory, and in some cases by pClamp2

was used to cut five coronal 400-mm thick slices from (Axon Instruments). Data were digitized using either a
every brain starting at 0.4 mm caudal to the anterior MetraByte or Digidata 1200B A/D converter and stored
commissure. Slices were initially incubated for 35 min at directly to the hard drive of a Pentium PC.
358C in a jar containing medium bubbled with the gas
mixture described above and then transferred to vials
containing medium at room temperature. The medium used 2.2.1. Anatomical staining techniques
to bathe the slices was made with distilled water and Neurons were labeled with a 1% neurobiotin tracer
consisted of (in mM): NaHCO 26, NaCl 124, KCl 5, (Vector Laboratories, Burlingame, CA) solution (contained3

KH PO 1.2, CaCI 2.4, MgSO 1.3, and dextrose 10 in the whole-cell electrode solution described above)2 4 2 4

[1,35]. Kynurenic acid (660 mM) was added to the during physiological recordings. A 3-Hz train of constant
medium in the vials and during slicing to prevent neuronal current pulses (0.4 nA) lasting 10–15 min was used to
damage due to excitotoxicity; however, medium without ionophoretically inject recorded cells with tracer.
kynurenic acid was used to perfuse the slices over the Tissue processing began by fixing the cells in 4%
course of experiments. During recording, the slice was paraformaldehyde (in 0.1 M phosphate buffer solution
placed at the bottom of a submersion-type slice chamber, (PBS)) for at least 12 h at 48C. Slices were then rinsed
with the temperature maintained at 30–358C. Medium three times in 0.1 M PBS before incubation (at room
passed through the chamber at a rate of approximately 2.5 temperature (RT)) for 30 min in a 0.1 M PBS solution of
ml /min. 10% methanol and 3% hydrogen peroxide to reduce

background staining by inactivating endogenous peroxi-
2.1.2. Cell identification dases present in blood vessels. This was followed by five

Neurons were observed with a Zeiss Axioskop micro- rinses in 0.1 M PBS and then incubation (RT) in a 0.75%
scope during approach with electrodes. All recordings solution of Triton X-100 (Sigma, St. Louis, MO) in 0.1 M
were made from layer III of piriform cortex. This layer is PBS for 3 h.
easily identified because it is adjacent to a dense clustering Sections were rinsed 5 times in 0.1 M PBS prior to an
of superficial pyramidal cell bodies in layer II that is overnight incubation at 48C in an avidin–biotin solution
visually distinguishable in the unstained slice [11]. Al- (four drops of solutions A and B (Vectastain ABC kit,
though the somata of layer III non-pyramidal and deep Vector Laboratories) in 20 ml of 0.1 M PBS). The final
pyramidal cells were visible under the microscope, a step in the staining procedure is reaction with diaminoben-
similarity in cell body size made it impossible to dis- zidine (DAB). DAB (2.3 mM) was dissolved in a solution
tinguish the two cell types on this basis. However, of 0.05 M PBS containing 3% H O and 1.5% NiCl .2 2 2

physiological response properties clearly indicated two Contact between the DAB solution and the slices varied
populations of neurons, which on subsequent staining from 3 to 5 min, after which the slices were rinsed 4 times
revealed distinct dendritic morphologies (see Section 3). with 0.1 M PBS with the last three rinses lasting for 5 min.
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We then wet-mounted our sections to take photographs and physiological differences between these two cell types, we
make camera lucida drawings of stained neurons. first describe their anatomical properties.

2.2.2. Pharmacology
3.1. Anatomy of neurons

When required, the effects of voltage-gated currents
were minimized by bathing the slices in tetrodotoxin

When visualized during approach with a patch electrode,
(TTX, Sigma, St. Louis, MO) and CsCl. TTX acts to block

the somata of layer III non-pyramidal and deep pyramidal1sodium currents, while Cs acts as a non-specific potas-
cells appear very similar in shape and size (see Fig. 1). In

sium channel blocker. In experiments where we wished to
fact, we were seldom able to predict which type of cell we

block the effects of synaptic input, 6-cyano-7-nitroquinox-
would find based on the microscope image of the unstained

aline-2,3-dione (CNQX, RBI, Natick, MA), DL-2-amino-5-
neuron. Unambiguous anatomical identification therefore

phosphovaleric acid (APV, Sigma), and picrotoxin (PCTX,
required the use of neurobiotin to stain recorded neurons.

RBI) were used to block AMPA/kainate, NMDA, and
The morphologies of our stained cells fit into anatomical

GABA receptors, respectively. In all cases, recordingA classes of layer III neurons that had been previously
started at least 10 min following the application of any

characterized by a Golgi study of piriform cortex [10] (see
kind of blocker. Experiments indicated that this was the

Section 4). A total of six deep pyramidal cells and two
minimum time needed for cell properties to stabilize. In

non-pyramidal cells were stained. Representative stained
those recordings where TTX and CsCl were used, only one

neurons are shown in Fig. 1. As the figure illustrates, the
recording was made per slice.

vast majority of the non-pyramidal cell dendrites were
found in layer III of piriform cortex, with only a single

2.3. Analysis of experimental data
dendrite making its way up to layer II. In comparison, the
deep pyramidal cell shows a tuft of basal dendrites that are

Current versus voltage (I–V ) curves were obtained for
segregated to layer III, but also an apical dendrite with a

each cell by injecting a series of at least four 1-s long
long almost branchless stalk that begins to branch out just

current pulses into the cell. Based on these measurements,
before entering layer II. Significant differences are seen at

cellular input resistance was calculated by taking the slope
a smaller scale as well. The dendrites of the non-pyramidal

of the linear regression fit to the linear portion of the I–V
neuron are thin compared to those of the pyramidal cell

curve. Values for membrane time constant were obtained
and show well-defined varicosities, while pyramidal de-

by fitting an exponential to the transient portion of the
ndrites have spines and lack varicosities. In contrast, as

neuron’s response to a constant current pulse. All curve
expected from the light microscopic view during recording

fitting was done on an UltraSparc workstation (Sun
sessions, the somata of the two cell types shown in Fig. 1

Microsystems, Palo Alto, CA) using MATLAB (Mat-
are very similar with diameters of 12.0 mm for the non-

hWorks, Natick, MA) and analysis software developed in
pyramidal neuron and 10.4 mm for the pyramidal cell. Cell

our laboratory. Statistical analysis was done using EXCEL
body diameters were calculated by measuring the greatest

(Microsoft, Redmond, WA).
distance across the soma.

F–I curves were obtained by calculating the inverse of
the interspike interval (in Hz) and plotting this against the
time of spike occurrence and the magnitude of current 3.2. Passive properties
injection in a three-dimensional plot [1].

A list of passive properties for layer III non-pyramidal
and deep pyramidal neurons is shown in Table 1. Values

3. Results listed in the results section are mean6S.D. All physiologi-
cal parameters were determined from a sample of 19

The primary objective of this investigation was to non-pyramidal and nine pyramidal cells.
physiologically characterize layer III non-pyramidal cells Differences in the resting membrane potentials (RMPs)
in piriform cortex. However, the longer term goal of these of the two cell types were found to be statistically
investigations is to more clearly understand the contribu- insignificant. The mean input resistance (R ) of these twoin

tions made by this and other cell types to cortical computa- cell types, however, differed significantly. Layer III non-
tion. For that reason, we also presented data regarding the pyramidal cells were found to have an R of 84.6632.3in

physiological properties of deep pyramidal cells (also MV, while deep pyramidal cells had a mean input resist-
located in layer III) recorded over the course of the same ance of 59.6616.9 MV. This difference was statistically
experiments. Contrasting these two cell types in the same significant (P,0.05, Student’s t-test), although there was
paper with data obtained under the same conditions may significant overlap in the distribution of input resistance
aid future investigators using in vitro or in vivo techniques values for the two neuron types.
to distinguish between the two cell types on the basis of We also measured the time constant (t ) of both types of0

their physiological responses alone. Before considering the neurons using each cell’s response to a 20.1-nA constant
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Fig. 1. The top row shows the gross morphologies of a layer III non-pyramidal cell and deep pyramidal neuron. Dendritic organization differs in that
almost all non-pyramidal cell dendrites are restricted to layer III, while deep pyramidal cell dendrites are organized in a polar fashion with a tuft of basal
dendrites and a thick apical stalk that bifurcates as it enters layer II. Differences in fine dendritic structure are seen in the second row. Non-pyramidal cell
dendrites tend to be thinner and have multiple varicosities in contrast to the thicker spiny dendrites of the pyramidal cell; however, the somata of the two
cell types have similar sizes. The bottom row shows whole-cell recordings taken from these non-pyramidal (82698a) and deep pyramidal (81898a) cells.

current injection lasting from 600 to 1000 ms. The neurons having a mean value of 12.162.5 ms. These
difference in t values was large with non-pyramidal differences were also statistically significant (P,0.0005),0

neurons having a mean value of 6.562.3 ms and pyramidal with much less overlap in the distributions of values for
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Table 1
Values are means6S.D.

Layer III non- Deep pyramidal
pyramidal cell cell (n59)
(n519)

RMP (mV) 271.262.9 271.464.3
R (MV)* 84.6632.3 59.6616.9in

t (ms)*** 6.562.3 12.162.50

Spike height (mV)* 73.4612.4 87.069.2
Threshold (mV)* 24.165.7 19.362.0
Half-width (ms)*** 0.5460.21 1.3860.25
Spike rate at 13threshold (Hz)* 6.2664.74 2.5661.94
Spike rate at 23threshold (Hz)*** 70.5635.5 21.666.3

Asterisks indicate that the difference between means is statistically
significant as established by Student’s t-test. Number of asterisks indicate
level of statistical significance: *P,0.05; and ***P,0.0005.

the two cell types than was found, for example, in
measures of input resistance. Fig. 2. I–V plot of a typical non-pyramidal neuron in the presence and

absence of sodium and potassium channel blockers. Open circles show
neuron’s response to 600-ms constant current pulses in the absence of
blockers. Filled circles indicate response of the same cell (82598c) in the3.3. Intrinsic and extrinsic influences on passive
presence of 5 mM CsCl and 1 mM TTX. Behavior of this neuron in theproperties
absence and presence of blockers is almost indistinguishable in the range
of 20.075 to 0.0 nA, hence the overlap of points represented by open and

To assess the possible role that background synaptic filled circles at these levels of current injection.
input might have on the passive properties of non-pyrami-
dal neurons, we measured the passive parameters of six
cells in the presence and absence of synaptic blockers (30 described in pyramidal cells [23], we did not include this
mM CNQX, 100 mM APV, 50 mM PCTX). Synaptic analysis in the present study.
blockers changed the mean values of RMP, R and t byin 0

less than 4%. A similar lack of effect of residual synaptic 3.4. Spike shapes
activity has also been found for pyramidal cells in vitro
[23]. For this reason, we did not use synaptic blockers in Previous studies in neocortex have described clear
our passive property measurements of either cell type. differences in the shapes of putative inhibitory and pyrami-

Previous studies have shown that the presence of dal cell action potentials [6,22]. Those reports showed that
voltage-gated channels can significantly alter the passive neocortical inhibitory neurons typically exhibited shorter
properties of neurons [23,25]. In order to assess the spike heights and smaller spike widths. As Table 1 shows,
contribution of voltage-gated currents to the ostensibly this is also the case in piriform cortex. Differences in the
passive properties of layer III non-pyramidal neurons, we mean values of spike height (non-pyramidal cell,
measured R and t in the presence and absence of the 73.4612.4 mV; deep pyramidal cell, 87.069.2 mV) andin 0

1 1Na channel blocker TTX (1 mM) and the K -channel threshold (non-pyramidal cell, 24.165.7 ms; deep pyrami-
1blocker Cs (5 mM). Results showed R increasing on dal cell, 19.362.0 ms) are both statistically significantin

average from 80.6 MV (no blockers) to 104.4 MV (with (P,0.05), although there is overlap in the distributions of
blockers) (n52) and t increasing from 7.2 to 12.2 ms values for the two cell types. The difference in spike0

(n52). These results suggest that voltage-gated currents half-width, on the other hand, was more dramatic with
contribute significantly to the passive properties of these non-pyramidal cells having only 39% the width of deep
non-pyramidal cells. The I–V curve in Fig. 2 shows this pyramidal cells. In this case, there was almost no overlap
effect in greater detail. When blockers are added to the in individual values for the two populations.
slice, the I–V curve becomes linear over all negative
current levels and up to the 10.05 nA level, suggesting 3.5. Spiking patterns

1that over this range TTX and Cs are successful in making
the neuron behave like a passive element. Over a small Beyond the shape of individual spikes, the patterns of
portion of the current range (20.075 to 0.00 nA) the spiking generated by current injection in these two cell
behavior of the I–V curves in the presence and absence of types is quite different. Typical responses to a 1.0-s long
blockers is identical. This implies that voltage-gated constant current pulse of a layer III non-pyramidal neuron
currents play their largest role in subthreshold responses and a deep pyramidal cell are shown in Fig. 3. The top set
outside of this range. Because this property is well of traces shows the neurons’ response to a level of current
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Fig. 3. Comparison of responses to current pulses in a layer III non-pyramidal neuron and a deep pyramidal cell. Top row shows the subthreshold response
of a non-pyramidal neuron (82598c) and a deep pyramidal neuron (82598b). The neurons’ resting membrane potential is shown to the left of each of these
traces. Below each trace is the absolute level of current injection along with that level normalized to a threshold level current pulse.

injection that is just below threshold. While the layer III ning of the recording followed by a slight and sustained
non-pyramidal neuron shows a very gentle ramping to hyperpolarization.
more depolarized level of membrane potential, the deep The second clearly noticeable difference between these
pyramidal cell responds with a slight hump at the begin- neurons is in the pattern of spiking at or near threshold. In
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the layer III non-pyramidal cell, two spikes are generated
with long latency, while the deep pyramidal cell produces
a single spike with a much shorter latency. Interestingly,
the positioning of the spikes in both cases matches the
relative levels of depolarization in the subthreshold re-
sponse of the two cells. In the case of the layer III
non-pyramidal cell, the spikes occur later in the response
where the cell had become more depolarized at the
subthreshold level. Similarly, the spike elicited by the deep
pyramidal cell occurs just over the slight hump seen in its
subthreshold response.

As greater levels of current injection are applied to these
neurons, additional differences are seen. For example, at a
level of current injection that is roughly 1.2 times that of
the minimum suprathreshold level, the deep pyramidal cell
now shows two spikes with a very small interspike interval
followed by six more spikes with much longer but almost
constant interspike intervals. In contrast, the non-pyramidal
cell continues to show a longer latency before spiking and
the interval between all 16 spikes is roughly the same and
unchanging. At a level of current injection that is 1.5 times
that required to elicit spiking, latency for the non-pyrami-
dal neuron has become very short, but unlike the deep
pyramidal cell, the first two spikes have the longest
interspike interval in the spike train.

Fig. 4 shows the relationship between the level of
current injection and the number of spikes elicited in
typical layer III non-pyramidal and deep pyramidal cells. Fig. 4. Spike count versus level of current injection for a typical layer III

non-pyramidal neuron and a deep pyramidal cell. Open circles representQualitatively, both cell types show an almost linear
the response of a non-pyramidal cell (72898c) and 3’s the response of arelationship between spike count and the magnitude of a
deep pyramidal cell (72298a). Points in the top figure are plotted against1.0-s long constant current pulse, although the response of
the absolute level of current injection, while those on the bottom are

the deep pyramidal cell begins to saturate slightly at high plotted against normalized current injection.
levels of current injection. In these particular neurons, a
greater level of absolute current was needed to cause the
non-pyramidal neuron to spike as compared to the pyrami-
dal cell; however, this was not always the case. For non-pyramidal neuron shows two distinct patterns of
example, in the comparison between the two neurons in behavior that are dependent on the level of current
Fig. 3 the non-pyramidal neuron required less current to injection. At low levels of current, the spiking pattern
fire. shows a small monotonic increase in firing frequency (i.e.,

The most obvious difference between the neurons shown a decrease in interspike interval) over the duration of the
in Fig. 4 is that the non-pyramidal neuron generates far current pulse; however, at higher levels of current injection
more spikes for a given level of current injection than does (roughly 1.4 times threshold current and greater), the
the pyramidal cell. This is the case even when the spiking pattern shows an initially high frequency followed
magnitude of current injection is normalized by the by a large drop and then a monotonic increase in frequency
threshold current injection. Although the two neurons both for the remainder of the current pulse. A set of traces
respond with two spikes at a threshold level of current comparing non-pyramidal cell spike train behavior at low
injection, at 3.1 times threshold the non-pyramidal neuron and high levels of current injection is shown in Fig. 6.
produces 104 spikes over the duration of a 1.0-s pulse In contrast, the deep pyramidal cell in Fig. 5 shows a
while the deep pyramidal cell produces only 31. consistent pattern of firing throughout the range of current

To quantify changes in spiking pattern that occur over injection. Instantaneous frequency starts very high and
progressively higher levels of current injection, we plotted then drops quickly, after which a much smaller decline in
the instantaneous spiking frequency (the inverse of the frequency occurs for the remainder of the stimulus.
interspike interval) against threshold normalized current
injection and the time of occurrence of the spikes [1]. The 3.6. Influences on spiking patterns
frequency versus current (F–I) plots for two typical
neurons are shown in Fig. 5. The F–I plot for the layer III The spiking pattern of layer III non-pyramidal neurons



8 A.D. Protopapas, J.M. Bower / Brain Research 865 (2000) 1 –11

Fig. 5. F–I plots for a non-pyramidal (71598d) and deep pyramidal cell (72098a). The axis labeled ‘spike time’ indicates the time at which a spike occurs
during the course of a constant current pulse while the z-axis shows the instantaneous frequency (inverse of interspike interval). Non-pyramidal neurons at
low levels of current injection show responses that indicate a decreasing interspike interval over the course of a 1-s long constant current pulse. At higher
levels of current injection, the non-pyramidal cell shows two spikes that occur with early onset and a short interspike interval. This is followed by spikes
that occur with much longer spike intervals and with the progression of time the interspike interval diminishes again. In contrast, the deep pyramidal cell
shows a monotonic trend in interspike interval with a very small interval separating the first two spikes followed by much longer intervals that increase
more slowly. Unlike the pyramidal cell, this trend appears to be present at all levels of current injection.

at high levels of current injection prompted us to ask
whether the decrease in frequency following the first
spikes was due to intrinsic voltage-gated currents or
synaptic input. Previous studies have shown that autapses
are common in some inhibitory neurons [32,33]. Such
self-innervation could conceivably explain the decrease in
spiking frequency following the first two spikes at high
levels of current injection. To test this possibility, we
generated F–I plots in the presence and absence of
synaptic blockers (30 mM CNQX, 100 mM APV, 50 mM
PCTX). Blockers for the GABA receptor were not usedB

because the relatively long time course for this type of
inhibition [16,36] makes it unlikely to account for the short
latency drop in firing frequency. We found that in all cases
(n55/5), synaptic blockers did not qualitatively change
the spiking pattern of layer III non-pyramidal neurons (see
Fig. 7 for an example). However, we did find that neurons
in the presence of these blockers tended to require greater
levels of current to fire at rates comparable to what was
seen in the absence of blockers. A similar phenomenon
was observed with prolonged recordings (over 20 min)
whether blockers were present or not. We suspect that this
change may therefore result from electrode washout during
these longer experiments (a common problem with patch
electrodes [13,24]), rather than the effects of the synaptic
blockers themselves.

Fig. 6. Comparison of non-pyramidal cell (82698a) spike train behavior
at low and high levels of current injection. At low levels of current
injection interspike intervals gradually decrease as shown in the top trace. 4. Discussion
This spike train was elicited with a 0.14-nA current injection. Lower trace
shows qualitatively different behavior for the same cell at greater current

In this paper, we have characterized the response ofinjection (0.25 nA). Interspike intervals increase then decrease later in the
spike train. layer III non-pyramidal neurons by measuring their passive
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Fig. 7. F–I plots for a layer III non-pyramidal neuron (62498b) in the presence and absence of synaptic blockers (30 mM CNQX, 100 mM APV, 50 mM
PCTX). These experiments were done to test the possibility that the initial decrease in instantaneous frequency at high levels of current injection is the
result of synaptic input. The presence of synaptic blockers does not appear to have an effect on qualitative features of the spiking pattern; however, it seems
that the neuron is less excitable in the presence of synaptic blockers. This is most likely an artifact due to washout that has occurred over the time period
separating the recordings before and after the application of blockers.

and active responses to current injection using whole-cell branch almost immediately after leaving the soma [10,37].
recording. To distinguish their physiological properties In terms of physiology, the deep pyramidal cell shows
from other neurons in layer III, we also recorded from greater spike adaptation and a lower spike threshold than
deep pyramidal cells. While non-pyramidal and deep superficial pyramidal neurons [35].
pyramidal cells displayed similar RMPs, statistically sig- Tseng and Haberly previously characterized the mem-
nificant differences were found for values of spike height, brane properties of deep pyramidal cells using sharp
spike half-width, threshold, input resistance, and time electrode techniques and a slice bath solution identical to
constant. In addition, we compared the dynamic responses ours [35]. In general, these results were similar to those
of each cell type to a range of current injections. Layer III reported here, despite our use of the whole-cell technique.
inhibitory cells were able to fire at much higher fre- For example, our measurements of RMP, spike amplitude,
quencies than deep pyramidal cells stimulated at the same spike duration, and threshold differed from those of Tseng
level of threshold normalized current injection. Spike and Haberly by less than 10%. However, we recorded
patterns elicited at different levels of current injection also values for input resistance and membrane time constant
differed for the two cell types. Inhibitory neurons showed a that were 25 and 23% greater, respectively. This diver-
monotonic increase in instantaneous firing frequency over gence is likely due to the smaller electrical leak ex-
the duration of a constant current pulse; however, at higher perienced by the cell when recording with whole-cell
levels of current injection, these cells exhibited an initially electrodes [31].
high instantaneous firing frequency followed by a fall and
then a steady increase for the duration of the current pulse. 4.2. Comparison of non-pyramidal neurons to known
In contrast, deep pyramidal cells showed a qualitatively inhibitory neurons
similar response over all levels of current injection, with a
high instantaneous frequency followed by a large initial Neocortical studies in the 1980s and early 1990s sug-
decrease and then a slower decrease in frequency for the gested that inhibitory and excitatory neurons could be
remainder of the current injection. differentiated on the basis of morphology and physiologi-

cal response to constant current pulses [6,15,22]. For
4.1. Comparison to previous deep pyramidal cell studies example, neurons with pyramidal or spiny stellate mor-

phologies were found to exhibit spike adaptation and were
Deep pyramidal neurons can be distinguished from presumed to be excitatory. These neurons were classified

superficial pyramidal cells on both physiological and as ‘regular spiking’. In contrast, neurons with aspiny or
morphological grounds [35,37]. Deep pyramidal cells have sparsely spiny non-pyramidal anatomy and fast, non-adapt-
long, almost branchless apical stalks and somata that are ing spike trains were presumed to be inhibitory. These
located in layer III [10,37]. In contrast, superficial pyrami- neurons were referred to as ‘fast spiking’. A more recent
dal cells have somata in layer II and apical stalks that dual intracellular recording study by Thomson et al. [33]
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has shown that some regular spiking neurons are capable study of presumed inhibitory neurons in layer III of the
of eliciting IPSPs in pyramidal cells, thus suggesting that a piriform cortex of rabbit shows intracellular traces display-
neuron’s firing pattern is not sufficient to determine its ing spike shapes that are qualitatively similar to those seen
status as an excitatory or inhibitory cell. Despite this, we in our layer III non-pyramidal cells [28]. Action potentials
know of no studies that have shown fast spiking neurons to in that study were elicited with EPSPs, making a com-
elicit EPSPs in postsynaptic neurons. parison to the subthreshold and spike train behavior of our

The characteristics of layer III non-pyramidal cells in non-pyramidal cells (stimulated using constant current
piriform cortex are similar to those of presumed inhibitory pulses) more difficult.
cells in hippocampus [15] and neocortex [22]. Like
presumed inhibitory cells in these areas, layer III non-
pyramidal cells have beady aspiny dendrites, low am- Acknowledgements
plitude short-duration spikes, and lack the spike train
adaptation commonly seen in cortical pyramidal cells. One This work was supported by the Office of Naval
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