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The aim of this study was to determine
whether the different
morphological
classes of pyramidal
neurons in layers 2/3
and 5 of rat visual cortex (Larkman and Mason, 1990) have
particular electrophysiological
properties.
Neurons in in vitro
slices of rat visual cortex were impaled
with glass micropipettes containing
horseradish
peroxidase
(HRP) and studied using current-clamp
techniques
prior to pressure injection of HRP into the neurons. On morphological
grounds, cells
stained in layer 2/3 were placed into a single class whereas
layer 5 cells were divided into 2 classes.
Cells in one of
these classes had thick apical dendrites
which arborized
in
layer 1, whereas
the apical dendrites
of cells in the other
class were thinner and did not reach layer 1 (Larkman
and
Mason, 1990). Despite variation between
individual
cells of
a single class, significant
differences
were found in the time
constants, current/voltage
relations, and repetitive firing behaviors of the 3 classes. Burst firing responses
to injected
current pulses were confined to the layer 5 cells with thick
apical dendrites. These results add to those from other areas
of the brain demonstrating
that the electrophysiological
properties
of pyramidal
neurons
are heterogeneous.
Furthermore, we have shown that distinctive
intrinsic membrane
properties
of pyramidal
neurons in visual cortex are correlated with different morphologies.

(Gilbert and Wiesel, 1979: Parnavclas et al.. 1983: Martin and
Whitteridge,
1984). However. possible correlations between the
morphology
and intrinsic mcmbranc properties of neurons in
the visual cortex remain largely unexplored.
In studies of cat
and monkey cortex in ciao. subtypes of pyramidal
tract ceils
have been shown to possess distinct clcctrophysiological
and
morphological
properties (Calvin and Sypert. 1976; Deschencs
et al., 1979: Hamada et al.. I98 I ). However. although McCormick et al. (1985) were able to divide pyramidal
cells 01
guinea pig scnsorimotor
cortex 111~ct~j into 2 classes on the basis
of spike firing pattern (“regular-spiking”
and “bursting”).
thq
could not detect differences in their morphology.
Using intracellular
recording
combined
with intracellular
staining of the same neurons. we have investigated the morphology and electrophysiology
of pyramidal neurons in layers
213 and 5 of slices from rat visual cortex. This paper presents
electrophysiological
data from neurons whose morphology was
described in the previous paper (Larkman and Mason, 1990).

Materials and Methods
Details
of slice
preparation
and mamtcnancc.
manufacture
pipettes,
and techniques
of neuronal
impalement
have been
viously
(Larkman
et al.. 1988: Larkman
and Mason.
1990).
that had stable resting potentials
more negative
than
65
potential
thresholds
greater than IO mV positive
to rest,
potentials

Neurons may be characterized
by a variety of features, such as
their projection
targets, dendritic
morphology,
electrophysiological propcrtics, and the identity of their neurotransmitters.
Knowledge ofhow these different aspects ofneuronal
phenotype
arc related is important
for understanding
neuronal function.
We arc interested in possible associations between morphology
and clcctrophysiological
properties of neurons in the visual cortex. In the visual cortex, as in other neocortical
areas, most
neurons
arc pyramidal (Peters, 1987). The visual responses of
neurons
in the visual
cortex have been studied intensively (see
Pctcrs and Jones, 1985; Rose and Dobson, 1985), and descriptions of somadendritic
and axonal morphology
have been obtained
for some neurons
with known
receptive
field properties
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tailed elcctrophysiological
study. The quantitative
results presented
m
this report are based on 47 cells in layers 213 and 5 which met these
criteriaand
which werealso
injected with HRP. In addition.
WC rccordcd
some data from (and injected
HRP into) 6 cells that required continuous
hyperpolarizing
current
injection
in order for the impalement
to bc
maintained.
These cells were used only for correlations
between marphological
cell type and qualitative
electrophysiological
results. Neurons
were divided
into 3 classes: layer 213 (L2/3) cells. slender layer 5 (slender
L5) cells. and thick layer 5 (thick L5) cells. according
to the morphological criteria
described
in the previous
paper (Larkman
and Mason.
1990).
Intracellulur
wording
arrd dura
unu/j:\/\.
C’onventional
bridgc-balante techniques
were employed
to allow current
injection
and voltage
recording
with a single micropipette.
Micropipettes
showed time-drpendcnt changes in resistance when passing currents greater than about
0.5 nA, so procedures
requiring
measurcmcnt
of intracellular
potential
during current
injection
were limited
to applied currents
less than this
value. Furthermore,
passage of large currents
tended to prevent
the
subsequent
ejection
of HRP. Signals from the micropipettc
amplllicr
(WPI 707) were recorded
on tape (Racal Store 4DS) with a bandwidth
of O-5 kHz (to.5
dB). The rccordmgs
wcrc digitized
and measured
using a combination
of microcomputer
(IBM
PC AT) and Interface
(Cambridge
Electronic
Design
I40 I ). Signal aLeraging
was emplo?cd
when appropriate.
Recordings
from some early experiments
wcrc digitized. averaged.
and measured
using a digital oscilloscope
(Gould
142.5).
Resting potential
was recorded
rclativc
to the potential
rccordcd
estracellularly
prior to impalement.
Membrane
time constant
was mca-
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Table

1.

II.

Subthreshold

membrane

Resting potential
(mV)
Time constant
(msec)
R,n 6s) bfnp
% sag (hyp)”

% sag (dep)
% overshootd
% undershoot”

properties

L2/3

Slender

-75
* 5 (22)*
12.0 * 3.0 (22)
37 +- 9 (22)***

-71
k 5 (10)
19.5 f 4.0 (lo)*
61 5 26 (IO)***

0.4
0.5
1.0
1.3

It
+
f
k

0.9
1.6
1.7
2.5

(22)***
(18)***
(22)***
(18)***

8.5
5.5
12.6
10.9

LS

k
+
+
*

6.4
5.5
8.5
6.8

Thick

(lo)***
(lo)***
(lo)***
(lo)***

-71
10.4
18
22.0
21.8
23.6
19.1

L5
* 5
f 2.7
+ IO
f 7.3
T!Z7.8
f 8.1
+ 4.6

(15)
(13)
(14)***
(14)***
(14)***
(14)***
(14)***

Data presented in this and subsequent tables are given as mean 5 SD (n). Significant differences between cell classes (at
p 5 0.05) are indicated as follows: * = difference between this class and both of the others; ** = difference only between
these two classes; *** = difference between all 3 classes.
” Apparent steady-state input resistance calculated from the slope of the current/voltage
relationship over the region 510 mV negative to rest.
” Percentage sag during hyperpolarizing
pulses { 100 x (V,,, - V \,+ ,,,,,)/V,.,}
(Stafstrom et al., 1984b). For any given
cell, the percentage sag was reasonably independent of the size of the peak voltage deflection, Thus, for each cell, we
averaged the percentage sag from all the different strengths of hyperpolarizing
current pulses.
’ As above, but for depolarizing pulses. “Hyp”
and “dep” in parentheses after “% sag” refer to the sag occurring during
hyperpolarizing
or depolarizing
current pulses (respectively),
not to the direction of the sag phenomenon itself.
j Percentage overshoot after hyperpolarizing
pulses, i.e., the amount by which the membrane potential became transiently
more positive than resting potential after a hyperpolarizing
pulse, expressed as a percentage of the peak voltage deviation
during the pulse { 100 x V .,,,,,,,,/V,.,).
The percentage overshoot was relatively constant regardless of the size of the
current pulse, so for each neuron we averaged the values from all the different strengths of hyperpolarizing
pulses.
( As above, but refers to the transient negativity following depolarizing current pulses.

sured using brief, hyperpolarizing
current
pulses (Iansek and Redman,
1973). The voltage responses to about 60, approximately
0.5 msec long,
hyperpolarizing
pulses of0.75-2.5
nA, delivered
at 1 Hz, were averaged.
Current/voltage
relationship
was investigated
using current
pulses of
100-I 50 msec duration,
delivered
at 1 Hz. For most cells, about 20
sweeps were averaged
for each current
strength.
Suprathreshold
properties
were investigated
using current
pulses of
approximately
400 msec duration.
Action potential
measurements
were
taken from the first (usually the only) spike evoked by a just suprathreshold pulse. For each cell, 2 or 3 sweeps were analyzed
and the average
values determined.
Spike afterpotentials
were also investigated
with just
suprathreshold
pulses, but the measurements
were made from an averaged waveform
of several sweeps, aligned on spike threshold.
Spike
frequency/current
relationships
and spike frequency
adaptation
were
determined
using 400-msec
current
pulses, delivered
at 0.2 Hz. Some
cells were stimulated
orthodromically
by single shocks delivered
via a
bipolar,
nichrome
electrode
placed on the gray matter
or underlying
white matter.
Statistical analysis. Although descriptive
statistics are given as mean
k SD (n), further
analysis
employed
methods
not requiring
the assumption
that the data were normally
distributed.
The Mann-Whitney
U-test was used for comparing
cell classes, and the Kendall
coefficient
of rank correlation
(tau) was used to test for correlations
in the data.
All significance
levels are for 2-tailed
tests.

Results
Subthreshold properties
Restingpotential. The resting

potential
of L5 neurons
was slightL2/3 neurons
(Table 1).
Time constant. For L2/3 cells, the entire later part of the
voltage decay following a hyperpolarizing current pulse appeared to conform to a single exponential (Fig. 1A). The voltage
decay for L5 cells gradually became more rapid than expected
from single exponential decay (Fig. 1, B, C), the effect being
particularly pronounced for thick LS cells. In 3 of 10 slender
LS cells, and 13 of 14 thick L5 cells, the membrane potential
transiently “overshot”
the resting level following the current
pulse. A straight line was selectively fitted to a region of the
semilog plot by least-squares linear regression, and the membrane time constant was taken from the slope of this line. The
region was chosen (by eye) to exclude the early, faster decay,
ly less negative

than

that

of

which represents redistribution of charge over the neuron (Rail,
1969). In the case of L5 cells, we also excluded the later part of
the plot that deviated from exponential decay. The mean time
constant of the slender L5 cells was greater than those of the
other 2 cell classes (Table 1).
Current/voltage relationship. All neurons showed a decrease
in apparent input resistance (R,,) with increasing strength of
hyperpolarizing pulses (Fig. 2). We measured R,, from the I/V
slope over the range just negative to rest. Thick L5 neurons had
the lowest R,, values and slender L5 neurons the highest. L2/3
cell values were intermediate (Table 1). For 40 ofthe 42 neurons
tested, R,, measured with depolarizing pulses was greater than
that measured with hyperpolarizing pulses. The R,, of the remaining 2 cells was approximately constant regardless of the
polarity of the current pulse used to measure it.
During both depolarizing and hyperpolarizing current pulses,
the membrane potential of L5 neurons tended to “sag” back
toward resting potential (Fig. 2, Bl, Cl). There was a positive
correlation among L5 cells between the amount of sag during
hyperpolarizing pulses and that during depolarizing pulses (tau
= 0.74, p < 0.00 1). On average, thick L5 neurons showed more
sag than slender L5 neurons (Table 1). At the end of the pulse
the membrane potential of L5 neurons tended to “overshoot”
(after hyperpolarizing pulses) or “undershoot”
(after depolarizing pulses) the resting level (Fig. 2, BI, CI). The overshoot
did not trigger action potentials, although it is possible that
larger, or longer, current pulses would have done so (LopezBameo and LlinBs, 1988). There was a positive correlation between the percentage sag (see Table 1 legend) during depolarizing
or hyperpolarizing current pulses and the percentage undershoot
or overshoot (respectively) that occurred after the end of the
pulses (depolarizing pulses: tau = 0.72, p < 0.00 1; hyperpolarizing pulses: tau = 0.85, p < 0.001). Thick L5 cells showed
greater undershoot and overshoot than slender L5 cells (Table
1).
Most L2/3 cells showed no detectable sag, overshoot, or undershoot in response to small current pulses (Fig. 2A1). In the
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few L2/3 cells in which these effects were present, they were
much less pronounced than in L5 neurons.
Suprathreshold properties
Action potential. All neurons had qualitatively similar action
potential shapes (Fig. 3, Table 2, but see below for burst firing
of thick L5 cells). Spike thresholds of both classes of L5 neuron
were closer to resting potential than those of L2/3 cells. However, because L5 cells had less negative resting potentials than
L2/3 cells, absolute spike thresholds were similar for all neurons.
The action potentials of all neurons had rates of rise several
times greater than their rates of fall, although the rate of rise
was somewhat less for slender L5 cells than for the other 2
classes. Thick L5 neurons had considerably faster falling phases,
which led to a smaller value for the ratio of rise-rate to fall-rate
for this cell class. The greater rate of repolarization was also
largely responsible for the narrower spikes of the thick L5 neurons.
Spike afterpotentials. Single action potentials in neurons of
all 3 classes were followed by the same sequence of afterpotentials (Fig. 3) although the prominence of each afterpotential
varied considerably, even between cells of the same class. An
initial afterhyperpolarization (fast AHP), appearing as a continuation of the spike repolarization, was followed by a depolarizing afterpotential (DAP) and then by a slower after-hyperpolarization (slow AHP). Slender L5 neurons had the largest
slow AHPs and the longest times-to-peak for all 3 afterpotentials
(Table 3). Of the 3 cell types, the DAPs of thick L5 cells reached
a potential level closest to spike threshold.
Burst firing. The most striking electrophysiological property
of thick L5 cells was their ability to fire bursts ofaction potentials
in response to depolarizing current pulses (Fig. 4). A typical
burst consisted of a large, brief spike followed by a number of
broader, decrementing spikes riding on a wave of depolarization
and followed by a pronounced hyperpolarization. Such bursts
were never seen in L2/3 or slender L5 neurons.
About two-thirds of the thick L5 cells showed bursts in response to current pulses that were just above spike threshold.
In some of these cells the burst pattern remained constant when
the current strength was increased, whereas in other cells the
burst pattern changed (Fig. 5A). The remaining one-third of
thick L5 cells fired single spikes in response to just suprathreshold pulses and showed bursting behavior only when the current
was increased. This change to burst firing was often gradual,
with the burst pattern becoming progressively more pronounced
as the current was increased (Fig. 5B). Some thick L5 neurons
fired 2 bursts during just suprathreshold current pulses of 400
msec duration. However, in response to stronger currents, these
cells, like other thick L5 cells, fired only one burst followed by
a train of single spikes.
In 5 of 6 thick L5 cells tested, extracellular stimulation of the
white or gray matter evoked bursts similar to those produced
by intracellular current injection (Fig. 6). In the remaining cell
extracellular stimulation evoked only single spikes, even though
bursts could be elicited by intracellular current injection.
RepetitiveJiring. During current pulses just above threshold,
both L2/3 and slender L5 cells fired 1 or 2, widely separated
spikes (Fig. 7, Al, BI). Two-thirds of the thick L5 cells fired a
burst at the beginning of the pulse and, in some cases, a second
burst later in the pulse (Fig. 7CI). As the current strength was
increased, all cells produced an increasing number of spikes.
Most L2/3 cells showed a strong tendency to fire a pair of spikes
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I. Membrane time constant. Semilogarithmic plots of the voltagedecay following a brief (0.5 msec), hyperpolarizing current pulse for
an L2/3 cell (A), a slender LS cell (B), and a thick L5 cell (C). Axis labels
apply to all 3 graphs. Zero on the abscissa corresponds to the end of
the current pulse. The solid lines (from which the time constants were
taken) are least-squares fits to straight-line portions of the plots. Note
the different time scale in C.
Figure

at the beginning of the pulse. In some L2/3 cells, as the current
was increased further, additional spikes seemed to be abruptly
“recruited” to the initial phase of high-frequency firing. Slender
L5 cells showed a more gradual increase in spike frequency for
the first few intervals as the current strength was increased,
although there was considerable variation in the behavior of
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Figure 2. Current/voltage relationships. Al, Bl, Cl, Voltage responses (uppertruces)to injected current (lower truces) for an L2/3 cell (Al), a
slender L5 cell (BI), and a thick LS cell (Cl). Calibrations apply to all 3 panels. The voltage response was measured at its peak(triangles)
and just
before the end of the current pulse (circles),and both values were plotted against injected current (A2, B2, C2).

individual cells. In thick L5 cells, the initial burst wasfollowed
by singlespikeswhosefrequency increasedwith increasingcurrent (Fig. 7, C2, C3).
Spikefrequencykurrent relationship If/I We useddata of the
kind shown in Figure 7 to quantify the relationship between
instantaneousspike frequency (the reciprocal of the interspike
interval) and the magnitude of injected current for the first 3
intervals (fl, fL, f3) and for steady-state firing (fss) at the end
of the pulse.With the exception of fss, we did not perform this
analysisfor thick L5 cells, becauseof the existence of bursts.
Figure 8 shows an example of fl, t2, and f3 plotted against
injected current for an L2/3 cell. For both L2/3 and slenderLS
cellsthe relationship betweenfl and injected current (fl/I) usually had at least 2 distinct regions,with an initial shallow slope

being followed by a much steeperslope.The initial slopeexisted
over only a small range of injected current and could not be
detected in 9 of the 26 L2/3 and slenderL5 cells analyzed. In
23 of the 26 cells the slopeof the secondregion beganto level
off at higher current strengths,resulting in an “s” shapefor the
entire fl/I relationship. The fz/I and t3/1 relationships were
similar but the initial shallow region waslonger, and fewer cells
exhibited a flattening of the steeperslope at higher currents.
Using least-squareslinear regression,we selectively fitted the
first 2 regions,designated“primary” and “secondary” (Kemell,
1965), of the f/I relationships with 2 straight lines of different
slope. The grouped data for the slopes,and transition frequencies between them, for the first 3 spike intervals are given in
Table 4. In summary, both primary and secondaryslopesbe-

Table 2. Action potential cbaraeteristies
L2/3
(n = 22)
Threshold above resting potentialb (mV)
Absolute threshold (mv)
Peak height above threshold (mv)
Width at half height above threshold (msec)
Rate of risec (V/xc)
Rate of fallc (V/set)
Ratio of rate of rise to rate of fall

23
-52
86
0.57
553
111
5.0

f
f
f
+
f
f
f

Slender L5

(n = 10)
6*
6
8
0.09
125
19
0.8

18
-53
83
0.61
466
104
4.7

+
+
+
+
+
f
+

4
4
6**
0.09
44*
25
1.1

Thick LSa
(n = 6)
14
-55
91
0.49
528
161
3.3

*
+
+
*
+
+
+

3
3
6**
0.03*
36
9*
0.3*

E Only thick L5 cells in which single spikes could be evoked by just suprathreshold
current pulses were included in this
analysis.
b Threshold was defined as the point at which the rate of change of voltage exceeded 50 V&c. This point agrees well
with subjective determinations
of threshold (Andersen et al., 1987). Although a computer program was used to detect
threshold automatically,
the result was always checked by visual inspection to ensure that fast-rising noise had not been
mistaken for threshold.
c Rates of rise and fall were computed over the voltage range between 30 and 70% of peak spike amplitude. Over this
range the voltage trajectories
were almost
linear, and this measure should be less susceptible to noise than peak rate.
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came shallower with each successive interspike interval but the
transition frequency between the 2 remained approximately the
same. Thus, the primary slopes became progressively longer.
For all 3 intervals L2/3 cells had steeper secondary slopes than
slender LS cells, but the primary slopes were not significantly
different between the 2 cell classes. For all 3 classes of cell,
steady-state firing frequency was a single, linear function of
injected current (Fig. 9). The slope of this relationship was shallower for thick L5 cells than for L2/3 and slender L5 cells (Table
5). There was no evidence of a steeper, secondary slope for any
cell. With all cells considered together, the slope of the fss/I
relationship was positively correlated with Rim (tau = 0.45, p <
0.00 1).
Spike frequency adaptation. We also used data of the kind
shown in Figure 7 to investigate the change in spike frequency
over time in response to constant current. Instantaneous spike
frequency was plotted against interval number for 400-msec
current pulses of different strength. Both L2/3 and slender L5
neurons showed a much sharper drop in spike frequency over
the first few intervals than during later intervals (Fig. 10, A, B).
In thick L5 cells, an initial burst of high-frequency spiking for
the first few intervals (the number depending on the burst pattern of the particular cell) was followed by single spikes whose
frequency, after an initial “dip,” remained almost constant until
the end of the pulse (Fig. 100 This “dip” in spike frequency
is presumably caused by the pronounced membrane hyperpolarization that follows a burst.
In order to determine whether the degree of spike frequency
adaptation was significantly different between the cell classes,
we required a measure of adaptation for each cell. Because adaptation in these neurons varied with tiring frequency (as shown
by the fact that the f/I relationship was sigmoidal or bilinear
for the first few spike intervals, but linear for fss), we measured
adaptation at a single fss for each cell. The particular fss that
we chose was 26.5 spikes/set, which was midway between the
means of all the highest and lowest fss frequencies recorded. We
included only cells for which we had a data sweep with an fss
within + 10% of this value. To give a measure of the overall
amount of spike frequency adaptation from the first interspike
interval to steady firing at the end of the pulse, we expressed
fss as a percentage of fl (Fig. 1OD). The firing frequency at the

Table 3. Spike afterpotentials:

FastAHP
Peakvolta& (mV)
Time-to-pea (msec)
DAP
Peakvoltag& (mv)
Time-to-e (msec)
Slow AHP
Peakvolta& (mv)
Time-to-peak’(msec)
Duratio& (msec)
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25

q

5mV

lomsec

DAP
(
\

fast AHP

I

I

0

50

I

100
Time

slow

AHP

I

150
(msec)

I

200

I

250

Figure 3. Action potential andspikeafterpote.ntials
evoked in an L2/3
cell by a prolonged,just supmtlueshold,
injectedcurrentpulse(lower
truce). Znsef showsanaverageof 4 sweeps,
at highergainandexpanded
time base,from the samecell.

end of the 400-msecpulsewasa greaterpercentageof the initial
firing frequency for slenderL5 cellsthan for the other 2 classes;
i.e., there was less spike frequency adaptation. Although the
degree of adaptation for thick L5 cells was not significantly
different from L2/3 cells, it must be rememberedthat thick L5
cells have a very different pattern of repetitive firing becauseof
their bursting behavior.

Discussion
The aim of this study was to determine whether pyramidal
neuronsof different morphology in layers2/3 and 5 of rat visual
cortex (Larkman and Mason, 1990) have distinctive electrophysiological properties. On morphological grounds we have
recognized 3 cell classesand have shown that they differ in

SlenderLS

Thick LY

-9.4
+ 2.1 (14)‘;
0.7 f 0.2 (14)

-10.1
f 4.6
1.6 f 0.3

(8)
(8)*

-5.4 + 3.3 (6)**
0.7 iz 0.2 (6)

-6.3 +- 2.5 (14)
3.5 +- 0.7 (14)

-8.7 f 4.5
7.2 + 2.0

(8)
(7)*

-2.7 f 3.0 (6)*
4.1 f 2.0 (6)

-12.8 f 1.6(14)
31.5 +- 5.8(14)
171f 40 (10)

fo(5)

V (mV)

AHP and DAP
L2/3

May 1990,

-17.0 j, 3.1 (8)*

-13.6 + 2.6 (6)

54.5 + 14.4 (8)*
211 f 38 (7)

30.2 f 7.9 (6)
141 * 16 (2)

a Only cells in which single spikes could be evoked by just suprathreshold
current pubes were used for measurements
of afterpotentials.
b AU peak voltages measured with respect to spike threshold.
c All times-to-peak
measured from the point at which the spike downstroke crossed spike threshold.
d Measured from spike repolariration
to attainment of steady “plateau”
voltage. (Note that, because 400-msec current
pubes were used to elicit the spikes, the current pulse was present throughout
the duration of the afterpotentials.)
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r
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Figure 4. Morphology and repetitive liring behavior of the 3 classes of neuron. Top panels are camera lucida drawings
of an L2/3 cell (A]), a
slender L5 cell (Bl), and a thick L5 cell (C-1). Scale bars, 100 pm. Lower pane/s (AZ, B2, c’2) show repetitive firing in the same neurons produced
by injected current pulses. Current strengths have been chosen so that the first interspike interval is approximately the same for all 3 neurons.
C’pper truce. Voltage: lower /race. current. Calibrations apply to all 3 panels.

subthreshold and suprathreshold electrophysiological properties. However, our sample is small and the finding of a single
example ofan L5 cell with twin apical dendrites (Larkman and
Mason, 1990), together with evidence for atypically oriented
pyramids throughout layers 2 to 6 (Miller, 1988), demonstrates
that other kinds of pyramidal neuronsare alsopresent in layers
2/3 and 5. Subdivision of the classeswe have establishedmight
be possiblewith a larger sample of cells. This is particularly
likely for the slender L5 cells, which, for most morphological
and electrophysiologicalmeasures,showedthe greatestindivid-

ual cell variation. Although we found significant differencesbetween classmediansfor a number of electrophysiological measures,the overlap in values betweenindividual cellsofdifferent
classesmeant that, with the exception of bursting, no single
clectrophysiological measurementunequivocally predicted cell
morphology.
Our values for basiccell properties suchas resting potential,
apparent input resistance,membranetime constant. action potential size, and shapeare in agreementwith previous studies
of neocortical neuronsin vitro (e.g., Connors et al., 1982:Staf-
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Figure 7. Repetitive firing. Firing patterns in response to approximately 400 msec duration, injected current pulses (current traces not shown) for
an L2/3 cell (AI-M), a slender L5 cell (BI-II.?), and a thick L5 cell (CI-C3). Current strength increases from left to right. Calibrations apply to
all panels.

time constants only if a number of conditions are satisfied(Rall,

1969). These include the requirement that the decay must be
passive,i.e., not influenced by active conductances.Although
the entire later part of the voltage decay for L2/3 cells appeared
to conform to a single exponential, consistent with passivedecay, this clearly was not the casefor L5 cells. Particularly for
thick L5 cells, the later part of the voltage decay gradually became more rapid than expected and the membrane potential
overshot the resting level. A similar phenomenonhas beenreported for spinal motoneurons in viva (e.g., Ito and Oshima,
1965;Gustafssonand Pinter, 1984; Fleshmanet al., 1988). Although we measuredmembranetime constant from a region of
the voltage decaybefore the apparent onsetofthis phenomenon,

Table 4. Frequency/current

it may still have causedus to underestimate membrane time
constant (Fleshmanet al., 1988; Roseand Dagum, 1988; Rose
and Vanner, 1988). Thus, the short membrane time constant
of thick L5 cells could be artifactual, but the difference in time
constant betweenslenderL5 cellsand L2/3 cellsmight be even
greater than reported here.
Current/voltage relations. All cells tested showeda decrease
in R,, with increasingsizeof hyperpolarizing current pulses,and
all but 2 cells showed an increasein R,, with depolarization.
Such inward (or anomalous) rectification has been described
previously for neocortical neurons (Connors et al., 1982; StafStrom et al., 1982; Stafstrom et al., 1984b; Sutor and Zieglgansberger, 1987; Bindman et al., 1988; Avoli and Olivier, 1989).

relations (early intervals)

1st interspike interval
Primary slope (spikes/se&A)
Secondary slope (spikes/sec/nA)
Transition freq. (spikes/set)
2nd interspike interval
Primary slope (spikes/sec/nA)
Secondary slope (spikes/se&A)
Transition freq. (spikes/set)
3rd interspike interval
Primary slope (spikes/se&A)
Secondary slope (spikes/sec/nA)
Transition freq. (spikes/set)

L2/3

Slender L5

169 + 72 (9)
1059 * 439 (14)**
27 k 11 (9)

137 * 55 (4)
458 k 147 (lo)**
25t13
(4)

107 ?I 32 (15)
603 + 324 (14)**
27 f 8 (13)

91 k 29 (7)
300 i 114 (lo)**
24 k 9 (7)

84 -t 29 (16)
429 + 168 (lo)**
32 k 7 (10)

63 f 16 (4)
221 f 95 (lo)**
25 + 16 (4)
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The rectification positive to resting potential is probably due to
the activation of a persistent sodium current (Connors et al.,
1982; Stafstrom et al., 1982; Stafstrom et al., 1984b; Stafstrom
et al., 1985; Sutor and Zieglgansberger,1987). For L2/3 cells,
the hyperpolarizing inward rectification in the absenceof sag/
overshoot suggests
the presenceof a fast inward rectifier similar
to that found in layers 2 and 3 of frontal cortex (Sutor and
Zieglgansberger,1987) in olfactory cortex (Constanti and Galvan, 1983a),and in other brain areas(Osmanovic and Shefner,
1987; Griffith, 1988).
Phenomenasimilar to the sagand overshoot/undershoot ob-

served in LS cells in the present study have been found in a
wide variety of vertebrate and invertebrate neurons (e.g., Halliwell and Adams, 1982; Mayer and Westbrook, 1983; Arbas
and Calabrese,1987; Hounsgaardand Midtgaard, 1988; Lasater, 1988), including those of mammalian neocortex (Stafstrom
et al., 1984b; Penit-Soria et al., 1987; Spain et al., 1987; Avoli
and Olivier, 1989). They suggestthe presenceof a slow inward
rectifier in the L5 cells, although ionic currents such as the M
current (Adams et al., 1982; Constanti and Galvan, 1983b;Halliwell, 1986; McCormick and Prince, 1986; Brown, 1988) a
calcium-sensitive potassium current (Crepe1and Penit-Soria,
1986), or a low-threshold calcium current (Llinas and Jahnsen,
1982; DeschCneset al., 1984; Crepe1and Penit-Soria, 1986;
Friedman and Gutnick, 1987) may be involved. However, the
correlation between the amounts of sag,overshoot, and undershoot found among L5 cells in the present study is consistent
with a single ionic mechanismunderlying them all. We have
not excluded the possibility that L5 neuronspossess
both a slow
and a fast inward rectifier, as has been found for neurons in
inferior olive (Yarom and Llinbs, 1987)and dorsal raphe (Williams et al., 1988).
It seemslikely that sagand overshoot are related to the late
deviation from exponential decay of the voltage trajectory following a brief, hyperpolarizing current pulse (seeabove). The
correlation between the magnitudes of all these effects, across
the 3 cell classes,is consistent with this conclusion, which is
also supported by studies on spinal motoneurons (Gustafsson
and Pinter, 1984; Fleshman et al., 1988). Assuming both cell
classeshave similar kinetics for the underlying ionic mechanisms,the smaller amount of sagand overshoot/undershoot in

Table 5. Frequency/current

Cellclass
L2/3

SlenderL5
Thick LS

relations (steady-state)

Steady-state
slope
(snikes/sec/nA)
56 k 14(16)
66 k 22 (10)

41 t 10(14)*
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Figure IO. Spike frequency adaptation. Instantaneous spike frequency as a function of spike interval for an L2/3 cell (A), a slender L5 cell (B),
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slender L5 cells was significantly different (p < 0.01) from that of thick L5 cells and L2/3 cells.

slenderLS cellsthan in thick LS cellscould be due to the longer
membrane time constantsof slenderL5 cells (Schwindt et al.,
1988a).However, this explanation doesnot account for the lack
of sagand overshoot/undershoot in L2/3 cells,becausethe time
constants of L2/3 cells are only slightly longer than those of
thick L5 cells and much shorter than those of slenderLS cells.
The presenceof voltage-sensitive currents active at, or very
close to, resting potential is likely to result in an I/V plot that
has no, or only a very short, linear region. We measuredR,,
over the voltage rangejust negative to rest. The meanvalue was
lowest for thick L5 neurons,highestfor slenderL5 neurons,and
intermediate for L2/3 neurons.The presenceof sagwill probably
have causedusto underestimatethe input resistanceof L5 neurons (Zengelet al., 1985; Fleshmanet al., 1988; Roseand Dagurn, 1988). Thus, at least someof the difference in R,, between
thick L5 and L2/3 neurons is likely to be artifactual, but the
differencein Ri, betweenslenderL5 and L2/3 neuronscould be
even greater than that reported here.
What could be the functional roles of nonlinearities in the
current/voltage relation? A sagmechanismwill exert a “poten-

tial clamping” effect on membranepotential (Adams et al., 1982).
The anomalousrectifier responsiblefor sag and overshoot in
L5 neurons of cat sensorimotor cortex has been implicated in
spike frequency adaptation and control of cell excitability after
repetitive firing via an effect on the time courseand amplitude
of the afterhyperpolarizations (Spain et al., 1987; Schwindt et
al., 1988a).It hasbeensuggestedthat persistentinward currents,
such as those responsiblefor inward rectification positive to
rest, could act to cancel out leakageconductancesand hence
selectively alter neuronal cableproperties (Llinas and Sugimori,
1984; Adams and Galvan, 1986; Yoshii et al., 1988).
Suprathresholdproperties
Action potential. Neurons of all 3 classeshad similar action
potentials (but seebelow for bursting behavior of thick L5 cells).
Although there were small differencesin amplitude and rate of
rise between cell classes,the most obvious difference was the
greater rate of spike repolarization in thick L5 cells,which was
also responsiblefor the decreasedwidth and smaller rise-rate
to fall-rate ratio of the spikesin thesecells. However, all 3 cell

The Journal

classes had rise-rate to fall-rate ratios in agreement with those
determined for pyramidal cells in sensorimotor cortex (McCormick et al., 1985). Differences in spike shape between cell
classes presumably reflect differences in the type, distribution,
or amount of the sodium and potassium conductances that underlie action potentials in neocortical neurons (Connors et al.,
1982; Stafstrom et al., 1984b; Huguenard et al., 1988; Schwindt
et al., 1988~; Zona et al., 1988).
Spike afterpotentials. Single spikes in all cells were followed
by a similar sequence of spike afterpotentials. An early afterhyperpolarization (fast AHP), which appeared as a continuation
ofthe spike downstroke, was followed by a depolarization (DAP)
and then a more prolonged AHP (slow AHP). A similar pattern
of spike afterpotentials can be seen in previous reports of studies
on neocortical cells (McCormick and Prince, 1987; Bindman et
al., 1988; Schwindt et al., 1988~). It was notable that slender
L5 cells had times-to-peak, for all 3 afterpotentials, that were
longer than those of the other cell classes. Perhaps this is due
to the longer membrane time constant of these cells. The DAP
in thick L5 cells drove the membrane potential to a more positive level than in the other 2 cell classes. The DAP may be due
to calcium currents (Friedman and Gutnick, 1987; Schwindt et
al., 1988c), and it is possible that its greater prominence in thick
L5 cells is related to the bursting behavior of these neurons (see
below). However, in the present study, we could not assess the
extent to which passive repolarization of the membrane, during
a period between the fast and slow AHPs, might have contributed to the DAP.
Burst firing. Of the 3 pyramidal cell classes described in this
study, only the thick L5 cells showed bursting behavior. Although there was considerable variation between cells, the burst
pattern in response to injected current was characterized by a
number of decrementing and broadening spikes riding on a
depolarizing envelope and followed by a pronounced hyperpolarization. In response to current pulses substantially stronger
than threshold, thick L5 cells fired a single burst followed by a
train of single spikes. Neurons with similar behavior have been
described previously in neocortex (McCormick et al., 1985; Jones
and Heinemann, 1988; Montoro et al., 1988). In agreement with
these studies, we found that the threshold for bursting was sometimes greater than for single spikes, and that bursting could
develop gradually as the current was increased. Because bursts
could be evoked by intracellular current injection, and because
burst firing was influenced by the strength ofthe injected current,
it is likely that bursts were generated by intrinsic membrane
currents rather than by synaptic interactions. Although bursts
could also be evoked by orthodromic stimulation, this may have
been due to the suprathreshold EPSPs triggering the intrinsic
currents responsible for burst firing. The failure of orthodromic
stimulation to evoke a burst in 1 of the 6 thick L5 cells tested
might be explained by a different balance between synaptic excitation and inhibition in that case.
Calcium currents are believed to underlie intrinsic burst firing
in hippocampal CA3 neurons (Wong and Prince, 1978, 198 1;
Johnston et al., 1980), and it is possible that similar mechanisms
are responsible for bursting in thick L5 cells of rat visual cortex.
Both high-threshold and low-threshold calcium currents have
been found in neocortical neurons (Connors et al., 1982; StafStrom et al., 1985; Franz et al., 1986; Friedman and Gutnick,
1987). However, there is evidence for a sodium component of
the depolarizing envelope in both hippocampal and neocortical
neurons (Konnerth et al., 1986; Deisz and Prince, 1987; Deisz,
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1988; Schwindt et al., 1988~). Furthermore, since it is possible
to cause normally nonbursting neocortical neurons to burst by
blocking potassium currents (Connors and Gutnick, 1984;
Schwindt et al., 1988~; Friedman and Gutnick, 1989) outward
currents are almost certainly involved in the control of bursting.
From the diversity of burst firing behaviors found in guinea pig
visual cortex, Montoro et al. (1988) concluded that bursting
mechanisms were likely to vary between different neurons.
Ofthe 3 classes ofcell reported here, only the thick L5 neurons
appear to possess the appropriate balance of inward and outward
currents to generate intrinsic bursts. However, we have not excluded the existence of other types of bursting neuron in neocortex. Indeed, previous studies have reported burst firing neurons in other cortical layers, including L3 in some cases (Connors
et al., 1982; Artola and Singer, 1987; Friedman and Gutnick,
1987; Montoro et al., 1988; Thomson et al., 1988). In some
cases this disparity may be due to the use of different species
or cortical areas, but comparison between some of these results
and our own is complicated by difficulties in defining exactly
what constitutes burst firing, the possibility that different cell
types were sampled, and the lack of morphological data for
comparison. In a pioneering electrophysiological and morphological study of sensorimotor and cingulate cortex in vitro,
McCormick et al. (1985) found that bursting cells were confined
to layers 4 and 5, whereas regular-spiking cells were distributed
throughout layers 2 to 6. Although both cell types were pyramidal, bursting cells could not be distinguished from regular-spiking cells on morphological grounds, perhaps because a detailed
structural analysis was not performed.
What are the functional implications of bursting? Bursting
could serve to amplify a neural signal and synchronize activity
in a population of postsynaptic cells (Hablitz, 1986). The highfrequency spiking that occurs during a burst could be of importance in the initiation of long-term potentiation (Hablitz,
1986; Gamble and Koch, 1987) and might be involved in epileptogenesis (Gutnick and Friedman, 1986; Prince and Connors,
1986). The fact that bursting neurons fire an initial burst followed by trains of single spikes means that they will respond
strongly but transiently to a brief, new stimulus, yet produce a
sustained response to a maintained input. Burst firing in other
neocortical neurons is voltage sensitive, bursts being inactivated
by maintained depolarization (McCormick et al., 1985; Jones
and Heinemann, 1988; Montoro et al., 1988). This raises the
further possibility that thick L5 neurons could operate in 2
modes, perhaps with switching between burst-firing and tonicfiring modes being controlled by modulatory neurotransmitters
(McCormick and Prince, 1988; Steriade and Llinas, 1988). The
potential flexibility in input-output relations conferred by these
mechanisms might have important consequences for integration
in the neocortex.
Repetitivejiring. We found that f/I relationships for the first
few spike intervals in L2/3 and slender L5 cells were “S” shaped
or bilinear, with an initial shallow slope. Similar results have
been reported previously for several neuron types (e.g., Kernell,
1965; Koike et al., 1970; Gustafsson et al., 1978; Gustafsson
and Wigstrom, 1981; Lanthorn et al., 1984; Jodkowski et al.,
1988). However, a shallow, initial region of the f/I relationship
has not been well documented in neocortical neurons in vitro,
although a hint of such a region is evident in records from rat
sensorimotor cortex (McCormick and Prince, 1987). This could
reflect a difference between species or cortical areas, but a shallow primary slope may have been missed in previous studies
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because it exists over only a short current range, or because its
existence may depend on membrane potential (Storm, 1988).
The slopes of the early interval frequency-current
relationships
found in this study are steeper than those previously reported
for hippocampal
and neocortical neurons (Ogawa et al., 198 1;
Lanthom et al., 1984; McCormick
et al., 1985; McCormick
and
Prince, 1987; Connors et al., 1988; Avoli and Olivier,
1989).
The difference is particularly
marked for the L2/3 cells, where
the very steep secondary slopes reflect the tendency for spike
“pairing”
and abrupt recruitment
of spikes into the initial phase
of high-frequency
spiking, as the current was increased. For both
L2/3 and slender LS cells, the primary slope became longer with
each successive interspike interval. However,
it also became
shallower and the transition
between primary and secondary
range firing occurred at approximately
the same frequency for
the first 3 intervals. This is similar to the behavior of cat spinal
motoneurons
(Kemell, 1965), but different from spinocerebellar
tract neurons (Gustafsson et al., 1978) and hippocampal
CA1
cells (Gustafsson and Wigstram,
198 1), in which the transition
frequency increases for successive intervals.
For all cells we found that a plot of steady-state firing frequency against injected current had only a single, linear range.
This has also been reported for hippocampal
CA1 cells and rat
somatosensory
cortex (Lanthom
et al., 1984; Connors et al.,
1988), although the slopes were somewhat shallower than for
all 3 classes of pyramidal neurons studied here. However, it is
possible that a steeper (Kemell,
1965; Koike et al., 1970), or
shallower (Stafstrom et al., 1984a; Avoli and Olivier,
1989)
secondary slope would have been revealed if we had been able
to inject larger currents. We found a positive correlation between
R,, and the slope of the steady-state firing frequency versus
current relationship.
Such a correlation
was not found for hippocampal CA1 cells (Lanthom
et al., 1984) or for spinal motoneurons (Schwindt,
1973).
The pronounced
decrease in firing frequency over time in
response to a constant current pulse (spike frequency adaptation)
appears to be a ubiquitous
property of pyramidal
cells (e.g.,
Koike et al., 1970; Lanthorn et al., 1984; Stafstrom et al., 1984a;
McCormick et al., 1985; Connors and Kriegstein, 1986; Connors
et al., 1988). Usually, most of the adaptation occurs during the
first few interspike intervals, as was the case in the present study.
At the steady spike frequency we chose (26.5 spikes/set), the
steady firing rates of L2/3 and slender L5 cells were approximately one-eighth and one-fifth, respectively, of the initial rates.
Although the firing rate of our cells was relatively stable by the
end of the 400-msec current pulses used in this study, we cannot
exclude the possibility
that a further phase of spike frequency
adaptation would have been revealed by longer pulses (Koike
et al., 1970; Gustafsson et al., 1978; Stafstrom et al., 1984a).
With the exception of the characteristic bursts of thick L5 cells,
the firing frequency for the first interspike interval was always
greater than for subsequent
intervals,
regardless of current
strength. We never saw the transient acceleration
of firing frequency that has been reported for some pyramidal tract cells in
vivo (Koike et al., 1970) and sensorimotor
cortical cells in vitro
(Stafstrom et al., 1984a).
Many different conductances will be active at the membrane
potentials traversed during repetitive firing, so f/I relationships
and spike frequency adaptation
are likely to be influenced by
several different inward and outward currents. A persistent sodium current, and calcium-sensitive
potassium currents underlying the spike after-hyperpolarizations,
have been implicated

in controlling
the steepness of f/I relationships
in L5 neurons
of cat sensorimotor
cortex (Stafstrom et al., 1982; Schwindt et
al., 1988~). Several different conductances probably contribute
to spike frequency adaptation
in neocortical neurons (Spain et
al., 1987; Schwindt et al., 1988b, 1989; Foehring et al., 1989).
Since some of these are sensitive to neurotransmitter
agonists,
it is possible that synaptic input could modulate repetitive firing
properties.

Conclusions
On morphological
grounds we have recognized 3 classes of pyramidal neurons in layers 2/3 and 5 of rat visual cortex. From
a comparison
of our morphological
findings with studies in
which projection
targets were identified by retrograde labeling
or antidromic
stimulation
(Schofield et al., 1987; Hallman et
al., 1988; Hiibener and Bolz, 1988), it seems likely that thick
L5 cells project to the superior colliculus or pons (or both),
whereas at least some ofthe slender L5 cells may project through
the callosum to contralateral cortex. The differences in dendritic
morphology will influence the spectrum ofsynaptic inputs available to each kind of cell, and we have also shown that the 3
classes of neuron have different subthreshold
and suprathreshold intrinsic membrane properties. Together these attributes will
play a large part in determining
the input-output
relations of
the neurons. Although we do not yet know how these features
relate to the functional role of each kind of neuron, the evidence
for correlations
between dendritic morphology,
projection target, and electrophysiological
properties
suggests that cortical
neurons are tailored to receive particular information
and process it in specific ways appropriate
to their function.
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