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ABSTRACT
Turtle visual cortex has three layers and receives direct input from the dorsolateral

geniculate complex of the thalamus. The outer layer 1 contains several populations of
interneurons, but their physiological properties have not been characterized. This study used
intracellular recording methods followed by filling with Neurobiotin to characterize the
morphology and physiology of two populations of layer 1 interneurons. Subpial cells have
somata positioned in the outer third of layer 1 and dendrites confined within the band of
geniculate afferents that runs from lateral to medial across visual cortex. Their dendrites are
composed of a sequence of many beads or varicosities separated by intervaricose segments.
They have membrane time constants of �o � 45.5 � 5.2 ms and electrotonic lengths of 1.1 �
0.2. Subpial cells show spike rate adaptation in response to intracellular current pulses.
Stellate cells have somata located in the inner two-thirds of layer 1 and, less frequently, in
layers 2 and 3. Their dendrites extend in a stellate configuration across the cortex. They are
smooth or sparsely spiny, but never bear distinct varicosities. They have membrane time
constants of �o � 155.1 � 12 ms and electrotonic lengths of 3.8 � 0.5. They show little spike
rate adaptation in response to intracellular current pulses. The positions of the two popula-
tions of cells in visual cortex and their physiological properties suggest that subpial cells may
participate in a feedforward inhibitory pathway to pyramidal cells, whereas stellate cells are
involved in feedback inhibition to pyramidal cells. J. Comp. Neurol. 471:333–351, 2004.
© 2004 Wiley-Liss, Inc.
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Freshwater turtles have an area on the dorsolateral
surface of their cerebral hemispheres that contains cells
responsive to visual stimuli (Mazurskaya, 1974; for re-
view, see Ulinski, 1999). This area corresponds to the
cytoarchitectonic area called the dorsal cortex, or area D
(Colombe and Ulinski, 1999), and receives thalamic pro-
jections from the dorsal lateral geniculate complex (Hall
and Ebner, 1970; Heller and Ulinski, 1987; Mulligan and
Ulinski, 1990). The geniculate, in turn, receives topo-
graphically organized inputs from the two retinas (Ulinski
and Nautiyal, 1986). A significant proportion of turtle
retinal ganglion cells responds to stimuli moving with
preferred directions or speeds through restricted regions
of visual space (Marchiafava, 1979; Bowling, 1980; Jensen

and DeVoe, 1983; Granda and Fulbrook, 1989; Ammer-
müller et al., 1995; Borg-Graham, 2001; Dearworth and
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Granda, 2002). By contrast, cells in area D respond ro-
bustly to small stimuli moving anywhere in binocular
visual space and are not as tuned to speed or direction as
are ganglion cells (Mazurskaya, 1994). Turtle ganglion
cells can consequently function as local motion detectors,
whereas neurons in the visual cortex may function as
global motion detectors that respond to complex stimuli
moving over relatively large regions of visual space (Ulin-
ski, 1999). Interestingly, visual stimuli produce depolar-
izing waves of activity that propagate across area D, par-
ticularly when the stimulus is novel or when the turtle
appears to shift its attention (Prechtl et al., 1997, 2000).
Analysis of these waves in turtle cortex (Senseman, 1999;
Senseman and Robbins, 1999) or with a large-scale math-
ematical model of area D (Nenadic et al., 2002, 2003)
suggests that information about the position and speed of
stimuli in visual space is coded in the spatiotemporal
dynamics of the waves. One goal in our laboratory is to
understand how these receptive field properties of individ-
ual neurons in area D and the dynamics of the cortical
waves are related to the structure of area D.

Area D is a three-layered cortex that is divided into
cytoarchitectonically distinct lateral (DL) and medial
(DM) parts. The intermediate layer 2 is dominated by
the somata of pyramidal neurons, which are morpholog-
ically distinct in DM and DL (Colombe and Ulinski,
1999). Both lateral and medial pyramidal neurons show
spike rate adaptation following intrasomatic current
injections (Mancilla et al., 1998; Mancilla and Ulinski,
2001) and resemble the regular spiking (RS) cells seen
in mammalian neocortex (Connors and Gutnick, 1990).
In addition to pyramidal cells, area D contains several
populations of interneurons. The inner layer 3 contains
horizontal cells, which show �-aminobutyric acid
(GABA)-like immunoreactivity (Nicolaus and Ulinski,
1991), exhibit little spike rate adaptation, and have
relatively narrow action potentials (Connors and Krieg-
stein, 1986; Nicolaus and Ulinski, 1994). Their firing
pattern resembles that of the fast spiking (FS) cells
found in mammalian neocortex. Layer 1 contains sev-
eral morphologically distinct populations of neurons
(Colombe and Ulinski, 1999). Mancilla et al. (1998)
show examples of layer 1 neurons that resemble FS cells
in their firing properties. However, the morphology of
layer 1 cells with FS-like firing properties has not been
established, and it is not known whether all layer 1
neurons have FS-like firing properties.

This paper examines the morphology and physiology of
two anatomically distinct groups of layer 1 neurons. The
first are the subpial cells described in Golgi preparations
by Desan (1984). They are characterized by their location,
close to the pial surface, and by distinct beads or varicos-
ities on their dendrites. The second are stellate cells
(Northcutt, 1970; Davydova and Goncharova, 1979; Co-
lombe and Ulinski, 1999). They are distinguished by so-
mata located relatively deep in layer 1 and, less fre-
quently, in layers 2 and 3, and by dendrites that extend
obliquely across the three layers of area D. Both subpial
and stellate cells have local axonal arbors and are not
retrogradely filled by injections of marker substances in
the thalamus or brainstem (Ulinski, 1986; Blanton and
Kriegstein, 1991). These two morphologically distinct
groups of interneurons have different physiological prop-
erties and occupy different positions in the microcircuitry
of turtle visual cortex. Subpial cells may be involved in

forming a feedforward inhibitory pathway to pyramidal
cells, whereas stellate cells participate in a feedback in-
hibitory pathway to pyramidal cells. Preliminary versions
of this work have appeared elsewhere (Sylvester et al.,
2000; Block et al., 2002).

MATERIALS AND METHODS

All the work reported here was done using freshwater
turtles of the genera Pseudemys or Chrysemys and fol-
lowed the guidelines of the University of Chicago IACUC
committee (ACUP number 47441). One group of 25 turtles
was used for experiments in which neurons were studied
using intracellular recording techniques and then filled
with the marker substance Neurobiotin. Brains from 11
other turtles were used for Golgi preparations.

Tissue preparation for physiology
experiments

Turtles with carapace lengths of 6–11 cm (Lemberger,
Madison, WI) were maintained in a 21°C environment on
a 12-hour light schedule. They were anesthetized with
intraperitoneal injections of 50 mg/kg methohexital
(Brevital Sodium, Lilly, Indianapolis, IN) and decapitated.
The brain rostral to the caudal edge of the optic tectum
was removed. Telencephalic hemispheres were isolated
and mounted on agar blocks with cynaoacrylate adhesive.
Coronal slices, 300 �m thick, through the visual cortex
were obtained using a vibratome (Frederick Haer, Bow-
doinham, ME) in a bath of ice-cold turtle Ringer’s solution
containing (in mM) NaCl 96.5, KCl 2.6, MgCl2 2.0, dex-
trose 10.0, NaHCO3 31.5, CaCl2 4.0 (Mori et al., 1981). A
mixture of 5% CO2/95% O2 was bubbled through the so-
lution to maintain the pH at 7.6. Slices were maintained
in the Ringer’s solution at 21°C from 20 minutes to several
hours before recording. The cytoarchitectonic borders of
the cortical areas (Colombe and Ulinski, 1999) were visi-
ble in the slices.

Whole-cell recording and filling

Whole-cell recordings (Blanton et al., 1989) from neu-
rons in layer 1 of area D were made under visual guidance
using an upright videomicroscope (Zeiss Axioskop; KP-
MSU CCD camera, Hitachi Denshi) with differential in-
terference contrast (DIC) optics and a 40� water immer-
sion lens. The layer 1/layer 2 border was visible, and
neurons with somata clearly located in layer 1 were se-
lected for recordings. All cells had access resistances of at
least 2 G� prior to breaking through to whole-cell mode.
Hyperpolarizing current (usually less than �0.03 nA) was
used to hold the neurons below spike threshold. Voltage
responses to 1-second square current pulses were recorded
by using an Axoclamp 2A preamplifier in bridge balance
mode (Axon Instruments, Burlingame, CA). Voltage re-
sponses to shallow depolarizing current injections (�0.01
nA) were averaged over 20 or 40 trials, depending on the
level of spontaneous synaptic activity, and used to esti-
mate the passive membrane properties of the cell. Voltage
responses to a range of depolarizing and hyperpolarizing
current pulses were used to characterize the voltage-
current (V-I) properties, firing patterns, and spike mor-
phologies of each cell.
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Analysis of physiological data

Hyperpolarizing current was needed to hold cells below
their spike thresholds, so measurements of their resting
membrane potentials were not possible. Input resistances
were estimated from the slopes of the linear segments of
V-I curves. Membrane (�o) and first equalizing (�1) time
constants were estimated by fitting a sum of two exponen-
tial functions to the voltage transient resulting from in-
jection of a low-amplitude hyperpolarizing current pulse.
Electrotonic lengths were calculated using the equation
Lpeel � 	/[�o/�1 � 1]0.5 (Rall, 1969). The electronic length of
a cylinder is a measure of the relative decrement in the
amplitude of electrical potentials along the length of the
cable. The measured electrotonic length, Lpeel, in a neuron
has a less well-defined interpretation but can be viewed as
a measure of the average electrotonic lengths of the den-
dritic segments of the neuron (Holmes et al., 1992). Firing
rate versus current (f-I) curves were calculated by plotting
the reciprocal of the first interspike interval as a function
of the magnitude of injected current for a series of current
injections in individual cells. Most neurons had linear f-I
curves, and the slopes of the curves were the gains of the
individual cells in Hz/nA. A few cells had f-I curves that
showed some saturation at higher current levels and were
fit by quadratic functions. The initial slopes of the curves
were used to calculate the gains of these neurons.

Spike rate adaptation was quantified by plotting the
reciprocal of each successive interspike interval (ISI) as a
function of time since current onset for each cell. These
plots were quantified by using two indices (Ahmed et al.,
1998). First, an adaptation time constant was calculated
for each current injection level by fitting a single exponen-
tial plus a constant to the ISI versus time plot. Second,
percent adaptation was calculated for each current injec-
tion level as [initial firing rate � final firing rate/initial
firing rate] � 100. The initial firing rate is the reciprocal of
the first ISI and the final firing rate is the steady-state
firing level as determined from the exponential fit. Spike
widths were measured as the width of an action potential
at half maximal height.

Histological preparation of filled cells

Each neuron was injected with Neurobiotin (Vector,
Burlingame, CA) using 150-ms depolarizing pulses of 0.4
nA at 3.3 Hz for 4–12 minutes following the recording
session. The pipette was immediately withdrawn from the
cell. The slice was maintained in the bath with visual
monitoring of the cell soma for 1 hour following pipette
removal. Slices containing Neurobiotin-injected neurons
were fixed overnight in 4% paraformaldehyde, 0.1% glu-
taraldehyde, and 0.2% picric acid in 0.15 M, pH 7.4
phosphate-buffered saline solution (PBS) at 4°C (Kita and
Armstrong, 1991). Slices were incubated for 12–18 hours
in avidin-biotin-horseradish peroxidase complex (ABC,
Vector) in 0.15 M, pH 7.4 PBS containing 0.4% Triton
X-114 (Sigma, St. Louis, MO) after several rinses in PBS.
They were then rinsed again several times and reacted in
a solution containing 0.05% 3-3
-diaminobenzidine (DAB)
and 0.003% hydrogen peroxide for several minutes under
a microscope until the labeled neuron and surrounding
red blood cells became visible. The slices were mounted on
gelatin-coated slides and exposed to the fixative overnight.
The slices were cleared in a sequence of increasing con-
centrations of ethanol (10 minutes each, 30–100%) and

then immersed in xylene (10 minutes). The slides were
coverslipped using Permount and allowed to dry for sev-
eral days. Filled neurons were drawn with a camera lu-
cida. Subpial cells were imaged by using confocal micros-
copy. Conventional light photomicrographs were prepared
by using an Olympus digital photography system.

Confocal microscopy of filled subpial cells

Details of the morphology of subpial cells were studied
with a laser scanning confocal microscope 510 (Zeiss).
Cells were observed initially with a Plan-Neofluar 25�
water immersion DIC lens. A helium/neon laser was used
with a rhodamine channel configuration. Excitation was
programmed at 543 nm for the collection of emitted light
at wavelengths of 560 nm and higher. Scaling for stacks of
sections was 0.24–1.02 �m per pixel length and width and
1.15–1.45 �m per pixel height. Stack dimensions ranged
from 146.2 to 521.1 �m in length and width and from 49.4
to 114.6 �m in height. These parameters allowed entire
neurons to be unambiguously imaged but did not permit
accurate measurements.

Detailed measurements were made on two subpial cells
using a 488-nm Argon laser with a fluorescein isothiocya-
nate (FITC) channel for the collection of light at wave-
lengths of 505 nm and higher. Each dendrite was imaged
separately, or in segments, at high resolution using an
Apochromat 63� water immersion lens. Individual seg-
ments were magnified up to 3.00 times the original mag-
nification using a zoom in some cases. Stack sizes were
48.7–73.1 �m in length and width and 5.0–40.4 �m in
height. They were scaled to 0.05–0.07 �m per pixel length
and width and 0.40–0.45 �m per pixel height. When used,
zoom effectively doubled the length and width scale di-
mensions per pixel. Lengths, widths, and surface areas of
varicosities and intervaricose segments were collected by
using LSM 510 software, version 2.5 (Zeiss). The angles of
dendritic segments relative to the pial surface were mea-
sured by using the overlay program to draw a line along a
segment, starting at its origin and extending to a line
drawn tangent to the pial surface. Most dendritic seg-
ments were relatively straight, so the overlay included
both the origin and termination of the dendrite. A few
segments were curved, and the overlaid line was repre-
sentative of the average path of the dendrite.

Golgi impregnations

Eleven brains were impregnated by using the Adams
version (Adams, 1979) of the Golgi-Kopsch method. Five
were fixed by using 2% glutaraldehyde and 2% parafor-
maldehyde, and six were fixed by using 10% formalde-
hyde. The brains were embedded in Epon and sectioned at
a thickness of 150 �m. Impregnated neurons were exam-
ined and drawn with a camera lucida at 400�.

Statistics

Data are expressed as mean � SEM. Statistical com-
parisons were done using Mann-Whitney or Chi-squared
tests.

RESULTS

Samples of subpial and stellate cells

Experiments in which intracellular recordings were
made from cells that were subsequently filled with Neu-
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robiotin yielded 30 cells. Thirteen of these cells were
clearly not subpial or stellate cells, were not well filled, or
did not provide good-quality physiological data. Seventeen
cells could be placed unequivocally into one of two groups
based on their morphology (Fig. 1). Subpial cells (12 cells)
had dendrites that showed a strong tendency to be ori-
ented parallel to the pial surface (Fig. 1A) of the cortex
and bore many distinct beads or varicosities (Fig. 2). All 12
subpial cells provided good-quality physiological data as
judged by stable recordings and overshooting action po-
tentials. Stellate cells (five cells) had dendrites that ex-
tended obliquely across the three layers of area D (Fig.

1B). The dendrites were smooth or sparsely spiny but
never showed distinct beads. Four of the cells yielded
good-quality physiological data. One of the five cells was
well filled but did not yield good-quality physiological
data. The sample of stellate cells was extended by using 19
cells from brains impregnated by the Golgi method. These
cells were chosen based on the quality of their impregna-
tions.

Subpial cells

Ten of the 12 subpial cells were filled to a degree that
allowed detailed morphological analysis. The remaining

Fig. 1. Morphology of a subpial cell and a stellate cell. This figure shows conventional light micro-
graphs of a subpial cell (A) and a stellate cell (B). The two cells were filled with Neurobiotin following
physiological characterization. A drawing and the firing pattern of the cell in A is shown in Figure 3. A
drawing and the firing pattern of the cell in B is shown in Figure 14. Scale bars � 100 �m.

336 J.B. COLOMBE ET AL.



two neurons were positioned just below the pia and were
sufficiently well filled to allow an unambiguous classifica-
tion as subpial cells. Six of the 12 cells had somata in DM;
6 had somata in DL. General features of subpial cells are
illustrated in Figures 3–5, which show the morphology
and physiology of three cells that were characterized phys-
iologically and then filled with Neurobiotin.

Morphology of subpial cells. Somata of subpial cells
were oval or round in shape with lengths of 16.9 � 1.3 �m
and widths of 15.4 � 1.2 �m (n � 10). The length/width
ratio was 1.1 � 0.1, indicating that the somata of subpial
cells have approximately circular cross-sectional profiles.
Cross-sectional areas were estimated by using the length
and width of each neuron and the formula for the area of
an ellipse. Cross-sectional areas were 209.6 � 27.6 �m2.
Consistent with their name, subpial cells located in DM
had somata located 36–81 �m from the pial surface. How-
ever, there was an overall trend for subpial cells to be
positioned farther (99–110 �m) from the pial surface in
DL. For example, cell 3-24-99-1 (Fig. 3) was the most
medial of the three cells illustrated, and its soma was 36
�m from the pial surface. Cell 3-23-99-2 (Fig. 4) was
situated more laterally in DM, and its soma was 81 �m
from the pial surface. Cell 3-01-99-1 (Fig. 5) was located at
the medial edge of DL, and its soma was located 99 �m
deep to the pia. Figure 6A is a plot of the positions of the
12 subpial cells relative to the pial surface and the point at
which the cortex joins the base of the dorsal ventricular
ridge. Positive distances are medial to the junction and
indicate cells in DM; negative distances are lateral to the
junction and indicate cells in DL. The plot shows that
subpial cells were situated near the pial surface of the
brain in DM but deeper in the brain in DL.

The heights of the dendritic arbors of subpial cells de-
creased along the lateromedial axis of area D. Arbors in
DL ranged from 120 to 260 �m, whereas those in DM
ranged from 155 to 60 �m. For example, the soma of the
cell in Figure 3 had primary dendrites leaving its pial and
ventricular poles. Dendrites branched one to two times to
form an arbor that was approximately 210 �m wide and
110 �m high. Most of the dendrites extended horizontally,
but a single dendrite descended vertically through most of
layer 1. Varicose dendrites left the soma of the cell in
Figure 4 at its medial and lateral poles and branched two
to three times as they coursed in a generally horizontal
trajectory. The dendritic arbor was approximately 360 �m
wide and 80 �m high. Primary dendrites left the soma of
the cell in Figure 5 in a multipolar configuration,
branched one to three times, and then extended horizon-
tally. The arbor was approximately 520 �m wide by 90 �m
high.

Figure 6B shows the height of the dendritic arbors of the
12 subpial cells as a function of position along the latero-
medial axis of the cortex. There was a negative correlation
(r � �0.81) between the heights of dendritic arbors and
their positions in the cortex. Comparison of the positions
and dimensions of the dendritic arbors of subpial cells to
the trajectory of geniculate afferents within area D sug-
gests a relationship between the dendrites of subpial cells
and the geniculocortical axons. The axons of neurons in
the dorsal lateral geniculate complex entered D from its
lateral edge, running up through layers 3 and 2 (Heller
and Ulinski, 1987). Their positions shifted as they ap-
proached the DL/DM border, and the axons ran in the outer
third of layer 1 in DM. The progressive increase in the
distance of subpial cells from the pial surface along the

Fig. 2. Morphology of subpial cell dendrites. This figure is a confocal micrograph of the subpial cell
shown in Figure 1A to illustrate the dendritic varicosities characteristic of subpial cells. Scale bar � 100
�m.
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Fig. 3. Morphology and physiology of a subpial cell. A: Morphology
of a subpial cell (3-24-99-1) that was characterized physiologically and
then filled with Neurobiotin. The lower figure is a sketch of the visual
cortex with the border between the medial part, DM, and the lateral
part, DL, indicated by the oblique line. The position of the filled cell is
shown. The upper part of the figure shows a camera lucida drawing of

the cell. The drawing was made from a relatively thick section, and
the pial and ventricular surfaces of the sections are projected onto the
drawing and indicated by oblique lines. B: The responses of the cell to
a series of depolarizing (right column) and hyperpolarizing (left col-
umn) current pulses. The amplitude of each pulse is indicated to the
side of the resulting voltage transient.



mediolateral axis of area D corresponded to the progres-
sive shift in the position of geniculate afferents. The thick-
ness of the fascicle of geniculocortical axons decreased

along the lateromedial axis of area D (Fig. 6C). It was 265
�m thick at a distance of �384 �m in DL and 89 �m thick
at a distance of �926 �m in DM (Colombe and Ulinski,

Fig. 4. Morphology and physiology of a subpial cell. A: Morphology of a second subpial cell (cell
3-23-99-2). The organization of the figure is the same as Figure 3. B: Responses of the cell to a series of
depolarizing (right column) and hyperpolarizing (left column) current pulses are shown. The amplitude
of each pulse is indicated to the side of the resulting voltage transient.
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Fig. 5. Morphology and physiology of a subpial cell. A: Morphology of a third subpial cell (cell
3-1-99-1). The organization of the figure is the same as Figure 3. B: The responses of the cell to a series
of depolarizing (right column) and hyperpolarizing (left column) current pulses. The amplitude of each
pulse is indicated to the side of the resulting voltage transient.



Fig. 6. Features of the dendrites of subpial and stellate cells.
A: The distances from the pial surface of each subpial cell (x) and each
stellate cell (o) in the samples are plotted as a function of distance
along the lateromedial axis of the visual cortex. The point at which the
cortex joins the anterior dorsal ventricular ridge was taken as the
origin of the coordinate system. Negative distances indicate cells with
somata in the DL. Positive distances indicate cells with somata in the
DM. B: The heights of the dendritic arbors of filled subpial cells are
plotted as a function of the positions of the cells in visual cortex in the
top graph. The coordinate system is the same as that used in A. C: The
thickness of the band of geniculate afferents is plotted as a function of

distance along the lateromedial axis of the cortex in the center graph.
D: The heights of the dendritic arbors of the filled subpial cells are
plotted as a function of the thickness of the band of geniculate affer-
ents in the bottom graph. The plot indicates that the dimensions of the
dendritic arbors of the subpial cells are positively correlated with the
thickness of the band of geniculate afferents. E: Histogram of the
orientations of dendritic segments of subpial cells. Segments show the
full range of orientations, with major peaks at 0° and 180° with
respect to the pial surface. F: Camera lucida drawings of segments of
subpial and stellate cells filled with Neurobiotin. A segment of a
pyramidal cell dendrite in shown for comparison.
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1999). There was a positive correlation (r � �0.61) be-
tween the heights of the dendritic arbors of subpial cells
and the thickness of the fascicle of geniculate afferents
(Fig. 6D). The dendrites of the subpial cells were thus
embedded in the fascicle of geniculate afferents and their
heights decrease as the vertical extent of the fascicle de-
creased along the lateromedial axis of DM.

Dendrites of subpial cells tended to run horizontally, or
roughly parallel to the pial surface and the geniculate
afferents, but individual dendritic segments showed a
wide range of orientations. The orientations of 108 den-
dritic segments relative to the pial surface were measured
in seven well-filled cells. The histogram of orientations
(Fig. 6E) shows peaks at 0° and 180°, but the distribution
was not significantly different from a flat distribution
(�2 � 10.7, df � 11, P � 0.75). It is clear from the mor-
phology of the cells that the peaks in the orientation
histogram resulted from the larger, primary and second-
ary dendrites, which tended to run parallel to the pial
surface. However, smaller dendritic segments showed the
full range of orientations. Geniculate afferents coursed
parallel with the long axes of many dendritic segments but
intersected others at a variety of angles.

Dendrites of subpial cells showed a striking tendency to
bear distinct beads or varicosities, so individual dendrites
were made of sequences of varicosities and intervaricose
segments (Figs. 2, 6F). Quantitative features of the vari-
cosities and intervaricose segments were documented
with confocal microscopy in the two best filled cells (cell 1:
3-12-99-1 and cell 2: 3-31-99-2). The soma of cell 2 was
larger than that of cell 1. The major axes, minor axes, and
surface areas of the somata were 27.4 and 16.9 �m, 23.1
and 10.3 �m, and 4,432.7 and 652.0 �m2, respectively. The
dendritic arbors of the two cells were quantitatively sim-
ilar. The total lengths of all of the dendritic branches were
639.4 and 676.0 �m, respectively. Total numbers of vari-
cosities and intervaricose segments were 138 and 139, and
84 and 85, respectively. The densities of the varicosities
were virtually identical, 21.2 and 21.7 varicosities/100 �m
of dendrite, in the two cells, but cell 2 showed more vari-
ability in the spacing of the varicosities than did cell 1.
Intervaricose segments had lengths of 2.9 � 0.2 �m and
diameters of 1.1 � 0.1 �m. There was no significant dif-
ference in the diameters of the intervaricose segments
between the two cells, or along the lengths of the dendrites
of either cell. The intervaricose segments thus did not
decrease in diameter along the lengths of the dendrites.
Varicosities had lengths of 3.1 � 0.1 and 2.3 � 0 �m in the
two cells. Because of the larger soma in cell 2, the total
surface area formed by varicosities was less in cell 2 than
in cell 1 (56.2 versus 73.2%), but it is clear that the
varicosities form the major fraction of the total surface
area of subpial cells.

Axons of subpial cells were generally not completely
filled, but they tended to arborize extensively in the outer
half of layer 1, with some collaterals that extended
through the inner half of layer 1 and into layer 2. The axon
of the cell in Figure 1 had an extensive wreath of axons
with en passant varicosities. Longer collaterals reached
the lower part of layer 2. The initial segment of the axon
of the cell in Figure 3 coursed ventrally from its soma and
branched into a short, laterally directed collateral and a
much longer, branched and medially directed collateral.
There were en passant varicosities along the axon. Distal
collaterals recurved into the middle and upper parts of

layer 1 medial to the soma. The axon of the cell in Figure
5 gave rise to a wreath of collaterals within the dendritic
arbor and then extended gradually downward to the bot-
tom of layer 2 as it coursed medially across layer 1.

Physiology of subpial cells. All 12 subpial cells had
linear V-I curves for low-amplitude hyperpolarizing cur-
rent pulses (Fig. 7A,B), but 5 of 12 cells showed inward
rectification with high-amplitude current pulses. The total
input resistance of the cells was estimated to be RN �
723 � 109 M� (n � 12) from the slopes of the linear
segments of the V-I curves. The membrane time constants
and first equalizing time constants were �o � 45.5 � 5.2
ms and �1 � 6.1 � 1.8 ms (n � 11). The remaining cell had
a high level of maintained synaptic activity that precluded
accurate measurements of time constants. Electrotonic
lengths were 1.1 � 0.2 (n � 11), indicating that subpial
cells are electrotonically relatively compact.

Firing patterns of 11 cells were studied following injec-
tions of depolarizing current pulses of increasing ampli-
tude. Subpial cells typically showed strong spike rate ad-
aptation. The cell in Figure 3 generated a small number of
spikes following current onset and then generated a few,
or no, spikes. The cell in Figure 4 had a more regular firing
rate but showed a marked decrease in spike rate with
time. The cell in Figure 5 showed a clear spike rate adap-
tation at low current levels (e.g., �0.02 nA) but fired more
regularly at high current levels (e.g., �0.06 nA). The re-
maining cell did not reliably fire action potentials and

Fig. 7. Voltage-current curves for subpial and stellate cells. The
amplitudes of voltage deflections produced by hyperpolarizing current
pulses in two subpial cells (A,B) and two stellate cells (C,D) are
plotted as a function of the amplitudes of the current pulses. The cells
illustrated in A, B, and C have linear voltage-current relations. The
cell illustrated in D shows a strong inward rectification with large
amplitude hyperpolarizing pulses.
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could not be analyzed. Ten of the 11 cells had linear f-I
curves similar to that shown for the cell in Figure 8A. The
remaining cell showed some saturation in firing rate at
high levels of injected current and had an f-I curve that
was a quadratic function of injected current (Fig. 8B).
Gains were 626 � 77.0 Hz/nA, with a range of 205.2–
1,040.0 Hz/nA.

All 11 subpial cells showed a pattern of spike rate ad-
aptation in which the firing rate decreased exponentially
from an initial firing rate to a steady-state firing rate (Fig.
9A,B). Firing was typically irregular at low current levels
but became more regular as the magnitude of the injected
current was increased. Percent adaptation was 60.4 �
3.8%, with a range of 37.6–98.5%. The adaptation time
constants were 138.2 � 21.5 ms, with a range of 50.0–
500.0 ms. Seven of the 11 subpial cells had spike rate
adaptation curves at a sufficient number of injected cur-
rent levels to analyze the dependence of their steady-state
firing rates on the magnitude of the injected current. The
steady-state firing rate was a linear function of injected
current in four of seven cells, a quadratic function of
injected current in one cell, and showed no clear relation-
ship to injected current in two cells (Fig. 10A). One cell
(Fig. 5B) showed a tendency to fire spikes in bursts of two
or three spikes.

Initial spikes had half-widths of 2.2 � 0.3 ms; subse-
quent spikes showed a gradual increase in half-width (Fig.
11A). Two of the 12 subpial cells showed small depolar-

izations or inflections on the rising phase of a larger action
potential (Fig. 12A). Two of the five cells that showed
nonlinear V-I curves for hyperpolarizing currents showed
rebound spikes

Stellate cells

All five of the filled stellate cells were adequate for
morphological analysis. In addition, 19 well-impregnated

Fig. 10. Dependence of steady-state firing level on amplitude of
injected current. The steady-state firing rate is plotted as a function of
the amplitude of injected current for two subpial cells (A) and two
stellate cells (B).

Fig. 8. Firing rate-current curves for subpial and stellate cells.
The reciprocal of the first interspike interval is plotted as a function of
the amplitude of injected current for two subpial cells (A,B) and for
two stellate cells (C,D). The cells illustrated in A and C have linear
firing rate-current relationships. The cells illustrated in B and D have
quadratic firing rate-current relationships.

Fig. 9. Firing rate adaptation curves for subpial and stellate cells.
Instantaneous firing rate is plotted as a function of time following
current injection for two subpial cells (A,B) and two stellate cells
(C,D). Responses following the injection of currents of two or three
different amplitudes are shown for each cell. Each data set was fit by
a sum of two exponential functions plus a constant.
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cells were selected from the library of Golgi material.
Twelve of the 24 cells were in DM, and 12 were in DL. The
filled cells are illustrated by two cells (Figs. 13, 14).

Morphology of stellate cells. Stellate cells have ver-
tically elongate somata. The population of 24 stellate cells
had somata that were 25.4 � 1.1 �m in length and 16.7 �
0.8 �m in width. The ratio of height to width was 1.6 � 0.1
�m, indicating that the somata of stellate cells were ellip-
soidal in shape. Soma cross-sectional areas of stellate cells
were 339.2 � 25.8 �m2 and were significantly (Mann-
Whitney test, P � 0.001) larger than the cross-sectional
area of the subpial cells. In contrast to the systematic
variation in position seen in the somata of subpial cells,
the somata of stellate cells were scattered in the lower half
of layer 1 and throughout layer 2 (Fig. 6A). The somata of
the stellate cells varied from 41.9 to 879.4 �m in distance
from the pial surface. This range overlapped the range of
distances from the pial surface of subpial cells but was
significantly different (P  0.001). The somata of subpial
and stellate cells thus had largely complementary depth
distributions in the cortex.

Stellate cells tended to have dendrites that originated
from the upper and lower poles of their somata. As their
name indicates, stellate cells had dendritic arbors that
radiated out from the cell body in a star-shaped configu-
ration. The dendrites typically extended across the full
depth of area D and frequently had branches that as-
cended in layer 1, turned just below the pial surface, and
ran for some distance along the inner suface of the brain.
For example, the cell in Figure 13 had five major primary
dendrites that ascended into the upper half of layer 1 and

descended into layer 2. Secondary branches of one of the
ascending dendrites ran parallel to the pial surface for
some distance before turning down into layer 1. The cell in
Figure 14 had a soma that bore four primary dendrites in
a multipolar configuration. Primary dendrites branched
into secondary, and occasionally tertiary, dendrites that
extended across the full width of the cortex. One particu-
larly long dendrite extended laterally into DL. The den-
drites of subpial cells showed little or no tapering along
their lengths. By contrast, the dendrites of stellate cells
tapered gradually from 3.0 to 4.0 �m near the soma to 0.5
to 1.0 �m near their tips. They never bore the distinct
varicosities seen on subpial cells. However, they occasion-
ally bore relatively long dendritic appendages (Fig. 6F).

Axons of stellate cells were not filled or impregnated
well enough to provide information about their morphol-
ogy.

Physiology of stellate cells. Four of the five filled
cells identified as stellate cells had linear V-I curves (e.g.,
Fig. 7C). The remaining cell showed inward rectification
at high-amplitude hyperpolarizing pulses (Fig. 7D). The
four cells had total input resistances of RN � 441.5 �
161.5 Mg�. These values were systematically lower but
not significantly different from the input resistances of the
subpial cells (Mann-Whitney test, P � 0.2). The mem-
brane time constants and first equalizing time constants
were �o � 155.1 � 12 ms and �1 � 49.3 � 5.1 ms in three
cells. The fourth cell had a high level of maintained syn-
aptic activity that precluded accurate measurements of
time constants. These membrane time constants are sig-
nificantly larger than those of the subpial cells (Mann-
Whitney test, P � 0.01). The electrotonic lengths of the
four cells for which time constants could be measured
were 3.8 � 0.5, indicating that stellate cells are signifi-
cantly (Mann-Whitney test, P � 0.01) more electrotoni-
cally elongate than subpial cells.

Stellate cells showed relatively little spike rate adapta-
tion compared with subpial cells. The cell in Figure 13 had
an essentially constant firing rate at low current levels
(e.g., �0.02 nA) and only a modest decrease in firing rate
as a function of time at higher current levels. The cell in
Figure 14 showed a rapid burst of action potentials at
current onset, followed by a relatively constant firing rate.
Four cells had linear f-I curves (Fig. 8A); the fifth had a f-I
curve that was initially linear and then saturated with
injection currents greater than 0.1 nA (Fig. 8D). Gains
were 506.3 � 97.8 Hz/nA with a range of 219.3–482.6
Hz/nA. They were not significantly different from those of

Fig. 12. Depolarizing events in subpial and stellate cells. The
rising phases of action potentials in a subpial (A) and stellate (B) cell
illustrate the occurrence of small, depolarizing events (arrows). The
action potentials are truncated.

Fig. 11. Spike widths of subpial and stellate cells. A: The inset
traces show the first and last spikes in a spike train recorded from a
subpial cell. The graph shows the half-width of the spikes in a spike
train recorded from a subpial cell plotted as a function of the spike
order in the train. B: The inset traces show the first and last spikes in
a spike train recorded from a stellate cell. The graph shows the
half-width of the spikes in a spike train recorded from a subpial cell
plotted as a function of the spike order in the train.
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Fig. 13. Morphology and physiology of stellate cell. A: The morphology of a stellate cell (cell 3-30-99-1)
filled with Neurobiotin is shown. The organization of the figure is the same as in Figure 3. B: Responses
of the cell to hyperpolarizing and depolarizing current pulses.



Fig. 14. Morphology and physiology of stellate cell. A: The morphology of a stellate cell (cell 3-11-99-2)
filled with Neurobiotin is shown. The organization of the figure is the same as in Figure 3. B: Responses
of the cell to hyperpolarizing and depolarizing current pulses.



subpial cells (Mann-Whitney test, P � 0.5). Spike rate
adaptation curves confirmed the relative absence of spike
rate adaptation in stellate cells (Fig. 9C,D). Percent adap-
tation was 40.0 � 7.5%, with a range of 9.0–97.0%, and
was significantly lower than for subpial cells (Mann-
Whitney test, P � 0.006). Adaptation time constants were
75.6 � 14.1 ms, with a range of 23.3–154.3 ms, and were
also significantly lower than those for subpial cells (Mann-
Whitney test, P � 0.01). Steady-state firing rates in-
creased monotonically as a function of injected current in
cells (e.g., Fig. 10B).

Half-widths were 1.6 � 0.3 ms, with a range of 0.9–2.5
ms for initial spikes and gradually increased during the
course of the spike train (Fig. 11B). The half-widths of the
initial spikes of stellate cells were not significantly differ-
ent (Mann-Whitney test, P � 0.3) from those of subpial
cells. One of the stellate cells had depolarizing events on
the rising phases of some of its action potentials (Fig.
12B). One cell showed rebound spikes following the injec-
tion of strong hyperpolarizing currents (Fig. 14B).

DISCUSSION

Morphology of subpial and stellate cells

Subpial cells were first described by Desan (1984) in
Golgi preparations of turtle dorsal cortex. They were dis-
tinguished by their position immediately deep to the pial
surface of the brain and by the presence of distinct beads
or varicosities on their dendrites. Layer 1 cells with hori-
zontally oriented dendrites and varicosities have also been
described in Golgi preparations (Blanton et al., 1987) and
in immunohistochemical preparations using anti-GABA
antibodies (Blanton et al., 1987). The latter finding is
presumptive evidence that subpial cells are inhibitory.
Subpial cells appear to show positive immunoreactivity
with antisera against somatostatin and enkephalin
(Reiner, 1991). Subpial cells filled with Neurobiotin in the
present study were situated close to the pial surface in
DM, as described by Desan (1984). However, the positions
of subpial cells in D varied along the mediolateral axis of
area D so that subpial cells were located deeper in layer 1
in DL than in DM.

Both the present study and the quantitative analysis of
Blanton et al. (1987) demonstrate that the dendrites of
subpial cells tend to run roughly parallel to the pial sur-
face. Blanton et al. studied GABA-immunoreactive neu-
rons in both the coronal and horizontal planes and found
that there is little preferred orientation of neurons in the
outer half of layer 1 in horizontal sections. There are
significant variations in the dimensions of the dendritic
arbors of subpial cells. One possibility is that there are two
or more subtypes of subpial cells. However, the distinct
correlation between the heights of the the dendritic arbors
and the height of the fascicle of geniculate afferents makes
it more likely that subpial cells are a single class of cells
with dendritic fields specialized to lie within the fascicle of
geniculate afferents.

Quantitative analysis with the confocal microscope
shows that varicosities form the major fraction of the
surface area of subpial cells. The varicosities are a feature
of the adult turtle cortex and are absent from the den-
drites of cells with horizontally oriented dendrites in layer
1 of embryonic turtle cortex (Blanton and Kriegstein,
1991). It is unlikely that the varicosities represent degen-

erating dendrites or fixation artifiacts because they occur
only in a specific population of neurons, as opposed to
being widely distributed throughout the cortex. Also, they
occur in cells with apparently normal physiological char-
acteristics in the present study. Varicosities have not been
emphasized as a feature of nonpyramidal neurons in
mammalian neocortex. However, they actually can be
seen with considerable regularity in illustrations of non-
pyramidal neurons (e.g., Lund, 1973; Freund et al., 1983;
Asouz et al., 1997). Cells with varicose dendrites are often
identified as either axoaxonic or basket cells (Aszouz et al.,
1997; Palwelzik et al., 2002). The potential functional
significance of varicosities is not entirely clear, but simu-
lations using a detailed model of a subpial cell (Luo and
Ulinski, unpublished results) indicate that varicosities
increase the surface area and decrease the input resis-
tance of subpial cells. This may have the effect of allowing
subpial cells to integrate inputs from a relatively large
number of geniculate afferents. The position of the cell
within the fascicle of geniculate afferents increases the
probability of contact by geniculate afferents. The lower
input resistance decreases the probability that the cell
will fire in response to activation by one or a small group
of afferents, making it likely that the cell requires rela-
tively synchronous activation by a larger group of affer-
ents in order to fire.

Cells with a stellate or multipolar morphology have
been described in Golgi preparations (Northcutt, 1970;
Davydova and Goncharova, 1979; Colombe and Ulinski,
1999) and in studies using immunohistochemical methods
and antibodies against GABA or marker substances asso-
ciated with GABAergic neurotransmission (Blanton et al.,
1987; Reiner, 1991). The cells have somata that are fre-
quently located in the lower half of layer 1, less frequently
in layer 2, and occasionally in layer 3 (Colombe and Ulin-
ski, 1999). They have dendrites that extend obliquely
across layer 1 and into layers 2 and 3. They always lack
the clear dendritic varicosities characteristic of subpial
cells Their dendrites can be smooth or have a sparse
covering of relatively long dendritic spines. The density of
spines on the dendrites of stellate cells is lower than that
seen on pyramidal cells but resembles the sparse covering
of long spines that is seen in several varieties of nonpyra-
midal neurons in mammalian neocortex (Feldman and
Peters, 1978; Peters and Regidor, 1991; Jones and Hen-
dry, 1984) and pyriform cortex (Haberly, 1983). The range
of morphologies seen in stellate cells in this and earlier
studies raises the possibility that there are two or more
distinct subgroups of stellate cells. Antisera against the
neuroactive peptides substance P, lysine8-asparagine9-
neurotensin, somatostatin, and neuropeptide Y show pos-
itive immunoreactivity in mutipolar neurons with a range
of morphologies (Reiner, 1991). Area D may thus contain
several morphologically distinct groups of GABAergic stel-
late cells that express different combinations of neuroac-
tive peptides. The expression patterns of calcium binding
proteins have not been studied for neurons in D.

Relation of subpial and stellate cells to
cortical afferents and intracortical systems

The present study demonstrates that subpial and stel-
late cells have distinctly different laminar distributions
within D (Fig. 15). In particular, subpial cells have a close
relationship to the band of geniculate afferents that
courses from lateral to medial across visual cortex. The
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positions of the somata of subpial cells were correlated
with the midpoint of the band of geniculate afferents, and
the heights of the dendritic arbors were correlated with
the thickness of the band of geniculate afferents. The
subpial cells thus have the interesting feature of being
embedded in the band of geniculate afferents. By contrast,
stellate cells have somata that tend to lie deep to the band
of geniculate afferents. They do, however, have dendrites
that ascend obliquely into the band of geniculate affer-
ents. Both subpial and stellate cells, consequently, have
dendrites that are potential postsynaptic targets of genic-
ulate afferents.

Smith et al. (1980) described the distribution of degen-
erating synaptic terminals in DM following large thalamic
lesions that included the dorsal lateral geniculate com-
plex. Degenerating terminals were found in the outer
third of layer 1 and contacted both spiny and smooth
dendrites. The spiny dendrites undoubtedly include those
of pyramidal cells. The identity of the neurons with
smooth dendrites could not be determined with certainty,
but stereological analysis (Smith et al., 1980) indicated
that the density of thalamic terminals on smooth den-
drites was six times as great as on spiny dendrites. An
individual smooth cell in the outer third of layer 1 was
estimated to be postsynaptic to approximately 1,800 ter-
minals of thalamic origin. A demonstration that genicu-
late afferents synapse specifically on subpial and stellate
cells requires electron microscopic confirmation, but the
available evidence suggests that both groups of cells are
postsynaptic targets of geniculocortical afferents.

In addition to geniculate neurons, catecholaminergic
(Parent and Poitras, 1974), serotonergic (Ouimet et al.,
1985), and cholinergic (Desan, 1984; Mufson et al., 1984)
neurons have projections to area D that terminate in
specific depths within the cortex. Catecholaminergic (Par-
ent and Poitras, 1974) and cholinergic (Hohmann et al.,
1983) fibers tend to terminate preferentially in the outer
100 �m of layer 1, whereas serotonergic (Ouimet et al.,
1985) fibers terminate with greater preference in the in-
ner half of layer 1. Both muscarinic and benzodiazopine
receptors are present in the outer part of layer 1 (Schlegel
and Kriegstein, 1987). The postsynaptic targets of the

three sets of afferents are not known, but the differences
in laminar distribution suggest that the subpial and stel-
late cells may be preferentially influenced by different
systems of neuromodulatory afferents.

Pyramidal neurons have axons that project to the thal-
amus and brainstem (Ulinski, 1986; Blanton and Krieg-
stein, 1991). An individual axon descends from the soma
and bifurcates (Connors and Kriegstein, 1986). The two
daughter branches run horizontally in layer 3 and inter-
sect the dendrites of layer 3 horizontal cells. Pyramidal
cells also have collaterals that form cone-shaped arbors
within area D. Individual axon collaterals can, conse-
quently, intersect the dendritic arbors of both stellate and
subpial cells. However, the geometry of the pyramidal
collaterals makes it likely that stellate cells receive heavy
inputs from pyramidal cells on their descending dendrites,
somata, and ascending dendrites, whereas subpial cells
probably receive less dense inputs from pyramidal cells.

The two populations of layer 1 interneurons thus appear
to differ in the extent to which they may be influenced by
geniculate versus pyramidal cell inputs. Subpial cells are
positioned to receive strong geniculate, catecholaminergic,
and noradrenergic inputs but probably receive a relatively
modest input from intracortical and serotonergic affer-
ents. Stellate cells are positioned to receive significant
inputs from neighboring pyramidal cells and serotonergic
systems but probably receive geniculate inputs only on
their distal dendrites.

Axons of subpial and stellate cells

The axons of subpial cells appear to arborize extensively
in layer 1 and intersect the outer segments of the apical
dendrites of pyramidal cells. The axons of stellate cells
have not been well characterized, but they appear to ar-
borize deeper in layer 1 and may intersect the more prox-
imal segments of the apical dendrites, somata, and basal
dendrites of pyramidal cells. The dendrites and somata of
pyramidal cells are contacted by axon terminals that con-
tain pleomorphic vesicles and form asymmetric contacts
(Ebner and Colonnier, 1975). Pyramidal cells show both
fast and slow inhibitory postsynaptic potentials following
both electrical (Connors and Kriegstein, 1986; Mancilla
and Ulinski, 2001) and natural (Kriegstein, 1987; Man-
cilla et al., 1998; Mancilla and Ulinski, 2001) activation of
geniculate afferents. It is likely that both supbial and
stellate cells participate in intracortical circuits that in-
hibit pyramidal cells, but it is not known whether both
populations of inhibitory interneurons mediate both fast
and slow inhibition in pyramidal cells or, rather, selec-
tively mediate fast versus slow inhibition.

Physiology of subpial and stellate cells

Subpial cells had systematically larger input resis-
tances (723 � 109 M� vs 441.5 � 161.5 M�), shorter
membrane time constants (45.5 � 5.2 vs 155.1 � 12 ms)
and smaller electrotonic lengths (1.1 � 0.2 vs 3.8 � 0.5)
than did stellate cells. Because geniculate axons intersect
all the dendrites of subpial cells but intersect only the
distal apical dendrites of stellate cells, it seems likely that
geniculate afferents would be more likely to influence the
firing rates of subpial cells than stellate cells. By contrast,
stellate cells are positioned to receive contacts from the
intracortical collaterals of pyramidal cells along most of
their somatodendritic surfaces. It seems likely that intra-

Fig. 15. Feedforward and feedback circuits in area D. This figure
illustrates the relationship between subpial (Sp) and stellate (St) cells
to pyramidal (Pyr) cells. Hatched lines to the left indicate the laminar
positions of afferents from the lateral geniculate nucleus (LGN), nor-
adrenergic afferents (NE), and serotonergic afferents (5HT). The dis-
tribution of cholinergic inputs is similar to that of noradrenergic
inputs. Inhibitory synapses are indicated by (�); excitatory synapses
are indicated by (�).
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cortical afferents could be effective in influencing the fir-
ing rates of stellate cells.

McCormick et al. (1985) recognized three firing patterns
in neocortical neurons in mammals following intrasomatic
current injection. Regular spiking (RS) cells had relatively
broad action potentials and showed spike rate adaptation,
fast spiking (FS) cells had narrow action potentials and
showed little spike rate adaptation, and intrinsic bursting
cells (IB) showed bursts of several action potentials at low
levels of current injections. McCormick et al. (1985) sug-
gested a correlation between physiological and morpholog-
ical types of cortical neurons. RS and IB cells were mor-
phologically pyramidal cells, whereas FS cells were
stellate cells. This classification was extended to neurons
in turtle visual cortex by Connors and Kriegstein (1986),
who identified physiological types of neurons that were
essentially the same types identified in the neocortex by
several workers. As in mammals, RS and IB cells were
morphologically pyramidal cells, whereas FS cells were
nonpyramidal cells (for review, see Connors and Gutnick,
1990). Additional firing patterns such as low threshold
spiking (LTS; Foehring et al., 1991; Kawaguchi, 1993),
late spiking (Kawaguchi, 1995; Kawaguchi and Kubota,
1997), and chattering (CH) cells (Gray and McCormick,
1996) were subsequently identified in mammals and in
turtles (Mancilla et al., 1999; unpublished observations).
Recent work has tended to argue against the correlation
between physiological and morphological types sug-
gested by McCormick et al. (1985). Although pyramidal
cells consistently show RS, IB, or CH firing patterns,
nonpyramidal cells show a wide variety of firing patterns.
Thus, nonpyramidal neurons are now known to show RS,
LTS, late spiking, and bursting firing patterns (Kawagu-
chi, 1993; Kawaguchi and Kubota, 1997; Foehring et al.,
1991; Cauli et al., 1997; Gupta et al., 2000; Krimer and
Goldman-Rakic, 2001; DeFelipe, 2002; Nelson, 2002), and
it is generally not possible to predict the morphology of a
cortical neuron from its firing pattern.

On the other hand, there appears to be at least a partial
correlation between the morphology of a cortical neuron
and its physiological and biochemical properties. Morpho-
logically distinct types of neocortical nonpyramidal cells—
such as basket cells (Asouz et al., 1997; Kawaguchi and
Kubota, 1997), chandelier cells (Kawaguchi and Kubota,
1997), and bipolar cells (Kawaguchi and Kubota, 1997)—
tend to express common sets of neuropeptides and calcium
binding proteins and to have characteristic firing pat-
terns. Consistent with this, subpial and stellate cells show
different degrees of spike rate adaptation, as judged by
significant differences in their adaptation indices and ad-
aptation time constants. Both subpial and stellate cells
show an initial decrease in their instantaneous firing fre-
quencies. However, subpial cells tend to show relatively
little spike rate adaptation after the second spike and
have long adaptation time constants (138 � 21.5 ms),
whereas stellate cells tend to adapt more rapidly and have
shorter adaptation time constants (75.6 � 14.1 ms). Al-
though these trends seem clear, there is considerable vari-
ability in response properties between cells in each mor-
phological class of cells. Similarly, studies on mammalian
pyramidal (Ahmed et al., 1998; Degenetais et al., 2002)
and nonpyramidal cells (e.g., Wang et al., 2002) show
there is considerable variation in the degree of adaptation
within the firing patterns exhibited by a neurons in a
morphological class. It is not clear whether this variability

represents individual differences in the distributions of
voltage-gated conductances or, perhaps, varying influ-
ences of neuromodulatory systems on voltage-gated con-
ductances.

Both subpial and stellate cells occasionally show small
depolarizing potentials on the rising phases of overshoot-
ing action potentials. Small-amplitude action potentials,
or spikelets, were observed in pyramidal cells in D by
Connors and Kriegstein (1986). They did not find spikelets
in FS-like cells in D and suggested that spikelets repre-
sent dendritic action potentials that propagate ortho-
dromically to the soma. The spikelets had a mean ampli-
tude of 34 mV and are much larger than the
depolarizations seen in subpial and stellate cells. Millonas
and Ulinski (1997) used a compartmental model of turtle
pyramidal cells to examine the hypothesis that spikelets
are dendritic spikes that propagate in a retrograde fashion
into the soma. Their simulations show that sodium and
potassium conductances in the apical dendrite of the
model can produce both large-amplitude spikelets similar
to those reported by Connors and Kriegstein and small-
amplitude events similar to those reported here. The am-
plitude and timing of the depolarization produced by the
dendritic spike in the soma depend on the relative densi-
ties of the sodium and potassium conductances in the
dendritic tree. The small potentials observed in subpial
and stellate cells are thus consistent with dendritic spikes
that propagate in a retrograde fashion. Connors and
Kriegstein did not report spikelets in interneurons, but
dendritic action potentials are now well documented in
mammalian pyramidal cells (e.g., Rhodes, 1999) and some
populations of hippocampal interneurons (Martina et al.,
2000). An alternative interpretation of the small depolar-
izations seen in subpial and stellate cells is that they
result from spontaneous excitatory postsynaptic poten-
tials.

Feedforward and feedback inhibitory
pathways in area D

Feedforward and feedback inhibitory pathways are a
well-documented feature in the neocortex, hippocampus,
and pyriform cortices of mammals. Interneurons involved
in feedforward pathways are activated by thalamic inputs
and can inhibit pyramidal cells in parallel with the exci-
tatory thalamic inputs to pyramidal cells. Interneurons
involved in feedback pathways require activation by py-
ramidal cells. Recent work provides evidence for both feed-
forward and feedback inhibition of pyramidal cells in area
D of turtles. Mancilla et al. (1998) found that FS-like cells
tended to fire as much as 200 ms before RS-like, presumed
pyramidal, cells in response to light flashes. Mancilla and
Ulinski (2001) found that intracellular perfusion of the
GABAA receptor antagonist picrotoxin increased the ini-
tial slopes of fast excitatory postsynaptic potentials (EP-
SPs) evoked by electrical stimulation of geniculate affer-
ents in an in vitro eye-brain preparation. These results
suggest that fast inhibitory postsynaptic potentials (IP-
SPs) can control the slopes of thalamocortical EPSPs in
pyramidal cells. Mancilla and Ulinski also found that both
intracellular perfusion of picrotoxin and bath application
of the GABAA receptor antagonist bicuculline increased
the amplitudes of EPSPs evoked by electrical stimulation
of geniculate afferents or by diffuse light flashes presented
to the retina for several hundreds of milliseconds. Appli-
cation of GABAA receptor antagonists also increased the
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numbers of action potentials generated in presumed py-
ramidal cells by light flashes. These results suggest that
feedback inhibition plays a role in regulating the ampli-
tudes of responses to visual stimuli in pyramidal cells.

In reality, many populations of inhibitory interneurons
probably receive both thalamic and pyramidal cell inputs,
so the notion of purely feedforward and feedback path-
ways is something of an abstraction. Thus, both subpial
and stellate cells are likely to receive a mixture of tha-
lamic and intracortical inputs and probably participate in
both feedforward and feedback inhibition, depending on
stimulus conditions and the state of the cortical circuitry.
However, the anatomical placements of the two groups of
cells in the cortex and the differences in their physiologi-
cal properties lead to the hypothesis that subpial cells may
be strongly involved in feedforward inhibition due to the
placement within the band of geniculate afferents and
their relatively small electrotonic lengths. Stellate cells
may be principally involved in feedback inhibition due to
their relation to the intracortical collaterals of stellate
cells and their relatively long electrotonic lengths.
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