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Physiological Subgroups of Nonpyramidal Cells with Specific
Morphological Characteristics in Layer II/lll of Rat Frontal Cortex

Yasuo Kawaguchi

Laboratory for Neural Circuits, Bio-Mimetic Control Research Center, The Institute of Physical and Chemical

Research (RIKEN), Atsuta, Nagoya 456 Japan

Physiological and morphological properties of nonpyram-
idal cells in layer Il/lll of frontal cortex of young rats were
studied in vitro by whole-cell recording and intracellular
staining with biocytin. Layer II/lll nonpyramidal cells could
be divided into four subgroups by their firing patterns in
response to depolarizing current pulses and their patterns
of dendritic and axonal arborizations. (1) Fast-spiking (FS)
cells (35% of the total sample) showed an abrupt episode
of nonadapting repetitive discharges of shorter-duration
action potentials. FS cells had local and horizontal axonal
arbors which did not enter layer I. This type of FS cell was
immunoreactive for parvalbumin and included some bas-
ket cells. Three chandelier cells were identified as FS cells,
although one chandelier cell was not identified as an FS
cell. (2) Late-spiking (LS) cells (11%) exhibited slowly de-
veloping ramp depolarizations near threshold. LS cells
were neurogliaform cells. (3) Low-threshold spike (LTS)
cells (5%) had prominent low-threshold spikes when stim-
ulated from hyperpolarizations. The main axons of LTS
cells ascended, and the collaterals entered into layer I. (4)
The remaining cells [regular-spiking nonpyramidal (RSNP)
cells] (49%) could not be categorized into the above three
subgroups. In some RSNP cells depolarizing pulses from
hyperpolarizations induced fast depolarizing notches with
small amplitude. RSNP cells had vertically elongated ax-
onal fields, extending from layer | to V, sometimes to layer
VL. This subgroup included double bouquet cells and bi-
polar cells. Each subgroup with a different firing mode may
differentially contribute to neocortical laminar and colum-
nar circuitry.

[Key words: nonpyramidal cell, basket cell, chandelier
cell, neurogliaform cell, double bouquet cell, bipolar cell,
fast-spiking cell, low-threshold spike, parvalbumin, neo-
cortex, frontal cortex]

Mammalian neocortical neurons are broadly divided into two
major groups: pyramidal cells with spiny dendrites and nonpyr-
amidal cells with sparsely spiny dendrites (Peters and Jones,
1984). While pyramidal cells are excitatory projection cells in
neocortex, most nonpyramidal cells are considered to be GA-
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BAergic inhibitory interneurons (Houser et al., 1983). Previous
in vitro studies have shown heterogeneity of firing properties in
pyramidal cells, but only one type of firing pattern in nonpyrami-
dal cells (McCormick et al., 1985; Connors and Gutnick, 1990).
This was surprising since nonpyramidal cells are morphologi-
cally much more diverse than pyramidal cells (Peters and Jones,
1984).

Recently it was recognized that the morphological heteroge-
neity of nonpyramidal cells has at least some electrophysiolog-
ical counterpart in layer V of rat frontal cortex. Fast-spiking cells
(FS cells) have exceptionally brief action potentials and fast,
nonadapting patterns of firing. Low-threshold spike cells (LTS
cells) generate low-threshold spikes from hyperpolarized poten-
tials in response to depolarization (Foehring et al., 1991; Ka-
waguchi, 1993). FS and LTS nonpyramidal cells in layer V also
have distinct morphologies and immunohistochemical character-
istics: (1) FS cells have axonal arborizations that are more dense
near their somata and are oriented horizontally, and they express
the calcium-binding protein parvalbumin; and (2) LTS cells have
more vertical axonal arborizations, extending up to layer I, and
exhibit calbindin D,,, immunoreactivity (Kawaguchi, 1993; Ka-
waguchi and Kubota, 1993, 1995). Both types of nonpyramidal
cells are considered to be GABAergic (Celio, 1986; Hendry et
al., 1989; Kawaguchi and Kubota, 1993; Kubota et al.,1994).
These observations suggest that GABAergic nonpyramidal cells
in neocortex can be divided into several functional groups on
the basis of firing modes, axonal distributions, and chemical
properties.

The present study attempts to extend those previous results to
the upper layers, where nonpyramidal cells and GABA-immu-
noreactive cells are in greater concentration and more numerous
than in lower layers (Peters et al., 1985; Hendry et al., 1987,
Kubota et al., 1994) and where there is also an even larger mor-
phological diversity among nonpyramidal cells (Fairén et al.,
1984). It is shown that nonpyramidal cells in layer IV/III are
physiologically more diverse than previously described in layer
V (Kawaguchi, 1993), but physiological properties generally
correlate with specific morphological characteristics, implying
specific contributions of different subgroups to the laminar and
columnar circuitry of the cortex.

Materials and Methods

The physiological, histological, and immunohistochemical procedures
used have been previously described in detail (Kawaguchi, 1992, 1993;
Kawaguchi and Kubota, 1993).

In vitro slice preparation and solutions used. The experiments were
performed on young Wistar rats (18-22 d postnatal). Animals were
deeply anesthetized with ether and decapitated, and the brains quickly
removed, submerged in ice-cold physiological Ringer’s solution, and



hemisected. One hundred eighty to two hundred micrometer thick sec-
tions including the medial agranular cortex (Fr2) (Donoghue and
Wise, 1982; Zilles and Wree, 1985) were cut on a Microslicer (Dosaka
EM) in a plane oblique to the horizontal. Slices were then incubated
in oxygenated Ringer’s solution at a temperature of 29-30°C for 1-2
hr. The standard Ringer’s solution had the following composition (in
mM): NaCl, 124.0; KCl, 3.0; CaCl,, 2.4; MgCl,, 1.3; NaHCO,, 26.0;
NaH,PO,, 1.0; and glucose, 10.0, and was continuously bubbled with
a mixture of 95% O, and 5% CO,. After incubation, a single slice was
transferred to a recording chamber placed on the stage of an upright
microscope, and was totally submerged in the superfusing medium at
29-30°C. The remaining slices were kept in a holding chamber con-
taining oxygenated Ringer’s solution at 26-27°C.

Whole-cell recording and stimulation. The somata of individual neo-
cortical cells were visualized using a 40X water-immersion objective
(Zeiss). Pyramidal-like cells were identified by their somatic shape and
visualization of the bases of apical dendrites arising from the pial side
of the soma, and were preferentially excluded. Layer II/III cells without
apparent apical dendrites were preferentially targeted in order to obtain
a larger sample of nonpyramidal cells. Recorded cells were identified
as pyramidal or nonpyramidal cells by subsequent intracellular staining.
Whole-cell recordings with a high seal resistance (more than 2 GQ
before break-in) were obtained from cells close to the surface of the
slices without prior cleaning.

Electrodes were fabricated from borosilicate glass pipettes (o.d. 1.5
mm) and filled with a solution consisting of potassium-methylsulfate
120 mMm, EGTA 0.6 mm, MgCl, 2.0 mMm, ATP 4.0 mMm, GTP 0.3 mm,
HEPES 10 mm, and biocytin (Sigma, 0.5%). Pipette resistances were
4-5 M( Recordings were made by conventional bridge-balance and
capacitance neutralization techniques using intracellular amplifier (IR-
283, Neuro Data Instruments). Neural signals were viewed on an os-
cilloscope and stored on computer (Macintosh Quadra 700) using in-
terface (ITC-16, Instrutech Corporation) and software (AXODATA, Axon
Instruments). Data were analyzed by computer software (AXOGRAPH,
Axon Instruments). Several apparent parameters of physiological prop-
erties were measured. Resting potentials were measured just after the
patched membranes were ruptured by suction. Input resistances and
time constants of cells were determined by passing hyperpolarizing cur-
rent pulses (duration, 500-600 msec) inducing voltage shifts of 6-15
mV negative to rest. Time constants were measured by fitting to a single
exponential. Spike threshold and spike widths at half amplitude were
measured for spikes elicited by depolarizing current pulses (duration,
50 msec) of threshold strength. It was investigated by depolarizing cur-
rent pulses (duration, 500-600 msec) of threshold strength from —75
to —85 mV whether cells could generate low-threshold spikes or not.
Membrane potentials have been corrected for junction potentials (+35
mV) for off-line analyses.

Histological methods. Most slices containing biocytin-filled cells
were fixed by immersion in 4% paraformaldehyde and 0.2% picric acid
in 0.1 M phosphate buffer (PB) for 1-2 hr at room temperature, followed
by incubation in PB containing 5% sucrose and 0.5% Triton X-100 (TX)
for 30 min. The tissue was next frozen with dry ice, then thawed in PB
to make chemical agents penetrate deeper into the slices. The slices
were incubated in PB containing 0.5% H,0O, for 30 min to suppress
endogenous peroxidase activity. They were then incubated for 4-6 hr
at room temperature in Tris-buffered saline (TBS) containing an avidin-
biotin-peroxidase complex (ABC solution, Vector) at a dilution of 1:200
and 0.5% TX. The slices were reacted with 3,3'-diaminobenzidine tetra-
hydrochloride (DAB, 0.05%) and H,0, (0.003%) in PB, followed by
incubation in 0.1% osmium tetroxide in PB for 5 min. After dehydra-
tion, the slices were mounted, embedded in Epon 812 (Fluka), and
coverslipped.

After fixation and freeze-and-thaw procedure, some slices were in-
cubated for 4-6 hr in TBS containing streptavidin-conjugated fluores-
cein isothiocyanate (FITC) (Vector; diluted 1:200) and imaged with a
confocal microscope (Bio-Rad, MRC 600). After collecting the fluores-
cence images, the slices were again processed to make biocytin staining
more permanent. They were incubated in TBS containing 0.5% H,O,,
followed by incubation with biotin—peroxidase (Vector; diluted 1:200)
in TBS for 3 hr. They were then incubated for 3 hr in TBS containing
avidin-biotin-peroxidase complex (diluted 1:200). The slices were re-
acted with DAB, osmificated, and embedded as above.

The dendrites, axonal processes, and somata of labeled neurons were
drawn using a camera lucida. Data are given as mean * SD. For sta-
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tistical analysis in comparing cell classes, the Mann—-Whitney U test
was used.

Immunohistochemical procedure for immersion-fixed slices. For im-
munohistochemical identification of recorded cells, whole-cell recording
was terminated and the slices put into the fixative within 5 min after
breaking the patched membrane in order to lower the possibility of
reducing the somatic concentration of parvalbumin by dilution of intra-
cellular fluid with the pipette solution. Slices containing biocytin-loaded
cells were fixed by immersion in 4% paraformaldehyde and 0.2% picric
acid in PB for 1 hr at room temperature, and incubated in PB containing
5% sucrose and 0.5% TX for 30 min. The tissue was frozen with dry
ice and thawed in PB. The slices were again incubated in PB containing
0.5% TX, frozen with dry ice, and thawed in PB to make antibodies
penetrate deeper into the slices. The slices were then incubated over-
night at room temperature with a mouse monoclonal antibody against
parvalbumin (Sigma; diluted 1:2000) in TBS containing 10% normal
goat serum (NGS), 2% bovine serum albumin (BSA), and 0.5% TX,
followed by incubation for 3 hr in a mixture of streptavidin-conjugated
7-amino-4-methylcoumarin-3-acetic acid (AMCA) (Vector; diluted
1:400) and tetramethylrhodamine isothiocyanate (TRITC)-conjugated
goat anti-mouse IgG (Chemicon; 1:200), dissolved in TBS containing
10% NGS, 2% BSA. This procedure allowed observations in double
fluorescence of AMCA-labeled biocytin and TRITC-labeled parvalbu-
min. The sections were observed and photographed in a fluorescence
microscope (Nikon Microphot-FXA) using the G-2A (Nikon) filter
block for TRITC and XF03 (Omega Optical) block for AMCA. In ad-
dition, a bandpass filter (400-500 nm, BPB-45 FUJI) was used for
AMCA.

Immunohistochemistry in perfusion-fixed brains. Two male Wistar
rats (20 d postnatal) were used. The animals were given an overdose
of Nembutal and perfused through the heart with a solution (10 ml)
consisting of 160 mMm sucrose and 0.1% paraformaldehyde in PB, fol-
lowed by 150 ml of fixative containing 2% paraformaldehyde, 0.2%
picric acid, and 0.1% glutaraldehyde in PB. The brains were removed
and postfixed in the same fixative for 3 hr at 4°C. After incubation in
PB containing 30% sucrose for 3 d at 4°C, cryostat sections were cut
along the line of the rhinal fissure at 10 pm and mounted on silane-
coated slides. The sections were incubated overnight at room temper-
ature with a monoclonal mouse antibody against parvalbumin (diluted
1:2000) and a rabbit antiserum against GABA (Sigma; diluted 1:4000)
in TBS containing 10% NGS, 2% BSA, and 0.5% TX, followed by
incubation for 3 hr in dichlorotriazinyl-aminofluorescence-dihydroch-
loride (DTAF)-conjugated goat anti-mouse IgG (Chemicon, 1:200) for
parvalbumin and TRITC-conjugated donkey anti-rabbit IgG (Chemicon,
1:200) for GABA, in TBS containing 10% NGS, 2% BSA. This pro-
cedure allowed immunofluorescence observations for parvalbumin and
GABA. The sections were observed in a fluorescence microscope using
the G-2A (Nikon) dichroic mirror system for TRITC and B-2E (Nikon)
for DTAF

Results

Neurons were sampled by whole-cell recording from layer I/III
and at the border between layers IVIII and V of frontal agranular
cortex, and only cells with resting potentials more negative than
—51 mV and overshooting spikes were selected for analysis.
Staining intracellularly with biocytin clearly distinguished the
morphologies of nonpyramidal cells (Fig. 1) and pyramidal cells.
In no cases were two or more cells stained by a single whole-
cell recording. Pyramidal cells had apical and basal dendrites
with many spines and main axons that always went straight to-
ward the white matter. Nonpyramidal cells lacked apical den-
drites and the dendrites either lacked spines or had less spines
than pyramidal cells. All electrophysiological data used for the
analysis came from morphologically identified nonpyramidal
cells, whose local axons were stained enough to classify the cells
morphologically according to the branching and distribution pat-
terns of their axons.

Eighty-four layer I/IIT nonpyramidal cells which satisfied the
above electrophysiological and morphological criteria were di-
vided into four physiological classes (Table 1). Fast-spiking cells
(FS cells, n = 29) fired trains of action potentials of shorter
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Figure 1.

Photomicrographs of three layer II/IIT nonpyramidal cells intracellularly stained by biocytin. The cells were visualized by streptavidin-

conjugated FITC and observed by confocal microscopy. A, An FS (fast-spiking) multipolar cell. B, An RSNP (regular-spiking nonpyramidal cells)
bipolar cell. C, An LS (late-spiking) neurogliaform cell. Scale bar, 50 pwm.

Table 1. Properties of four subgroups of layer II/III nonpyramidal cells

FS cells LS cells LTS cells RSNP cells
(n = 29) (n=9) (n=4) (n = 41)

Soma diameter (pm) 157 = 2.7 136 = 1.2 15.2 £ 1.7 16.2 = 2.8
[12.7-24.0] [12.2-15.4] [12.7-16.7) [10.4-23.0]

(<RSNP) (=LS)

Resting potential (mV) —774 £ 29 —612* 55 —575 £ 74 —60.6 = 5.1
[—85-—72] [—78-—59] [-68-—51] [—74-—51]
(=) (=FS,<RSNP) (=FS) (=FS,LS)

Input resistance® (M{1) 157 + 42 297 = 118 460 = 144 414 = 207
[74-256] [124-543] [288 + 594] [188-1132]
(<€) (=FS) (>FS) (=FS)

Time constant* (msec) 88 + 20 206 = 8.0 547 + 264 285 + 12.2
[5.2-14.1] [8.1-37.0] [30.5-89.8] [11.8-62.6]
(<€) (=FS) (=FS) (=FS)

Spike threshold (mV) —41 £ 5 —38 x4 —46 = 3 —45 * 4
[—50-—32] [—44--33] [—49-—43] [—53——39]
(=>RSNP) (>RSNP) (<FS,LS)

Spike width” (msec) 0.43 £ 0.06 0.77 = 0.19 0.94 + 0.15 0.75 + 0.13
[0.33-0.58] [0.57-1.05] [0.79-1.14] [0.48-1.12]
(<) (=FS) (=FS) (=FS)

Data are mean *+ SD; numbers in parentheses are ranges. FS cells, fast-spiking cells: LS cells,

late-spiking cells;

LTS cells, low-threshold spike cells; RSNP cells, regular-spiking nonpyramidal cells. =A, <B, significantly larger
than that of A cells and smaller than that of B cells, respectively (p = 0.005); <, significantly smaller than that of
the other types of cells (p = 0.005).

“ Input resistance and time constant were determined by hyperpolarizing current pulses inducing voltage shift of 6—

15 mV negative to rest.
* At half-amplitude.
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Figure 2. Physiological characteris-
tics of an FS (fast-spiking) nonpyrami-
dal cell. A, Voltage responses induced
by current pulses and repetitive spike
discharges induced by a current pulse
close to the threshold. Note short after-

50 mv hyperpolarization following a spike. A
depolarizing pulse induced early single

i firing and late repetitive firing. Note
abrupt start and cessation of firing.

74 mV Spikes are truncated due to sampling

frequency. B, No low-threshold spikes
were elicited by depolarizing pulses
from hyperpolarized potentials. C, Two

1nA firing responses by depolarizing pulses.

-74 mV
I .
B
-90 mv .

| I

duration at constant frequency. Late-spiking cells (LS cells, n =
9) exhibited slowly developing ramp depolarizations before fir-
ing spikes. Low-threshold spike cells (LTS cells, n = 4) fired
prominent low-threshold spikes from hyperpolarized potentials.
Regular-spiking nonpyramidal cells (RSNP cells, n = 41) did
not show fast-spiking characteristics, low-threshold spikes, or
ramp depolarizations. Nonpyramidal cells not categorized into
one of the above three subgroups were classified as RSNP cells.
These four physiological subgroups also had different morpho-
logical characteristics. Although morphological data, particularly
the full extent of dendrites and axons, were limited by slice
thickness, each class of nonpyramidal cells showed character-
istic branching patterns of dendrites and axons (Jones, 1975;
Feldman and Peters, 1978; Fairén et al., 1984; Lund and Lewis,
1993). The detailed description of electrophysiological proper-
ties and morphological characteristics of each class of nonpyra-
midal cells follows.

Fast-spiking nonpyramidal cells (FS cells)

Among 84 identified nonpyramidal cells, 29 cells (35% of the
total sample) belonged to the FS class. A characteristic property
of FS cells was a constant rate of spikes during an episode of
repetitive firing. At near-threshold current levels, discharges con-
sisted of either single spike at the beginning of the current pulse,
or a variable-duration episode of repetitive discharge after a qui-
escent period, or both (Fig. 2). Stronger current stimuli elicited
constant-rate tepetitive firing throughout the current pulses (Fig.
2C). The frequencies of spike discharge during an episode of

Note abrupt start of repetitive firing and
weak adaptation of firing rate during
repetitive discharges. Membrane poten-
tials are written on each record. Resting

2
00 ms membrane potential, —74 mV.

repetitive discharges were quite constant even at high discharge
rate (Fig. 2). Another feature of FS cells was their shorter-du-
ration action potentials, followed by fast afterhyperpolarizations
(Table 1). FS cells had lower input resistances in comparison
with other classes of cells, as well as resting membrane poten-
tials more negative than those of the other types of nonpyramidal
cells (Table 1).

FS cells were mostly multipolar and had smooth dendrites
(Figs. 1A, 3). The dendrites of FS cells distributed in layer II/
IM1, in layers I and II/IIL, or in layers II/III and V. The axons
of FS cells originated from the somata or the dendrites. The
axonal innervations were mainly in layer II/III, but, in some
cells, also in layer V. The axon collaterals of FS cells never
entered layer 1. FS cells could be divided into two morpholog-
ical subtypes according to their axonal innervation patterns.

FS cells with local axonal arbors and horizontal axonal ar-
bors. Among 29 FS cells, 26 cells were classified into this
subtype. This type of FS cell innervated densely the region
near the soma by fine branches, and the axon collaterals ran in
nonpreferential directions (Fig. 3A). Some cells also had col-
laterals, running in a horizontal direction along layer II/III,
500-800 pm in width (Fig. 3B). Many cells of this type also
had a few axonal branches descending into layer V. The width
of the dendritic field was 250-350 pm. It was observed by
interference microscopy that some axonal boutons of this type
surrounded somata of other cells (Kawaguchi and Kubota,
1993). From these patterns of axonal arbors and boutons, this



2642 Kawaguchi » Physiological Subgroups of Neocortical Nonpyramidal Cells

FS cell ,
A

H/1

Dend. "/

100 um

Figure 3. Reconstructions of FS cells. A, An FS cell with local axonal arbors. Note that the axonal arborizations are similar to the dendritic field
in width. B, An FS celi with local and horizontal axonal arbors. Note most axonal branches are confined to upper layer I/ and do not enter
layer L )

class was considered to contain some basket cells (Fairén et gyi, 1977; Peters, 1984a). Three were identified as FS cells. The

al., 1984). dendrites of these three cells extended into layer I (Fig. 4). The
FS chandelier cells. Four chandelier cells were recorded in axonal innervations were mainly in the superficial part of layer

this study (Figs. 4, 5). The axonal branches showed axon “car- /111

tridges™ with boutons characteristic of chandelier cells (Somo- Out of four chandelier cells, one cell could not be identified
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FS cell
A

Dend.

1/t

50 mV

M pend.

50 pm Axon

Figure 4. A and B, FS chandelier cells. Both cells situate in upper layer II/IIl and most of the dendrites are in layer I. Note the characteristic
vertically oriented candles of axonal boutons. B: Inset, A firing response of this chandelier cell by a depolarizing pulse. Note abrupt repetitive spike
discharges with weak adaptation of firing rate characteristic of FS cells.
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Figure 5. A chandelier cell which did
not show abrupt nonadapting repetitive
spike discharges and could not be iden-
tified physiologically. The dendrites are
mainly in layer II/IIl. A: Inset, Voltage
responses and spike discharges induced
by current pulses. B, Repetitive spike
discharges showed spike-frequency ad-
aptation. Membrane potentials are writ-
ten on each record. Resting membrane

Lo

potential, —69 mV.

as an FS cell (Fig. 5). This chandelier did not show abrupt non-
adapting repetitive spike discharges and the spike width at half
amplitude was 0.64 msec. The dendrites were almost smooth
and only in layer II/III in contrast to the above three FS cells.
The axonal innervations were mainly in the upper part of layer
117118

Late-spiking nonpyramidal cells (LS cells) (LS neurogliaform
cells)

Among 84 identified nonpyramidal cells, nine cells belonged to
the LS class (11% of the total sample). A characteristic mem-
brane property of LS cells was a slowly developing ramp de-
polarization when depolarized by current pulses near threshold
(Fig. 64). In response to threshold current pulses, membrane
potentials did not reach steady state and finally triggered action
potentials. The ramp depolarizations of LS cells could be in-
duced from both depolarized and hyperpolarized states (Fig. 6B).
Threshold depolarizing current pulses could not produce low-
threshold spikes from hyperpolarized potentials (Fig. 6B). When

H/H
-69 mV
200 pA
200 ms
\Y

50 um

I

stimulated by current pulses just above threshold, LS cells fired
repetitively at constant rates (Fig. 6C) and did not adapt. In
response to current pulses at 2X threshold, LS cells showed
slight spike-frequency adaptation (Fig. 6C). LS cells had wider
spikes, higher input resistances, and more positive resting mem-
brane potentials than those of FS cells; resting potentials were
more negative than those of RSNP cells (Table 1).

LS cells were multipolar (Figs. 1C, 6D) and had smaller cell
bodies (Table 1). Their dendrites were smooth and distributed in
layer IVIII or in layers I and II/III. The width of the dendritic
field was 100-200 pum, and the dendrites made a symmetrical,
spherical field. The axons, originating from the somata and the
dendrites, immediately branched and rebranched frequently, cre-
ating an entangled plexus. The axonal innervations were mainly
in layer II/IIL, but, in some cells, also extended into layer I or
layer V. The width of the axonal arbor was 250-300 wm, which
was twice as wide as that of the dendritic field. From these
morphological characteristics, these LS cells are considered to
be neurogliaform cells (Jones, 1984).



The Journal of Neuroscience, April 1995, 15(4) 2645

LS cell
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AF;/\—//FV /\v

== —
— S
— —

50 mV

J 77 mV

— ] 200 pA
il

200 ms

91 mVv

Figure 6. Physiological and morpho-
logical characteristics of LS (late-spik-
ing) nonpyramidal cells. A, Voltage re-
sponses induced by current pulses and
a spike discharge induced by current
pulse close to the threshold. Note the
slowly developing ramp depolarization
il before a spike firing. B, No low-thresh-
old spikes were elicited by depolarizing
pulses from hyperpolarized potentials.
Slowly developing ramp depolariza-
tions could be also elicited from hy-
perpolarized potentials. C, Two firing
P responses by depolarizing pulses. Note
the relatively constant firing rate during
repetitive firing at lower rate of dis-
50 um charges. Membrane potentials are writ-
ten on each record. Resting membrane
potential, —77 mV. D, An LS (late-
spiking) neurogliaform cell. Note the
narrow dendritic field and the restricted
_ horizontal spread of the axonal collat-
\Y erals.
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Low-threshold spike nonpyramidal cells (LTS cells) (LTS cells
with ascending axons)

Four cells belonged to this class (5% of the total sample). These
cells were comparable to layer V LTS cells (Kawaguchi, 1993),
but were encountered much less frequently in layer IVIII. LTS
cells were distinguished from other classes of cells by their abil-
ity to fire prominent low-threshold spikes (Fig. 7). Low-thresh-
old spikes could be induced by depolarizing pulses only at hold-
ing potentials more negative than about —70 to —80 mV (Fig.
7B). Low-threshold spikes were also elicited by cessation of
hyperpolarizing pulses at depolarized potentials (Fig. 74). Du-
ration of low-threshold spikes ranged from 153 to 282 msec
(mean = 189 msec, SD = 62 msec). LTS cells usually could
generate 2—4 regular spikes riding on each low-threshold spike.
Spike-frequency adaptation of LTS cells during depolarizing
pulses was prominent in spike trains following low-threshold
spikes (Fig. 7C). Spike-frequency adaptation was also observed
in spike trains without low-threshold spikes (Kawaguchi, 1993).
LTS cells had longer spike width, higher input resistances, and
more positive resting membrane potentials than those of FS cells
(Table 1).

LTS cells had multipolar or bitufted dendritic patterns, and
had dendrites with a modest number of spines (Fig. 7D,E).
Among the four cells of this type, two were in layer II/III and
the other two at the border area between layers I/III and V. The
dendrites of the cells in layer II/III extended in layer I/III or in
layers II/III and V (Fig. 7E). The cells at the border area had
dendrites mainly in layer V (Fig. 7D). The width of the dendritic
field was 300-400 pm. The axons originated from the pia side
of the soma or from the dendrites at the pia side. The main axons
ascended and the collaterals entered into layer I and also dis-
tributed in layers II/III and V. The width of the axonal arbor
was 300-500 pm.

Regular-spiking nonpyramidal cells (RSNP cells) (RSNP cells
with vertical axonal arbors)

Nonpyramidal cells not categorized into one of the above three
subgroups were placed in the RSNP subgroup. Among 84 iden-
tified nonpyramidal cells, 41 cells (49%) belonged to this class.
This class of nonpyramidal cells did not show easily defined
electrophysiological properties, but they were nonpyramidal in
shape (Fig. 8; see Fig. 10). At threshold stimuli levels, RSNP
cells fired regular spikes at early parts of the current pulses with-
out prominent slow depolarizations (see Fig. 10A). Stronger de-
polarizing current pulses induced repetitive firing, but the dis-
charges gradually adapted and often ceased before the end of
the current pulse (Fig. 8; see Fig. 10). Stronger hyperpolarizing
current pulses often elicited sag which was characterized as a
decay of the voltage response (see Fig. 104, arrow). Threshold
current pulses for spike initiation could not generate prominent
low-threshold spikes from hyperpolarized potentials (see Fig.
10B). Among 41 RSNP cells, 19 cells exhibited a fast depolar-

«—
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izing “notch” following a spike when depolarized from hyper-
polarized potentials (Fig. 8B, arrow) or upon cessation of hy-
perpolarization (Fig. 8A, arrow). The duration of these fast
notches ranged from 30 to 76 msec (mean = 55 msec, SD =
14 msec, n = 19), much shorter than low-threshold spikes of
LTS cells (see Fig. 7). RSNP cells had longer spike widths and
were higher in input resistances than FS cells; RSNP cells had
more positive resting membrane potentials than FS and LS cells
(Table 1).

Among 19 RSNP cells with fast depolarizing notches, 10 cells
were multipolar (Fig. 9A), and the other nine were bipolar or
bitufted (Figs. 8C, 9B). The dendrites were sparsely spiny. It
was difficult to distinguish bipolar from bitufted dendritic mor-
phologies. Some cells had two principal dendrites emerging
from the upper and lower poles of the somata, and one of the
two principal dendrites extended relatively straight toward the
pia or the white matter (Figs. 1B, 8C); these cells were consid-
ered to be typical bipolar cells (Feldman and Peters, 1978).
Some cells were considered to be bitufted cells rather than bi-
polar cells (Fig. 9B). The dendrites of multipolar cells distributed
mainly in layers I and II/II1, and those of bipolar (bitufted) cells
from layer I to V. The widths of the dendritic fields of this type
were 150-300 pm. The common characteristic among these
cells was their vertically elongated axonal fields extending from
layer I to V, sometimes to layer VI (Figs. 8C, 9). The axons
originated from the somata or the dendrites. The widths of the
axonal arbor of multipolar and bipolar (bitufted) cells of this
type were 200-500 wm and 150-300 wm, respectively.

The remaining RSNP cells (n = 22), in which fast depolar-
izing notches could not be detected, also extended axonal
branches vertically from layer I to upper layer V (Figs. 10C,
11). This type contained both multipolar and bitufted cells. Four
cells had the somata at the border between layers IVIII and V
(Fig. 11A). They had axons ascending up to layer I. The den-
drites of this type were restricted in layer V in three cells and
in both layers II/IIl and V in one cell, and were sparsely or
modestly spiny. The somata of the other 13 cells were in layer
II/II1. The axons of this type had mainly ascending branches up
to layer I and also some branches into layer V (Figs. 10C,
11B,C). The axons originated from the somata or the dendrites.
The widths of the axonal arbors of this type were 150-550 um,
but the axons could be traced more than 1 mm horizontally in
one case (Fig. 11C). The widths of the dendritic fields were 100—
400 pm.

Because both bitufted cells with vertically oriented axonal ar-
bors (double bouquet cells; Somogyi and Cowey, 1984) (Figs.
9B, 10C) and cells with vertically elongated axonal plexus and
dendritic tree formed by principal dendrites (bipolar cells; Pe-
ters, 1984b) (Figs. 1B, 8C) were found in RSNP cell, double
bougquet cells and bipolar cells are considered to belong to RSNP
cells.

Figure 7. Physiological and morphological characteristics of LTS (low-threshold spike) nonpyramidal cells. A, Voltage responses and spike
discharges induced by current pulses. Note that an all-or-none low-threshold spike (arrow) with regular spikes was induced by cessation of
hyperpolarizing pulses at resting potentials. B, A low-threshold spike (arrow) was also elicited by a depolarizing pulse from hyperpolarized potentials.
C, Three firing responses by depolarizing pulses from hyperpolarized potentials. Note the threshold differences between low-threshold spikes with
regular spikes (middle and lower traces) and repetitive discharges of regular spikes (upper trace). Note the spike-frequency adapiation during
repetitive discharges (upper trace). Membrane potentials are written on each record. Resting membrane potential, —55 mV. D, This cell has the
soma at the border between layer II/IIl and V. Most of the dendrites are within layer V. Note that the axonal branches go up to layer 1. E, This
cell has a bitufted shape and the soma in layer II/III. The dendrites are extended in both layer II/IIT and V. Note the axonal branches going upward.
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Figure 9. Reconstructions of RSNP cells with fast depolarizing notches. They had long vertical axonal arbors. A, A multipolar cell. The dendrites
are in layer I and layer II/IIl. The axonal branches are vertically elongated through layer I to VI. B, A bitufted cell. The dendrites are through
layers I and V.
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Figure 8. Physiological and morphological characteristics of RSNP cells with fast depolarizing notches. A, Voltage responses and spike discharges
induced by current pulses. Upper trace, Note an all-or-none fast depolarizing notch (arrow) with a spike was induced by cessation of hyperpolarizing
pulses at resting potentials. Note that this depolarizing notch was much shorter in duration than low-threshold spikes in LTS cells. Lower trace, In
a stronger current pulse, repetitive firing adapted and then ceased. B, Two firing responses by depolarizing pulses from hyperpolarized potentials.
Note first spike with a depolarizing notch (arrow). Membrane potentials are written on each record. Resting membrane potential, —57 mV. C, This
RSNP cell with depolarizing notches was a bipolar cell. The dendrites are in layer I and layer II/IIl. Note a vertically elongate and narrow dendritic
tree formed by two principal dendrites. Note also vertically oriented axonal branches ascending to layer I and descending to layer V with narrow
horizontal spread.
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Figure 11. Reconstructions of RSNP cells. A, A bitufted cell with ascending axons. This has soma at the border between layers II/III and V. Most
dendrites are in layer V. Note the axonal branches going up to layer 1. B, A bitufted cell with vertical axonal arbors. C, A bitufted cell with vertical
axonal arbors. The dendrites and the axonal branches are elongated through layer I to layer V. Note the wide distribution of axons.
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Figure 10. Physiological and morphological characteristics of RSNP (regular-spiking nonpyramidal) cells. A: Upper trace, voltage responses and spike
discharges induced by current pulses. A stronger hyperpolarizing current pulse elicited sag (arrow); lower trace, repetitive spike discharges showed clear
spike-frequency adaptation. B: Lower trace, low-threshold spikes could not be elicited by depolarizing pulses from hyperpolarized potentials; upper trace,
a stronger pulse elicited repetitive firing with prominent adaptation and spike trains, then ceased. Note the absence of fast-spiking characteristics, ramp
depolarizations, and low-threshold spikes in RSNP cells. Membrane potentials are written on each record. Resting membrane potential, —70 mV. C, This
RSNP cell had a bitufted shape. Note the axonal branches going up to layer I and also the descending branches into layer V.
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FS cell

biocytin

Figure 12. Immunohistochemical identification of an FS cell as a
parvalbumin-immunoreactive cell. A, A biocytin-injected FS cell visu-
alized by AMCA-conjugated avidin. B, Parvalbumin (PV) immuno-
reactivity visualized by TRITC-conjugated secondary antibody in the
same section as A. Arrow indicates the recorded cell. Arrowhead indi-
cates another parvalbumin-immunoreactive cell. Scale bar, 50 pwm.

Identification of recorded FS cells as parvalbumin-
immunoreactive cells

FS cells in layer V of frontal cortex were immunoreactive for
parvalbumin, a calcium-binding protein (Kawaguchi and Ku-
bota, 1993). It was investigated by a double fluorescence method
whether layer IVIII FS cells also showed parvalbumin immu-
noreactivity. Nonpyramidal cells injected with biocytin were vi-
sualized by AMCA-conjugated avidin (blue fluorescence, Fig.
124). Parvalbumin immunoreactivity in the same cells was vi-
sualized by a TRITC-conjugated secondary antibody (red fluo-
rescence, Fig. 12B). Among 22 layer II/III nonpyramidal cells
stained for parvalbumin and identified by physiological sub-
group, all FS cells (n = 12) showed immunoreactivity for parv-

albumin (Fig. 12). RSNP cells (n = 9), LS cells (n = 3), and
LTS cells (n = 1) were not immunoreactive for parvalbumin.
The somatic diameter, resting potential, input resistance, time
constant, spike threshold, and spike width at half-amplitude of
the parvalbumin-positive FS cells were 14.9 = 3.7 pm, —75.7
+ 22 mV, 149 + 43 M), 9.7 + 2.3 msec, —41 + 4 mV, and
0.47 £ 0.07 msec (mean *= SD, n = 12), respectively, which
were similar to those of FS cells not identified immunohisto-
chemically (Table 1). Parvalbumin-immunoreactive cells belong
to FS cells with local axonal arbors and horizontal axonal arbors.
Chandelier cells have not been tested for parvalbumin immu-
nohistochemistry.

The relationship of parvalbumin- and GABA-immunoreactive
cells was also investigated in parallel immunohistochemical
studies. Double immunocytochemical staining indicated that all
parvalbumin-positive cells in layer II/III of medial agranular cor-
tex in 20-d-old rats were immunoreactive for GABA. All 394
parvalbumin-stained cells in layer IIIII showed modest to strong
staining for GABA. Among 741 GABA-stained cells in layer II/
III, 394 cells (53.2%) showed parvalbumin immunoreactivity.

Discussion

Previously it has been shown that neocortical nonpyramidal cells
in layer V of frontal cortex are physiologically heterogeneous
(Kawaguchi, 1993) and can be divided into at least two groups
with different firing patterns, morphologies, and chemical char-
acteristics (Kawaguchi, 1993; Kawaguchi and Kubota, 1993).
However, the results in the present paper indicate that there is a
larger variety of physiological subtypes among layer II/III non-
pyramidal cells. Four physiological subgroups, also differing in
morphological characteristics, were identified in the present
study (Fig. 13). (1) FS cells showed an abrupt episode of non-
adapting repetitive discharges of shorter-duration action poten-
tials. FS cells had local and horizontal axonal arbors which did
not enter layer I. This type of FS cell included some basket cells
and parvalbumin-immunoreactive cells which were positive for
GABA. Three chandelier cells were FS cells, although one chan-
delier cell could not be classified as FS cells. (2) LS cells ex-
hibited slowly developing ramp depolarizations near threshold.
LS cells were neurogliaform cells. (3) LTS cells had prominent
low-threshold spikes from hyperpolarizations. The main axons
of LTS cells ascended, and the collaterals entered into layer I.
(4) The remaining cells (RSNP cells) could not be categorized
into the above three subgroups. Some RSNP cells exhibited fast
depolarizing small amplitude notches when depolarized from hy-
perpolarizations. RSNP cells had vertically elongated axonal
fields, extending from layer I to V, sometimes to layer VI. This
subgroup included double bouquet cells and bipolar cells.

Which subgroups are GABAergic?

Most nonpyramidal cells in the cortex are supposed to be GA-
BAergic (Houser et al., 1983; Jones, 1993). From the positive
staining of some FS cells for parvalbumin, FS cells are consid-
ered to be GABAergic because parvalbumin cells are all im-

—

Figure 13. Schematic summary of discharge patterns and morphologies of dendrites and axons of four subgroups of nonpyramidal cells. Traces
in rectangles are intracellular recordings from nonpyramidal cells in response to suprathreshold current pulses. Dendrites and axons are drawn in
black and red, respectively. A, FS cell with local axonal arbors. B, FS cell with local and horizontal axonal arbors, €, FS chandelier cell. D, LS
neurogliaform cell. E, LTS multipolar cell with ascending axons. F, LTS bitufted cell with ascending axons. G, RSNP multipolar cell with vertical
axonal arbors. H, RSNP bitufted cell with vertical axonal arbors (double bouquet cell). /, RSNP bipolar cell with vertical axonal arbors. J, RSNP
cell with ascending axons. K, RSNP bitufted cell with vertical axonal arbors (double bouquet cell). L, RSNP bitufted cell with wide axonal arbors.
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munoreactive for GABA in neocortex (Celio, 1986; this study).
The GABAergic nature of LS cells, LTS cells, and RSNP cells
was not positively identified in the present study. Because LTS
cells in layer V are calbindin D,,~immunoreactive cells which
are GABA positive in layer V, LTS cells in layer II/IIT are also
considered to be GABAergic. Electron microscopic immuno-
cytochemistry has revealed that various types of aspiny nonpyra-
midal cells are GABA cells (Jones, 1993). From correlative mor-
phological studies, chandelier (axoaxonic) cells, basket cells,
and neurogliaform cells have been identified as GABAergic
(Somogyi, 1989). Bitufted cells with axons running in arcades
of collaterals loosely passing through several layers are also con-
sidered to be GABAergic (Somogyi, 1989), although some bi-
polar and bitufted cells may be excitatory (Peters and Kimerer,
1981; Somogyi and Cowey, 1981). In the present study, LS cells
were neurogliaform cells. LTS and RSNP classes contained bi-
tufted cells with axonal arcades of collaterals passing through
several layers. From these morphological characteristics, the oth-
er three classes of cells in addition to FS cells are likely to be
GABAergic, although the distinct cytochemical nature of each
class remains to be investigated.

Nonpyramidal cells with local or horizontally going axonal
arbors

FS cells and LS cells showed dense local innervations around
their somata. FS cells are considered to include some basket
cells and may innervate both somata and dendrites (Somogyi,
1989). LS cells were neurogliaform cells. Neurogliaform cells
innervate dendritic shafts and spines (Somogyi, 1989), suggest-
ing that the two types with dense local axonal arbors may have
different postsynaptic targets. These two subgroups are also dis-
tinct in firing patterns: ES cells would fire repetitively in re-
sponse to strong depolarizations at higher frequency and some-
times cease to fire abruptly, whereas LS cells would exhibit
slowly activating depolarizing intrinsic potentials, start firing af-
ter some delay, and continue firing at lower frequency during
depolarizations. This suggests that the neocortex may have at
least two local circuits of focal inhibitions with different input—
output relations and synaptic targets.

FS cells in both layer II/III (this study) and layer V (Kawa-
guchi, 1993) included nonpyramidal cells with horizontally go-
ing axonal arbors. Horizontal branches of layer V FS cells
seemed to extend further (Kawaguchi, 1993). More GABAergic
cells with horizontal branches have been found in layer V and
VI rather than in layer II/IIl (McDonald and Burkhalter, 1993).
From these observations, layer V FS GABAergic cells may in-
hibit wider areas in layer V than layer II/IIT FS cells do in layer
I/III. This may be related to the role of layer V in regulating
spatial spread of excitation (Silva et al., 1991).

Nonpyramidal cells with vertically oriented axonal arbors

Layer II/III contained more nonpyramidal cells with axons ver-
tically oriented than with axons horizontally oriented. These ob-
servations are also supported by the studies of *H-GABA uptake
and transport, which suggest that vertical GABAergic projec-
tions are particularly strong while horizontal GABAergic pro-
jections are less prominent (Somogyi et al., 1981, 1983; De-
Felipe and Jones, 1985). Both LTS and RSNP subtypes include
cells with interlaminar axonal arbors through several layers. This
means that neocortex has at least two types of vertical (interlam-
inar) connections originating from nonpyramidal cells with dif-
ferent firing patterns. When membrane potentials are shifted

from hyperpolarized to depolarized states, LTS cells may fire
prominent low-threshold spikes with several spikes and have
strong influence on vertical structures. Firing patterns of RSNP
cells are not so affected by membrane potentials, and they may
transform excitatory inputs to spike firing more linearly at early
phases of excitation. It will be important to determine whether
these two subgroups differ in their synaptic actions.

Synaptic actions of subgroups of nonpyramidal cells

Axon collaterals of each subgroup of nonpyramidal cells showed
preferential patterns of local, laminar, or vertical arborizations.
By these innervation patterns, each subgroup may regulate the
excitability of the neocortex to a different spatial extent. Two
types of IPSPs with different time courses can be induced in
pyramidal cells: fast IPSPs mediated by GABA, receptors, and
late IPSPs mediated by GABA,, receptors (Connors et al., 1988;
McCormick, 1989; Kawaguchi, 1992). These IPSPs are consid-
ered to be mediated by GABAergic cells within the cortex. Re-
cently it has been reported that these two IPSPs are induced by
different types of GABAergic cells (Kang et al., 1994). When
excitatory transmission is blocked, late IPSPs are evoked at the
largest amplitude by layer II microstimulation in both layer II
and layer V pyramidal cells. In contrast, fast IPSPs are evoked
mostly by stimulation in the layer containing the soma. Because
some FS cells in layer I/III (the present study) and in layer V
(Kawaguchi, 1993) had horizontally going axons, FS cells may
be the source of GABA, IPSPs induced from horizontally dis-
tant sites. Because RSNP cells had long descending axons from
layer I/ITI, RSNP cells are possible candidates for GABAergic
cells inducing late IPSPs.

Functional significance of identification of physiological
subgroups among neocortical nonpyramidal cells

Although neocortical nonpyramidal cells with different morpho-
logical characteristics show several distinct firing patterns, it re-
mains to be investigated how these firing characteristics contrib-
ute to the generation of physiological responses within the
neocortex. To understand the functional roles of these firing pat-
terns, the neural connections and synaptic interactions of each
subgroup in the neocortex should be clarified. In addition to
various chemical markers which have been recently found in
neocortical nonpyramidal cells (DeFelipe, 1993), identification
of each morphological class by physiological firing patterns will
be one of the useful tools to elucidate the cellular interactions
at neocortical local circuits.
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