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Electrophysiological and Morphological Classification of
Inhibitory Interneurons in Layer II/III of the Rat Visual Cortex
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Interneuron diversity is one of the key factors to hinder understanding the mechanism of cortical
neural network functions even with their important roles. We characterized inhibitory interneurons
in layer II/TII of the rat primary visual cortex, using patch-clamp recording and confocal reconstruction,
and classified inhibitory interneurons into fast spiking (FS), late spiking (LS), burst spiking (BS), and
regular spiking non-pyramidal (RSNP) neurons according to their electrophysiological characteristics.
Global parameters to identify inhibitory interneurons were resting membrane potential (> —70 mV)
and action potential (AP) width (<0.9 msec at half amplitude). FS could be differentiated from LS,
based on smaller amplitude of the AP (< ~50 mV) and shorter peak-to-trough time (P-T time) of the
afterhyperpolarization (<4 msec). In addition to the shorter AP width, RSNP had the higher input
resistance (>200 M.Q) and the shorter P-T time (<20 msec) than those of regular spiking pyramidal
neurons. Confocal reconstruction of recorded cells revealed characteristic morphology of each subtype
of inhibitory interneurons. Thus, our results provide at least four subtypes of inhibitory interneurons
in layer II/III of the rat primary visual cortex and a classification scheme of inhibitory interneurons.
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INTRODUCTION

The neuronal and synaptic organization of the cerebral
cortex appears to be exceedingly complex, and the definition
of a basic cortical circuit in terms of defined classes of cells
and connections is necessary to facilitate the progress of
its analysis. The cerebral cortex consists of: (i) a large pop-
ulation of principal neurons reciprocally connected to the
thalamus and to each other via axon collaterals releasing
excitatory amino acids, and (ii) a smaller population of
mainly local circuit GABAergic neurons (Somogyi et al,
1998). Whereas the principal neurons are relatively homo-
geneous according to their regions, inhibitory interneurons
consist of about 20 subtypes according to their morpho-
logical, electrophysiological, and neurochemical character-
istics (Douglas & Martin, 1998). This interneuron diversity
has hampered understanding of the nature of cortical neu-
ral network, although many important roles of the inter-
neuron have recently been recognized, including synaptic
plasticity, developmental change, synchronization of neu-
ronal activity, and epilepsies. Thus, classification of the
interneuron subtypes are crucial in interneuron research
(Mott & Dingledine, 2003).

Organization of GABAergic interneurons and synapses
has been relatively well studied in the hippocampus,

because of its well layered structure and segregated loca-
tion of inhibitory interneurons (Freund & Buzsaki, 1996).
On the other hand, this is less apparent in the neocortex
due to the complex lamination and intrinsic connections
(Somogyi et al, 1998). Furthermore, no classification
scheme of inhibitory interneurons has yet proved entirely
satisfactory (McBain & Fisahn, 2001; Mott & Dingledine,
2003), because of the regional differences and different
classification schemes among laboratories as well as their
innate diversity. Classifications of inhibitory interneurons
in the frontal cortex (Kawaguchi, 1995) and the somato-
sensory cortex (Gupta et al, 2000) have been reported.
Although classification of cat primary visual cortical
neurons with intracellular recording in vivo and staining
was recently reported (Nowak et al, 2003), the authors
found only one subtype of inhibitory interneurons. This
might have been due to technical limitation of intracellular
recording to secure a small population of inhibitory inter-
neurons with small soma. Inhibitory interneurons in the
visual cortex appear to be involved in the long-term
synaptic plasticity, developmental change of synaptic con-
nection between neurons and many visual functions (Sillito,
1979; Singer, 1995; Rozas et al, 2001). However, classifica-
tion of inhibitory interneurons in the visual cortex has not
yet been reported. Thus, in this study, we classified in-
hibitory interneurons in the layer II/III of the rat visual
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ABBREVIATIONS: Pyr, pyramidal neuron; FS, fast spiking neuron;
LS, late spiking neuron; BS, burst spiking neuron; RSNP, regular
spiking non-pyramidal neuron; RMP, resting membrane potential;
P-T time, peak-to-trough time.
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cortex electrophysiologically and morphologically with
patch-clamp method using infrared-differential interfer-
ence contrast (IR-DIC) video-microscopy, with which we
could visually identify inhibitory interneurons. We also
reconstructed biocytin-labeled recorded cells with confocal
microscopy. Furthermore, we attempted to find quantita-
tive parameters and a scheme to classify inhibitory inter-
neurons into subtypes.

METHODS
Slice preparation

Coronal slices of visual cortex were prepared from rats
at postnatal day 21~30. Animals were anesthetized with
chloral hydrate (400 mg/kg, i.p.; Merck, Germany) and
decapitated. The brains were quickly isolated and
submerged in ice-cold physiological Ringer's solution. Cor-
onal sections of occipital cortex (300 zm thick) were made
on a vibroslicer and allowed to recover in a submerged slice
chamber for 30 min at 37°C. Slices were maintained at
room temperature prior to recording. Dissection and storing
medium consisted of 125 mM NaCl, 2.5 mM KCl, 1 mM
CaClz, 2 mM MgSO,, 1.25 mM KH2PO,, 25 mM NaHCOs,
and 10 mM D-glucose, bubbled with 95% O and 5% COs.
The slices were transferred to the recording chamber and
superfused continuously with artificial cerebrospinal fluid
(1.5~2 ml/min) containing 125 mM NaCl, 2.5 mM KC], 2
rnM CaClz, 1 mM MgSO4, 1.25 mM KH2P04, 25 mM
NaHCO;, and 10 mM D-glucose, bubbled with 95% O and
5% CO.. All recordings were performed at 32~33°C.

Whole-cell patch clamping and electrical stimulation

Standard whole-cell patch clamp technique with a bridge
amplifier (IX2-700, Dagan, USA) was used to record mem-
brane potential and synaptic events. The patch electrodes
(4~8 M) were filled with a pipette solution containing
130 mM K gluconate, 10 mM KCl, 3 mM MgATP, 10 mM
phosphocreatine, 0.3 mM GTP, 10 mM HEPES, 0.2 mM
EGTA, and 50 U/ml creatine phosphokinase (pH adjusted
to 7.25 with KOH). We added biocytin (0.5%; Sigma, USA)
to the pipette solution to reconstruct the recorded cells.
Under visual guidance, utilizing IR-DIC video-microscopy
on an upright microscope (BX50-WI fitted with 40X/
0.80NA water immersion objective, Olympus, Japan), po-
tential interneurons in the layer II/III of the primary visual
cortex were distinguished from pyramidal neurons (Pyr),
according to their bipolar or multipolar dendritic processes
as well as their bipolar, oval, or round somata. Negative
pressure was applied to the patch electrode to obtain a seal
of more than 2 G£. Whole-cell configuration was obtained
with applying brief negative air pressure.

Passive membrane characteristics were obtained with
300-msec step pulse of negative current evoking about -10
mV deflection. Action potentials (APs) were evoked with
positive step current injection with graded increment of 10
or 20 pA. Orthodromic synaptic responses were elicited by
stimulating two sets of afferents with concentric bipolar
tungsten electrodes (100 um in diameter). One electrode
was placed below the recorded cell in layer IV - (vertical
pathway) and the other lateral in layer II (horizontal
pathway). Synaptic responses were evoked with a pair of

two pulses (0.1 msec) with interstimulus interval of 50
msec, repeated every 10 sec. Stimulus intensity was ad-
justed to induce the first excitatory postsynaptic potential
(EPSP) amplitudes in the range of 3~7 mV. Synaptic
responses were evoked at resting membrane potential
(RMP). Command generation, data collection and analysis
were performed with pClamp 8.0 or 9.0 suite (Axon
Instruments, USA). Data were filtered at 4 kHz, sampled
at 20 kHz, and stored in a Pentium PC.

Staining and confocal reconstruction

The slices were fixed overnight at 4°C with 4% para-
formaldehyde in 0.1 M sodium phosphate buffer (pH 7.4)
following the recording. After several washes with 0.01 M
sodium phosphate-buffered saline (PBS), the slices were
incubated overnight at 4°C with 0.5% Triton X-100 in PBS
to permeabilize cell membranes. Subsequently, the slices
were reacted for 1 h at room temperature with fluorescein-
conjugated avidin (1 ug/ml in PBS, Alexa Fluor 488,
Molecular Probes, USA) to detect intracellular bioeytin. The
slices were rinsed and mounted with glycerol gelatin
(Merck) on glass slides. Then, the distribution of intra-
cellular biocytin was reconstructed under confocal micro-
scopy (MRC1024, Bio-Rad Laboratories, USA).

Statistical analysis

All data were expressed as mean=+S.E. Analysis of vari-
ance (ANOVA) was used for the statistical comparison. A
P-value of less than 0.05 was considered statistically sig-
nificant.

RESULTS

We analyzed 42 neurons recorded from layer II/ITI of the
rat primary visual cortex. Of them, 10 neurons were Pyr,
and 32 neurons were non-pyramidal inhibitory inter-
neurons. According to their passive and active electro-
physiological characteristics, inhibitory interneurons were
classified into fast spiking (FS), late spiking (LS), burst
spiking (BS), and regular spiking non-pyramidal (RSNP)
neurons. The cells recorded were morphologically charac-
terized with biocytin staining.

Passive membrane properties

RMP and input resistance (IR) of Pyr were —78.6+1.1
mV and 120+12 M@ (n=10), respectively, which were not
different from other report (Tamas et al, 2002) (Table 1).
RMP of the inhibitory interneurons was invariably more
depolarized than that of Pyr, and RMP of RSNP (—60.5+
1.3 mV, n=9) was even higher than that of BS (—70.3+2.1
mV, n=7). IR of RSNP (345+25 M Q) was higher than that
of Pyr or FS (141+16 M2, n=7). Relaxation time constants
(tau) of hyperpolarizing membrane response in FS, LS and
BS were lower than that of Pyr or RSNP. In general,
interneurons had higher IR and faster time constant than
Pyr. RSNP showed particularly higher IR than that of Pyr.
These electrical properties might favor fast membrane
response and spike generation in response to inward
synaptic current.
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Table 1. Passive membrane properties of pyramidal neurons and inhibitory interneurons

Pyr (10) FS (1) LS (9 BS (1) RSNP (9)
RMP —78.6x1.1 -66.4+2.4" —66.3+1.8" —70.3+£2.1° —~60.5+1.3"
IR 120+12 141+16 185-+23° 222+18% 346+25%
T 21.6+1.2 7.5+0.7" 13.0+1.3% 13.8-1.8™ 22.2+1.5"

IR and ¢ were measured with hyperpolarization response of about —5~ —15 mV from RMP by negative step current injection into the
soma (40~50 pA, 300 msec). a: vs. Pyr, P<0.05; b: vs. FS, P<0.05; d: vs. BS, P<0.05; e: vs. RSNP, P<0.05.

Table 2. Active membrane properties of pyramidal neurons and inhibitory interneurons

Pyr (10) FS (7) LS (9) BS (7) RSNP (9)
AP threshold (mV) —36.1+1.8 —32.3+2.4 —332+1.3 ~39.3+0.6 —352+1.4

AP amplitude’ (mV) 76.6+2.9 42.6+3.9° 60.8+£2.7° 53.942.9° 61.0+2.8°
AP width? (msec) 1.32+0.07 0.62+0.05" 0.74+0.03% 0.84+0.14° 0.60:0.04"
AHP® (mV) ~14.3+1.3 —17.3%15 —235+1.1° —6.3+1.4™ —13.0+0.9¢
P-T time* (msec) 44.2+4.8 2.8+0.5 6.9+0.8" 3.1+1.3° 11.6+2.7°
AP adaptation® 1.2640.10° 1.04+0.02 0.99+0.01 - 1.29+0.10°

AP was generated with step current injection of 10~20 pA for 980 msec. All the parameters except AP adaptation were measured at
the first AP evoked by minimal current amplitude. 1: AP amplitude was measured from AP threshold to the peak level. 2: AP width
was measured at half amplitude of AP. 3: Afterhyperpolarization (AHP) was measured from AP threshold to the trough peak of the AHP.
4: P-T time was measured from AP peak to trough peak. 5: AP adaptation was calculated with average of inter-spike interval of fifth
and sixth APs divided by inter-spike interval of third and fourth APs, when at least six consecutive APs were generated with minimum
current injection. a: vs. Pyr, P<0.05; b: vs. FS, P<0.05; c: vs. LS, P<0.05; d: vs. BS, P<0.05.

Table 3. Synaptic response of pyramidal neuron and inhibitory interneurons

Pyr (10) FS (6) LS (9 BS (7) RSNP (7)
Vertical input peak time 8.8+0.7 7.8+1.2 5.7+0.5 7.4+0.6 87+1.4
Vertical input PPR 1.11+0.13 1.06+0.16 1.09+0.17 0.93+0.20 1.47£0.28
Horizontal input peak time 10.7+0.7 7.6+0.4 7.5+0.8° 9.7+0.5 10.2+1.3
Horizontal input PPR 1.15+0.13 ©1.24+0.22 0.97+0.11 1.00%0.15 1.37+0.21

Synaptic activation was evoked by extracellular stimulation of 0.1 msec duration, which induced about 5 mV EPSP. Peak time was calculated
from the stimulus artifact to time at peak of the EPSP. PPR was calculated with dividing amplitude of 2" EPSP by that of 1% EPSP

from RMP. a: vs. Pyr, P<0.05

Active membrane properties

Most striking difference of AP generation in vesponse to
positive step current injection between Pyr and inhibitory
interneurons was the duration and the amplitude of the
APs (Table 2). Whereas AP width of the Pyr was 1.32+0.07
msec, that of all interneurons was less than 0.9 msec. This
result was in accordance with other report in the
hippocampus (Erisir et al, 1999) and the frontal cortex
(Kawaguchi & Kubota, 1996). However, there was no
difference in AP width among four subtypes of the inter-
neurons. Peak-to-trough (P-T) time was also a good
parameter to distinguish RSNP (11.6+2.7 msec) from Pyr
(44.2+4.8 msec). LS cells were previously reported to be
in layer II/III of the frontal cortex (Kawaguchi & Kubota,
1996), layer I of the somatosensory and visual cortex (Chu
et al, 2003), and layer VI of the perirhinal cortex (McGann
et al, 2001). In this study, LS cells were frequently found
in layer IVIII of the primary visual cortex. These cells have
often been confused with FS cells. According to our
analysis, however, they could clearly be distinguished from
FS, based on AP amplitude and P-T time. AP width and

P-T time are also good parameters for differentiation of
RSNP from Pyr. AP adaptation, which has been shown in
Pyr and RSNP, was not observed in FS and LS.

Synaptic response

To examine short-term kinetics of synaptic activities
among inhibitory interneurons (Reyes et al, 1998; Losonczy
et al, 2002), we evoked synaptic responses to extracellular
stimulation in layer IT and layer IV, which may represent
the intracortical and thalamocortical inputs to layer II/II1
cells, respectively. There was no difference between inter-
neuron subtypes in peak time and paired-pulse ratio (PPR)
of EPSP in the vertical and horizontal inputs, except that
LS showed faster peak time in the horizontal input than
Pyr (Table 3).

Morphology
Confocal reconstruction of the recorded cells revealed

different morphology, depending on electrophysiological
subtypes of inhibitory interneurons (Fig. 1). Pyr showed
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invariably typical pyramid-shaped soma, dendritic arbor of
apical bifurcation, and fine basal dendrites with many
dendritic spines. Main axon arose from the soma or one
of the basal dendrites and went down to the layer V and
VI. Many collaterals distributed their axon terminals in the
layer II/III. On the other hand, inhibitory interneurons

showed variable shapes, depending on subtypes. FS showed
extensive axonal arbor around the soma within about 200 zm,
as seen in Fig. 1. Dendrites were not reconstructed in this
cell. Another FS cell showed multipolar short dendritic
processes of about 50 xm in length (data not shown). LS
exhibited multipolar dendritic processes within about 100 zm

Fig. 1. Confocal reconstruction
of recorded cells and their spik-
ing patterns. Whereas Pyr showed
dense dendritic spines on apical
and basal dendrites, no dendritic
spines were observed in all other
inhibitory interneurons. Axonal
arbors of interneurons were con-
fined to layer II/IIT except BS.
FS and LS extend extensive
axonal trees around the soma.
Representative APs were evoked
by step current injection (160
PA, 360 pA, 140 pA, 80 pA, and
80 pA for Pyr, FS, LS, BS, and
RSNP, respectively) and hyperpo-
larizing response were produced
by —20 pA in all neurons.
EPSPs recorded with extracel-
lular stimulation are also shown.
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APwidth Pyr . No LS
No _— < __P-Ttime -
AP _— <0.9msec Yes— AP /,,N/Q’/ <dmsec T
burst ros ‘adaptation - Yes FS
~BS Yes  RSNP

Fig. 2. Classification scheme of inhibitory interneurons in layer II/III of the visual cortex. Stepwise processes
based on non-overlapping parameters were adopted for classification of various neuronal subtypes. Other
parameters could be combined in this scheme to avoid possible errors in unusual cases (see the text).

from the soma and wider distribution of axonal arbor (n=8
of 9 cells). In contrast to apical dendrites of Pyr, dendritic
and axonal trees of the both subtypes rarely invaded layer
I and were confined in the supragranular layer (one
exception in LS). BS showed vertically oriented bipolar
shape of the soma and dendritic arbor (n=6 of 7 cells).
Usually their axons ran vertically through layer IV to
infragranular layer. RSNP had multiple initiations of main
dendrites from the soma and sparsely distributed axonal
trees in supragranular layer (n=8 of 9 cells). In general,
dendrites and axons of inhibitory interneurons, except BS,
were confined in layer II/III. Axons of a BS cell showed
many terminals distributing in entire cortical column (data
not shown). Taken together, our classification of inhibitory
interneurons in the rat primary visual cortex, based on the
electrophysiological characteristics, is well correlated with
their morphological variability.

DISCUSSION
Classification scheme of inhibitory interneurons

To the best of our knowledge, this is the first report to
classify inhibitory interneurons in the rat visual cortex. We
grouped inhibitory interneurons according to their electro-
physiological and morphological characteristics, and we
clearly have found four main subtypes of inhibitory inter-
neurons: FS, LS, BS and RSNP. Since they have many over-
lapping features with each other, we analyzed the electro-
physiological parameters with stepwise procedures to find
a classification scheme (Fig. 2). Inhibitory interneurons
were clearly distinguished from regular spiking Pyr with
two parameters: typically, Pyr generated adapting spike of
longer AP width (>0.9 msec at half amplitude) and P-T
time (>20 msec) with step depolarization than those of
inhibitory interneurons. Two exceptions were noticed in BS,
however, it was not difficult to identify them as inhibitory
interneurons because of their bursting nature of spiking.
RSNP could be recognized with AP adaptation at this step.
FS and LS showed relatively similar pattern of spiking and
have overlapping features. In this study, we found some
good parameters to differentiate them: although there was
only a narrow interval in P-T time between the two
subtypes (4 msec), P-T time was an adequate classification
parameter. Possible errors in differentiating RSNP from
Pyr could be avoided by comparing other parameters such
as IR and PT time (Table 1, 2). RMP does not seem to be
an adequate parameter to identify interneurons, because
damaged cell also is depolarized.

Although there are many electrophysiological parameters
available in classifying inhibitory interneurons, some cells
show atypical and equivocal behavior. This is partly due
to unavoidable artificial factors during the slice prepara-
tion, because the spiking pattern is also dependent on the
dendritic structure of the neuron (Mainen & Sejnowski,
1996). Within the subtypes, they also have different neuro-
chemical properties (Freund & Buzsaki, 1996). Thus, mor-
phological and neurochemical parameters are essential to
classify them into more homogeneous subtypes. This inter-
neuronal diversity may be related with diverse roles played
by inhibitory interneurons (Buhl et al, 1998; Blatow et al,
2003).

Spiking pattern and subtype of inhibitory inter-
neurons

Identification of neuronal subtypes is essential to facili-
tate studying the mechanism of the brain function. Since
“fast spiking” and “regular spiking” cells were described
in the monkey brain cortex (Mountcastle et al, 1969), other
subtypes of excitatory and inhibitory neurons have been re-
ported, according to their different neuronal properties such
as laminar location, dendritic and axonal morphology,
neurochemical properties, and intringsic electrophysiological
properties. Of these, intrinsic electrophysiological proper-
ties are of primary importance, because they strongly in-
fluence the input-output relationships and operation of
cortical neurons and circuits (Nowak et al, 2003). There are
discrepancies between our study and a recent report on in
vivo identification of regular spiking, fast spiking,
chattering, and intrinsically bursting cells in the cat visual
cortex (Nowak et al, 2003). FS cells are recognized in most
cortical areas with high frequency spiking and character-
istic neurochemical properties (Kawaguchi, 1995; Freund
& Buzsaki, 1996), and they seem to be very important in
sensory perception with generating fast gamma rhythm
(Buhl et al, 1998). In this study, LS generated slower spikes
than FS and showed continuous build-up of depolarization
with step current injection (Fig. 1). LS cells have been
reported in various cortical areas (Kawaguchi, 1995;
McGann et al, 2001; Chu et al, 2003). BS and RSNP were
also reported in the frontal and somatosensory cortex
(Kawaguchi, 1995; Gupta et al, 2000). In this study, we also
identified four subtypes of inhibitory interneurons in the
visual cortex. However, we found no chattering cells. Many
variable factors such as species, age, environment, and
experimental condition of the animal are involved in iden-
tifying neuronal subtypes with electrophysiological prop-
erties. Although in vivo recording seems to be the most
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physiological to study electrophysiological properties of
neurons, it is possible to miss many inhibitory interneurons
of small population with small soma (Nowak et al, 2003).
In spite of artificial condition of in vitro recording with
slices, we clearly identified four subtypes of inhibitory
interneurons with different electrophysiological properties
and morphologies. Inhibitory interneurons in the visual
cortex mature to the adult level by P30 (Miller, 1986;
Parnavelas 1992). In this study, we used rats aged 3™ and
early 4™ postnatal weeks, therefore, properties and pro-
portion of inhibitory interneurons could be different from
those of adult rats, which should to be studied.

At least three factors are involved in the spiking pattern
of neurons: (i) dendritic structure (Mainen & Sejnowski,
1996), (i) passive properties of the membrane and ion
channels (Erisir et al, 1999; Sanchez-Vives et al, 2000;
Rudy & McBain, 2001), and (iii) neurochemical properties
of calcium binding proteins (Kawaguchi & Kubota, 1993).
Adaptation of AP generation by step current injection in
Pyr is dependent on the activation of sodium- and calcium-
activated K channels (Sanchez-Vives et al, 2000). Fast
activating Kv3.1 and Kv3.2 channels play an important role
in fast spiking in FS (Rudy & McBain, 2001). Calcium
binding proteins such as parvalbumin, calbindin, and
calretinin are distributed differentially in inhibitory inter-
neurons (Freund & Buzsaki, 1996), and differential distri-
bution of these variables may be involved in the shaping
of the spiking. Contribution of various ion channels on the
spiking pattern in different subtypes of inhibitory inter-
neurons remains to be studied.

Inhibitory interneuron and short-term synaptic plas-
ticity

Synapses exhibit short-term plasticity patterns, and this
behavior influences information processing in neuronal
networks. Although the underlying mechanism of short-
term synaptic plasticity mostly relies on the presynaptic
caleium dynamics (Katz & Miledi, 1968), it has been sug-
gested that it may depend on the identity of the post-
synaptic target cell (Reyes et al, 1998; Scanziani et al, 1998;
Losonczy et al, 2002). Furthermore, different PPR between
multipolar bursting interneurons and pyramidal neurons
has been reported (Blatow et al, 2003). However, in this
study, we found no difference in PPR among inhibitory
interneurons. This might be partly due to stimulation of
multiple axons from heterogeneous neuronal population by
extracellular stimulation. To overcome this technical limi-
tation in further study, dual patch-clamping of connected
pair seems to be necessary (Ali et al, 1998; Gupta et al,
2000; Losonczy et al, 2002).

We reported herein four subtypes of inhibitory inter-
neurons in layer II/IIT of the rat visual cortex. Each subtype
of inhibitory interneurons may play a specific role in cor-
tical information processing. This study will facilitate to
elucidate the underlying mechanism by which cortical neu-
ral network functions.
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