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Chattering Cells: Superficial Pyramidal Neurons
Contributing to the Generation of Synchronous
Oscillations in the Visual Cortex

Charles M. Gray and David A. McCormick

In response to visual stimulation, a subset of neurons in the striate and prestriate cortex
displays synchronous rhythmic firing in the gamma frequency band (20 to 70 hertz). This
finding has raised two fundamental questions: What is the functional significance of
synchronous gamma-band activity and how is it generated? This report addresses the
second of these two questions. By means of intracellular recording and staining of single
cells in the cat striate cortex in vivo, a biophysically distinct class of pyramidal neuron
termed *‘chattering cells’ is described. These neurons are located in the superficial layers
of the cortex, intrinsically generate 20- to 70-hertz repetitive burst firing in response to
suprathreshold depolarizing current injection, and exhibit pronounced oscillations in
membrane potential during visual stimulation that are largely absent during periods of
spontaneous activity. These properties suggest that chattering cells may make a sub-
stantial intracortical contribution to the generation of synchronous cortical oscillations
and thus participate in the recruitment of large populations of cells into synchronously

firing assemblies.

I striate and extrastriate areas of the visual
cortex of cats and monkeys, many cells
display synchronized firing in response to
visual stimulation (I). Although the func-
tional significance of this response synchro-
nization is not entirely known, it has been
postulated that it contributes to the inte-
gration of common visual features in an
image (I, 2). It has recently been demon-
strated that synchronized firing between
cells in different functional columns is often
associated with rhythmic discharge in the
gamma frequency band (20 to 70 Hz) (3, 4).
This finding suggests a functional link be-
tween gamma-band oscillations and re-
sponse synchronization. A prominent fea-
ture of gamma-band activity in the visual
cortex is the occurrence of repetitive, high-
frequency burst discharges in single cells
that occurs synchronously with local field
potential oscillations (4—7). These bursts of
two to five spikes, having intraburst firing
rates as high as 800 spikes per second, recur
at intervals of approximately 15 to 50 ms
(6, 7). Because this pattern of cortical ac-
tivity is strikingly different from those pre-
viously demonstrated to result from intrin-
sic membrane properties (8), we conjec-
tured that it may represent a class of cells
with distinct biophysical properties (9).
To test this hypothesis, we performed
intracellular recording and staining of sin-
gle cells in vivo from the striate cortex of
anesthetized cats (10). Our aim was to char-
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acterize each cell’s intrinsic membrane
properties and to determine if these proper-
ties bore any relation to the cell’s receptive
field properties, temporal response proper-
ties, morphology, or laminar position. Once
a stable intracellular recording was obtained
with a resting membrane potential negative
to —60 mV, more than 20 megohms input
resistance, and overshooting action poten-
tials, we applied hyperpolarizing and depo-
larizing current pulses (120 to 500 ms at 0.5
Hz) over a range of magnitudes to deter-
mine the cell’s intrinsic membrane charac-
teristics. In many recordings, we also deter-

Fig. 1. Responses of the
four cell classes to intra-
cellular depolarizing cur-
rent injection. The initial
phase of the response is
displayed on a faster
time scale to the right.
(A) RS pyramidal cell in
layer VI. (B) IB pyramidal
cellin layer V. (C) FS cell.
(D) CH cell in layer III.
Note the switch from
burst to tonic firing with
depolarization in the IB
neuron (B), the high-fre-
quency train of action
potentials in the FS neu-
ron (C), and the repetitive
burst discharges in the
CH neuron (D). Action
potentials in the CH neu-
ron are associated with
the generation of an
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mined the cell’s orientation and direction
selectivity and the location of ON and OFF
receptive field subregions and ocular domi-
nance, and then activated the cell with 20
to 30 presentations of an optimal drifting
light bar or square wave grating through the
dominant eye. At the end of this protocol,
the cells were filled with biocytin by injec-
tion of 1 nA of hyperpolarizing current,
combined with 0.5-nA hyperpolarizing
pulses (for 500 ms at 1 Hz), for at least 10
min (11).

The intracellular injection of current
into 73 cells from 21 cats revealed four
distinct cell classes (Fig. 1). Regular spiking
(RS) cells (Fig. 1A; n = 30) generated
repetitive action potentials that often ex-
hibited spike frequency adaptation in re-
sponse to current injection. The action po-
tentials of these cells ranged in duration
from relatively thin to broad (0.36 to 1.1 ms
at half amplitude; mean = 0.62 = 0.17 ms)
and rarely occurred in bursts. Intrinsic
bursting (IB) cells (Fig. 1B; n = 11) typi-
cally displayed an initial burst of two to six
spikes superimposed on a slow depolarizing
potential, followed by an afterhyperpolar-
ization (AHP) and a transition to tonic
firing. The action potentials of these cells
were between 0.39 and 0.78 ms in duration
(mean = 0.57 = 0.14 ms) and only rarely
did these cells generate repetitive bursts.
When repetitive bursting did occur, it did
not exceed a frequency of approximately 15
Hz. Fast spiking (FS) cells (Fig. 1C;n = 7)
displayed tonic firing, at rates as high as 800
Hz, without spike frequency adaptation in
response to current pulses that were less
than 1.5 nA in amplitude. The action po-
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ADP. The current intensities were 0.6 nA for the RS and FS cells and 0.9 nA for the IB and CH cells. The
RS, IB, and CH neurons were all recorded and labeled in the same animal. The data presented in Figs.
2 through 5 are from different cells recorded in six different animals. The data for this and additional
figures are available at http://info.med.yale.edu/neurobio/mccormick/mccormick.
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tentials of these cells were very brief in
duration (0.16 to 0.48 ms; mean = 0.29 *
0.09 ms) and they often displayed a pro-
nounced fast AHP. All three of these cat-
egories have been previously characterized
electrophysiologically in vitro and in vivo
(8).

Chattering (CH) cells (n = 25) dis-
played intrinsic firing properties that were
markedly different from each of the three
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other categories (Figs. 1D and 2). In re-
sponse to a suprathreshold depolarizing cur-
rent pulse, these cells displayed repetitive
burst discharges of two to five spikes per
burst, having an intraburst firing rate as
high as 800 spikes per second, and an in-
terburst interval typically ranging from 15
to 50 ms (12). The latency of the first burst
in a sequence decreased, and the burst rate
and number of spikes per burst increased

e

with increasing depolarization (Fig. 2, A, B,
and D), demonstrating that the bursts are
generated by mechanisms intrinsic to the
cell. The action potential durations of CH
cells (0.14 to 0.58 ms; mean = 0.31 + 0.12
ms) were similar to those of FS cells, and
they exhibited three distinct forms of after-
potentials. After each spike, CH cells dis-
played a fast AHP that was less than 1 ms in
duration and up to 10 mV in amplitude.
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Fig. 2. Repetitive burst firing is an intrinsic property of CH cells. (A) and (B)
show the responses of two different CH cells to four different levels of
depolarizing current. The beginnings of the current pulses are indicated by
arrows. In both cells, the latency of the first burst decreases and the burst rate
increases with the level of depolarization. (C) The upper trace shows three
superimposed waveforms of one, two, and three action potentials occurring
in the CH cell shown'in (A). The lower trace shows a four-spike burst in the same cell. The action potentials are very brief and are followed by a rapid AHP and
then an ADP (arrow). The second, third, and fourth action potentials of each burst occur during the peak of the ADP of the preceding spike. (D) Scatter plot
of bursting rate versus depolarizing current for the cell shown in (B). Each point represents the mean burst rate for each depolarizing current pulse (n = 104).
The burst rate was proportional to the magnitude of depolarizing current. The linear correlation coefficient is 0.773 (P << 0.0001).
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Fig. 3. Activity recorded from a CH cell in response to an optimal visual stimulus

(A, B, C, and E) and different levels of intracellular depolarizing current pulses (D

and F). The cell had a simple receptive field, belonged to ocular dominance class

4, and was orientation- but not direction-selective. (A) Peristimulus-time histo-
l gram (PSTH) recorded in response to 20 presentations of an optimally oriented
drifting light bar presented to the contralateral eye. (B) The interspike interval
histogram (ISIH) computed from the spike trains sampled during the visual
response. The characteristic bimodal shape of the distribution reflects the inter-
vals occurring within and between bursts. The inset shows the distribution of
intervals less than 10 ms in duration. The peak occurs at approximately 2.5 ms,
which indicates that this cell fires at an approximate average of 400 Hz during a
burst. (C) Membrane potential of the cell recorded during a single presentation of
the stimulus (action potentials are truncated). Trace 1 shows the complete 3-s
trial. Trace 2 shows an expanded view of the activity during the peak of the visual
response. Traces 3 and 4 show the visually evoked and spontaneous activity,
respectively, after removal of the action potentials by the median filter. The
oscillations of membrane potential present during the visual response are largely
absent in the spontaneous activity. (D) Responses of the cell to two different
levels of depolarizing current pulses. The cell shows no evidence of membrane
potential oscillations when depolarized near the firing threshold (upper two
traces). When the current intensity is increased to depolarize the cell well
beyond the firing threshold, a pronounced membrane potential oscillation is
evoked that has a frequency near 30 Hz. (E) Fourier power spectra of the
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400 ms I 20 mv 1 — median filtered membrane potential shown in traces 3 and 4 of (C). The thick
E 50 ms F 50 ms |25 mv and thin lines represent the spontaneous and stimulus-driven activity, re-
30 - 50 spectively. Frequencies below 10 Hz are truncated. There is a large increase
in the amplitude of frequency components between 5 and 10 Hz and be-
I }7 40 tween 30 and 60 Hz during the visual response. (F) Scatter plot of bursting
o o a0 o rate verses depolarizing current for responses similar to those shown in (D).
E 15 4 ® Each point represents the mean burst rate for each depolarizing current
a ] 20 - pulse (n = 33). The burst rate was proportional to the magnitude of the
§ 8 104 T . depolarizing current. The linear correlation coefficient is 0.895 (P << 0.0001).
v The responses to current pulses of lower magnitude (0.1 to 0.2 nA) varied

0 0 20 40 60 80 100 0 6 j OTZ j OT_4 j OT'G "o08 10 Detweenirregular low-frequency bursting and single-spike activity (D).
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