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Summary

The patterns of cell activity recorded extraceUularly in the motor cortex of behaving monkeys were classified into
the following three groups using a combination of cluster and discriminant analyses of 1925 spike trains: (a) cells
with low discharge rate and low bursting (67.1%), (b) cells with low discharge rate but bursting (20.2%), and (c) cells
with high discharge rate and low bursting (12.7%). The percentage of directionally tuned cells and of cells engaged
during a memorized delay task were very similar in all three cell groups.

Introduction

Cells in the sensorimotor cortex are commonly classified into two major groups, namely output neurons
and local interneurons (Ram6n y Cajal, 1955; Porter,
1981; Steriade, 1978). The former are usually pyramidal and the latter stellate cells (Sloper et al., 1979;
Houser et al., 1983), which in turn consist of excitatory
and inhibitory cells (Sloper et al., 1979; Porter, 1981;
Houser et al., 1983). The identification of the type of
neuron is important for any operation performed by
the cortical circuit. However, identification of the neuronal type in the behaving animal is almost impossible
for it requires intracellular recording with subsequent
injection of substances to stain the cell body and its
processes; this has not yet been accomplished in the
neocortex of the behaving monkey. Antidromic identification by electrical stimulation in different structures
could identify a projection cell but not a local interneuron. A different approach relies on properties of the
series of the action potentials (spike train) emitted by a
cell. In intact animals, the activity of presumed local,
presumably inhibitory, interneurons has been charac-
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terized by a large proportion of short interspike intervals (Steriade et al., 1974; Steriade, 1978). A significant
advance in the correlation of discharge patterns,
elicited by current injection, with specific cell types has
been made using recordings from slice preparations of
the sensorimotor cortex (McCormick et al., 1985) in
which cells can be readily identified. Three basic types
have been thus identified; namely, (a) cells with high
frequency of discharge (presumed local inhibitory interneurons), (b) cells with low, regular frequency of
discharge (presumed pyramidal cells) and (c) cells with
low frl~quency but highly bursting discharge (presumed
pyramidal cells or excitatory local interneurons) (Connors and Gutnick, 1991). Similar observations have
been made in the motor cortex of the anesthetized rat
(Pockberger, 1991). In the present analyses we sought
to classify discharge patterns of 1925 cells recorded in
the motor cortex of behaving monkeys based on properties of their spike trains.

Materials and methods

The analyses described below were performed on
data recorded previously in our laboratory during the
past 12 years. The activity of single cells was recorded
extracellularly (Georgopoulos et al., 1982) in the arm
area of the motor cortex contralateral to the perform-
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ing arm. The implantation of a recording chamber was
performed aseptically under general pentobarbital (28
mg/kg body weight) anesthesia. The data used in the
present analyses come from recordings in 15 monkeys.
Although the behavioral tasks involved movement of
the arm, the data analyzed were only those obtained
while the animals held the arm in a stable posture
("control period") over a visual target before the target
shifted to a peripheral location. One interspike interval
distribution was analyzed for every cell (n = 1925 cells);
it was derived from 47.3 + 13.97 (mean + SD) trials
corresponding to 1.286 + 0.0188 s per trial. Two analyses were performed in sequence: a cluster analysis and
a discriminant analysis. In addition, standard analyses
(Snedecor and Cochran, 1980) were used for statistical
comparisons.

Selection of number of groups
The number of groups into which to classify cortical
spike trains is somewhat arbitrary because a variety of
morphological cell types exist (Porter, 1981). We chose
to classify cells into three groups based on physiological observations in cortical recordings in behaving
monkeys (Mountcastle et al., 1992), and on cell types
described in slice (McCormick et al., 1985; Connors
and Gutnick, 1991) and in vivo preparations (Pockberger, 1991) using functional and morphological techniques.

Initial cluster analysis
Our initial goal was to find out which measures of
the spike train would be most effective in separating
the cells into three distinguishable groups. For that
purpose, we used cluster analysis based on variancestandardized Euclidean distance (Program KM,
BMDP/386/Dynamic statistical package, Los Angeles, CA, 1992). Since we did not know which variables
would be most effective, we used a large number of
variables which were then rank-ordered with respect to
their effectiveness (F test in the duster analysis) in
separating the groups. The variables tested came from
three broad aspects of the spike train, namely (a) the
frequency of discharge, (b) the interspike interval (ISI)
distribution, and (c) the degree of bursting.
(a) One measure was used from the frequency of
discharge, namely the mean frequency of discharge
(spikes/s).
(b) The following eight measures were derived from
the ISI distribution: (i) the mean ISI; (ii) the mode ISI;
(iii) the trimean ISI (Tukey, 1977, p. 46); and (iv-viii)
the percentage of ISI's below 5, 10, 15, 25, and 30 ms.

(c) The following five measures of bursting (Leg6ndry and Salcman, 1985) were calculated as described in
Aldridge and Gilman (1991): (i) the total number of
bursts; (ii) the Poisson surprise; (iii) the number of
bursts per 1000 spikes; (iv) the burst rate (number of
bursts/s); and (v) the burst index.

Second cluster analysis
The above 14 factors were entered in the initial
cluster analysis above. The contribution of each factor
in cluster separation was assessed by the value of the F
test. The results obtained (see below) identified three
factors as most significant: the frequency of discharge,
the percentage of ISI below 20 ms, and the burst index.
The cluster analysis was then repeated using these
three factors to classify each cell into one of three
groups.

Linear discriminant analysis
In this analysis the three factors above were used to
discriminate among the three cell groups identified by
the cluster analysis. There were two objectives of the
discriminant analysis: first, to validate the classification
obtained by the cluster analysis by calculating the percentage of cells that were classified into the same
group(s) by both techniques; and second, to derive
classification functions, one for each cell group, so that
other cells, not contained in this sample, could be
classified in one of the three groups. The BMDP
statistical package (program 7M) was used for this
analysis.

Other analyses
It is of interest to know whether functional or other
properties of the ceils studied were distributed differentially among the groups identified. For that purpose
we used the X 2 test (Snedecor and Cochran, 1980).
With regard to functional properties, we compared the
distribution of directionally tuned cells (Georgopoulos
et al., 1982; Schwartz et al., 1988) in the three cell
groups, and of cells engaged in a memorized delay task
(Smyrnis et al., 1992). We also tested whether the
relative proportions of cells in the three groups differed in the upper (II and III) and lower (V and VI)
cortical layers. Finally, we wanted to assess the processing of directional information by the neuronal population of each cell type. For that purpose we calculated the neuronal population vector (Georgopoulos et
al., 1983) within each cell group and evaluated the
goodness of the prediction by calculating the angle
between the population vector and the direction of the
movement.
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TABLE 2

Results

Distribution of cell types in upper and lower cortical layers

Cluster analysis
The initial cluster analysis identified the m e a n frequency of discharge, the percentage of interspike intervals < 20 ms, and the burst index as the most important variables for separating the cells into three groups
( P < 10 -5 for each variable, F test). These variables
had the highest F score from those tested within each
of the three broad aspects of the ISI distribution (see
Methods). This analysis was then repeated using the
three measures above to classify each of the, 1925 cells
into one of three groups.

Discriminant analysis
This analysis validated the results of the clustering
analysis: its concordance with the clustering analysis
was 97.6% which means that a cell was assigned to the
same group by both analyses in 97.6% of cases. The
following classification functions were obtained:
Type A: C --- - 1.8187 + 0 . 1 3 4 6 X + 0.0424Y
+0.0870Z

(1)

Type B: C = - 10.6262 + 0 . 1 0 6 0 X + 0.0776Y
+1.6321Z

Total

97
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10

148

tivariate Hoteling's T z test). It can be seen in Table 1
that type A cells (67.1%) had low discharge rate and
low bursting; type B cells (20.2%) had low but bursting
discharge rate; and type C cells (12.7% of cells) had
high discharge rate with low bursting. Examples are
shown in Figs. 1 and 2.

Laminar distribution
In a subset of 148 cells the location within the
cortical layers was histologically identified (Georgopoulos et al., 1984). The laminar distribution of the
cell types identified above is given in Table 2. This
distribution did not differ among the upper ( I I - I I I )
and lower ( V - V I ) layers ( P < 0.36, X 2 test).

Directional tuning
(2)

Type C: C = - 13.1596 + 0 . 4 2 5 5 X + 0.3238Y
-0.0684Z

Type A Type B Type C Total
Upper layers (II-III) 36 (64.3) 18 (32.1) 2 (3.6) 56 (100.0%)
Lower layers(V-VI) 61 (66.3) 23 (25.0) 8 (8.7) 92(100.0%)

(3)

where C is the classification function, X is the m e a n
frequency of discharge, Y is the percentage of interspike intervals < 20 ms, and Z is the burst index.
Given X, Y and Z for a specific cell, C can be
calculated for each group and the cell classified to the
group that yields the largest C.
The group means + SD are given in Table 1. The
pairwise separation of the three groups was statistically
highly significant ( P < 10 -5 for each comparison, mul-

The prevalence of directional tuning was similar in
the three cell groups identified (Table 3), although the
percentage of tuned cells was slightly lower in the type
B group than in the other two groups. This difference
was statistically significant ( P < 0.02, )~2 test).

Memory signal
The prevalence of a directional memory signal
(Smyrnis et al., 1992) changes in cell activity during a
memorized delay period were observed in all three cell
groups (Table 4) ( P < 0.11, ,1"2 test).

Neuronal population vector analysis
The neuronal population vector (Georgopoulos et
al., 1983, 1986) predicted equally well the direction of

TABLE 1
GROUP MEANS (+ SEM) OF THE VARIABLES USED FOR CLASSIFICATION

Mean frequency of discharge (spikes/s)
Percentage of interspike intervals < 20 ms
Burst index
n = 1925 (100%)

Type A

Type B

Type C

8.565 + 0.242
6.192 + 0.192
0.589 + 0.039
1292 (67.1%)

4.349 + 0.199
19.445 ___0.633
10.457 ___0.233
388 (20.2%)

27.760 + 0.908
38.282 + 1.125
1.070 + 0.111
245 (12.7%)
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Fig. 1. Typical examples of the three types of cells identified. Each raster represents spike activity in one trial; 40 trials are shown for types A and
B, and 64 for type C. Rasters start (time 0) at the onset of the period used for analyses ("control period", see Methods) and end at the end of
that period.

m o v e m e n t within each group. For example, the average absolute angle b e t w e e n the direction of the population vector and the direction of m o v e m e n t in two-di-

Type A

m e n s i o n a l space was ( m e a n + SD, n = 8 directions)
4.90 + 3.47 °, 7.11 + 3.94 ° and 5.14 + 2.47 ° for type A,
B, and C, respectively.

Type B

100%

Type C

100%

100%

f

0

100

f

Mean Frequency 9.48
ISI < 20ms
1.87
Bursting Index 0.00

0

100

200 0

50

Mean Frequency 8.30
ISI < 20ms
24.24
Bursting Index 10.11

lOOml

t
0

/
100

/

/

200

Mean Frequency 35.68
ISI < 20ms
30.65
Bursting Index
0.84

Fig. 2. Interspike intervals and cumulative functions are shown for the data illustrated in Fig. I. ISI, interspike interval.
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TABLE 4

Discussion

The results of this study provide a way to classify
motor cortical cells into three well differentiated
groups. The value of this analysis comes from the fact
that the classification functions above were derived
from a large database (n = 1925 cells) and therefore
the resulting classification of specific cells should be
quite reliable. The characteristics of the three cell
types distinguished by the present analyses are essentially those observed in the spontaneous activity of
cortical neurons in waking monkeys (Mountcastle et
al., 1992).

Methodological considerations
An important methodological consideration of this
study concerns the behavioral conditions under which
the cells analyzed were recorded. These conditions
were motorically stable; i.e., the impulse activity of
cells was recorded while monkeys held a steady posture
with the contralateral arm and exerted a constant force
during a waiting period preceding an aimed movement
to a target. Under these conditions the impulse activity
of a cell reflects intrinsic membrane properties as well
as a stable synaptic input. Therefore, the results of this
study relate to both of these factors and, through them,
are distinguished from the results of other studies in
which the classification of cortical cells was addressed.
For example, in studies of patterns of firing in slice
preparations (McCormick et al., 1985; Connors and
Gutnick, 1991) or in anesthetized animals (Pockberger,
1991), injections of current were used, whereas in
studies in awake animals the behavioral conditions of
"quietness" (Evarts, 1965) or "wakefulness" (Steriade,
1978) are not sufficient to define a stable motor output.
Another methodological consideration pertains to
the analyses used for classification. First, the methods
applied are established statistical techniques. Second,
the choice of measures of the spike train on which the
analyses were based are reasonable, for they cover the
basic aspects of impulse activity, namely frequency of
TABLE 3
NUMBERS OF DIRECTIONALLY TUNED AND NON-TUNED
CELLS IN THE THREE GROUPS IDENTIFIED
Type A
Tuned
Not-tuned
Total

Type B

Type C

Total

978 (75.7)
314 (24.3)

266 (68.6)
122 (31.4)

179 (73.1)
66 (26.9)

1423
502

1292 (100%)

388 (100%)

245 (100%)

1925

NUMBERS OF CELLS IN THE THREE GROUPS WITH AND
WITHOUT CHANGES IN ACTIVITY DURING A MEMORIZED DELAY TASK
Type A
Cells that changed
activity
Cells that did not
change activity
Total

Type B

Type C

Total

49 (42.2)

14 (56.0)

9 (69.2)

72

67 (57.8)

11 (44.0)

4 (30.8)

82

116 (100%)

25 (100%)

13 (100%)

154

discharge, interval distribution, and degree of bursting.
These are characteristics on which qualitative classifications have been based (Mountcastle et al., 1992).
Finally, the decision to classify cells into a minimum of
three types was based on physiological observations in
cortical recordings in behaving monkeys (Mountcastle
et al., 1992), on cell types described in slice (McCormick et al., 1985; Connors and Gutnick, 1991) and
in in vivo preparations (Pockberger, 1991), and on the
application of "Occam's razor" which states that "Entities are not to be multiplied without necessity" (see
Russell, 1945, p. 472). Although cells could be classified in a large number of categories, we believe that
there is merit in the approach we followed in this
study, namely to keep this number small: it is interesting to know whether cells can be separated in at least
three groups. This is a needed validation for possibly
additional subclassification. Our analyses indeed provided a clear distinction among three cell groups: one
with low frequency of discharge and low bursting (type
A), one with low frequency of discharge but bursting
(type B), and one with high frequency of discharge an d
low bursting (type C).

Relation to histologically or antidromically identified cell
types
Ideally, one would like to establish a firm relation
between the cell types above and those types identified
in other studies. However, comparisons can only be
tentative for various reasons. First, we did not stain the
cells we studied and therefore we do not know their
histological type. Second, we did not record intracellularly and therefore we have no data on cell responses
to injection of current, as done in slice (McCormick et
al., 1985; Connors and Gutnick, 1991) or in in vivo
preparations (Pockberger, 1991). Third, we did not
attempt to activate cells antidromically, and therefore
we do not know which might have been pyramidal tract
neurons. Finally, we analyzed cell activity during a
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stable motor posture which was better defined behaviorally than "quietness" or "wakefulness" mentioned
in other studies (Evarts, 1965; Steriade, 1978). Since
motor cortical activity does relate to the status of the
motor system and since this status is ill defined under
the last two conditions, spike train properties of cells
recorded during simply quietness or wakefulness may
not be very comparable to our data which were
recorded during a repeatable, stable motor posture.
Nevertheless, some statements can be made concerning our cells. First, given the bias of metal microelectrodes for larger cells (Humphrey and Corrie, 1978),
it is probable that a large percentage of our sample
consists of pyramidal cells. Second, the fact that the
distribution of cells types we identified did not differ
between upper and lower layers indicates that none of
our three cell types belongs specifically to pyramidal
tract neurons, since these are located in layer V. Third,
a common feature of the discharge of putative inhibitory interneurons in the neocortex has been the
high percentage of short interspike intervals (Steriade,
1978); conversely, such neurons do not seem to have a
low frequency, non-bursting discharge. Therefore, it is
unlikely that this latter type (type A) in our classification would correspond to inhibitory interneurons. Given
the considerations above, it is reasonable to suppose,
although by no means proven, that type A probably
corresponds to pyramidal cells, whereas types B and C
would comprise both interneurons and pyramidal cells.

Functional properties of cell groups identified using spike
train analysis
The cell classification achieved in this study opens
the possibility of testing specific hypotheses concerning
intracortical processing. Indeed, we used the results of
this analysis to answer three questions concerning the
processing of directional information in the motor cortex. We wanted to know, first, whether directional
tuning (Georgopoulos et al., 1982) is more prevalent in
some of the cell types; second, whether the neuronal
population vector (Georgopoulos et al., 1983, 1986) can
provide accurate information about the direction of
movement when calculated within each one of the
three cell types; and third, whether a directional memory signal (Smyrnis et al., 1992) is present in some cell
types only. We found that the proportions of tuned and
non-tuned cells were similar in the three cell types
(Table 3), although the percentage of tuned cells was
slightly lower in Type B than in the other two types.
The neuronal population vector predicted equally well
the direction of movement within each type. Finally,
changes in cell activity during a memorized delay pe-

riod were observed in all three cell types (Table 4).
These results show that directional and memory processing is truly distributed among the different cell
types. This remains to be seen for other cases of
neuronal population operations (Steinmetz et al., 1987;
Young and Yamane, 1992).
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