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. P. D. Eimas and J. L. Miller, Science 209, 1140

(1980).

. The terms ‘‘relational”” and ‘‘nonlinear fashion”

are ones recently adopted by Eimas and Miller
(10) to describe perceptual compensation -for
context-conditioned variation in the speech sig-
nal, that is, shifts in the perceptual boundary
that occur with changes in speaking rate [com-
pare (8)]. Although they do not state it explicit-
ly, Eimas and Miller (J0) seem to imply that
infants are responding to changes in speaking
rates. .

. Both studies assumed that Miller and Liber-

man’s demonstration (8) that the internal struc-
ture of the syllable and not just its overall
duration affected the perceptual boundary for
formant transition duration was sufficient to rule
out a psychophysical account. Neither study
considered the possibility that nonspeech
sounds displaying similar internal relationships
might give the same result.

P. K. Kuhl and J. D. Miller, Science 190, 69
(1975); J. Acoust. Soc. Am. 63, 905 (1978), K.
N. Stevens, in Human Communication: A Uni-
fied View, E. E. David, Jr., and P. B. Denes,
Eds. (McGraw-Hill, New York, 1972).

. T. D. Carrell, D. B. Pisoni, and S. J. Gans

[paper presented at the 100th meeting of the
Acoustical Society of America, Los Angeles, 19
November 1980] found that the internal struc-
ture of the stimuli affected the location of the
perceptual boundary in the way described by
Miller and Liberman (8). Hence, these effects
with nonspeech sounds depend on internal stim-
ulus structure as well as overall duration.

. This possibility seems unlikely since Carrell et

al. (14) gave their subjects a questionnaire after
the test, the results of which gave no indication
that subjects ‘perceived the stimuli as being
speech or speechlike.

. Information about the way infants discriminate

these sounds is needed to test whether special-
ized speech processing capacities are responsi-
ble for context effects, because although the
studies with adults have examined both dis-
crimination and identification, Eimas and Miller
(10), studying infants, tested only discrimina-
tion. As is the practice, the adult identification
data provide a basis for designating which stimu-
lus pairings involve between-category discrimi-
nations and which involve within-category ones.
Hence, any adequate explanation for the under-
lying basis of context effects must account for
thdc linfant’s performance along with that of the
adult.

Each complex tone stimulus was composed of
three sinusoids whose frequencies, amplitudes,
and temporal characteristics matched those of a
synthetic speech continuum between /ba/ and
/wa/. Carrell et al. (14) provide a complete
description.

. Of the 100 infants who completed the experi-

ment, approximately half were males and half
females. A total of 262 infants were tested. Of
the infants who failed to complete the experi-
ment, 107 infants cried, 26 fell asleep, 24 reject-
ed the nipple, and 6 were dismissed because of
equipment failure or experimenter error. There
was no statistically significant difference in
dropout rate across any of the conditions.

In a recent replication of their earlier study J. L.
Miller and P. D. Eimas [Cognition 13, 135
(1983)] reported that subjects in the within-
category conditions showed higher postshift
rates of responding than control subjects did.
Analysis of our data for the full 4-minute period
after shift revealed a similar tendency in the
performance of the within-category groups 35—
558 and 15-35L. This indicates that the same
underlying perceptual mechanisms are operating
for both speech and nonspeech.

Indeed, R. Goldhor’s recent model [J. Acoust.
Soc. Am. 73, S4 (1983)] of speech processing by
the peripheral auditory system can account for
the relational effects observed when syllable
durations are increased. The same relational
patterns are predicted without any assumptions
about computation of speaking rate.

R. N. Aslin and D. B. Pisoni, in Child Phonolo-
gy: Perception and Production, G. H. Yeni-
Komshian, J. Kavanagh, C. A. Ferguson, Eds.
(Academic Press, New York, 1980).
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Fast Extraceliular Calcium Transients:

Involvement in Epileptic Processes

Abstract. Improved liquid ion-exchanger microelectrodes made possible the
observation of large, rapid decreases in the concentration of extracellular calcium
ions during single epileptic spikes. Moreover, in definite cortical layers the decreases
regularly started shortly before the onset of each epileptic spike. In view of the
prominent role played by extracellular calcium ions in neuronal processes, including
transmitter release and membrane excitability, these alterations probably exert a
profound influence on the cellular events underlying epileptiform activity.

Periods of synchronous neuronal ac-
tivity are associated with substantial al-
terations in extracellular ion concentra-
tions. It has been thought that these
changes are rather slow, with time scales
of hundreds of milliseconds, and that the
participation of large populations of neu-
rons is required. Such slow changes have
been shown to occur in a variety of
situations (/); however, it is important to
determine whether rapid changes in
extracellular ion concentrations take
place during synchronous activation of
groups of neurons, as during single epi-
leptic events; these changes could then
contribute significantly to the mecha-
nisms by which synchronization occurs
and hyperexcitability spreads. Technical
limitations of liquid ion-exchanger elec-
trodes, such as the slow rise time of
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Fig. 1. (A and B) Alterations in the concentra-
tion of extracellular Ca?* during spontaneous
epileptic spikes in neocortical penicillin foci in
rats. Upper traces, recordings of extracellular
Ca®*; middle traces, local field potentials (d-
c—coupled) recorded through the reference
side of the ion-sensitive microelectrode; bot-
tom traces, electrocorticograms (a-c—coupled)
from the neighboring cortical surface. The
traces in (A) and (B) were obtained at two
different sweep speeds. Recording depth was
600 pm below the cortical surface.

responses, have prevented recordings of
any rapid variations in the concentration
of extracellular ions, especially varia-
tions in Ca?". Since ion-selective elec-
trodes with short response rise times
could be manufactured in our laboratory,
we attempted to determine whether fast,
transient changes in Ca?>" occur in epi-
leptiform penicillin foci in the rat.

Ion-selective electrodes with a short
response rise time were produced by the
method of Ujec et al. (2). Conventional
double-barreled ion-sensitive reference
electrodes were siliconized and filled. A
thinner, separately pulled micropipette
was inserted into the ion-sensitive side
until the longitudinal distance between
the inner and outer tip was 5 to 10 pm,
reducing- considerably the longitudinal
resistance of the ion-sensitive channel.
The electrodes responded with an aver-
age of 26.93 =+ 1.42 mV to a tenfold
change in the Ca®" concentration. The
response rise time was measured in nor-
mal Ringer solution streaming in a thin
tube. To eliminate electrical and me-
chanical artifacts, small amounts of a
solution containing various Ca’* con-
centrations were pressure-injected close
to the tip of the electrode. Using a neu-
tral ion exchanger (3), we measured the
time to peak or trough of the responses
at 2 to 4 msec. Recordings were per-
formed in penicillin-induced cortical foci
in rats under light halothane N,0-O,
anesthesia. Standard techniques were
used for electrocardiographic record-
ings, for epicortical or forepaw stimula-
tions, and for the creation of a restricted
penicillin focus (20 IU of sodium penicil-
lin G) in the forepaw area of the somato-
sensory cortex.

The average resting level of Ca** was
1.2 to 1.3 mM. After penicillin applica-
tion, a progressive decrease of 0.1 to 0.2
mM could often be observed over a
period of 2 to 4 minutes (4); then the
resting level stabilized and remained
constant throughout the experiments.
During interictal discharges, extracellu-
lar Ca®* levels decreased abruptly from
baseline to minimum values of 0.45 to
0.55 mM, depending on the amount of
time between penicillin application and
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Fig. 2. (A) Laminar analysis of changes in extracellular Ca?* and local field potentials recorded
from different depths in cortical gray matter durihg spontaneous epileptic spikes. Upper traces,
changes in Ca?*; bottom traces, field potential recordings (d-c-coupled); negativity up. Depth
of recordings is indicated above each trace. Baseline extracellular Ca* is 1.1 mM for each
frame. (B) Delays between onset of changes in extracellular Ca®* and onset of the correspond-
ing field potential versus depth below cortical surface during spontaneous epileptic spikes. Each
point represents the mean for eight experiments and each bar the corresponding standard error

multiplied by 2.

recording and on the recording depth.
Typical recordings are shown in Fig. 1.
The shortest time to trough response was
38 msec for signals of 0.55 mM at record-
ing depths of 600 wm. The steepest slope
measured near baseline was 19.4 mmole/
sec. In many recordings a hump was
seen in the descending limb of the Ca®*
signal. Similar decreases were observed
during epileptic spikes triggered by sen-
sory or by direct cortical stimulations.
The concentration of extracellular Ca®*
returned to baseline in 2.5 to 4 seconds,
without, in most cases, any summation
of Ca’" decreases between successive
spontaneous epileptic spikes  (Fig.
1A).

The amplitude and shape of the extra-
cellular Ca®* signals were dependent on
recording depth (Fig. 2A). At the surface
no Ca’" signal could be detected during
paroxysmal field potentials. When the
electrode was lowered 50 wm, Ca’* sig-
nals could be observed. The largest re-
ductions were seen at depths of 500 to
700 wm (Fig. 2A). At deeper recording
sites the amplitude and abruptness of the
signal diminished and the hump on the
descending limb became prominent, so
that there remained only an initial in-
crease followed by a late, small decrease
(Fig. 2A).

At depths at which the decreases in
Ca’* were largest, and provided the mi-
croelectrode was located in the center of
the focus, the decreases preceded the
local field potentials and an inflection
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point was apparent on the descending
limb of the Ca®" signal, the fall rate being
smaller before the onset of the field
potential and larger during it (Fig. 2).
The latency between onset of the Ca’*
signal and onset of the field potential was
largest (90 to 100 msec) at depths of 500
to 700 wm, with a certain variability for
consecutive epileptic spikes (Fig. 2B).
Above and below these depths the laten-
cy was smaller and could no longer be
detected below 1400 pwm (Fig. 2B). Simi-
lar latencies were also observed for epi-
leptic spikes triggered by sensory or di-
rect cortical stimulations.

These data show that large and very
fast decreases in Ca’' occur during a
single epileptic spike. In view of the
diffusion speed of Ca®" in the extracellu-
lar space (5), the changes must reflect
local events around the tip of the micro-
electrode, even though similar changes
occur in the entire volume of cortex
involved in the focus. Since glial cells are
probably not responsible for such rapid
changes (6), these decreases may reflect
entry of Ca’" into neuronal elements.

The respective contributions of pre-
and postsynaptic Ca®" entry to the extra-
cellular Ca?* decreases are not known,
although experiments with the neurotox-
in tetrodotoxin, which blocks action po-
tential generation and thus synaptic
transfer, suggest that, during paroxysmal
events, a large amount of Ca®' leaves
the extracellular space through postsyn-
aptic sites. This is further supported by

the observation that, during ionophoretic
release of excitatory amino acids, large
decreases in extracellular Ca®>" occur
which are not altered in the presence of
tetrodotoxin (7).

In penicillin foci any paroxysmal field
potential is invariably associated with
intracellularly recorded paroxysmal de-
polarization shifts (PDS’s) (8), which
usually last 80 to 100 msec. At the post-
synaptic level an inward, voltage-depen-
dent Ca®* current probably contributes
to the envelope of depolarization of
PDS’s. Such conductances have been
shown to be present in neocortical neu-
ronis (9, 10), and orthodromically evoked
dendritic bursts in pyramidal neurons of
penicillin-treated hippocampal slices are
generated by such Ca?* currents (11).
Many of the decreases in Ca’* are thus
probably due to Ca?" entry into postsyn-
aptic membranes during PDS’s. In addi-
tion, the lowering of extracellular Ca®",
resulting in a reduced transmitter re-
lease, could limit the duration of syn-
chronized activity. Indeed, the maxi-
mum Ca’' decreases should coincide
with the cessation of PDS’s.

Of particular significance is the finding
that, in definite cortical layers, Ca®"
decreases precede the onset of spontane-
ous or triggered epileptogenic field po-
tentials (Fig. 2B). This observation may
help to explain the triggering mecha-
nisms of synchronous paroxysmal
events: it has been proposed that rever-
beration of activity in recurrent excitato-
ry pathways can account for the genera-
tion of such events (/2). Thus, Ca®*
decreases before the onset of paroxys-
mal field potentials may be the result of
the reverberating activity, which should
then be restricted to terminals located in
layer III and the border of layer IV. An
alternative explanation is that the trigger
mechanism is due to the activation of a
distinct subpopulation of neurons with
specific membrane properties that could
synaptically drive the other cortical neu-
rons. The decrease in Ca®>’ before the
onset of the paroxysmal field potential
would then reflect the building up of
activity in this subpopulation of neurons.
This hypothesis is further strengthened
by two recent studies. Connors et al. (10)
showed in neocortical slices that neurons
with bursting capabilities, and thus prob-
ably having dendritic Ca®' conduc-
tances, are located in a narrow range of
depths composing layer IV and the su-
perficial part of layer V. Lockton and
Holmes (/3) found that the region most
sensitive to penicillin in rat somatosen-
sory cortex is located in laminae III and
V.
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The rate of recovery of Ca*>" concen-
trations from trough levels is high when
compared to the rate observed after de-
creases induced by excitatory amino ac-
ids (I4). In view of the diffusion speed of
Ca’" in the extracellular space (5), this
recovery rate cannot be explained solely
by the migration of Ca?* from zones
surrounding the epileptogenic focus. Ad-
ditional mechanisms must participate in
the recovery, perhaps including active
Ca’* extrusion from cellular elements
(15) or transition from bound to free
Ca?" in the extracellular matrix.

The humps often observed on the de-
scending limb of Ca* recordings and the
Ca®’" increases regularly detected in
deep cortical layers during paroxysmal
field potentials cannot be explained by a
defective subtraction of the field poten-
tial from the signal of the ion-sensitive
side: at the cortical surface full-sized
field potentials were often recorded with
no detectable signal on the Ca?" record-
ing. Moreover, in control experiments at
various cortical depths in which artificial
field potentials were delivered by stimu-
lating electrodes, no appreciable artifact
due to a defective subtraction was seen.
Increases in extracellular Ca’* have
been observed during seizures (4, 16),
particularly in deep layers (/7). Several
mechanisms may account for such a
process, among which a shrinkage of the
extracellular space due to osmotic imbal-
ance is the most likely (/7).

R. Pumain
1. KURCEWICZ
J. LouvEL
Institut National de la Santé et de la
Recherche Médicale, 2" Rue d’Alésia,
F-75014 Paris, France
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Detection of Intermodal Numerical Correspondences by

Human Infants

Abstract. Infants prefer to look at an array of objects that corresponds in number
to a sequence of sounds. In doing so, infants disregard the modality (visual or
auditory) and type (object or event) of items presented. This finding indicates that
infants possess a mechanism that enables them to obtain information about number.

Before children go to school they ex-
hibit knowledge of enumerative proce-
dures such as counting, of numerical
relationships such as equivalence, and of
arithmetic operations such as addition
(I). These observations suggest that ear-
ly mathematical knowledge develops
from an innate base. Here we present
evidence that 7-month-old infants match
the number of objects in a spatial display
to the number of sounds in a temporal
sequence. These findings indicate that
infants can detect numerical information
and that they do so by use of a mecha-
nism that is not limited to a single modal-
ity of sensation.

Human infants discriminate among
visible displays of two, three, or four
dots of white light (2) and between pic-
tures of two or three objects varying in
color, shape, size, texture, and arrange-
ment (3). Although suggestive, these ex-
periments do not reveal whether the ba-
sis of the discrimination is numerical
information as such or specific visual
patterns (4). We have now addressed this
issue by investigating whether infants
could detect numerical correspondences
between sets of visible items and sets of
audible items.

The experiments used a preferential
looking procedure adapted from studies

Table 1. Attention to and preferences for numerically corresponding displays.

Duration of attention

Preference for

(seconds) corresponding display
Experi- Trial

ment block Corre- Noncorre- Propor- Propor- Sub-
sponding sponding tion of tion of jects

display display durationt subjects¥ (N)

1 1 2.11 = 0.89 1.99 = 0.81 0.51 0.44 7

2 2.02 = 0.99 1.51 = 0.79 0.58%** 0.75%* 12

1+2 2.06 = 0.71 1.75 = 0.73 0.55%* 0.75%* 12

2 1 2.93 = 1.09 2.91 = 0.84 0.50 0.50 4

2 2.74 = 1.38 1.92 + 0.91 0.58%%* 1.00%%* 8

1+2 2.84 = 1.23 2.42 = 0.57 0.54** 0.75 6

3 1 3.03 = 0.81 2.59 = 1.02 0.54 0.56 9

2 2.64 = 0.95 2.32 = 1.06 0.54 0.56 9

1+2 2.84 = 0.77 2.46 = 0.80 0.54%** 0.75% 12

1+2+3 1 2.64 = 0.98 2.41 = 0.96 0.52 0.50 20
2 2.41 = 1.09 1.92 = 0.98 0.57%** 0.72%** 29

1+2 2.53 £0.92 2.17 £ 0.79 0.54%** 0.75%** 30
Py = DJ(D. + D,), where P4 is the mean proportion of duration averaged over trials. and D, and D,, are the

mean durations of attention averaged over the sets of corresponding displays (c) and noncorrcspondmg
displays (n). This proportion was compared with that expected by chance, 0.50; significance was assessed by

one-tailed t-tests with 15 degrees of frcedom (d.f.) (experiments 1 and 3),

(overall).

d f. (experiment 2), or 39 d.f.

1P, = SJ(Sc + S,), where P; is the proportion of subjects, and S. and S, are the numbers of

subjects whose mean proportion of duration was greater on the corresponding displays (c) or the

noncorresponding displays (n); significance was assessed by one-tailed sign tests.
< 0.01.

**P < 0.025. AP <

*P < 0.05.
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