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tion of this gene. Identification of the LIS-/ gene should there-
fore prove useful in the study of neuronal migration in normal
development as well as in this unique human disorder. O
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DisTORTIONS of perception following prolonged exposure to an
unvarying sensory stimulus have been observed since at least the
third century Bc'. The motion after-effect is a familiar experience’
in which, after a few minutes of viewing objects moving in a single
direction, a stationary object appears to move in the opposite
direction. Similar after-effects have been observed for many visual
stimuli, including tilted lines, colours, stereoscopic depth, curva-
ture, spatial frequency, contrast, rotation and motion in depth3' °,
In contrast to the rich variety of visual after-effects reported since
the 1960s, reports of analogous auditory adaptation effects only
appeared in the 1970s'%'%, but have continued since then'*'*. Some
effects of sound source spatial movement perception after adapta-
tion to a spatially moving sound source have been reported'®. Here
we report an auditory perceptual after-effect analogous to the vis-
ual motion after-effect, which is caused by adaptation to auditory
spectral (frequency) motion. After a féw minutes of listening to a
simple spectral pattern moving upwards or downwards in frequency
space, the same pattern sounds as though it is drifting in the oppo-
site direction when it is stationary. The effect shows binaural trans-
fer, implying that it is generated at the level after binaural
interaction. After-effects produced by the motion of spectral peaks
are independent of those produced by spectral notches, suggesting
separate processing channels for spectral peaks and notches.

The stimulus had a broad band, flat, noise spectrum on which
was superimposed either a peak of narrow band noise, centred
on a given frequency, or a narrow band notch. likewise centred
on a given frequency (Fig. 1). The centre frequency of the peak
or notch moved either upwards or downwards in frequency
space, at a constant velocity, and with a repetitive sawtooth
pattern. A two-alternative forced choice procedure was used to
measure the after-effect of adaptation to this spectral motion.
After 2-3 minutes of exposure to an adapting stimulus, the list-
ener was asked to judge the direction of motion (up or down in
frequency) of a briefly presented (0.5s or less) test stimulus.
Each test stimulus could have one of seven different velocities,
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FIG. 1 Instantaneous amplitude spectra of the moving peak {a) and
notch (b) stimuli, and the time functions of the central frequency of the
peak or notch (¢ and d). The stimulus had a broad band, flat, noise
spectrum on which was superimposed either a peak of narrow band
noise, centred on frequency f., or a narrow band notch in the spectrum,
also centred on f.. f, moved either upwards (¢) or downwards (d) in
frequency, at a constant velocity in log frequency space, and in a repeti-
tive sawtooth pattern. The initial value of f, was logarithmically centred
in the frequency band of 1 to 2 kHz. The peak or notch was about
200 Hz wide and more than 15 dB above or below the baseline, which
was kept constant during stimulus presentation. The velocities used in
the briefly presented test stimuli were always slow enough that f, did
not cross the boundaries of the 1-2 kHz band during the test stimulus
interval.

METHODS. The sound signals were computed digitally by two Motorola
DSP56001 microprocessors in a Macintosh Il computer. The sampling
rate was 14,700 Hz, and the additive synthesis method was used. Sixty-
four sinusoidal components with randomized initial phases were syn-
thesized using the table look-up method with fractional phase steps
and a table size of 1,024. Analogue voltages generated by the DSP
boards were passed to a stereo amplifier (NAD Electronics, London) and
presented to the subject by electrostatic headphones (Stax Industries,
Tokyo).

chosen at random on each trial. Following each test, the adapt-
ing stimulus was presented again for 2 s to maintain the adapta-
tion. A total of about 100 test and reinforcing presentations was
given on each test of adaptation. The range of test velocities was
always centred on zero and was chosen so that the extremes of
the range were nearly always correctly identified by the subject
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as moving up or down. Probit analysis'® was used to estimate
the 50% response rate on the resulting psychometric function.
This is the stimulus velocity which sounded stationary to the
listener (unchanging in pitch). A significant change in this sub-
jective mean following adaptation indicates the presence of an
after-effect.

In the first three experiments we examined the after-effect
using either similar or different adapting and test stimuli. In
experiment 1 we measured the after-effect obtained when the
adapting and test stimuli were both moving peak stimuli (Fig.
la). Different adapting velocities were used to examine their
effects on the size of the after-effect. All subjects showed signifi-
cant changes in the estimated subjective mean velocities after
adaptation as compared with that of the control experiment
(Fig. 2a). When the adapting velocity was positive, that is,
upwards in frequency, the subjective mean velocity changed in
a positive direction. Thus a positive velocity was judged by lis-
teners as stationary and correspondingly a stationary velocity
was heard as moving downwards. At negative adapting velocit-
ies, a moving peak stimulus with a negative velocity was also
judged as stationary. The after-effects were maximum at adapt-
ing velocities of around +0.5 octaves pers.

For experiment 2, a different spectral pattern was used. At
any given instant during presentation, both the adapting and the
test stimuli had a notch in an otherwise flat spectrum over the
same frequency band as that used above (Fig. 15). The band-
width of the notch was 200 Hz, the same as that of the peak in
the first experiment. The centre frequency of the notch moved
up or down in frequency space and, as before, the task of the
listener was to judge the direction of motion of the notch in the
test stimuli. All subjects showed significant after-effects following
adaptation for adapting velocities around + 0.5 octaves per s. In
Fig. 2b the size of the after-effect is plotted as a function of the
adapting velocity. The results were similar to those of experiment
1: after adapting to upward motion of a moving notch, a station-
ary notch appeared to move downwards, and vice versa.

To test whether adaptation to moving peaks and notches
involved the same processing channels (experiment 3), we
adapted first to a moving peak and then tested with a notch, and
vice versa (cross-adaptation). The flat background level of the
adapting stimulus and that of the test stimulus were kept the
same. Figure 2¢ and d show the effect of adapting velocity on
the subjective mean velocity of the test stimulus. Although there
was some evidence for a weak effect of adaptation to a moving
peak when tested with a notch stimulus, cross-adaptation gen-
erally produced effects that were weak or arguably non-existent.
This suggests that after-effects produced by moving peaks and
notches occur in different sensory channels.

In the visual system, after-effects thought to have a central
locus typically show transfer between the two eyes (such as the
motion after-effect), whereas after-effects that involve peripheral
mechanisms (such as coloured after-images) do not transfer. To
test whether the auditory after-effect is monaural or involves
binaural pathways we adapted one ear and tested with the other
ear. Figure 3 shows the size of interaural transfer of the after-
effect as a function of adapting velocity. The after-effects for
interaural transfer and same-ear adaptation were similar, sug-
gesting that they are generated after the site of binaural inter-
actions in the nervous system, and ruling out peripheral
mechanisms for the after-effect.

These results suggest that the auditory system has a previously
unsuspected sensitivity to the motion of peaks and troughs in
the spectrum of complex sounds, extending the analogy between
position on the basilar membrane of the cochlea and the position
on the retina. Sensitivity to shape cues in the sound spectrum is
an important factor in monaural sound localization'’". The
filtering effects of the head, pinna and the ear canal are substan-
tial and complex, and result in changes in the spectral content
of incoming sounds that are dependent on the incidence angle
of the sound wavefront relative to the head. Such spectral cues
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FIG. 2 Size of the monaural adaptation after-effect (in terms of the
subjective mean velocity at which the stimulus sounded stationary) as
a function of the velocity of the central frequency of the peak or notch
in the adapting stimulus. Error bars indicate one s.d. in the mean, as
estimated by the Probit procedure. Three listeners (N.V.S., D.G. and
Z.).S.) conducted these experiments. a, The listeners adapted to, and
were tested with, moving peak stimuli; b, both the adapting and test
stimuli were moving notches; c, the adapting stimulus was a moving
peak whereas the test stimuli were moving notches; d, the adapting
stimuius was a moving notch whereas the test stimuli were moving
peaks. See text for details of the experiments, and Fig. 1 for the stimuli.

for monaural localization are thought to be important in locat-
ing the elevation of sound sources, which cannot be done using
purely binaural cues, and may rely on detection and discrimina-
tion of spectral peaks and notches™.

If, as seems likely, the auditory motion after-effect reported
here is a consequence of changes of activity within populations
of neurons selectively sensitive to spectral motion, the results of
experiment 3 suggest that different neuronal populations encode
the motion of peaks and notches in auditory stimuli. In addition,
if sound frequency is analogous to space in visual perception,
our finding of an after-effect for motion peaks or notches in
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FiG. 3 Size of interaural transfer of the after-effect (in terms of the
subjective mean velocity at which the stimulus sounded stationary) as
a function of the velocity of the central frequency of the peak or notch
in the adapting stimulus. In this case one ear was adapted and the
other ear tested. Crosstalk between the two ears in our system was
carefully checked to ensure that stimulation in the adapting ear was
inaudible in the test ear. Error bars indicate one s.d. in the mean, as
estimated by the Probit procedure. a, The adapting and test stimuli
were both moving peaks; b, the adapting and test stimuli were both
moving notches.
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frequency space is simply an extension of the well known visual
motion after-effect to another sensory domain. By analogy there
may be neurons in the auditory pathways that are sensitive to
the motion of spectral patterns, implying the existence of the
auditory equivalent of dark and light bar detectors in the visual
system. The results of interaural transfer suggest that these detec-
tors are located at a level after binaural interaction. Although
there is evidence for neurons sensitive to the motion of frequency
peaks®' there are as yet no reports of neurons sensitive to moving
spectral notches, or even stationary gaps in the spectrum. There
is evidence that spatial auditory source movement can be sensi-
tively signalled by binaural temporal disparities in frequency-
modulated signals'>, however this is likely to involve mechanisms
other than those that detect changing frequency®. Our results
suggest that further attempts to define such channels with neuro-
physiological and psychophysical methods would be
worthwhile. O
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Heightened synaptic plasticity
of hippocampal CA1 neurons
during a cholinergically
induced rhythmic state

Patriclo 1. Huerta & John E. Lisman

Department of Biology and Center for Complex Systems,
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BRrAIN cholinergic neurons are critical for memory function' and
their loss may contribute to memory impairment in Alzheimer’s
disease’. One role of cholinergic neurons is to elicit an oscillatory
_activity called theta rhythm* in the hippocampus, a brain region
involved in memory processing®. Theta rhythm occurs during
periods of learning®’, but its effect on the synaptic plasticity that
underlies learning remains unclear. We have studied synaptic plas-
ticity in hippocampal slices during theta-frequency oscillations
induced by a cholinergic agonist®'®. Here we report that during
these oscillations, synapses are in a state of heightened plasticity
and can be modified by what would otherwise be ineffective stimula-
tion. This heightened plasticity is sensitive to the timing of incom-
ing stimuli with respect to the oscillatory activity. The results
suggest that cholinergic systems may affect memory formation
through the induction of an oscillatory state in which the require-
ments for synaptic plasticity are dramatically altered.
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FIG. 1 Cholinergically induced long-term enhancement of synaptic
efficacy. a, Representative experiment showing the slope of the field
e.p.s.p. against time. During bath application of CCh (50 uM for 5 min,
hatched rectangle), one pathway was stimulated and another pathway
was not. Theta-frequency oscillations (mean amplitude, 280 nV) were
present during CCh, but stimulation was not synchronized with the oscil-
lations. Inset, field e.p.s.ps (average of 6 traces) taken at the times
indicated by the numbers in the graph. b, Pooled data (n=27) showing
the average per cent change of the field e.p.s.p. in two pathways; syn-
apses that were stimulated (A) and synapses that were not stimulated
(A) during CCh. Also shown are results from the stimulated pathway in
the subset of experiments (n=10) that showed large (>100 puV) theta-
frequency oscillations during CCh (O). Symbols represent mean change
(+s.e.m.) plotted at 2-min intervals (intervening data have been omitted
for clarity). Similar results were obtained for the population spike ampli-
tude concurrently recorded in stratum pyramidale in a subset of experi-
ments: neurons that were stimulated during CCh were persistently
enhanced (49 + 4%, n=23, P<0.001, not shown). ‘
METHODS. Transverse hippocampal slices (400 um) were obtained from
100-250 g (2-8 weeks old) male Long-Evans rats?® and maintained in
a submerged chamber with continuous perfusion of oxygenated solution
(in mM): NaCl, 124; NaH,COj, 26; p-glucose, 10; KCl, 5; CaCl,, 2;
MgS0,, 2; NaH,P0O,, 1.2 (pH7.4) at 30-32°C. An extracellular
recording microelectrode (2 M NaCl, 1-3 MQ) was placed in stratum
radiatum, 150-250 um from stratum pyramidale. Recordings were
made with an Axoclamp 2A amplifier. Evoked responses were sampled
at 10 KHz and analysed on-line to determine the field e.p.s.p. initial
slope. Two bipolar Pt/Ir microelectrodes were placed onto Schaffer col-
lateral axons (at opposite sides of the recording microelectrode) and
delivered current stimuli (0.1-0.5 mA, 50 ps) to elicit half-maximal
response; stimuli were alternated so that a response was recorded
every 5 seconds. To ensure independent stimulation of two sets of
synapses, a paired-pulse facilitation paradigm (inter-stimutus interval of
50 ms) was used. Summary graphs were constructed by: (1) normalizing
each experiment, by expressing all values as percentages of the mean
value before CCh application, (2) aligning them with respect to the onset
of CCh, and (3) averaging the time-matched, normalized data across
experiments. The per cent changes quoted in the text (mean change +
s.e.m.) were obtained from the summary data by comparing the distri-
butions of 18 averaged values during two 3-min intervals, one just
before CCh application and the other 2 h after CCh application. Statist-
ical significance, P, of this per cent change was computed using an
unpaired Student t-test.

723

© 1993 Nature Publishing Group



