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Abstract

Mongolian gerbils (N ¼ 21) were trained to discriminate between continuous and repeated auditory white noise. While

for periods up to 40 ms of the repeated noise spectral effects make this a perceptual task, longer periods require auditory

sensory memory to solve the task. Short periods (20 ms) could easily be discriminated by naive gerbils (discrimination

performance, i.e. hit rate minus false alarm rate .80% after 8 days of training). Discrimination was more difficult for

longer periods (100 ms: discrimination performance < 50% after 18 days of training). By long-term training (156 days)

using an optimized training paradigm two further gerbils learned to discriminate up to a period length of 360 ms but

could not proceed at 400 ms. While this falls short of human performance, it demonstrates for the first time sensory

memory for random waveforms in animals. q 2002 Elsevier Science Ireland Ltd. All rights reserved.
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Auditory white noise is perceived by human listeners as a

homogenous, featureless stimulus, completely described by

its loudness. This changes dramatically if the otherwise

random waveform of the noise starts to repeat itself after a

second or less [8]. This ‘periodic’ or ‘repeated noise’ (RN)

elicits distinct percepts that are highly specific for the

repeating noise segment, tend to be stable across presenta-

tions, and correlate to a certain degree between listeners [9]

(for a demonstration see www.periodic-noise.de).

The percepts elicited by RN are considered evidence for a

preattentive auditory storage system in humans that can

retain non-categorical sensory information [2,4,5,12].

With only a few minutes of training human listeners can

detect periodicities of several seconds – some as long as

20 s [12,18]. Following the terminology of Cowan [4],

this classifies human RN perception as a phenomenon of

the ‘long auditory store’. Thus, the study of the perception

of RN leads beyond purely perceptual issues to topics in

memory research. With sensory memory, where trace

refresh by mental rehearsal does not play a role [6], the

comparison of human and animal performance is of special

interest (see e.g. ref. [3]). In a first approach to address the

perception of RN in a non-human model, the present study

investigates the ability of Mongolian gerbils (Meriones

unguiculatus) to discriminate between RN and non-repeated

noise (NRN; i.e. normal white noise).

In Experiment 1 we assessed the learning speed and the

final performance for five groups of naive gerbils that had to

discriminate RN from NRN for five different cycle lengths.

A total of 21 adult Mongolian gerbils (M. unguiculatus)

from our own breeding colony were housed in a tempera-

ture-controlled room (23 ^ 18C) under 12 h light/12 h dark

cycle. Rodent food pellets, sunflower seeds and water was

given ad lib.

The noise stimuli were produced by means of a Gaussian

random number algorithm [9]. These numbers were then

converted at 44.1 kHz and presented free field at about 60

dB sound pressure level via two speakers located above the

animals head. Different noise samples were generated for

each trial. The length of the stimuli was 8 s. For RN, cycle

lengths of 20, 40, 60, 80, or 100 ms were used. For instance,

if the cycle length was 100 ms, the algorithm was used to

calculate 4410 consecutive amplitude values which were

concatenated 80 times to produce 8 s of RN. The stimuli

were ramped with linear on- and offset ramps of 10 ms

length.
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Animals were trained to discriminate RN and NRN

stimuli in a footshock avoidance procedure. A shuttle-box

with two compartments (18 £ 16 £ 22 cm) separated by a 3

cm high hurdle was used. Five groups of naive gerbils were

trained to discriminate RN with periods of 20 ms (n ¼ 4), 40

ms (n ¼ 4), 60 ms (n ¼ 4), 80 ms (n ¼ 4) and 100 ms

(n ¼ 5) from NRN.

Animals were given a stimulation-free habituation period

of 3 min before each session started. During the session, RN

samples served as CS 1 (reinforced conditioned stimulus:

reaction [crossing of hurdle] required) and NRN samples as

CS 2 (non-reinforced CS). As soon as the animal crossed

the hurdle, the stimulus stopped. If the animal did not cross

the hurdle within 4 s after the onset of the CS 1 of a given

trial, an unconditioned stimulus (mild, 150–300 mA, elec-

trodermal stimulation) was applied via a floor grid and this

application and the CS 1 presentation continued until the

gerbil crossed the hurdle, but maximally for another 4 s. In

order to control for false alarms, the same unconditioned

stimulus was applied for 0.5 s upon crossing of the hurdle to

CS 2 . Daily training sessions with 60 trials each (rando-

mized presentations of 30 different CS 1 and CS 2 ; cf. ref.

[7]) were carried out with each animal. Inter-trial intervals

(start to start) were 16 ^ 4 s. Training was continued until a

stable discrimination performance (see below) was reached.

Numbers of hurdle crossings (conditioned responses;

CR 1 and CR 2 , respectively) were counted in each

session and converted to normalized CR 1 and CR 2

rates. Discrimination performance for each training session

was defined as the difference between the conditioned

response rates (CR 1 2 CR 2 ). Behavioral data were

quantified separately for each individual animal by

measures of how fast and how well gerbils learned to discri-

minate between CS 1 and CS 2 . The first session in which

the CR 1 value was significantly different from the CR 2

on the 1% level (fourfold table x2-test) for at least two

consecutive sessions served as an index of learning speed.

If this criterion was fulfilled for at least three subsequent

consecutive sessions the discrimination performance was

considered ‘stable’. The maximum discrimination perfor-

mance that was reached by each individual gerbil served

as the measure of how well gerbils learned to solve the task.

As a main result of this experiment it became apparent

that Mongolian gerbils are able to discriminate RN from

NRN. Apparently, longer periods need more training time

and are less easy to discriminate. Fig. 1 shows the course of

discrimination learning for five groups of naive gerbils that

were trained to discriminate RN with different periods from

NRN. The figure shows the discrimination performance

(CR 1 2 CR 2 ) for each of the five groups as a function

of training session. With increasing RN period the slopes of

these functions become smaller, indicating slower learning

of the discrimination task, and the maximum discrimination

performance reached decreased.

In the inlay in Fig. 1 we plotted a measure of how well

(maximum discrimination performance) against how fast

(index of first session with significant discrimination)

gerbils learned to discriminate between RN and NRN.

Given are group mean values and standard deviations.

Again, it is obvious that learning speed and discrimination

performance decreased with increasing period of RN. The

nullhypothesis (identical mean values) was rejected by an

analysis of variance performed separately for both these

parameters (P , 0:001 and P , 0:01, respectively). A

post-hoc Scheffé-test revealed significant differences in

learning speed between groups 20 and 100 ms RN

(P , 0:01) and between groups 40 and 100 ms RN

(P , 0:01) as well as a significant difference in discrimina-

tion performance between groups 20 and 100 ms RN

(P , 0:05).

While Experiment 1 served as a proof of principle,

demonstrating RN/NRN discrimination performance in

naive gerbils, the training procedure was possibly not

ideal for demonstrating good discrimination performance

at long RN periods. Periods of 100 ms prove a difficult

task for the gerbil. For longer periods, it seems advisable

to start with an easy version (i.e. short periods) and then to

successively increase the period.

In Experiment 2, we trained two additional animals with

increasing periods. The cycle length was increased when-

ever the gerbil reached stable discrimination performance

(same criterion as in Experiment 1). In contrast to Experi-

ment 1, the RN sample did not change from trial to trial:

only one RN sample had to be discriminated from varying

NRN samples. When elongating the stimulus cycle, its

beginning was left unchanged. This modified procedure

allows a discrimination strategy making use of a longterm

memory representation of the RN segment which should

facilitate performance within sessions and possibly also

across sessions. The cycle length was elongated by 20 or
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Fig. 1. Discrimination performance (CR 1 2 CR 2 ) for each of

the five groups as a function of training session. The inlay

shows the maximum discrimination performance plotted

against first session with significant discrimination ( ¼ a

measure of how fast gerbils learned to discriminate RN from

NRN). Given are group mean values and standard deviations.

The data point for RN periods of 80 ms is calculated for n ¼ 3,

as one animal did not reach significant RN/NRN discrimination.



40 ms, and training continued until again a stable discrimi-

nation performance was reached, but at least for 5 days. This

procedure was repeated until RN/NRN discrimination

ceased.

Fig. 2 shows the data for both gerbils. Triangles on the

abscissa indicate in which session the RN cycle length was

increased. Bars above the panels indicate for each session

whether CR 1 differed significantly from CR 2 on the 1%

level. Training started with a constant RN sample with 80

ms period. Deviating from the above described rule, this

sample was replaced in the 16th training session by another

80-ms sample to test whether due to long-term memory

interactions such a change would result in a significant

drop of performance. This was not the case in neither

animal. In the 21st session we switched back to the first

RN sample and increased the cycle length to 100 ms. Train-

ing then continued as described above. Across consecutive

sessions both animals showed considerable variability of

discrimination performance sometimes yielding values

below statistical significance. Nevertheless, both animals

reached stable discrimination for RN samples up to 360

ms period. For cycle lengths of 400 ms performance

dropped below significance for most sessions. Although

animals still showed significant discrimination in some

sessions, they could not restore stable discrimination perfor-

mance within 31 days of further training. The mean discri-

mination performance over all sessions of both animals

drops sharply from 54% for 360 ms (50% for 80–360 ms)

to 18% for 400 ms. Whether the coincidence of this drop in

both animals at the same period length is evidence for a kind

of threshold or not, remains to be seen.

The major result of the present study is that gerbils can

discriminate RN with periods up to 360 ms from NRN.

While for periods as short as 20 ms it is likely that the

discrimination performance is based on the spectral resol-

vability of the first few harmonics, RN/NRN discrimination

for periods as long as 100 or 360 ms can not be explained by

spectral differences between RN and NRN stimuli: spectral

components are no longer resolvable by the gerbil cochlea if

their spacing is closer than about 25 Hz (i.e. if the period is

longer than 40 ms) [14]. The discrimination performance at

these period lengths clearly represents evidence for sensory

memory for random waveforms, which has not been demon-

strated in animals up to now.

While in Experiment 1 naive gerbils had considerable

difficulty to discriminate 100 ms RN from NRN, the contin-

ual progression of cycle lengths in Experiment 2 helped the

gerbils to maintain a good performance up to cycle lengths

of nearly 400 ms. A second procedural difference was that in

Experiment 2 the noise segment was not changed from trial

to trial. It is difficult to evaluate the share of this measure in

the improvement of the discrimination performance. It may,

however, be speculated that it did not contribute much:

While in humans sensory representations have a lifetime

of several seconds [4,12,18] and could thus bridge between

trials, the breakdown at about 400 ms for gerbils indicates

that it is not very plausible that the memory representation

could endure across trials. Moreover, a comparison of the

data for Experiment 2 with those of the 80-ms group of

Experiment 1 does not reveal an advantage for those

animals that are trained with a single frozen noise segment.

It is remarkable that the maximum performance (360 ms)

found in Experiment 2 is much less than the maximum cycle

lengths observed in humans. It could be speculated that this

difference is due to different processing of auditory noise.

However, auditory processing seems to be highly evolved in

gerbils. They are able to discriminate basic features such as

amplitude modulations [17] and frequency modulations

[16,19,20] as well as ecologically irrelevant higher order

features such as vowels [15]. Therefore it has not necessa-

rily to be expected that the basic processing of auditory

noise is so much different as to explain their inability to

detect RN with long periods. In humans, RN perception

seems to involve mainly early auditory processing [13],

with probably an important contribution of the primary

auditory cortex [11]. It is unlikely that early auditory

processing should operate qualitatively different in gerbils

than in higher evolved species. It might be speculated that

quantitative differences are at the origin of the different RN

perception in gerbils: The gerbil cortex may be capable to

handle only a smaller number of features compared to

primate cortices. However, the detection of periodicity in

humans is not restricted to repeated broadband noise but

will also occur in reduced stimuli that provide a smaller

number of features such as repeated bandpass filtered noises
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Fig. 2. Course of RN/NRN discrimination learning for two gerbils

(ger22 and ger23, respectively) in a long-term training paradigm

with constant RN which was successively prolonged. Bars above

the panels indicate for each training session whether or not

CR 1 differed significantly from CR 2 on the 1% level (fourfold

table x2-test). Triangles on the abscissa indicate sessions RN

samples have been changed. RN periods in ms are given

below the triangles.



[1] or RN stimuli with only small portions of the period kept

constant [10]. The reason for the difference between human

and gerbil performance remains unclear.

Human RN/NRN discrimination for periods up to 20 s is

attributed to long auditory storage, characterized by time

constants around 10 s. It is remarkable that other auditory

storage phenomena in humans are related to the so-called

short auditory storage [3], with time constants around 200

ms, i.e. close to gerbil RN/NRN discrimination perfor-

mance. It seems, however, futile to speculate whether the

memory system that gerbil RN/NRN discrimination is based

upon is more comparable to a scaled-down version of

human long auditory storage, or to human short auditory

storage.

Gerbils can discriminate periodic random waveforms with

periods of several hundred ms from non-periodic waveforms.

Therefore, they represent an interesting model that should

allow the study of basic mechanisms involved in sensory

memory. However, the performance of highly trained gerbils

falls short of the performance of naive human listeners. In

order to fully understand human sensory memory and the

reasons for the limited maximum period length for gerbil

RN perception it might therefore prove necessary to study

other species as well that demonstrate RN/NRN discrimina-

tion at a level closer to human performance.
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