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Abstract
This report summarizes positive reinforcement conditioning procedures for assessing sensory function in transgenic mice. To
illustrate these behavioral methods auditory sensitivity was measured in mice lacking !9 acetylcholine receptor subunits (!9
knock-out mice). These receptors are known to play an important role in the efferent pathways that modify cochlear responses
to sound stimuli. The strategies of parameter manipulation that led these subjects through their preliminary training stages to
stable threshold performances are described in detail. Techniques for estimating and interpreting sensory thresholds are discussed
from the perspective of signal detection analyses. This study found no significant differences between !9 knock-out mice and
control subjects when hearing thresholds were measured under quiet conditions, as predicted by previous behavioral and
electrophysiological evidence. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Valuable insights into the workings of the sensory
nervous system have been gained by linking physiological events to perceptual behaviors in laboratory animals. Although the sensory abilities of a wide variety of
species have been assayed by physiologists and animal
psychophysicists, the experimental designs of most research fields are dominated by a single established
paradigm. In recent years preferences for these longstanding animal models have been eroded by the advantages of studying sensory processing in laboratory
mice. Large litters, rapid breeding, and short lifespans
make these animals ideal subjects for genetic, developmental, and aging studies of the nervous system. For
decades selective breeding has produced mice with perceptual abnormalities that mimic human disease states
(e.g. the Snell’s waltzer mouse is a model of deafness
and imbalance (Deol and Green, 1966)). Now, molecular biologists can create strains of mice in which essential elements of sensory systems have been removed
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(knock-out), changed (mutant), amplified (over expression), or misexpressed (knock-in) by direct genetic manipulations. These molecular techniques allow
remarkable specificity in the isolation and identification
of the physiological mechanisms that shape perceptual
experience. Crawley (1999) and Crawley and Paylor
(1997) recently described a series of tests used to evaluate health and behavioral characteristics of transgenic
mice.
This report describes a behavioral method for assessing auditory sensitivity in transgenic mice that lack !9
acetylcholine (ACh) receptors (i.e. !9 knock-out mice
(Vetter et al., 1999)). A distinctive functional role for
the !9 subunit has been suggested by expressing these
cochlear ACh receptors in Xenopus oocytes, which results in ligand-gated ionotropic receptor complexes exhibiting
the
same
mixed
nicotinic-muscarinic
pharmacology of cochlear hair cells (Elgoyhen et al.,
1994). When antibodies are used to localize !9 receptors in the cochlea (Park et al., 1997), strong labeling is
found near olivocochlear efferent terminals on the base
of the outer hair cells (Warr and Guinan, 1979); other
structures like the cochlear spiral ganglion or whole
brain are not labeled. The specificity of !9 receptor
distribution is striking. It is the only known ACh
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receptor that is expressed by cochlear hair cells and it is
found nowhere else in the auditory system. These restrictions offer an extraordinary opportunity to modify
olivocochlear influences through genetic knock-out of
!9 receptors without compromising other aspects of
auditory processing.
The release of ACh by olivocochlear efferent neurons
acts upon !9 receptors to open calcium-gated potassium channels in the basolateral cell membrane of
cochlear hair cells (Fuchs and Murrow, 1992; Blanchet
et al., 1996; Evans, 1996). The resulting efflux of potassium hyperpolarizes the hair cells and modifies the
mechanical properties of the cochlea that govern sound
transduction (Housley and Ashmore, 1991; Dallos et
al., 1997). The functional role of this efferent feedback
system has been investigated by measuring the effects of
olivocochlear lesions on behavioral performances in
animals. This surgical approach has failed to demonstrate major changes in auditory sensitivity under quiet
testing conditions (Trahoitis and Elliot, 1968; Igarashi
et al., 1972), but damaging effects of olivocochlear
lesions are apparent when perceptual tasks are conducted in noisy environments (vowel discrimination
(Dewson, 1968; Heinz et al., 1998), intensity discrimination (May and McQuone, 1995)). As predicted by this
behavioral evidence, !9 knock-out mice show normal
auditory thresholds for sound-evoked electrophysiological responses in quiet even though they lack functional
efferent feedback (Liberman et al., 1999). This report is
the first to describe a behavioral methodology for measuring the effects of olivocochlear deficits on the auditory processing abilities of !9 knock-out mice. The
current experimental design tests the specific hypothesis
that !9 knock-out mice and normal controls show
similar hearing thresholds in a tone detection task.
From a more general perspective, these methods easily
can be adapted to additional strains of transgenic mice
or to other sensory modalities.

Fig. 1. The two-chambered testing cage. The mouse performs the tone
detection task by crossing the barrier that separates the listening and
response areas when tones are presented from the overhead speaker.
The subject’s movements are monitored with photocells and rewarded
by activating the water dipper.

2. The testing environment
Functional consequences of genetic manipulations
are resolved by comparing the abilities of transgenic
animals with normal controls. Experimental designs
that use the littermates of transgenic mice as control
subjects provide a particularly sensitive measure of
genetically-based performance differences. Time constraints inherent in such procedures place severe logistical demands on traditional behavioral approaches. One
practical advantage that is gained by studying the auditory behaviors of small animals like mice is that even
restricted laboratory space can accommodate several
independent testing systems. By automating the psychophysical procedure with personal computers, an investigator not only removes a potential source of
experimenter bias from response measures but also
gains the capacity to conduct multiple testing sessions
simultaneously.
The testing cage shown in Fig. 1 is located inside a
sound-attenuation chamber (Lafayette Instruments).
The inner walls of the chamber are lined with foam
(Sonex) to control acoustic reflections and to prevent
external noise from entering the testing environment.
As an additional safeguard to maintain a well-calibrated sound field the walls and ceiling of the cage are
fabricated from wire-mesh and the bottom tray is filled
with pine shavings. The internal dimensions of the cage
(8.5×19.5×10 cm) are divided into two equal-sized
compartments by an inner wall. A mouse can cross into
either compartment by jumping through an opening in
the partition wall. Photocells (Omron Control Systems)
monitor the position of the mouse in the cage. A
speaker (Radio Shack, Realistic Super Tweeter) is located over the left compartment, which is the subject’s
listening area. A water dipper (Coulbourn Instruments)
is mounted on the front wall of the right compartment,
which is designated the response area. As shown here,
the mouse activates the dipper by entering the response
area when tones are presented from the speaker.
Commercial hardware for generating calibrated
sounds can be purchased as modular components that
can be configured to meet the specific demands of the
experimental design. Auditory stimuli are produced
with a digital waveform generator (Tucker-Davis Technologies, WG2), which also serves as the electronic
switch for gating auditory stimuli. Digital signals are
passed to a programmable attenuator (Tucker-Davis
Technologies, PA4), amplified (Crown D45), and then
delivered to the speaker. Stimuli are calibrated by sampling tone levels throughout the listening area without a
mouse in the apparatus. Behavioral thresholds are calculated relative to the average of these sound pressure
measurements. Premium calibration equipment is extremely expensive, but modern hand-held sound level
meters (e.g. a Simpson 899) are an affordable option
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Fig. 2. The behavioral cycle showing final parameters of the tone
detection task. The mouse obtains a period of water availability by
remaining in the listening area during a silent hold interval and then
crossing into the response area during tone presentations. See text for
a complete description of behavioral contingencies.

that ensures reliable stimulus control for the smaller
laboratory.
3. The tone detection task
A mouse indicates its ability to detect tone bursts by
crossing the partition that separates the response and
listening areas of the testing cage. Behavioral contingencies of this sound detection task are summarized by
the diagram in Fig. 2. A trial begins when the mouse
enters the listening area and breaks the beam of the
photocells that monitor activity there. The mouse must
remain in the listening area for a variable period of
silence (2 – 7 s) then cross into the response area when it
hears a sequence of 250-ms tone bursts that repeat at a
rate of two bursts per second. If the presence of the
mouse is detected by photocells in the response area
within 3 s of stimulus onset, the response is scored as a
hit and rewarded with a 3-s interval of water availability. Alternatively, if the mouse enters the response area
prior to the tones (early response), or fails to cross
before the completion of the tone presentations (miss),
behavioral contingencies are suspended for a 5-s time-
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out interval. This temporary interruption of the behavioral cycle reduces the probability of error responses.
On 25% of all trials no sound is presented. These
‘catch trials’ are used to determine how often a subject
inflates its detection scores by entering the response
area without first hearing the sequence of tones. An
error response during a catch trial (false alarm) produces a time-out interval. If the subject remains in the
listening area for the duration of the catch trial (correct
rejection), the loudest tones in the stimulus set are
presented to create the opportunity for the subject to
cross the partition to obtain a water reward. These
stimuli are not used in the calculation of behavioral
thresholds.
4. Preliminary training
Mice arriving from an external breeding facility must
undergo a 2 – 3 week quarantine period before they are
introduced to the main behavioral colony. Behavioral
subjects are housed individually, so that their water
intake can be closely monitored. The mice are weighed
daily during this time to determine the free-water
weight of each subject. A moderate level of deprivation
is established by limiting the subject’s access to water to
two 15-min periods that are separated by 12 h. When
training begins, the evening watering session is reduced
to 5 min and the daytime period is replaced by the
rewards that the subject obtains in the behavioral task.
The period of free access to water is increased on days
in which the subject is not tested (e.g. on the weekend).
If a mouse experiences more than a 10% loss relative to
its free-water weight on this regimen, evening watering
sessions are lengthened.
Mice learn to perform according to the behavioral
contingencies shown in Fig. 2 by exposure to six stages
of training that emphasize individual components of
the tone detection task. Parameter guidelines for each
stage of training are suggested in Table 1. The tones

Table 1
Parameter changes for major training stages of the tone detection task
Training stage Example
(Fig.)

1
2
3
4
5
6

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

3A
3B
3C
3D
4
5

State of the behavioral cycle (Fig. 2)

Tone levels
(dB SPL)

1

2

3A

3B

4

5

ITI (s)

Var. hold (s)

Tone trl. (s)

Catch trl. (P)

Reward (s)

Time out (s)

1
1
1
1
1
1

1
1–2
1–4
1–7
2–7
2–7

10
4
3
3
3
3

0.01
0.05
0.15
0.25
0.25
0.25

10
4
3
3
3
3

1
2
3
5
5
5

55–65
55–65
55–65
55–65
35–60
15–50
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Fig. 3. Response patterns of an !9 knock-out mouse (a9xKo99)
during four stages of preliminary training. Cumulative records for
representative sessions (left column) plot the subject’s hits (solid line)
and early responses (dashed line) as a function of trial number.
Perfect performance is shown by the unity line in each record.
Histograms (right column) summarize response percentages for tone
and catch trials during the session. Numerical labels above the
histograms indicate the number of trials used in the calculation of
response percentages.

that signal trial intervals are presented at easily detected
sound pressure levels (55– 65 dB SPL) until the completion of preliminary training (stage 4). The hearing
thresholds described in this report were obtained with
16-kHz tone bursts, which is a frequency where mice
show excellent auditory sensitivity.
The primary objective of stage 1 training is to link
the subject’s natural exploratory behaviors to the procurement of water rewards in the testing cage. This
training can be facilitated by minimizing the number of
times that a mouse enters the response area and fails to
activate the dipper because the behavioral response is
scored as an error. Examination of Fig. 2 identifies
three types of response errors that result in time-out
intervals instead of rewards (early responses, false
alarms, and missed tone trials). To prevent the mouse
from entering the response area prior to tone presenta-

tions (early), the variable hold interval is reduced to a
fixed 1-s duration during the first stage of training.
With this short hold in effect, tone presentations begin
almost immediately after the mouse enters the listening
area. To lessen the possibility that the mouse will fail to
leave the listening area before the completion of the
tone presentations (miss), the duration of the trial
window is expanded to 10 s. Lengthening the trial
duration also increases the likelihood that the mouse
will enter the response area during catch trials (false
alarm), but this error is effectively eliminated by decreasing the probability of a catch trial to 0.01. This
small non-zero probability gives the mouse limited exposure to catch trials without disrupting training priorities. In the event that the mouse does produce an error,
the time-out interval is reduced to 1 s to ensure that the
training paradigm is only briefly interrupted. Correct
barrier crossings are not rewarded if the mouse fails to
drink from the dipper before the end of the reward
interval. This outcome is avoided by lengthening the
period of water availability after each correct response
to 10 s.
Fig. 3 summarizes some of the behavioral landmarks
that were achieved during the training of a representative !9 knock-out mouse (a9xKo99). Cumulative
records in the left column of the figure plot the subject’s
total hits (solid line) and early responses (dashed line)
as a function of trial number. The testing sessions that
produced these data are spaced at approximately 2week intervals to illustrate typical changes in response
patterns during each of the four stages of preliminary
training. Perfect performance is indicated by the unity
line in the cumulative records. In Fig. 3A notice how
stage 1 parameters make it possible for the mouse to
respond without error on most trials. In the right
column of the figure the response histograms show the
overall hit and false alarm rates for the representative
sessions. During stage 1 training, there is little difference in the subject’s tendency to respond to tone versus
catch trials because behavioral performance has not
been brought under adequate stimulus control. This is
not a major problem because the low probability of
stage 1 catch trials yields only three presentations.
The goal of stage 2 is to train the mouse to enter the
response area immediately after it detects tone presentations. This objective is achieved by decreasing the
parameters that specify the duration of tone trials and
reward intervals. The cumulative records and response
histograms in Fig. 3B summarize the results of a stage
2 training session with mouse a9xKo99. After repeated
exposure to the shorter trial window, the mouse learns
to maintain relatively high detection scores by simply
moving back and forth between the listening and response areas. This strategy for timing the entry into the
response area gains the subject frequent water rewards
but also results in many early responses and high false
alarm rates.
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Stage 3 trains the mouse to attend to auditory stimuli
by undermining the reliability of timed responses. The
major parameter change for this stage is an increase in
the hold interval that precedes the onset of tone presentations. Because the mouse must remain in the listening
area for longer and more variable time intervals to
produce tone trials, the accelerated movements used to
obtain water rewards during stage 2 become less effective. The cumulative records in Fig. 3C plot the performance of mouse a9xKo99 after 2 weeks of stage 3
training. Although the silent interval preceding tone
presentations has increased, the mouse actually exhibits
fewer early responses and false alarms relative to stage
2 sessions (Fig. 3B). These results suggest that the
subject has learned to adapt to the more temporally
demanding testing procedure by listening to auditory
cues.
Behavioral contingencies are adjusted to their final
parameter values during stage 4 training. Since the goal
of this stage is to produce a subject that listens carefully
to tone presentations and works consistently for large
numbers of trials, the essential parameter changes involve further increases in the variable hold interval and
catch trial probabilities. As shown in Fig. 3D, mouse
a9xKo99 has achieved the objectives of stage 4 testing
procedures. The mouse performs over 200 detection
trials in the session and rarely enters the response area
before the sequence of tone presentations. As a result of
the steady decline in false alarms over each stage of
training, less than 15% of catch trial presentations yield
response errors. At the same time the mouse maintains
an average detection score of 80% for tone trials and
increases the total number of trials completed during
each session.
5. Measuring tone detection thresholds
Preliminary stages of training create a well-reinforced
introduction to the tone detection task by posing
parameter changes in the context of clearly audible
stimuli. The final stages of training pursue the effects of
stimulus level on a subject’s barrier crossing behaviors,
and generally do not require major adjustments of
behavioral parameters.
Stage 5 training exposes the mouse to gradually
decreasing tone presentation levels until the limits of
auditory sensitivity are revealed by declining detection
scores. To maintain the subject’s behavior over prolonged testing with difficult stimulus conditions, sessions are conducted with six to seven tone levels that
are spaced at intervals of 5 dB. The stimulus set is
arranged to elicit high hit rates for the loudest tone
levels and sub-threshold performance for the quietest
levels. Each trial presents a tone level that is selected at
random from the stimulus set (method of constant

63

stimuli, as reviewed by Niemiec and Moody (1995)).
Only the loudest stimulus is presented on the first five
trials of each session to ‘warm up’ the subject. Responses to these trials are not considered in the calculation of threshold.
The three psychometric functions in Fig. 4A plot
tone detection rates as a function of stimulus level for
an !9 control mouse (a9Bo99). These results reflect
changes in the subject’s performance at approximately
1-week intervals during stage 5 training; numerical labels indicate the session number of each function which
can be used to identify the data on the plots of daily
false alarms and thresholds in Fig. 4C. As the subject’s
detection scores improve over sessions 5 – 16, the stimulus set is shifted to progressively lower sound pressure
levels. Notice how the hit rate for a 42-dB SPL tone
climbs from 50% on session number 5 (circles) to over
80% on session 9 (squares). By session number 16
(diamonds), the subject detects over 50% of the presentations of a much quieter 17-dB SPL tone. Responses
to catch trials (XT) remain near 25% while this performance enhancement is in progress.
Fig. 4B shows the performance of mouse a9Bo99
toward the end of stage 5 training. By this time major
stimulus adjustments have been completed and the
investigator’s goal is to prolong behavioral testing until
the subject achieves stable performance. The subject has
failed to attain an acceptable level of stability before
session number 34 because of the large variation between psychometric functions and high false alarm
rates.
The progression of mouse a9Bo99 toward a stable
behavioral threshold becomes apparent when the subject’s false alarm rates and detection thresholds are
tracked over many behavioral sessions. As shown in
Fig. 4C, initial sessions 1 – 16 indicate a period of
learning in which ongoing changes in the stimulus set
produce a steady decrease in the daily threshold. Intermediate sessions 17 – 35 are marked by a lack of stability even though the stimulus set remains essentially
unchanged after session 16. False alarm rates exhibit an
advancing trend with some sessions reaching rates
above 50%. Thresholds shift continuously over a 30-dB
range of tone levels. By contrast sessions 36 – 42 suggest
a period of behavioral stability. False alarm rates fall to
consistent values near 25%. Daily thresholds remain
near 20 dB SPL and display no obvious trends toward
improved performance. These final sessions yield a
detection threshold of 19.4 dB SPL for mouse a9Bo99.
The goal of stage 6 training is to maintain a subject
under threshold conditions until a minimum of two
weeks of stable performance is achieved. Fig. 5 illustrates this procedure using data from an !9 knock-out
mouse (a9xAn99). Notice how the repeated testing of
this subject produces similarly shaped psychometric
functions (Fig. 5A), low false alarm rates, and remark-
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ably consistent thresholds (Fig. 5C). Formal criteria for
stability are likely to be influenced by subject, stimulus,
and procedural factors. In the experimental design of
this report, responses are considered stable when
thresholds fall within !5 dB for seven out of ten
consecutive sessions and daily false alarm rates remain
less than 35%. Clearly, the behavioral performances of
mouse a9xAn99 have met these criteria and can be used
to estimate the threshold.
Tone detection thresholds are calculated by pooling
the results of stable behavioral sessions into one summary psychometric function. In Fig. 5B the combined
data of the knock-out mouse a9xAn99 reflect more
than 2100 tone trials and 500 catch trials from 19
sessions. The subject’s summary detection scores are
presented in terms of d" values (error bars indicate the
S.D. of d" for the daily psychometric functions that
contributed to the summary). The d" statistic is a standard signal detection measure of sensitivity (Green and
Swets, 1966) that is calculated by:
d"= z(Phit) − z(Pfalse alarm),
where z(Phit) is the z score for the percentage of hits at
a particular tone level and z(Pfalse alarm) is the z score for

the percentage of false alarms. This signal detection
analysis is a preferred measure of response accuracy
because it takes into account not only the subject’s
correct detections but also false alarm rates. Absolute
threshold is defined by psychophysical convention as
the sound pressure level that elicits a d" value of 1
(horizontal line). Through the process of interpolation,
the summary psychometric function of mouse a9xAn99
yields a threshold of 32.4 dB SPL (arrow).
6. Interpreting tone detection thresholds
An assessment of the role of !9 receptors in hearing
sensitivity can be gained by measuring threshold differences between groups of transgenic mice and normal
controls. Fig. 6 presents this comparison in the form of
statistical box plots. The lower and upper bounds of
each box mark the first and third quartile of the
distribution of tone detection thresholds for six knockout mice and six normal controls (this interquartile
range encompasses the middle half of each distribution). The box is divided at the median of the distribution. Error bars are drawn to the highest and lowest

Fig. 4. Behavioral performance of a control mouse (a9Bo99) during stage 5 training. Psychometric functions illustrate typical response patterns
for early (A) and late (B) stages of the training sequence. Numerical labels indicate the session number of each function in relation to the
accompanying plots of daily false alarm rates and threshold (C).
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Fig. 5. Behavioral performance of an !9 knock-out mouse (a9xAn99) during stage 6 training. The summary psychometric function (B) shows
pooled results from 18 daily sessions. The subject’s detection threshold (arrow) is estimated from these data by interpolating the stimulus level at
d" = 1 (horizontal line). Additional plotting conventions are described in Fig. 4.

thresholds that fall within the 1.5 interquartile range.
Both distributions display a high degree of overlap and
fail to show significant differences between subject
groups when analyzed statistically (two-tailed t-test,
P = 0.95). These results support our hypothesis that !9
knock-out mice possess the same auditory sensitivity as
normal controls. It is interesting to note that the
threshold of a9xAn99, whose data are depicted in Fig.
5, shifted at 16-kHz from 32.4 to 21.0 dB SPL after
being asked to detect the 16-kHz stimulus embedded in
a white-noise masker for several weeks. This is a common finding amongst subjects that report thresholds in
quiet twice — once before and once after being challenged by a noise masker. This phenomenon emphasizes the need to monitor hearing for several weeks
after stable data are obtained to ensure that the subject
reports detection of stimuli at minimal SPLs.

procedures that are required to measure 16-kHz tone
detection thresholds in !9 knock-out mice. With only
minor modifications of stimulation paradigms, these
guidelines can be used to investigate different aspects of

7. Conclusion
This report has illustrated general principles for assessing auditory sensitivity in transgenic mice by presenting a detailed account of the training and testing

Fig. 6. Detection thresholds of !9 knock-out mice and normal
controls. These box plots show the range of 16-kHz thresholds for !9
knock-out (n=6) and normal control (n= 6) mice. See text for plot
conventions.
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auditory function in other mice strains. For example,
the C57BL/6 mouse has served as the primary animal
model of age-related hearing loss for many years
(Mikaelian, 1979; Henry and Chole, 1980). The time
course and frequency progression of deafness in this
mouse strain can be characterized simply by conducting
the detection task with a complete range of tone frequencies. The precise delineation of auditory deficits
revealed by these behavioral measures can be related to
ongoing changes in cochlear anatomy and physiology
to identify the metabolic and genetic factors that contribute to human presbycusis (Li and Borg, 1991;
Mizuta et al., 1993; Parham, 1997).
Although the transgenic mice in the current study
showed normal thresholds when hearing sensitivity was
measured under quiet conditions, the results of previous
experiments in humans and other animal species
(Williams et al., 1993; May and McQuone, 1995;
Micheyl and Collet, 1996; Giraud et al., 1997; Micheyl
et al., 1997, but see Sharf and colleagues (Sharf et al.,
1994, 1997) for contrary data following olivocochlear
lesions in humans) predict deficits in the ability of !9
knock-out mice to detect, locate or discriminate sounds
in the presence of background noise. Such disorders are
presumed to arise because the olivocochlear systems
that enhance auditory processing in noise (Winslow and
Sachs, 1987) are rendered ineffective by genetic knockouts of the !9 receptor subunits that subserve the
cholinergic function of cochlear hair cells. The perceptual impact of such processing deficits can be investigated by adding masking noise to the tone detection
paradigm (Ehret, 1975a), or adapting behavioral measures to more difficult tasks like the discrimination of
changes in tone frequency or sound pressure level
(Ehret, 1975b). As molecular biologists introduce new
strains of mice with precisely altered nervous systems,
the subject’s own behavior will continue to provide the
most formal definition of the functional consequences
of genetic manipulation.
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