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This paper describes an olfactory discrimination procedure for mice that is inexpensively imple-
mented and leads to rapid discrimination learning. Mice were first trained to dig in small containers
of sand to retrieve bits of buried chocolate. For discrimination training, two containers were pre-
sented simultaneously for eight trials per session. One container held sand mixed with cinnamon,
and the other held sand mixed with nutmeg. Both containers were baited with chocolate buried in
the sand. One odor was designated S+, and mice were allowed to dig and retrieve the chocolate
from this container. The other odor was S—, and both containers were removed immediately if
subjects began to dig in an S— container. After meeting a two-session acquisition criterion, subjects
were given a series of discrimination reversals. In Experiment 1, 12 Swiss-Webster mice (6 male and
6 female) acquired the olfactory discrimination in three to five sessions and completed 3 to 10
successive discrimination reversals within a 50-session testing limit. In Experiment 2, subjects were
14 Pah®""? mice, the mouse mutant for phenylketonuria; 7 were homozygotes in which the disorder
was expressed (PKU), and 7 were heterozygotes with normal metabolism (non-PKU). Thirteen mice
completed pretraining in four to seven sessions, acquisition required 3 to 12 sessions, and all mice
completed at least three reversals. Learning rates were similar in PKU and non-PKU mice. We discuss
issues related to implementation and several potentially useful procedural variations.
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Recent developments indicate a growing
potential for behavioral research with mice.
Nonhuman mammalian genome mapping is
currently focused on mice, and advances in
bioengineering techniques continually pro-
duce new mutant, transgenic, and knockout
strains for biomedical research (e.g., Lewis,
1999; Nelson, 1997). This situation offers new
opportunities for behavior analysis. Efforts to
characterize the behavioral phenotype of
mouse strains are incomplete without mea-
sures of learning and memory (Crawley &
Paylor, 1997; Rogers et al., 1997). Also, ap-
propriate behavioral tests are necessary for
valid animal models of conditions that are de-
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fined at least in part by behavioral effects
(e.g., mental retardation; Mcllvane & Catal-
do, 1996).

The research literature on learning and
memory in mice includes many studies using
punishment (e.g., contextual fear condition-
ing), active or passive avoidance, or escape
contingencies (e.g., Morris water maze), but
tests for mice that use positive reinforcement
contingencies are much less common (e.g.,
Wehner & Silva, 1996). Of those behavioral
test procedures that do use positive reinforce-
ment contingencies, the majority are tasks in
which the controlling stimuli are spatial. As
an example of current trends in behavioral
testing with mice, Crawley and Paylor (1997)
recently recommended 55 research papers as
resources for behavioral neuroscientists inter-
ested in investigating learning and memory
in transgenic and knockout mice: 16 exam-
ples of the Morris water task, 12 of active or
passive avoidance, 7 of response-independent
conditioning, 17 of spatial learning tasks in
mazes, and 3 of delayed nonmatching to po-
sition. There were no recommendations for
positively reinforced nonspatial discrimina-
tion learning tasks. A search of abstracts from
the Journal of the Experimental Analysis of Be-
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havior returned three research papers in
which mice served as experimental subjects:
One used shock avoidance (Powell & Peck,
1969, Experiment 2), one used a contingency
in which responses in a cold (3 °C) environ-
ment produced a warm air stream (arguably
either escape from cold or positive reinforce-
ment by heat; Sakagami, Hursh, Christensen,
& Silberberg, 1989), and the third used pup
retrieval as a positive reinforcer for female
mice (Van Hemel, 1973).

This paper describes a positively reinforced
nonspatial olfactory discrimination learning
procedure for mice that is appropriate for ei-
ther group designs or single-subject research.
The procedure offers several practical advan-
tages: inexpensive apparatus, ease of imple-
mentation, and rapid acquisition. It is an ad-
aptation of one for rats reported by Bunsey
and Eichenbaum (1996) and Dusek and FEi-
chenbaum (1997). In these studies, the stim-
uli were containers of sand mixed with house-
hold spices (basil, nutmeg, etc.). When two
containers were presented simultaneously,
the rats responded by selecting one on the
basis of olfactory stimuli and then digging in
the sand for buried food reinforcers.

Berger-Sweeney, Libbey, Arters, Junagadh-
walla, and Hohmann (1998) adapted Eichen-
baum’s methods for use with mice, and the
procedure reported here is a substantially
modified version of theirs. One modification
was to the apparatus. In Berger-Sweeney et
al.’s procedure, subjects were moved back
and forth between a holding cage and a test
cage for every trial. To reduce the potential
for stress effects from handling, we developed
an apparatus for testing mice in their home
cages.

Also, we made several changes in the dis-
crimination procedures after pilot testing
suggested the possibility of alternate sources
of stimulus control. The pilot tests were con-
ducted with 5 mice that had had substantial
training (40 to 45 sessions) with the Berger-
Sweeney et al. (1998) procedure. For these
pilot tests, the experimenter-specified olfac-
tory cues (cinnamon and curry powder) were
eliminated, and the containers designated by
the experimenter as correct or incorrect were
both filled with plain sand. Several procedur-
al variables were manipulated during a series
of sessions. The results of these tests suggest-
ed that in some subjects the controlling stim-
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uli could include (a) containers that were re-
used consistently as the correct and incorrect
alternatives for a series of trials and (b) the
presence versus absence of bits of chocolate
buried in sand. These results were subse-
quently confirmed by Zagreda, Goodman,
Druin, McDonald, and Diamond (1999) in a
systematic replication with naive mice and
with scented sand.

As a consequence of these pilot tests, the
procedures described in the present paper
differed from Berger-Sweeney et al.’s (1998)
procedures in several ways: (a) We used dif-
ferent, clean containers for every trial, rather
than reusing containers within sessions. (b)
We baited containers in a way that avoided
contact between the chocolate and the sand
at the surface of the container, rather than
using forceps to insert a piece of chocolate
beneath the sand in previously filled contain-
ers. (c) We baited both the correct and in-
correct containers on every trial, rather than
baiting only the correct container. (d) Be-
cause the incorrect container was baited, we
changed the consequence for an incorrect re-
sponse from within-trial correction (continu-
ing the trial until the mouse switched from
the incorrect container to the correct con-
tainer and retrieved the chocolate) to im-
mediate removal of both containers.

Finally, we increased the duration of pre-
liminary training from two to six sessions. We
planned to conduct a series of discrimination
reversals, and a relatively large number of
consecutive errors often occurs immediately
after a reversal, as the subject continues to
select the stimulus that was previously cor-
rect. Because there was no within-trial correc-
tion procedure, trials with errors ended im-
mediately with no reinforcer. To reduce the
likelihood of extinguishing responding with
the first reversal, the number of preliminary
training sessions was increased to provide a
more extensive reinforcement history for dig-
ging in the sand containers.

The purpose of this paper is to describe the
modified procedures in detail and show their
application to a common strain of mouse, the
Swiss-Webster. Also, we report a study of dis-
crimination reversal learning in a mutant
strain that models the metabolic disorder
phenylketonuria.



OLFACTORY DISCRIMINATION IN MICE

EXPERIMENT 1

Experiment 1 describes an implementation
of the olfactory discrimination procedure in
outbred Swiss-Webster mice, which are widely
used in psychological and medical research.
Specific examples of the range of studies us-
ing Swiss-Websters include models of panic at-
tacks (Griebel, Blanchard, & Blanchard,
1996), drug dependence (Gallaher, Jacques,
& Hollister, 1987), immunosuppression
(Dunn, 1988), and the pharmacokinetics of
ethanol bioavailability (Pastino, Sultatos, &
Flynn, 1996). Because this mouse stock is a
standard laboratory tool with a broad and
well-established research literature, it seemed
to be a reasonable choice for a benchmark
assessment of the procedure.

METHOD
Subjects

Subjects were 12 Swiss-Webster mice
(Charles River Laboratories), 6 males and 6
females, 60 days old at the start of testing. All
animals were experimentally naive. They
were reduced to 80% to 90% of free-feeding
body weight, the mean weight for 3 days prior
to food restriction. This range, which is some-
what larger than that typical for rats, was
adopted because of relatively lower body
weight. Mean 85% weight was 22 g, so the
allowable fluctuation was approximately *1
g. Throughout the study, weights were mon-
itored daily and were maintained by supple-
mental feedings of 3 to 7 g standard rodent
chow at least 1 hr after the last experimental
session of the day. The mice were housed in-
dividually, maintained on a 12:12 hr light/
dark cycle, and were provided with water ad
lib.

Apparatus

The olfactory discrimination apparatus was
a divided plastic platform upon which small
containers could be attached with Velcro®
patches (see Figure 1A). The divider pre-
vented subjects from making simultaneous
contact with both containers. The containers
were plastic bottle caps (3 cm diameter, 1.3
cm deep). The sand was Quikrete® washed
and screened playground sand, sifted to re-
move small bits of rock. Playground sand was
used because construction-grade sand may
cause nasal lesions (H. Eichenbaum, personal
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Apparatus Barrier Plastic top

Fig. 1. A:stimulus presentation apparatus. Containers
were small bottle caps attached to the apparatus by Vel-
cro® patches. B: experimental arrangement during an in-
tertrial interval with barrier and apparatus in place. C: a
subject responding to S+ and digging in the sand to re-
trieve a small piece of chocolate.
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communication, December 1996). Contain-
ers were baited by partially filling them with
sand to a depth of approximately 0.5 cm,
placing a small bit of chocolate (approxi-
mately 20 mg of Hershey’s Semisweet Mor-
sels) in the center, and then adding sand to
a total depth of approximately 1 cm. Within
each experimental session, different contain-
ers were used on every trial. Containers were
washed by hand between sessions. Other ap-
paratus included a sheet of clear plastic large
enough to cover a home cage, a second piece
of plastic cut to the width of a cage (used as
a barrier, see below), and a timer.

Procedure

Experimental sessions were conducted 6
days per week, one session per day. Subjects
were tested in their home cages (clear poly-
urethane bins 29 cm long by 19 cm wide by
13 cm high). Before sessions, the cage was
placed on a tabletop, and the wire cage top
was removed and replaced by a clear plastic
top. During the intertrial interval (ITI), the
experimenter slid the plastic top back and in-
serted a clear plastic barrier vertically into the
cage. This barrier was positioned so that the
apparatus could be inserted on one side of it
while the subject remained on the other side
(see Figure 1B). When the 30-s ITI was com-
pleted, the barrier was removed, regardless of
the subject’s position in the cage, to allow the
subject access to the apparatus (Figure 1C).

Preliminary training. Subjects were taught to
dig in containers of unscented sand to re-
trieve small pieces of chocolate. During pre-
training, a single container was presented on
each trial in the left or right location equally
often. In Pretraining Step 1, the container
was baited with three pieces of chocolate: one
buried just beneath the surface of the sand,
a second partially buried, and a third placed
on top of the sand. Subjects received four tri-
als per session. If both the exposed and par-
tially buried pieces were not retrieved within
15 min, the trial and session were terminated.
If the exposed and partially buried pieces,
but not the completely buried piece, were re-
trieved within 15 min, the trial was terminat-
ed but the session continued. Step 1 was com-
pleted following two consecutive sessions in
which all pieces were retrieved on at least one
trial.

In Pretraining Step 2, the containers were
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presented as in Step 1, but with partially and
completely buried chocolate only. The buried
pieces were placed more deeply on successive
trials. As in Step 1, each session consisted of
four trials. If the subject failed to retrieve the
partially buried piece within 15 min, both the
trial and the session were terminated. Step 2
was completed following two consecutive ses-
sions in which both pieces were retrieved on
at least seven of eight trials.

In Pretraining Step 3, the containers were
presented with one piece of chocolate, bur-
ied at a depth of approximately 0.3 to 0.5 cm
in the first session and 0.5 cm thereafter. Ses-
sions consisted of two blocks of four trials
each, with an ITI of 30 s and 5 to 10 min
between blocks. Failure to retrieve the choc-
olate within 15 min resulted in the termina-
tion of the trial and session. Step 3 was com-
pleted following two sessions in which the
chocolate was retrieved on every trial.

Discrimination acquisition. Discrimination
training began in the session following com-
pletion of Pretraining Step 3. Sessions con-
sisted of two blocks of four trials each, with a
30-s ITT and 5 to 10 min between blocks. Two
containers were presented on each trial. One
contained sand scented with cinnamon and
the other contained sand scented with nut-
meg (0.6 g spice per 100 g sand). For each
subject, one odor was randomly designated
correct (S+) and the other incorrect (S—).
Both the S+ and S— containers were baited
on every trial. The leftright position of the
correct stimulus was determined randomly
with the restrictions that both positions were
correct twice in each block and the same po-
sition could not be correct more than three
times consecutively in one session.

A response was defined as paws or nose in
contact with the sand plus digging motions
with the paws or nose. If the first response
was to S+, the mouse was allowed to dig until
it retrieved the chocolate, the apparatus was
removed, and a correct response was record-
ed. Occasionally, the first response was to S+,
but the mouse did not retrieve the chocolate
(it moved away before finding the chocolate,
flipped the chocolate out onto the bedding
while digging, etc.). In such cases, to ensure
that all correct responses would be followed
by reinforcers, the apparatus was raised, the
S— cap quickly removed, and the apparatus
was re-presented until the subject retrieved
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Table 1
Sessions completed by Swiss-Webster mice in Experiment 1.
P A R1 R2 R3 R4 R5 R6 R7 RS R9 R10
Females
SWF1 6 3 6 9 10 10 6 6
SWF2 6 3 7 6 11 9 14
SWF3 6 3 6 7 12 14 8
SWF4 6 4 9 7 6 8 9 7
SWF5H 6 3 6 11 14 10 7
SWF6 6 3 8 9 9 19 2
M 6.0 3.2 7.0 8.2 10.3 11.7
Males
SWM1 6 3 7 9 4 4 5 3 4 6 3 3
SWM2 6 3 4 8 12 9 8 6
SWM3 6 32 72 6 3 5 11 16
SWM4 6 5 13 6 15 11
SWM5 6 3 5 5 7 12 7 2 3 6
SWM6 6 3 6 10 5 6 14 6
M 6.0 3.3 7.0 7.3 7.7
Note. P = pretraining; A = olfactory discrimination acquisition; R1, R2, etc., = discrimination reversals; italics

indicate that the learning criterion was not met.

2 Reversal 1 was initiated before SWM3 had met the learning criterion because of experimenter error; data for
SWM3 were not included in the calculation of group means for acquisition or the first reversal.

the chocolate. If necessary, a piece of choc-
olate was placed on top of the sand in the S+
container before it was re-presented.

If the first response was to S—, the appa-
ratus was removed immediately, before the
mouse could retrieve the chocolate, and an
incorrect response was recorded. If there was
no response within 2 min, the apparatus was
removed, and “no response’” was recorded
for the trial.

The only exception to the S— procedure
occurred on the first block of trials in the first
discrimination training session (i.e., the first
four trials after pretraining). A correction
procedure was used to ensure delivery of re-
inforcers on initial discrimination trials. If the
mouse began to dig in the S— container, the
apparatus was raised (but not removed) until
the mouse moved away, and then the appa-
ratus was lowered immediately. The correc-
tion procedure was repeated as necessary
with no time limit until the mouse retrieved
the chocolate from the S+ container. Correc-
tion trials were scored as errors.

The acquisition criterion was at least seven
of eight correct responses for two consecutive
sessions, with the exception that the first ses-
sion of discrimination training did not count
toward this learning criterion (because of the
correction procedure). Thus, a minimum of

three sessions was required for acquisition of
the first discrimination.

Repeated discrimination reversals. After a sub-
ject met the acquisition criterion, the odors
designated as S+ and S— were reversed in the
following session; the previous S+ became
the S—, and vice versa. Training continued to
a reversal learning criterion of seven of eight
correct for two consecutive sessions. There-
after, each time a subject met the reversal
learning criterion, S+ and S— stimuli were
reversed again in the following session, for a
series of repeated reversals. Testing ended af-
ter 50 sessions; one additional session was
scheduled if Session 50 was the first session
meeting a learning criterion.

RESULTS

Table 1 shows the number of sessions for
each subject in pretraining, discrimination
acquisition, and subsequent reversals. All
mice completed pretraining in the minimum
of six sessions. Most mice also met the learn-
ing criterion for the initial odor discrimina-
tion in the minimum of three sessions. All
females completed at least four reversals, and
mean sessions per reversal for the first three
reversals increased from 7.0 for the first re-
versal to 10.3 for the third. All males com-
pleted at least three reversals, and the mean
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number of sessions per reversal increased
only slightly, from 7.0 to 7.7.

Figures 2 and 3 show, for females and
males, respectively, session-by-session accura-
cy for acquisition and all reversals in which
the learning criterion was met. Sessions for
incomplete reversals, shown by italics in Table
1, are not included. Half of the subjects (e.g.,
SWF1) had criterion-level accuracy of at least
seven correct responses in the first session of
discrimination training with the cinnamon
and nutmeg olfactory cues. One possible con-
cern with such results is artifactual control by
stimuli other than the cinnamon and nutmeg
odors. This possibility seems to be ruled out
by the results of the initial sessions of the first
discrimination reversal. Most subjects had
zero correct responses in the first reversal ses-
sion, an indication of stimulus control by the
odor that was formerly S+. This pattern of
results continued throughout training, with
accuracy at or below chance levels in initial
reversal sessions; the only exception was
SWMb5 in Sessions 14 and 40. Failures to re-
spond within 2 min were rare (a total of six
trials for 4 subjects; open points in Figure 2).
Taken together, the data in Figures 2 and 3
show that the procedures produced reliable
responding, rapid acquisition of discrimina-
tive control by the olfactory stimuli, and or-
derly reversal learning.

EXPERIMENT 2

In Experiment 2, we tested Pahenu2 mijce,
a mutant in the BTBR strain that is a genetic
mouse model for the disorder phenylketon-
uria (PKU; McDonald, Bode, Dove, & Shed-
lovsky, 1990; Shedlovsky, McDonald, Symula,
& Dove, 1993). The homozygous animal, in
which the metabolic defect is expressed, has
a deficiency in phenylalanine hydroxylase,
the enzyme that catalyzes the conversion of
dietary phenylalanine to tyrosine. Homozy-
gotes exhibit many of the biological charac-
teristics of human PKU, including hypomye-
lination and gliosis (Dyer et al., 1996).
Phenylalanine metabolism in the heterozy-
gous animal is within normal limits. These
mice are somewhat fragile and difficult to
breed. Pah®"? mice were tested with the ol-
factory discrimination procedure as part of
an effort to develop a biobehavioral animal
model of myelin-related disorders.
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METHOD
Subjects

Subjects were 7 homozygous Pah¢™? males
(PKU) and 7 heterozygous males (non-PKU)
obtained from the breeding colony of Char-
issa Dyer in the Neurology Department at
Children’s Hospital of Philadelphia and the
University of Pennsylvania Medical School.
The mice were drawn from four litters pro-
duced by mating homozygous (—/—) males
with heterozygous (+/—) females. Mean age
was 2.3 months when they were shipped to
our laboratory and 7.2 months at the start of
testing. All animals were experimentally na-
ive. Food restriction and weight maintenance
procedures were as described in Experiment
1. Because they were fed standard rodent
chow that contained phenylalanine, the ho-
mozygous mice exhibited uncontrolled PKU.
High-performance liquid chromatographic
analysis of blood samples taken from the 13
subjects that completed behavioral testing
showed that the PKU mice had significantly
elevated concentrations of blood phenylala-
nine compared to the non-PKU mice [group
means of 9.23 mg/dl and 1.00 mg/dl, re-
spectively; ¢(11) = 8.30, p < .001]. The PKU
mice were hypopigmented and were easily
distinguished from non-PKU mice by their
lighter coat color.

Apparatus and Procedure

The apparatus, preliminary training, and
discrimination procedures were as described
for Experiment 1 with the following excep-
tions: Reinforcers were small bits of phenyl-
alanine-free chocolate (Ambrosia chocolate-
flavored bark coating), used in anticipation
of follow-up experiments in which dietary
phenylalanine would be controlled. The cri-
terion for completing Pretraining Step 3 was
one session in which the chocolate was re-
trieved on every trial. The minimum number
of training sessions was 54, not including pre-
training. The experiment ended after 54 ses-
sions if subjects had completed three rever-
sals; if not, sessions continued until three
reversals were completed.

RESULTS AND DISCUSSION

Pretraining. One non-PKU mouse was elim-
inated during Pretraining Step 1 when it re-
trieved only one piece of chocolate in six ses-
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Fig. 2. Individual session scores for female Swiss-Webster mice in Experiment 1. Each session consisted of eight
trials. Filled points show the number of correct responses, and open points show the number of trials terminated
after 2 min without a response (zeros omitted). Cinnamon was the correct odor in conditions in which a horizontal
bar appears above the data; nutmeg was correct in conditions with no bar.
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Fig. 3.

sions. Table 2 shows that all but 1 of the
remaining animals required either five (the
minimum) or six sessions to complete pre-
training.

Discrimination acquisition and reversals. Table
2 shows that the mice required 3 to 12 ses-
sions to meet the criterion for discrimination

Individual session scores for male Swiss-Webster mice in Experiment 1. See Figure 2 caption for details.

acquisition. Figures 4 and 5 show the data for
individual sessions for non-PKU and PKU
mice, respectively. The figures show only re-
versals in which the learning criterion was
met; sessions for incomplete reversals, shown
by italics in Table 2, are not included.

Data from the first discrimination session
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Table 2
Sessions completed by Pah"2 mice in Experiment 2.
P A R1 R2 R3 R4 R5 R6 R7
Non-PKU
N104 42 8 9 3 6 8 9 5 6
N105 6 3 11 8 11 8 13
N106 5 4 11 18 27
N205 5 7 11 9 15 12
N206 5 6 21 11 13 3
N208 6 7 10 19 23
M 5.4 5.8 12.2 11.3 15.8
PKU
P101 6 4 11 13 16 10
P102 6 9 9 17 6 13
P103 5 12 21 22 20
P201 6 6 6 12 7 23
P202 5 8 25 11 18
P203 5 10 18 12 11 3
P204 7 5 13 13 19 4
M 5.7 7.7 14.7 14.3 13.9

Note. P = pretraining; A = olfactory discrimination acquisition; R1, R2, etc.,

indicate that the learning criterion was not met.

= discrimination reversals; italics

2 Pretraining Step 2 ended after one session because of experimenter error; data for N104 were not included in

the calculation of the pretraining group mean.

suggest a stimulus preference. Four of the 6
animals with cinnamon as S+ made correct
choices on seven of eight trials, and 5 of the
7 animals with nutmeg as S+ made correct
choices on only two of eight trials. The effects
of any preference for cinnamon were appar-
ently brief, and the mean number of sessions
to acquisition was similar for mice with cin-
namon and nutmeg as S+, 6.3 and 7.3 ses-
sions, respectively. No preference was seen
with the Swiss-Webster mice in Experiment 1,
and this difference suggests that stimulus
preference pretests may be useful when im-
plementing the procedure with different
mouse strains.

As in Experiment 1, accuracy in the initial
sessions following discrimination reversals
was always at or below chance level. Reversal
learning was generally slower than in Exper-
iment 1, and 4 mice required testing beyond
the 54-session limit to complete three rever-
sals (N106, N208, P103, and P202). Figures 4
and 5 also show that all non-PKU and PKU
mice occasionally failed to respond within the
2-min trial limit (open points in the figures).
Often such failures occurred during the ini-
tial sessions of a reversal, when accuracy was
low for several consecutive sessions. The fre-
quency of these no-response trials subse-
quently declined as accuracy improved. In

contrast, the Swiss-Webster mice in Experi-
ment 1 rarely failed to respond within the tri-
al limit of 2 min, suggesting a possible strain-
or perhaps age-related difference in response
to sudden changes in reinforcement contin-
gencies.

Zagreda et al. (1999) recently reported sig-
nificant differences between groups of PKU
and non-PKU mice on rate of learning olfac-
tory discrimination reversals. For the present
data, a repeated measures analysis of variance
(ANOVA) on the number of sessions to meet
criterion for acquisition and the first three
reversals did not reveal an effect of genotype,
F(1,11) = 0.47, p > .05. Thus, by the metric
of a null hypothesis significance test, we failed
to replicate the main finding in Zagreda et
al., although the procedures were similar in
many respects. Crabbe, Wahlsten, and Dudek
(1999) recently reported significant and sys-
tematic differences among laboratories in the
results of behavioral testing with mutant
mice, even with rigorous efforts to standard-
ize procedures. The protocols for the present
study and that of Zagreda et al. were similar
because of collaboration during procedural
development, but there was no effort to stan-
dardize the procedures, and our two labora-
tories conducted completely independent
studies of PKU mice. There were a number
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Fig. 4. Individual session scores for non-PKU mice in Experiment 2. See Figure 2 caption for details.

of differences between the two studies, and
some that may be relevant to the outcomes
are discussed below.

The studies differed in some of the char-
acteristics of groups and subjects. Zagreda et
al. (1999) reported olfactory discrimination
data for PKU and two non-PKU groups, het-
erozygotes and wild-type BTBR mice. Al-

though they found no significant differences
between heterozygous and wild-type control
groups on any measures and a significant dif-
ference between the PKU group and both
control groups for the second reversal, they
found significant differences only between
PKU and wild-type control groups for the
third and fourth reversals. Their analyses in-
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cluded totals ranging from 28 to 39 animals
in different reversals, with independent one-
way ANOVAs conducted on each reversal.
The present study included a total of 13 ani-
mals in all conditions, and the data were an-
alyzed by a 2 X 4 mixed-model ANOVA, with
repeated measures across learning conditions
(acquisition plus three reversals). Mean age
of the heterozygous mice in Zagreda et al. was

similar to that of the non-PKU mice in the
present study (6.3 and 6.9 months, respec-
tively). The PKU mice in the present study,
however, were somewhat older (7.4 months)
than those in Zagreda et al’s study (4.1
months). Our study included male subjects
only, and Zagreda et al. included both males
and females but found no significant sex dif-
ferences or interactions.
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Blood phenylalanine levels for the PKU
mice were also different, 9.23 mg/dl in the
present study and 18.60 mg/dl in Zagreda et
al. (1999). We obtained the blood samples af-
ter behavioral testing was completed, at ap-
proximately the same time of day as test ses-
sions, and while the food restriction
procedures were still in effect. Thus, the an-
imals had no source of dietary phenylalanine
for approximately 20 hr before the blood
samples were taken (this was also the case for
behavioral test sessions), and the lower phe-
nylalanine levels may be related to the food
restriction schedule. The levels reported by
Zagreda et al. are consistent with those we
and others have found in PKU mice with ad
lib access to chow containing phenylalanine
(e.g., Dyer et al., 1996; Shedlovsky et al.,
1993).

The lower phenylalanine levels in the pres-
ent study, however, were not accompanied by
faster learning rates. A comparison of Table
2 in the present paper with Figure 2A in Za-
greda et al. (1999) shows that the PKU mice
in our study were slower in acquisition and
the first reversal, and about the same in the
second and third reversals. Learning rates for
non-PKU mice in our study were slower than
those in Zagreda et al., and this difference
was greater over successive reversals.

Some of the difference in acquisition rates
may be due to our use of a correction pro-
cedure during the first discrimination train-
ing session. Because that first session did not
count toward the initial learning criterion,
the minimum number of sessions for acqui-
sition in our study was three. Zagreda et al.
(1999) did not use a correction procedure.
Some of the overall difference in learning
rates may be related to different learning cri-
teria, at least seven of eight correct for two
consecutive sessions in the present study and
14 of 16 correct for two combined sessions in
Zagreda et al. Thus, in Zagreda et al., succes-
sive scores of eight of eight and six of eight
correct or vice versa could meet a learning
criterion. Figures 4 and 5 show that applica-
tion of the Zagreda et al. criterion to the pres-
ent data would have resulted in fewer sessions
to criterion in some instances (e.g., Figure 4,
N105, third reversal). Our data set cannot be
reanalyzed with their criterion, however, be-
cause the effects of changing the amount of
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prereversal training on learning rates for sub-
sequent reversals cannot be estimated.

Finally, there were differences in experi-
mental design and data characterization. We
tested each mouse until it met the learning
criterion for each reversal, and there was con-
siderable variability in the number of sessions
per reversal (see Table 2). Zagreda et al.
(1999) imposed a 21-day testing limit for each
reversal, and animals that did not meet the
learning criterion within that limit were all
assigned scores of 22 days for the days-to-cri-
terion analysis (their Figure 2A). Although an
animal that failed to meet a reversal criterion
was not tested further, it was considered to
have failed all subsequent reversals and was
included in the numbers for those reversals
when failure rates were calculated (their Fig-
ure 2B; A. Diamond, personal communica-
tion, February 23, 2000). In contrast, we test-
ed all animals on all three reversals. Table 2
shows that 2 of 7 PKU mice (Subjects P103
and P202) required more than 21 sessions to
meet a reversal learning criterion but never-
theless went on to complete the next reversal
in fewer than 21 sessions. These data illus-
trate one way in which assumptions made for
statistical control may fail to describe the be-
havior of individual subjects.

GENERAL DISCUSSION

The olfactory discrimination procedure
produced rapid discrimination learning in
mice. In Experiment 1, most Swiss-Webster
mice met a fairly stringent criterion for ac-
quisition of the initial discrimination within
three eight-trial sessions, and there was evi-
dence of stimulus control by odor in the ini-
tial session for many mice. Learning rates
were comparable to those reported by Ber-
ger-Sweeney et al. (1998) with BALB/cBy]
mice. Acquisition for the Pah®™"? mice in Ex-
periment 2 was generally slower than for the
Swiss-Websters, and was also somewhat slower
than that reported by Zagreda et al. (1999).
We have found no other reports of two-choice
olfactory discrimination learning in mice.

In both experiments, reversal learning gen-
erally required about twice as many sessions
as initial acquisition, although there were a
few exceptions (e.g., SWM2, P102; see Tables
1 and 2). Responding in initial reversal ses-
sions was virtually always at or below chance
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levels, and accuracy scores were often zero
correct for one or more sessions. These data
indicate selective and reliable stimulus con-
trol by the olfactory stimuli during repeated
discrimination reversals.

Because the procedure was not automated,
the experimenter observed the subject and
judged whether each approach to a container
was merely sniffing (analogous to observing)
or included the digging motions that defined
a response. Such procedures require atten-
tion to the issues of experimenter bias and
consistency in applying response criteria.
When possible, an experimental blind would
eliminate selective bias (a blind was not pos-
sible in Experiment 2 because the experi-
menter could easily identify each Pah"2 ge-
notype by coat color). Consistency can be
evaluated by interobserver agreement. For a
rough evaluation of interobserver agreement
in Experiment 2, a second observer sat slight-
ly behind and to one side of the experiment-
er and recorded responses for approximately
10% of the sessions for each subject. The two
observers agreed on 537 of 544 trials. We pre-
sent these data in the context of this discus-
sion, rather than as part of the results, be-
cause the two observers were not
independent. Although the second observer
attempted to make judgments based solely on
the subject’s behavior, complete indepen-
dence was impossible because the experi-
menter revealed his or her own judgment
when providing the differential consequences
for responses. Interobserver reliability evalu-
ations could be improved in future studies if
the second observer scored videotapes edited
to show subjects’ responses but not the con-
sequences that followed.

Two other issues that may arise when con-
sidering the procedures reported here are
those of time and sensitivity. The studies of
serial reversal learning in Experiments 1 and
2 each required about 10 weeks to complete.
Clearly, a protocol of this type and duration
is not meant to function as a rapid behavioral
screen, but rather as a longer term assess-
ment of discrimination learning. The com-
plex issue of sensitivity arises because we
failed to find a statistically significant group
difference in Experiment 2. Insensitivity can
result if a procedure’s behavioral require-
ments are not relevant to the behavioral rep-
ertoire one wishes to measure. We studied
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discrimination reversal because reversal
learning deficits have been found in humans
with mental retardation (e.g., Heal, Ross, &
Sanders, 1966), and reversal learning has
been used to index learning capability in
nonhuman animals (e.g., Bitterman, 1965;
Rumbaugh & Pate, 1984). Insensitivity could
also result from inadequate preparation for
testing or an inappropriate level of difficulty
(e.g., floor or ceiling effects). For the proce-
dures reported in the present paper, system-
atic replications with variations in parameters
such as duration of pretraining, correction
procedures, and so forth may clarify this is-
sue.

We implemented a simple simultaneous
discrimination procedure. Several potentially
interesting variations may be practical, in-
cluding many standard neuropsychological
tests such as single alternation with either lo-
cation or odor as relevant cues, delayed alter-
nation, and delayed nonmatching to sample
with trial-unique stimuli (Berger-Sweeney et
al., 1998). A learning-set paradigm could be
implemented by training a large number of
discriminations with different stimuli. A left-
right conditional discrimination could pre-
sent the same olfactory cue in both locations
(e.g., left side correct if both cinnamon, right
side correct if both nutmeg).

This procedure also has the potential to be
elaborated for studies of functional stimulus
classification (Dube, Mcllvane, Callahan, &
Stoddard, 1993; Vaughan, 1988). One ques-
tion for further research is whether rodents
have capabilities for olfactory discriminations
with large stimulus sets that parallel pigeons’
capabilities for visual discriminations
(Vaughan, 1988). Finally, more complex var-
iations and elaborations of this procedure
may be appropriate for any species in which
olfactory cues are particularly salient. For ex-
ample, Bunsey and Eichenbaum (1996) im-
plemented a matching-to-sample version of
the procedure with rats.
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