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Abstract

Young (4 months) and old (24 months) C57B1/6J mice were tested in an automated simultaneous-cue, two-odor discrimination task. The
mice were first pre-trained to execute trial-structured nose poke responses in a straight alley. They were then trained to criterion on a series of
eight novel olfactory discrimination problems. Old mice required slightly more shaping sessions to acquire the nose poke response. The old
mice required many more sessions and made 70% more errors than young mice before reaching criterion performance on the series of eight
olfactory discrimination problems. Young and old mice did not differ in retention of the last odor discrimination when tested 2 weeks after
training. Old mice had significantly higher thresholds for discriminating ethyl acetate vapor from non-odorized air. The results suggest that

mice may be a good model for study of olfactory dysfunction and cognitive deficits with aging.
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1. Introduction

Impairments in the sense of smell are common in human
aging (Cain and Stevens, 1989; Doty etal., 1984). Age-related
olfactory deficits include loss of sensitivity to odors (Stevens
and Dadarwala, 1993), diminished discrimination ability,
reduced recognition (Murphy et al., 1991), impaired smell
identification (Doty et al., 1984), and problems with episodic
memory for odors (Larsson and Backman, 1998). Whereas
deficits in detecting odorants may be due to peripheral deteri-
oration of the sensory epithelium, other impairments seem to
involve degenerative processes affecting cognitive processing
of odors in the brain. Age-related neurodegenerative diseases
also have a negative impact on olfactory capabilities: in some
cases these are probably due to general sensory and cogni-
tive impairments; however others, including Alzheimer’s and
Parkinson’s diseases, appear to involve selective pathology
in specific brain structures involved in olfactory processing
(Kovacs, 2004).
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The neurobiological changes underlying age-related
decline in olfactory function have not been extensively
investigated. There is evidence that olfactory event-related
potentials change with age (Geisler et al., 1999) and neu-
ropathology is observed in the olfactory epithelium and
olfactory bulb of elderly humans. The rodent olfactory sys-
tem has served as a very useful model system for studying
development and plasticity due to its anatomical organization
(Brunjes and Frazier, 1986). However, relatively few stud-
ies have exploited these advantages for studies of normal
aging (Mirich et al., 2002). Additionally, olfaction and odor-
guided behaviors may be particularly useful for studying
aspects of learning and cognition in rodents (Slotnick, 2001;
Eichenbaum, 1998). The olfactory system has direct intercon-
nections with hippocampus, prefrontal cortex, and amygdala
(Lynch, 1986) and these connections are well-developed in
rodents (Eichenbaum, 1998). Rats and mice readily learn
large numbers of simple odor discriminations, show excel-
lent long-term memory for odors, and show higher-order
learning phenomena such as learning sets for odors (Bodyak
and Slotnick, 1999; Lu et al., 1993; Slotnick et al., 1991,
2000b; Slotnick and Katz, 1974; Staubli et al., 1987; Larson
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and Sieprawska, 2002). Thus odor-guided behavioral tasks
may be useful for understanding age-related changes in not
only the sense of smell, but cognition and memory as well.
However, there have been relatively few reports of olfactory
function or odor-guided learning in aging rodents. Some stud-
ies have found deficits in odor detection with aging (Nakayasu
et al., 2000; Kraemer and Apfelbach, 2004) whereas others
have not (Schoenbaum et al., 2002; Lasarge et al., 2007). Sim-
ple discrimination learning has been found to be impaired in
some studies (Roman et al., 1996; Frick et al., 2000; Prediger
et al., 2005; Lasarge et al., 2007) but not in others (Kraemer
and Apfelbach, 2004; Schoenbaum et al., 2002). One study
found that aging rats were selectively impaired at reversal
learning (Schoenbaum et al., 2002).

In the present study, young and old mice of the C57B1/6J
strain were trained in a series of two-odor, simultaneous-cue,
olfactory discrimination problems. An automated training
procedure was used to measure the rate of learning. The
mice were also tested for long-term memory of a learned dis-
crimination 2 weeks after training. Finally, a task involving
discrimination between clean air and varying concentrations
of ethyl acetate vapor was used to determine olfactory thresh-
olds in the young and old mice.

2. Materials and methods
2.1. Subjects

Subjects were C57B1/6] mice aged 4 months (YOUNG)
or 24 months (OLD) obtained from colonies maintained by
NIA. They were housed in groups of three or four in plas-
tic cages in a climate-controlled animal colony on a normal
14:10 light:dark cycle. The mice were maintained on a water
deprivation schedule with access to 1.0-2.0 mL water once
per day for at least 5 days prior to and throughout training.
This schedule reduced body weight by about 20% in the first
few days but maintained the mice at a stable weight through-
out the study. Seven old mice were eliminated from study
due to general health issues (physical inactivity or sluggish-
ness, apparent tumors or skin lesions, poor grooming) or poor
responses to water restriction (excessive weight loss). Two
additional old mice failed to perform well in nose poke train-
ing and were likewise eliminated from the study. This left a
total of 24 young and 15 old mice subjected to the entire odor
discrimination training procedure.

All testing was done during the light phase.

2.2. Apparatus

As described previously (Larson and Sieprawska, 2002),
the testing chamber was made of black acrylic and consisted
of a straight alley 60 cm long and 10 cm wide. The two side
(long) walls sloped upward and outward at an angle of 15° off
vertical and were 30 cm high. The end walls were vertical. At
each end (“East” and “West”) of the alley were two cylindri-

cal “sniff ports” (1.5 cm i.d.) for nose poke responses (2 cm
from the floor and centered 5cm apart) and a single small
cup in the floor for water delivery. The two sniff ports at the
West end of the alley were connected to individual air dilu-
tion olfactometers for odor stimulus delivery; all of the sniff
ports were equipped for photobeam detection of nose pokes.
Water delivery was controlled by electrically driven, teflon-
body solenoid valves (General Valve Co., Fairfield, NJ);
a microcomputer (PC) detected infrared photobeam breaks
and activated the valves under custom software control. The
whole chamber was enclosed and the ceiling was equipped
with an exhaust fan to remove odorants.

An air dilution system modified from that described pre-
viously (Larson and Sieprawska, 2002) was used to generate
odorants (Fig. 1). Liquid odorants (50 mL) were contained
in large glass test tubes (100 mL capacity) fitted with sil-
icone stoppers with two holes drilled to accept clean air
input and odorized air output tubing (teflon, 1/16ini.d.) con-
nected as shown. The odorant tubes were located downstream
of computer-operated solenoid valves (SV) and flowmeters
(FM) in order to minimize odorant contamination of these ele-
ments. The clean air supply (bottled zero air, AGA Gas Co.,
Lansing, IL) in each channel was run at 1.8 liter per minute
(Ipm); odorized air was injected into this stream at 0.2 Ipm for
an air dilution to 10% of the saturated vapor in the odor tube.
Pinch valves (PV; Cole-Parmer, Vernon Hills, IL) located
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Fig. 1. Testing chamber and odor generators used for olfactory discrimina-
tion training. (A) Top view of the behavioral chamber. Two sniff ports (SP)
and a single water cup (W) are located at each end of the straight alley. Draw-
ing is to scale. Dashed lines indicate that the floor is narrower than the top of
the chamber because of the outward sloping side walls. (B) View of the West
end of the alley as seen from inside the chamber. Positions of sniff ports,
water cup, and signal lamp are to scale. L =left; R=right. (C) Odor gen-
erator. Computer operated solenoid valves (SV) upstream and pinch valves
(PV) downstream of the odor tubes (OT) control the flow of pressurized air
through flow meters (FM) and the odor tubes to present either odor (1, 2)
diluted with clean air to either of the West sniff ports (L, R). Drawing is not
to scale.
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downstream of the odorant tubes and activated and deacti-
vated along with the appropriate upstream solenoid valves
were used to minimize odor exposure between trials. The
odorant tubes and tubing elements exposed to odorants were
replaced as a unit for each odor pair (odor cartridge) when
odor pairs were changed. Odorants used in these experiments
were selected from a large stock of chemicals and flavoring
essences obtained from Aldrich Chemical Co. (Milwaukee,
WI) and McCormick and Co. (Baltimore, MD).

2.3. Procedures

All procedures were fully automated and controlled by
computer within each training session.

2.3.1. Shaping

A shaping procedure was used to familiarize the mice to
the training procedures and to reinforce nose poke responses
prior to the introduction of odor cues. This proceeded in four
stages. The first stage consisted of 20-trial, daily sessions in
which the mice were reinforced with a small drop of water
(12.5 pL) for a nose poke in either sniff port at either end of
the alley. Each trial was a maximum of 120 s long and was
followed by a 10s inter-trial interval (ITT). After each rein-
forced response, the next reinforcement was contingent on
the mouse making a nose poke in one of the sniff ports at the
end of the alley opposite the last correct response, i.e., the
mouse was required to traverse the alley repeatedly. If a cor-
rect response did not occur within the 120-s period, that trial
was scored as incorrect and the identical contingency was in
effect on the following trial. A lamp at each end of the alley
was lit during the ITI and was extinguished over the ports
at which reinforcement was available during the trials. Each
mouse was trained in this way until it had made 90% rein-
forced responses in one 20-trial session. The second stage of
shaping was identical to the first except that each session had
40 trials and mice were trained to criterion of 90% reinforced
trials in one 40-trial session. The third stage of shaping con-
sisted of 20-trial sessions in which each trial began with the
extinguishing of the lamp at the East end of the alley. A nose
poke in either of the East sniff ports (a “trial initiation” nose
poke) within 120 s of the trial onset was reinforced with a drop
of water, turned on the lamp, and extinguished the lamp at the
West end of the alley. No response within the 120-s period ter-
minated the trial and was followed by a 10 s ITI. A nose poke
(“trial conclusion” nose poke) at either West sniff port within
60 s after the trial initiation nose poke was rewarded with
water and followed by the ITI. Mice were trained to a criterion
of 90% of trials rewarded at both ends in one 20-trial session.
The fourth stage of shaping was identical to Stage 3 except
that trial initiation nose pokes were not rewarded with water,
each session was 40 trials, and mice were trained to a criterion
of three sessions in which 90% of trials were rewarded.

The rate of learning in shaping sessions was assessed as
the number of sessions required to reach criterion perfor-
mance at each stage. Performance in shaping sessions was

also assessed in young and old mice as the mean latency to
initiate trials (time elapsed between the end of the ITI and
the trial initiation nose poke on the next trial) in the final ses-
sion of training in Stages 1 through 4 and the mean latency
to conclude trials (time elapsed between trial initiation and
trial conclusion nose pokes) for the final training session of
Stages 3 and 4.
All data are presented as means and standard errors.

2.3.2. Olfactory discrimination

Olfactory discrimination training used a simultaneous-
cue, two-odor, forced-choice paradigm. The trial procedures
and timing were similar to those of shaping Stage 4 except
that a trial initiation nose poke at the East end also activated
the delivery of the two discriminative odors to the West sniff
ports. The spatial position of the two odors (S+ and S—) on
any given trial was randomly determined except that no more
than three identical trials could occur in succession. A nose
poke in the port containing the S+ stimulus was rewarded
with a drop of water (12.5 pL) and scored as a correct trial; a
nose poke in the S— port was not rewarded and was scored as
an error. S+ nose pokes were followed by a 60 s ITT; S— nose
pokes were followed by a 60s ITL. No response within 60 s
after trial initiation also terminated the trial but no-response
trials were not scored as errors and were followed by a 60 s
ITL

All mice were trained on a series of eight different two-
odor discrimination problems. Each mouse was given a single
session of 40 training trials per day. Training on a given
discrimination problem continued until the mouse achieved
a performance criterion of 80% correct responses or bet-
ter in the last 20 trials of a session. Training on the next
problem then commenced with the following session. If a
mouse failed to reach criterion on a discrimination prob-
lem after eight training sessions, it was determined to have
“failed” that problem and advanced to the next. This occurred
only once in the present study: one old mouse failed on
the eighth discrimination problem. The odor pairs were as
follows: strawberry and banana, propionic acid and hexyl
octanoate, ethyl lactate and methyl salicylate, almond and
root beer, pineapple and cherry, maple and coconut, dihy-
drojasmone and cis-3-hexen-1-ol, walnut and butter. One
subset of each group learned the discriminations in the order
listed; the other subsets learned the discriminations in the
reverse order. Valences of odors (S+, S—) in each pair were
counter-balanced across mice. In previous studies, these
odor discriminations were acquired with comparable facil-
ity by mice (Larson and Sieprawska, 2002; Larson et al.,
2003).

The number of errors committed before reaching the learn-
ing criterion and the number of sessions required for each
discrimination was tabulated for each mouse. Response laten-
cies were computed as the time that elapsed between the trial
initiation nose poke and the odor choice nose poke on each
trial.
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2.3.3. Memory after 2 weeks

After each mouse reached criterion performance on the
eighth (final) discrimination, it was not tested for a 2-week
period. After this delay, it was given a series of 10 probe
trials, each of which was identical to a training trial in the
final discrimination problem except that no differential rein-
forcement was provided. Responses at the port containing the
odor trained as S+ were scored as correct and responses to
the trained S— were scored as incorrect. However, no water
was given on either correct or incorrect trials. The ITI was
60 s for all trials. A retention score was calculated for each
mouse as the percentage of correct responses on the probe
trials.

2.3.4. Olfactory sensitivity

Young and old mice were tested for threshold detection of
ethyl acetate. Fifteen of the mice described above (11 young
and 4 old) and 20 other mice trained similarly in odor dis-
criminations as part of another experiment (12 young and 8
old) were the subjects. The mice were first trained to discrim-
inate between a 0.001% (10_3%) ethyl acetate stimulus (S+)
and a clean air stimulus (S—). The S+ odor tube contained
a 50mL solution of 0.02% ethyl acetate in ultrapure water;
the S— odor tube contained ultrapure water alone. A final air
dilution in the odor generator diluted the vapor in each S+
and S— odor tube by 20-fold (0.1 Ipm through the odor tubes
and 1.9 Ipm in the main airstream). Lower concentrations of
ethyl acetate in subsequent tests were generated by further
dilution of ethyl acetate in water in the odor tubes. The final
(and only) air dilution was always 20-fold and was the same
for the ethyl acetate and clean air stimuli. The odor tubes and
odor-exposed tubing for each concentration of ethyl acetate
(S+) and water (S—) tested were prepared as separate odor
cartridges that were inserted in the odor generator as required.

Mice were trained in two 20-trial sessions each day. In the
second session each day, the connections between the odor
tubes and the control valves for each channel in the olfac-
tometer were reversed and the software controls for the valves
were also reversed in order to ensure that mice could not use
the sounds of the valves as cues in the task (this maneuver
switched the valves controlling S+ and S— but did not alter the

Table 1
Performance of young and old mice in shaping sessions

reward contingencies). Mice were trained on the “high inten-
sity” ethyl acetate (1073 %):water discrimination until all had
performed at least two sessions at criterion (80% correct) on
1 day. They were then trained in two daily 20-trial sessions
on a descending concentration series consisting of 1074%,
1073%, 107%%, 1077%, and 10~8% ethyl acetate, with 1
day training on the high concentration (1073%) interleaved
between the lower concentration days. This was followed by
a second descending series consisting of 10733%, 10743%,
1073°%, 107%3%, and 10~ 7%, again with high concentra-
tion days interleaved. S+ was always ethyl acetate and S—
was always ultrapure water (no odor).

The percentage of correct trials was calculated for each
session. Response latencies were also computed for each
correct trial and averaged across trials within a session.

3. Results
3.1. Nose poke training

Young mice required 7-12 sessions (mean =8.33 +0.32,
n=24) to satisfy shaping criteria; old mice required 7-14
sessions (9.87 +0.54, n=15), a statistically significant dif-
ference (t37=2.60, p<.02). The mean number of sessions
required to reach criterion at each stage of shaping are pro-
vided in Table 1. The mean latencies to perform nose pokes
as required at the different stages of shaping are also shown
in Table 1. There was no main effect of age on latency scores
(F1,37=0.07, p>.5); however, there was a significant interac-
tion between age and shaping stage (F’s 135 =5.27, p<.001).
Old mice had shorter latencies in the first stage of shaping
(Newman—Keuls test, p <.01) and longer latencies to initiate
trials in the final stage of nose poke training (p <.05).

3.2. Olfactory discrimination learning

The results for odor discrimination learning are summa-
rized in Fig. 2. All mice were trained to criterion on the eight
discrimination problem series. Old mice made significantly
more errors in the entire problem series than did young mice
(Fig. 2A; 137 =6.42, p<.0001). The total number of sessions

Sessions to criterion

Stage 1 Stage 2 Stage 3 Stage 4 Total
Young 2.75 £ 0.18 1.00 £ 0.00 1.00 £ 0.00 3.58 £ 0.26 8.33 £ 0.32
Old 327 £0.25 1.07 + 0.07 1.33 £ 0.19 4.20 £ 0.55 9.87 £ 0.54*
Mean latency in last session
Stage 1 Stage 2 Stage 3 (I) Stage 3 (C) Stage 4 (I) Stage 4 (C)
Young 4238 £ 2.31 2149 + 1.43 10.83 + 0.91 20.57 £ 1.14 2340 + 1.38 598 £ 0.23
Old 33.35 + 3.14* 2144 +2.18 12.96 £+ 1.62 2224 £ 1.70 29.03 £ 2.96* 7.96 £ 0.65

Latencies were recorded for the final training session at each stage when performance was at criterion. In Stages 3 and 4, separate latencies were recorded for
trial initiation (I) nose pokes and trial conclusion (C) nose pokes. *p <.05, comparing young with old.
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Fig. 2. Acquisition of olfactory discriminations is slower in old than in young mice. (A) Total errors (mean £ S.E.M.) committed during training to criterion
performance on all eight discrimination problems. Old mice made significantly more errors than young mice. (B) The average number of errors (mean + S.E.M.)
committed before achieving criterion performance on discrimination problems 1-4 and 5-8 for young (open bars) and old (shaded bars) mice. Young mice made
significantly fewer errors on the second block of problems than on the first block of problems. Old mice did not make significantly fewer errors on problems
5-8 than on problems 1-4. (C) Average percent correct responding (mean &+ S.E.M.) on the initial training (blocks of five trials each) for problems 1-4 for
young (open circles) and old (filled circles) mice. Mice occasionally did not respond on one to a few trials in a session; these were not counted as correct or
incorrect and only the first 35 trials in which an odor choice was made were used in the figure. (D) Average percent correct responding (mean = S.E.M.) on the
initial training (blocks of five trials each) for problems 5-8 for young (open circles) and old (filled circles) mice. Young mice made significantly more correct
responses than old mice for blocks 4, 6, and 7. *p <.05; **p<.01; ***p <.001.

required was also higher for old than for young mice (young:
14.21 £0.50; old: 19.87 £0.89; t37=5.96, p<.0001). The
problem series was divided into two blocks of four dis-
crimination problems each in order to determine if learning
rate improved across problems (Fig. 2B). Repeated mea-
sures analysis of variance indicated a significant main effect
of age (F137=41.22, p<.0001) and a significant interac-
tion between age and problem block (F37=6.23, p<.02)
on the average number of errors committed per problem.
Young mice showed a significant reduction in errors from
the first block to the second block of problems (p<.05,
Newman—Keuls test); old mice did not (p >.05).

The total number of “no-response” trials throughout the
problem series was not larger in the old group than in the
young (young mean: 13.17 £3.47; old mean: 8.80 & 1.40;
137=0.96, p>.30), even though the old mice had signifi-
cantly more training sessions. This suggests that the old mice
were neither insufficiently motivated nor inadequately trained
in nose poking; rather they appear to be impaired either
in discrimination ability or in the formation of odor-reward
associations. In both groups the number of no-response trials
per 40-trial session was less than one (young: 0.86 +0.19;
old: 0.43 £0.06; 137 =1.74, p>.05).

Fig. 2C shows the percent correct responses in the
first session of training in blocks of five trials, averaged
across problems 1-4. Both young and old mice demon-

strated an increase in choice accuracy during the first
session of training for these discrimination problems. Anal-
ysis of variance indicated no main effect of age (F1 37 =0.72,
p>.40). There was a highly significant effect of trial block
(F6220=17.47, p<.0001) and a marginally significant inter-
action between age and trial block (Fg222=2.18, p<.05).
However, none of the old to young comparisons were sig-
nificant (Newman—Keuls tests). In problems 5-8 (Fig. 2D),
there was a significant effect of age on percent correct
(F137=6.82, p<.02) and a significant effect of trial block
(F6,2220=28.70, p<.0001) but the interaction was not sig-
nificant (F 220 =1.91, p>.05). The young mice made more
correct responses than the old mice in the first session trials
for problems 5-8 (blocks 4, 6, and 7; Newman—Keuls tests).

The mean latency from the “trial initiate” nose poke to
the “odor choice” nose poke was calculated for the correct
trials in the first and last blocks of 20 trials for each dis-
crimination problem for each mouse. This latency includes
the time needed to run the length of the alley, sample the
odors, and make the choice; it thus should be sensitive to
these “performance” variables. As shown in Fig. 3, there were
only small differences in response latency between young
and old mice. In the data for the first training block, there
was no significant main effect of age (¥137=0.01, p>.90),
there was a significant main effect of discrimination prob-
lem (F7259=43.40, p<.0001), but there was no interaction
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Fig. 3. Response latency comparison between young and old mice across
discrimination problems. (A) Mean latency (£S.E.M.) for correct trials in
the first block of 20 training trials for each discrimination problem in young
(open circles) and old (filled circles) mice. There were no significant differ-
ences in response latency due to age. (B) Mean latency (+S.E.M.) for correct
trials in the last block of training trials for each discrimination problem. Old
mice were significantly slower to respond in these trials for the first two
problems of the series. *p <.05; **p <.01.

between age and problem on response latency (F7259 =0.73,
p>.60). For the last training block, there was no main effect
of age (F137=0.07, p>.75), there was again a significant
effect of discrimination problem (F7259 =31.62, p<.0001),
and there was a significant interaction between age and prob-
lem (F7259 =3.24, p < .01). Old mice had significantly longer
latencies on correct trials of the final block of training on the
first and second discrimination problems.

Training sessions with 15 or more errors were analyzed
for error patterns. The mean number of such sessions per
mouse was 3.92 (£0.38) for young mice and 7.60 (£0.65)
for old mice (137 =5.26, p<.0001). Errors in these sessions
were classified into four types, based on spatial position of
the error trial and the spatial position and odor response
on the preceding trial (Larson and Sieprawska, 2002). Spa-
tial bias was manifest in sessions in which the number of
errors preceded by same-side responses (spatial errors) was
greater than that predicted by the binomial distribution for
chance responding. This occurred in 76.6% of the sessions
for young mice and 60.5% of the sessions for old mice. As
can be seen in Fig. 4A, the distributions of spatial errors
were clearly skewed to the right for both young and old
mice; the two groups did not differ in this regard () test,
p>.05). The most common error pattern in both groups was

50
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Fig. 4. Error patterns in discrimination learning by young and old mice. (A)
Errors were classified as spatial errors if the response on the trial preceding
the error trial was at the same sniff port, regardless of the odor present.
Sessions with 15 or more errors had high percentages of spatial errors as
shown by the rightward skew in the histograms. Young and old mice were
not significantly different. (B) The distribution of consecutive errors were
centered at 50% for both young and old mice, indicating that perseverative
responding to the negative cue was no more or less likely than expected by
chance in both groups of mice.

consistent responding at one of the sniff ports throughout a
session. The distributions of consecutive errors (responses to
the S— odor twice in a row, regardless of spatial position)
are shown in Fig. 4B. The percentages of consecutive errors
were centered at 50%, indicating that mice were not consis-
tently responding to the negative odor. Only a few sessions
had more consecutive errors than would be predicted to occur
by chance (five sessions in young mice, two sessions in old
mice).

3.3. Long-term memory

Retention of the eighth discrimination problem was tested
2 weeks after the last training session. All of the young mice
and all but one of the old mice reached the 80% learning
criterion for this problem. As shown in Fig. 5, both young and
old mice showed good memory for the discrimination; both
groups had retention scores significantly above chance (one-
sample #-tests—young: 23 =7.53, p<.0001; old: 13 =6.33,
p<.0001); the two groups were not significantly different
(136 =0.08, p>.90).
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Fig. 5. Long-term memory. Histogram shows percent correct responding
(mean = S.E.M.) in a retention test 2 weeks after training on the last dis-
crimination problem. Young (open bar) and old (shaded bar) mice were not
different.

3.4. Olfactory sensitivity

An odor detection task was used to assess olfactory sen-
sitivity in young and old mice. Mice were first trained to
discriminate ethyl acetate (S+, 0.001%) from clean air (S—).
They were then tested on the same discrimination using
decreasing concentrations of ethyl acetate. Tests with the
original ethyl acetate concentration (0.001%) were inter-
leaved with lower ones to maintain behavioral performance.
The results are shown in Fig. 6. The relationship between
stimulus intensity (concentration) and accuracy of detection
was shifted to the left in old mice (Fig. 6A). Analysis of vari-
ance indicated no significant main effect of age (133 =1.98,
p>.15) but a significant interaction of age and concentra-
tion (F10,330=3.56, p<.001) as well as a significant main
effect of concentration (Fjp330=76.53, p<.0001). Aged
mice had significantly poorer performance only on the dis-
crimination between clean air and 0.00003% (—4.5log%)
ethyl acetate (p<.01, Newman—Keuls tests). The leftward
shift could also be seen in a plot of the percentage of mice in
each group that had significantly above-chance performance
(at least 80% correct) at each of the concentrations tested
(Fig. 6B).

4. Discussion

Mice at 24 months of age required significantly more train-
ing sessions and made more errors in acquisition of a series of
two-odor discrimination problems than did mice at 4 months
of age. The differences between old and young mice were
quite substantial: old mice made an average of nearly 70%
more errors before reaching criterion than did young mice.
Old mice did eventually reach criterion performance on each
problem, demonstrating that they could discriminate between
the odors.

Old mice were only mildly impaired in acquiring the
sequence of nose poking responses prior to odor discrim-
ination training. Since it is possible that a deficit in nose
poke responding could be responsible for poorer performance
in the odor discrimination sessions, the number of trials in
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Fig. 6. Detection thresholds for ethyl acetate vapor in young and old mice.
(A) Percent correctresponding (mean £ S.E.M.) as a function of ethyl acetate
concentration in sessions involving discrimination of ethyl acetate (S+) from
clean air (S—). There was a significant interaction between age and ethyl
acetate concentration on percent correct responses. Old mice performed
significantly more poorly than young mice at discriminating 0.00003%
(log% = —4.5) ethyl acetate from clean air. **p <.01. (B) Percent of mice
that showed above-chance correct responding (80% or more) in tests at each
concentration of ethyl acetate vs. clean air. Since the highest concentration
(0.001% ethyl acetate) was tested repeatedly on alternate days, the average
of all days was used. One mouse in each group was below 80% correct on
the highest concentration. All mice failed to discriminate between clean air
and ethyl acetate concentrations below 0.000003% (log% = —5.5).

which no odor choice nose poke was made was determined
for both young and old mice. The average number of “no-
response” trials was actually (but non-significantly) higher
in the young mice than in the old mice. This suggests that the
old mice were sufficiently motivated and adequately trained
to make the required responses. Furthermore, an analysis of
response latency only revealed small differences in response
speed between the two ages: old mice were slightly slower
to respond on correct trials in the last block of training on
the first two discrimination problems. These results suggest
that performance variables are not likely to explain the large
differences between old and young mice in acquiring the
two-odor discriminations.

Old mice appear to require more training either to learn
to discriminate between two odors or to make odor-reward
associations. Young mice made significantly fewer errors in
acquisition of the last four discrimination problems compared
to the first four problems. This increase in learning rate across
problem blocks is consistent with acquisition of a “learning
set” (Slotnick and Katz, 1974) or “rule learning” (Quinlan et
al., 2004). Old mice showed no significant change in error
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rates from the first block of four discrimination problems to
the last four.

Both young and old mice showed good retention of the
final discrimination problem in unrewarded probe trials 2
weeks after the last training session. Long-term memory for
odors appears to be unimpaired in old mice. All of the young
and all but one of the old mice had achieved criterion perfor-
mance in acquisition of that discrimination. It remains to be
seen whether or not more limited training or longer retention
delays would reveal memory deficits in old mice.

Relatively strong odors were used in the discrimination
learning study: each of the odorants was only diluted to 20%
of full strength in solvent and by a further factor of 10 in the
olfactometer. They were all well above threshold for human
observers. Odor sensitivity of young and old mice was tested
using successive dilutions of ethyl acetate, an odorant com-
monly used in prior studies of odor sensitivity in rats and
mice (Bodyak and Slotnick, 1999; Slotnick et al., 2000a).
Old mice showed significantly poorer performance on dis-
crimination of 0.00003% ethyl acetate versus clean air than
did young mice. The stimulus strength—performance curves
suggest that the threshold for ethyl acetate detection is about
threefold lower for young mice than for old mice. These
results indicate that old mice are impaired in odor detection.
However, this deficit is unlikely to explain the impairments
in discrimination learning observed with relatively strong
odors.

Several studies have examined odor discrimination learn-
ing in aged rats. Two types of task have been employed. In
the first, odors are presented in the form of ground spices
mixed with sand in a small pot; the rats are trained to asso-
ciate the smell of the pot with the presence or absence of a
food reward buried in the pot and indicate their choice by
digging for the reward. In this digging task, old (24 months)
rats were found to be impaired in acquiring two-odor dis-
criminations (Lasarge et al., 2007). Importantly, when the
old rats were divided into two groups based on their per-
formance on a spatial learning task, it was found that the
spatially impaired rats were also impaired on the olfactory
discrimination task while the spatially unimpaired rats were
not. These results suggest that the impairment in olfactory dis-
crimination learning may reflect a more general impairment
of complex learning (Lasarge et al., 2007). In the second task,
an olfactometer is used to generate an odorized airstream in
an operant chamber; on any given trial one of two odors is
present; responses in the presence of one odor are rewarded
and responses in the presence of the other are not. In one
version of this successive-cue, go-no go task, a subset of old
rats was severely impaired while other old rats learned nor-
mally (Roman et al., 1996). The unimpaired old rats were
found to have more rapid forgetting of the odor-reward asso-
ciation than young rats. In a second version of this task, old
rats were found to learn three discriminations as quickly as
young rats; the old rats were, however, impaired at acquir-
ing a discrimination reversal (Schoenbaum et al., 2002). In
the same study, old rats were found to be no different from

young rats in a task involving threshold detection of odorants
(Schoenbaum et al., 2002). On the other hand, in another
experiment the threshold for detection of ethyl acetate was
found to be about 10-fold lower in 3-month old than in 25-
month old animals (Kraemer and Apfelbach, 2004). Finally,
Schoenbaum et al. (2006) recorded from prefrontal cortical
neurons in aged rats that showed normal acquisition of olfac-
tory discriminations but impaired reversal learning. They
found that odor-selective firing was diminished compared
to young controls or aged rats unimpaired in reversal learn-
ing: fewer neurons developed odor-selectivity during initial
acquisition, and even fewer changed odor-selectivity during
reversal learning (Schoenbaum et al., 2006). These findings
indicate that aging affects neural processing of odors in ways
that are not necessarily expressed in simple behavioral mea-
sures.

In the only prior study of the effects of aging on discrimina-
tion learning in mice, Frick et al. (2000) report an experiment
comparing young (5 months old), middle-aged (17 months),
and old (25 months) mice (C57B1/6 strain) on the sand dig-
ging task. The mice were trained in blocks of four trials each
for 3 days. Choice accuracy did not improve across sessions
in the old (25 months) as in young mice; more errors were
made across all sessions in the old mice. Finally, the old mice
responded much faster in this task than did the young mice.
Tests showed that the mice were not anosmic in that they
could detect spices mixed in various proportions with sand;
however the comparisons between young and old mice did
not approach threshold sensitivity (Frick et al., 2000).

The decrease in odor sensitivity seen in the present study
could be due to degenerative changes in the olfactory epithe-
lium. In both humans and rodents (Hinds and McNelly, 1981;
Menco and Morrison, 2003), the number of olfactory sensory
neurons declines with age, partly due to decreased regenera-
tion (Weiler and Farbman, 1997). The decreased sensitivity
was, however, relatively small, and probably cannot account
for the impairment in discrimination learning. A recent study
(Enwere et al., 2004) found that old mice were impaired at
fine discrimination of binary mixtures of odorants when the
two components approached 50%; discrimination of the uni-
tary components was equivalent in young and old mice. These
investigators provided evidence that impaired discrimination
ability may result from decreased neurogenesis of olfactory
bulb granule cells in the aging mice.

The major effect of aging observed in the present study
was a retardation in the rate of establishment of differential
responding to the rewarded and non-rewarded cues in two-
odor discriminations. Aged mice required many more trials to
reach a performance criterion of 80% correct responses in the
discrimination problems. Since acquisition of olfactory dis-
criminations is accompanied by synaptic plasticity in primary
olfactory cortex (Roman et al., 1987, 1993; Barkai, 2005), it
will be of interest to determine if synaptic mechanisms such
as long-term potentiation are altered in olfactory cortex of
aging mice. Beyond this, output pathways from piriform cor-
tex to hippocampus, amygdala, and prefrontal cortex (Shipley
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et al., 1995) are also candidates for age-related deterioration
of olfactory learning.
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