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Abstract
The perceptual differentiation of odors can be measured behaviorally using generalization
gradients. The steepness of these gradients defines a form of olfactory acuity for odor quality that
depends on neural circuitry within the olfactory bulb and is regulated by cholinergic activity
therein as well as by associative learning. Using this system as a reduced model for age-related
cognitive decline, we show that aged mice, while maintaining almost the same baseline behavioral
performance as younger mice, are insensitive to the effects of acutely elevated acetylcholine,
which sharpens generalization gradients in young adult mice. Moreover, older mice exhibit
evidence of chronically elevated acetylcholine levels in the olfactory bulb, suggesting that their
insensitivity to further elevated levels of acetylcholine may arise because the maximum capacity
of the system to respond to acetylcholine has already been reached. We propose a model in which
an underlying, age-related, progressive deficit is mitigated by a compensatory cholinergic
feedback loop that acts to retard the behavioral effects of what would otherwise be a substantial
age-related decline in olfactory plasticity.

We also treated mice with ten-day regimens of olfactory environmental enrichment and/or
repeated systemic injections of the acetylcholinesterase inhibitor physostigmine. Each treatment
alone sharpened odor quality acuity, but administering both treatments together had no greater
effect than either alone. Age was not a significant main effect in this study, suggesting that some
capacity for acetylcholine-dependent plasticity is still present in aged mice despite their sharply
reduced ability to respond to acute increases in acetylcholine levels.

These results suggest a dynamical framework for understanding age-related decline in neural
circuit processing in which the direct effects of aging can be mitigated, at least temporarily, by
systemic compensatory responses. In particular, a decline in cholinergic efficacy can precede any
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breakdown in cholinergic production, which may help explain the limited effectiveness of
cholinergic replacement therapies in combating cognitive decline.
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disease; basal forebrain; palliative response

1. Introduction
The olfactory bulb (OB) is a cortical structure that directly receives afferent input from
primary olfactory sensory neurons. It is the final common path for olfactory afferent signals
before they diverge to multiple cortical and subcortical targets, and it receives copious
projections from several regions of the brain that regulate its processing of olfactory sensory
information. The OB performs several computational tasks common to early sensory
processing across modalities; in particular, it is thought to play a major role in odor stimulus
decorrelation, a process that defines the early delineation and categorization of odors based
upon stimulus features and learned contingencies (Cleland et al., 2007; Cleland and
Sethupathy, 2006). This process is measured behaviorally using generalization gradients
(Shepard, 1987), in which experience with one odor is generalized to a range of novel but
perceptually similar odors (Cleland et al., 2002; Cleland and Narla, 2003). This gradient is
steepened by increased learning (Cleland et al., 2009) and by cholinergic neuromodulation
within the OB (Chaudhury et al., 2009; Mandairon et al., 2006a). Owing to the relatively
well-described circuitry of the OB, the cellular and circuit mechanisms of this cortical
network can be related to behavioral performance via computational modeling (Cleland et
al., 2007; Mandairon et al., 2006a). As a reduced model system for integrated cortical
function, the OB enables study of learning mechanisms and the convergence of bottom-up
and top-down factors on sensory representations across levels of organization, from cellular
physiology to functional networks to behavior.

Normal aging results in correspondingly increased rates of self-reported chronic olfactory
dysfunction in humans (Hoffman et al., 1998). In particular, olfactory identification deficits,
in which odors become more difficult to differentiate from one another, increase with age
and are predictive of broader cognitive and learning impairments (Wilson et al., 2007)
including clinical dementias (Serby et al., 1991). In rodents, aging induces deficits in
olfactory perception (Nakayasu et al., 2000), including odor discrimination (Enwere et al.,
2004; Prediger et al., 2005; Prediger et al., 2006) and impairments in olfactory learning and
memory (Guan and Dluzen, 1994; Prediger et al., 2005; Rosenzweig and Bennett, 1996;
Schoenbaum et al., 2002; Terranova et al., 1994). Notably, two mouse models of human
dementias also exhibit odor habituation deficits and/or a broadening of olfactory
generalization gradients, both characteristic of impaired olfactory learning (Bath et al., 2008;
Guerin et al., 2007).

The olfactory system receives cholinergic input from the basal forebrain, specifically the
horizontal limb of the diagonal band of Broca (Shipley and Ennis, 1996; Wenk et al., 1977).
Cholinergic activity in the olfactory system influences a range of behavioral tasks reflecting
learning, memory, and the regulation of perceptual differentiation, including habituation
(Hunter and Murray, 1989; Mandairon et al., 2006a), short-term memory (Ravel et al., 1994;
Roman et al., 1993), perceptual learning (Fletcher and Wilson, 2002), proactive interference
(De Rosa and Hasselmo, 2000; De Rosa et al., 2001) and behavioral generalization (Linster
and Cleland, 2002; Linster et al., 2001). Cholinergic dysfunction is widely implicated in
degenerative dementias, most prominently Alzheimer’s dementia but including normal age-
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related cognitive decline. However, the nature of this dysfunction is unclear, as cholinergic
replacement therapies have yielded somewhat disappointing results.

Environmental enrichment alters physiological responses, enhances learning and neural
plasticity, and influences cholinergic neuromodulatory systems (Del Arco et al., 2007a; Del
Arco et al., 2007b; Rosenzweig and Bennett, 1996; van Praag et al., 2000). In the olfactory
analogue of environmental enrichment (see Methods), odor response patterns in the OB can
be modified by odor exposure in both juvenile (Woo et al., 2007) and adult rodents
(Buonviso and Chaput, 2000; Spors and Grinvald, 2002). At a behavioral level, olfactory
enrichment can improve short-term odor memory (Rochefort et al., 2002) and improve
olfactory discrimination capacities (Escanilla et al., 2008; Mandairon et al., 2006b;
Mandairon et al., 2006c). Moreover, olfactory enrichment selectively affects the perception
of odorants which activate at least partially overlapping regions of the OB, and manipulation
of the OB network suffices to produce long-lasting perceptual changes (Mandairon et al.,
2006b). While general environmental enrichment can delay or mitigate cognitive decline
(Berardi et al., 2007; O’Callaghan et al., 2009), it is not yet known whether this olfactory
analogue of enrichment will have a similar effect upon olfactory learning.

We sought to test whether aged wildtype mice would exhibit a broadening of associative
olfactory generalization gradients (an olfactory correlate of reduced learning, hence a model
for age-related cognitive decline) in comparison to young adult mice, and whether such
deficits could be mitigated by acute cholinergic potentiation via acetylcholinesterase
inhibition. We then assessed the capacities of two 10-day treatment regimens, olfactory
enrichment and/or daily administration of an acetylcholinesterase inhibitor, to persistently
sharpen generalization gradients (i.e., at least 24 hours after the final treatment) in both aged
and young animals. Finally, we measured the levels of acetylcholinesterase present in the
OB to assess the chronic level of acetylcholine release in that structure. We found that age
sharply reduces the capacity of mice to respond to acetylcholine. Chronic treatments of
enrichment or cholinergic potentiation, however, were still somewhat effective, indicating
that the aged system retained some capacity for plasticity on a slower timescale. Aged mice
exhibited substantially higher levels of acetylcholinesterase in the OB than did younger
mice, suggesting that they maintain chronically elevated rates of acetylcholine release
therein. Notably, the effect of age alone on generalization gradients in these studies was
weak; specifically, it was not significant in the two behavioral experiments described above,
though it was shown to be significant in an third, larger study. We suggest that aged mice
are able to retain near-normal behavioral capacities in response to progressive underlying
degeneration by employing a compensatory strategy of chronically elevating the level of
acetylcholine released into the OB.

2. Methods
2.1 Subjects

Three cohorts of male CD-1 mice (outbred strain; Charles River Laboratories, Wilmington,
MA) served as subjects in these studies. The first cohort consisted of 16 mice – 8 young
adult (5 months) and 8 aged (19 months) – and was used to investigate the effect of the acute
potentiation of the cholinergic system on olfactory generalization in young and old mice
(Experiment 1). A second cohort, consisting of 64 mice, including 32 young adult (2–5
months) and 32 aged (11–14 months) animals, was used to investigate the persistent effects
of olfactory enrichment and/or a 10-day regimen of acetylcholinesterase inhibitors on odor
quality acuity (Experiment 2). This second cohort was also subsequently used in a forced-
choice discrimination control study and for AChE histology. Finally, a third cohort,
consisting of 230 mice, 77 young adult (2–4 months), 73 middle-aged (7–9 months), and 80
aged (14–16 months), was used to test whether an age-related decline in behavioral
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performance per se could be measured behaviorally given enough statistical power
(Experiment 3). All mice were group-housed (2–4 per cage) and maintained on a reversed
12:12 light cycle in an environmentally controlled room (dark period: 9:00 – 21:00 daily).
All behavioral training was conducted during the afternoon (14:00 – 18:00), during the
mice’s dark cycle. Water was continuously available; mice were food-deprived for 18 hours
preceding each session to motivate them to obtain sucrose rewards. Mice were fed
immediately following an experimental session, and were not deprived of food on two
subsequent days. All procedures were performed under the auspices of a protocol approved
by the Cornell University Institutional Animal Care and Use Committee in accordance with
NIH guidelines.

2.2 Odor sets
Three to five odor sets were used in each experiment to enable counterbalancing among
subjects and ensure that results were not specific to any given odor set (Cleland and Narla,
2003). Each odor set comprised three or four odorants: a conditioned stimulus odorant CS,
one or two structurally and perceptually similar odorants S1 and S2, chosen so that S1 was
more similar to the CS than was S2, and a structurally and perceptually dissimilar odorant D
used as a control (Table 1). In Experiment 2, the S2 odorants were omitted. Homologous
series of structurally similar aliphatic odorants such as the CS, S1, and S2 odorants in each
set have been demonstrated to be perceptually similar to one another in proportion to their
structural similarity (Cleland et al., 2002; Cleland and Narla, 2003). All odorants were
differentially diluted in mineral oil so as to achieve similar vapor-phase partial pressures
(sometimes referred to herein as vapor-phase odor concentrations). Specifically, vapor
pressures of pure odorants were estimated with the Hass-Newton equation as implemented
in ACD/Boiling Point & Vapor Pressure Calculator (version 4.5; Advanced Chemistry
Development, Toronto, Ontario, Canada); pure stock odorants were correspondingly diluted
in mineral oil to concentrations theoretically emitting vapor-phase partial pressures of 0.01
Pa (Cleland et al., 2002). The corresponding vol/vol liquid dilutions in mineral oil are listed
in Table 1. Odorants were diluted several hours in advance of each experiment and agitated
in order to ensure an even distribution of odorant within the mineral oil solvent.

2.3 Apparatus
All behavioral training took place in a modified mouse cage (28×17×12 cm) divided into
two chambers of equal size (A and B) by a sliding, opaque Plexiglas board. Glass petri
dishes (Pyrex, 60 mm diameter, 15 mm height) were used for placement of odorants and
rewards. At the beginning of each training session, separate dishes were prepared for the
conditioning trials using the conditioning odorant (CS) and for each of the double-blinded
test odorants (the conditioning odorant CS itself, the structurally and perceptually similar
odorants S1 and S2, and a structurally and perceptually dissimilar odorant D; Table 1). Each
dish was filled with ~10 ml of white play sand (YardRight; Easton, PA) and inoculated with
100 μl of the appropriate diluted odorant. During conditioning trials (but not test trials), a 5
mg sucrose pellet reward (Noyes Precision Pellets; Research Diets, Inc., New Brunswick,
NJ), was buried in the sand of a dish scented with the conditioning odorant CS. The sand
and the odorant in each dish were replaced after every trial.

2.4 Shaping
Mice were first shaped by being taught to retrieve a reward by digging in dishes of scented
sand. Mice were placed in chamber A of the modified cage apparatus, with the divider
between the two chambers closed. Two sand-filled dishes were then placed in chamber B:
one containing a reward and scented with the conditioning odorant CS, the other containing
no reward and no odorant. Each trial began when the divider was removed, at which point
the mouse entered chamber B and was allowed to dig in both dishes until it retrieved the
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reward (i.e., self-correction was permitted). The mouse was then returned to chamber A for
the one-minute intertrial interval, during which the dishes were replaced for the next trial.
To speed learning, the reward was placed on top of the sand in the scented dish during the
first few trials; after the mouse reliably retrieved the reward, the reward was buried more
deeply in the sand. Dishes were moved around randomly within chamber B on subsequent
trials such that odor was the only reliable predictor of which dish contained a buried reward.
Shaping was considered complete when a mouse would (1) reliably identify the reward-
containing dish and retrieve deeply buried rewards, (2) dig in the odor-containing dish even
in the absence of a reward (thus controlling for the possibility of mice directly detecting the
reward), and (3) show no interest after training in digging in odors scented with dissimilar
odorants, indicating that their reward associations were odor-specific. All shaping was
performed using diluted odorants perceptually dissimilar to those used in the experiments.

2.5 Behavioral testing: generalization (Experiments 1–3)
We used an odor generalization paradigm to measure the degree to which mice generalized
between test odorants (Cleland et al., 2002; Cleland and Narla, 2003; Cleland et al., 2009;
Linster and Hasselmo, 1999). The conditioning phase followed the procedure described in
the Shaping section above. Each mouse was conditioned over six conditioning trials in
which it had a choice between a dish scented with the odorant CS and containing a buried
reward and an unscented dish containing no reward. Subsequently, four unrewarded test
trials (in which the mouse was offered a choice between a dish scented with the test odorant
and an unscented dish) were conducted in a pseudorandom order; these test trials were
separated by two rewarded conditioning trials to prevent extinction of the association
between the odorant CS and the reward. (In Experiment 2, three unrewarded test trials were
conducted). During each test trial, the total digging time in the scented dish was recorded
with a stopwatch and served as the dependent variable. The duration of test trials was 1
minute, whereas conditioning trials ended after mice recovered the sucrose reward (up to a
maximum of 1 minute). Intertrial intervals were 1 minute long, and test trials began directly
after the completion of the conditioning trials. Each odorant was tested once per mouse, and
mice were assigned to different experimental groups in subsequent odor sets according to a
pseudorandomized, counterbalanced schedule (with the exception of age groups). The
experimenter was blind to the identity of the test odorants during performance of these
experiments.

2.6 Acute physostigmine injection (Experiment 1)
A cohort of mice was used in a 2×2 matrix paradigm to test the effect of acute
physostigmine administration on odor generalization in young adult and aged mice (Figure
1A). Physostigmine is an inhibitor of acetylcholinesterase (AChE), the enzyme that degrades
secreted acetylcholine; hence, physostigmine serves to potentiate endogenous cholinergic
effects by impairing the degradation of normally released acetylcholine. All mice were
trained and tested 20 min after intraperitoneal injection of either physostigmine (0.05 mg/kg;
(Doty et al., 1999)) or 0.9% physiological saline vehicle (control) to evaluate the effects and
interaction of age and acute cholinergic potentiation on olfactory generalization gradients.

2.7 Olfactory enrichment and repeated cholinergic potentiation regimens (Experiment 2)
Two new cohorts of mice, one young adult (2–5 months) and one aged (11–14 months),
were divided into four groups each: non-enriched/vehicle (controls), non-enriched/
physostigmine, enriched/vehicle, and enriched/physostigmine (n=8 per group per age, total
n=64; Table 2). The enrichment process consisted of housing animals in an odor-enriched
environment for one hour daily over 10 days (Figure 2A). Specifically, two swabs, each
containing 100 μl of a subtly different pure odorant ((−)-limonene and (+)-limonene), were
placed inside two tea balls which were hung inside the home cage for a one-hour period
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each day. These odorants were selected because they are highly perceptually similar yet
distinguishable by rodents (Linster et al., 2002), and this procedure is known to increase the
behavioral differentiation of similar odorants (Mandairon et al., 2006c). Control mice were
treated identically except that the two tea balls were left empty. The administration of
physostigmine followed the same time schedule as olfactory enrichment; specifically, each
mouse received an intraperitoneal injection of either physostigmine (0.05 mg/kg; Sigma) or
0.9% physiological saline vehicle (control) 20 minutes before the daily enrichment or faux
enrichment period began. After 10 days of enrichment and/or drug treatment, mice
underwent behavioral testing to measure their gradients of generalization among series of
similar odorants. Neither enrichment nor drug treatments were administered on the day of
training and testing (day 11).

2.8 Behavioral testing: forced-choice discrimination
Forced-choice simultaneous discrimination tasks differ from generalization tasks in that they
reward animals for successfully distinguishing between two stimuli presented together
(Cleland et al., 2002; Linster et al., 2002). We used this protocol to rule out potential
confounding effects of age, specifically ensuring that aged mice were still as capable of
detecting and selecting rewarded odors at 0.01 Pa in the digging task as were the younger
mice. Each training set comprised 20 consecutive discrimination trials using the same
odorant paired with an unscented dish. Behavioral training took place in the same divided
chamber used for generalization studies. Mice were placed in chamber A with the divider
closed. Each trial began when the divider was removed, enabling the mouse to enter
chamber B which contained two sand-filled dishes, one of which was scented with the CS
odorant and contained a sucrose reward and the other of which was unscented and contained
no reward. Mice were permitted to dig in only one of the two dishes and to retrieve only one
of the two rewards each trial; i.e., self-correction was not permitted. The spatial locations of
the dishes within chamber B were varied randomly among trials. The dish in which a mouse
dug first in each trial served as the dependent variable. Trials were terminated after 1 min
and scored as failures if the mouse did not dig at all. To control for the possibility of mice
smelling the sucrose reward directly rather than by learning the association with the odorant,
every fifth trial the reward was not placed in the dish; during these trials, after the mouse
registered a preference by digging in the scented pot, the reward was dropped onto the
scented bedding to maintain the association of the odorant with the reward. As only 20 trials
were performed in each discrimination task, these data strongly reflect learning rates (as
well as any steady-state error probabilities). This experiment was performed using the mice
from Experiment 2, and was repeated five times such that each mouse was tested with each
odorant CS from Table 1.

2.9 Acetylcholinesterase histochemistry and analysis
Four mice were pseudorandomly selected from each of the 8 experimental groups in
Experiment 2 two days after the last day of training and sacrificed under deep anesthesia
(urethane, 2g/kg i.p.) by intracardiac perfusion of 50 ml fixative (4% paraformaldehyde in
phosphate-buffered saline (PBS), pH 7.4). The brains were removed and cryoprotected by
immersion in 20% sucrose in 0.1M phosphate buffer at 4°C for 4 days, and then frozen at
−45°C. Serial frontal sections (15 μm) were cut on a cryostat and mounted onto poly-L-
lysine-coated slides (0.05%, Sigma, St Louis, MO). The mounted sections were incubated at
4° C overnight in an incubation medium made up of 0.68% sodium acetate, 0.1% copper
sulfate, 0.12% glycine, and 0.15% acetylthiocholine iodide, and including 0.03%
ethopropazine (Sigma) as a nonspecific esterase inhibitor. Acetylcholinesterase (AChE)
activity was then rendered visible by treatment with 1% sodium sulfide for 10 minutes.
Finally, the mounted sections were dehydrated through an ethanol series, cleared with
xylene, and coverslipped with Entellan embedding agent.
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Omission of the AChE substrate acetylthiocholine iodide was carried out as a control for
AChE histochemistry; no residual activity was observed in these controls. Photomicrographs
were taken on a Zeiss microscope with a 5× objective and analyzed with image analysis
software (Morpho Pro, La Rochelle, France).

2.10 Behavioral data analysis
For generalization tasks, the dependent variable was digging time during test trials. Only
mice that dug for at least 1 second in the dish scented with the odor CS during unrewarded
test trials were included in the analysis, in order to exclude mice that might have learned to
detect the reward directly. Repeated-measures analyses of variance were performed with
odorant (i.e., conditioned odorant CS, similar odorants S1/S2, and dissimilar control odorant
D) as the within-subjects factor and other experimental variables as between-subjects factors
(see Results). Interactions between odorant and one or more of the between-subjects factors
indicated that the effect of the latter depended on the similarity of the odorant to the CS –
i.e., that the trajectory of the generalization gradient was affected, typically yielding an
overall sharpening or broadening effect; these were the main results of interest (Cleland et
al., 2009). Subsequent simple effects analyses were also performed within-subjects using
Greenhouse-Geisser corrections. Statistical analyses were performed with SPSS software
(SPSS, Chicago, IL); the threshold for assessing significance was α = 0.05.

For the forced-choice discrimination task, the number of trials in which a mouse dug in the
scented dish first (“correct” responses) served as the dependent variable. ANOVA testing for
a main effect of age was performed to identify any age-dependent differences in olfactory
discrimination capabilities.

Acetylcholinesterase histological results from the OB were analyzed as follows. Two
regions of interest (ROI) in each OB slice image were manually delimited: the granule cell
layer (Figure 5A, GrL), which also included the internal plexiform and mitral cell layers,
and the glomerular layer (Figure 5A, GlomL), which included only the glomerular layer
proper. The external plexiform layer was omitted from analysis. The mean optical densities
of each ROI were then calculated with Morpho Pro, and the expression levels of AChE in
each ROI were compared among the different experimental groups. Specifically the optical
density was measured in the granule cell and glomerular layer ROIs in each animal from
four frontal sections spaced at 300 μm intervals, each normalized to the staining level of the
olfactory nerve layer. Measurements of optical density per unit area were then averaged
across the animals within each group; between-groups statistical comparisons were
performed by ANOVA using SPSS software. All AChE quantifications were performed
while blind to the experimental group.

3. Results
3.1 Age-dependent effects of acute cholinergic potentiation

Associative learning narrows olfactory generalization gradients, progressively increasing
odor quality acuity (Cleland et al., 2009) as measured in a standard associative olfactory
generalization paradigm (Cleland et al., 2002). We hypothesized that age-related cortical
learning deficits would impair this plasticity, thereby reducing olfactory quality acuity in
affected animals. Moreover, reductions in cholinergic activity – whether systemic (Linster
and Cleland, 2002; Linster et al., 2001; Wilson, 2001) or specifically targeted to the OB
(Chaudhury et al., 2009; Mandairon et al., 2006a) – are also known to reduce olfactory
quality acuity. Using the progressive sharpening of olfactory generalization gradients as a
model for cortical learning, we asked whether administration of acetylcholinesterase
inhibitors could mitigate any age-related behavioral impairment observed by this measure.
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Specifically, we tested whether acute intraperitoneal administration of the
acetylcholinesterase inhibitor physostigmine could sharpen olfactory generalization
gradients in young adult (5 months, n=8) and aged (19 months, n=8) mice (Figure 1). A
repeated-measures ANOVA was used to assess the effect of age and drug on generalization
gradients with odorant as the within-subjects factor. The ability of cholinergic potentiation
to sharpen generalization gradients depended significantly on age (Wilks’ lambda;
interaction of drug, age, and odorant, p < 0.05), although neither age nor physostigmine
exerted significant effects alone (Wilks’ lambda; interaction of age and odorant, p = 0.053;
interaction of drug and odorant, p = 0.052). Specifically, whereas the olfactory quality
acuity of young adult mice was significantly improved by physostigmine (simple effects
analysis, (F(2,29) = 3.999; p < 0.05), the drug had no significant effect in aged mice (F(3,41)
= 0.203; p > 0.05). That is, aged mice were resistant to the effects of acute cholinergic
potentiation.

3.2 Effects of odor enrichment and chronic cholinergic potentiation
In order to help distinguish the acute effect of acetylcholine on olfactory generalization
gradients from its role in potentiating the effects of learning (Wilson et al., 2004), we then
tested whether ten-day treatment regimens of olfactory environmental enrichment (see
Methods) and/or intraperitoneal physostigmine injections could sharpen olfactory quality
acuity using the same associative olfactory generalization paradigm (Figure 2). Two new
cohorts of mice, one young adult (2–5 months) and one aged (11–14 months), were divided
into four groups each: non-enriched/vehicle (controls), non-enriched/physostigmine,
enriched/vehicle, and enriched/physostigmine (n=16 per group). Neither enrichment nor
physostigmine administration was performed on the day of generalization testing (day 11);
hence the results do not reflect any acute effects of these manipulations. The effects of age,
enrichment, and drug regimen on generalization gradients were assessed using a repeated-
measures ANOVA with odorant as the within-subjects factor. In agreement with the
previous study, age alone did not exert a significant effect on generalization gradients
(Wilks’ lambda; interaction of age and odorant, p = 0.073). However, enrichment and
chronic physostigmine treatments both significantly sharpened odor generalization gradients
(Wilks’ lambda; interaction of enrichment, drug regimen, and odorant, p < 0.05; Figure
2B,C). Specifically, the effect of the physostigmine regimen was highly significant among
non-enriched animals (simple effects analysis, F(2,139) = 6.105, p < 0.005) but
nonsignificant among enriched animals (F(2,202) = 0.481, p > 0.05). Similarly, the effect of
enrichment was significant in mice treated only with vehicle (F(2,164) = 3.677, p < 0.05),
but was nonsignificant among physostigmine-treated animals (F(2,165) = 2.013, p > 0.05).
That is, both the physostigmine and olfactory enrichment regimens sharpened olfactory
generalization gradients compared to non-enriched, vehicle-injected controls; however, mice
receiving both treatments did not exhibit sharper gradients than did mice receiving only one
of the treatments. These results suggest a ceiling effect, or potentially a genuine interaction
whereby the process of enrichment utilizes the cholinergic feedback regulatory processes of
the olfactory system (Linster and Cleland, 2002; Linster and Hasselmo, 2000), thereby
adapting to or simply superseding the effects of periodic physostigmine administration.

3.3 Modest age-dependent decline in olfactory quality acuity
The marginal nonsignificance of age alone as a main effect in the above two studies (acute
study: p = 0.053; enrichment study: p = 0.073) suggested that a small age-related effect
might exist at the ages studied that could be revealed by a larger, simpler study. We tested
this hypothesis by training larger groups of young adult (2–4 months; n =77), middle-aged
(7–9 months; n=73) and aged (14–16 months; n =80) mice using the same associative
olfactory generalization paradigm and asking whether age was a significant determinant of
the shape of olfactory generalization gradients. A repeated-measures ANOVA with odorant

Mandairon et al. Page 8

Neurobiol Aging. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



as the within-subjects factor and age as the between-subjects factor showed that aging had a
modest but significant effect on generalization gradients (Wilks’ lambda; interaction of age
and odorant, F(6,450) = 2.843, p < 0.01). Specifically, given the same associative
conditioning regimen, older mice exhibited broader generalization gradients than did
younger mice (Figure 3). As generalization gradients progressively narrow with increased
numbers of conditioning trials in the paradigm used, broader gradients are indicative of
reduced learning (Cleland et al., 2009). These results indicate that olfactory quality acuity
can measure an effect of age-related decline in cortical learning capacities, though the
behavioral impairment is modest at the ages tested.

3.4 Confirmation of ability to detect test odorants
We performed an olfactory discrimination test between a scented and a nominally unscented
dish to ensure that the aged mice were still as capable as the younger mice of detecting test
odorants at a vapor-phase odorant concentration of 0.01 Pa. One-way analysis of variance on
the overall number of correct responses (see Methods) yielded no significant effect of age
(F(1,77) = 0.792, p > 0.05), indicating that the aged mice in this study were no less capable
of detecting test odors under the present conditions than were the young adult mice (Figure
4).

3.5 Acetylcholinesterase expression in the olfactory bulb
The release of acetylcholine within the OB has been repeatedly associated with a sharpening
of olfactory quality acuity in both associative and nonassociative generalization paradigms
(Chaudhury et al., 2009; Linster and Cleland, 2002; Linster et al., 2001; Mandairon et al.,
2006a). We therefore measured the levels of acetylcholinesterase (AChE) expressed in the
OBs of each of the eight experimental groups as an indicator of the average chronic levels of
acetylcholine endogenously released into the OB. Specifically, AChE expression was
compared among the OBs of the eight different experimental groups of mice depicted in
Figure 2 (i.e., two ages × two enrichment histories × two drug regimens) using
measurements of optical density taken from serial frontal sections of the OB granule cell
(GrL, including the internal plexiform and mitral cell layers) and glomerular (GlomL) layers
(Figure 5A; see Methods). A three-way between-subjects ANOVA with age, enrichment,
and drug regimen as main effects showed that age had a highly significant effect on AChE
levels in GrL (F(1,74) = 14.839; p < 0.001, Figure 5B). The physostigmine regimen also
exerted a significant effect on chronic AChE levels in GrL (F(1,74) = 5.672; p < 0.05),
whereas enrichment was not a significant factor (F(1,74) = 1.323; p > 0.05). AChE levels in
GlomL exhibited the same pattern; the effects of age and drug regimen were both highly
significant whereas olfactory enrichment was not a significant factor affecting AChE
expression (age: F(1,92) = 22.708, p < 0.001; enrichment: F(1,92) = 2.065, p > 0.05; drug
regimen: F(1,92) = 14.289, p < 0.001; Figure 5C).

Simple effects analyses in GrL further showed that age had a significant effect on AChE
levels irrespective of the other factors (enriched, F(1,41) = 14.0, p < 0.001; non-enriched:
F(1,45) = 10.80, p < 0.01; physostigmine regimen, F(1,39) = 7.0, p < 0.05; vehicle regimen,
F(1,39) = 20.0, p < 0.001). In GlomL, simple effects analyses again showed the same
pattern; age had a significant effect across all other between-subjects factors (enriched,
F(1,47) = 13.0, p < 0.01; non-enriched: F(1,33) = 8.0, p < 0.01; physostigmine regimen,
F(1,47) = 20.1, p < 0.01; vehicle regimen, F(1,49) = 6.2, p < 0.05). The significance of the
effect of age on AChE expression levels within each individual experimental group is
illustrated in Figure 5B,C. In sum, older mice expressed significantly higher levels of AChE
than did young adult mice in both layers of the OB and irrespective of other experimental
factors.
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4. Discussion
4.1 Overview

Olfactory generalization gradients are learning-dependent measures of perceptual
differentiation that rely substantially upon the neural circuitry of the OB. Steeper gradients
correspond to greater olfactory quality acuity, and are associated with increased learning in
multiple testing paradigms (Cleland et al., 2009), whereas shallower gradients can be
indicative of learning impairments. We here show that a modest deficit in quality acuity
incurred by aging is likely to conceal a more substantial deficit that appears to be
compensated in large part by chronically increased cholinergic release into the OB. The
efficacy of this compensation also may decline with age. Some lasting improvement in
olfactory acuity can be derived from 10-day treatment regimens of olfactory enrichment or
repeated administration of the acetylcholinesterase inhibitor physostigmine; in mice given
either of these treatments, generalization gradients were still sharpened 24 hours after the
end of treatment.

Broader olfactory generalization gradients after training are potentially indicative of learning
impairments; if correlated with age, such effects are likely to reflect a form of age-related
cognitive decline. However, the effect of age alone on olfactory generalization gradients was
modest, requiring an unusually large study to establish its significance (Figure 3); age alone
was not a significant main effect in smaller studies (Figures 1, 2). In contrast, the interaction
of age with cholinergic potentiation was robust: administration of an AChE inhibitor
significantly sharpened olfactory generalization gradients in young adult mice but had no
effect on aged mice (Figure 1). This intervening effect of age on the efficacy of cholinergic
potentiation directly reflects non-olfactory studies of age-related changes in cortical
cholinergic function and associated cognitive/behavioral capacities. Specifically, whereas
age as a main effect in such studies is often subtle or nonsignificant, it can interact strongly
with other experimental manipulations, particularly those related to the vulnerability or
reduced compensatory capacity of the cholinergic system (Sarter and Bruno, 1998).

The identification of age as an intervening variable (as opposed to a main effect) in studies
of acetylcholine-dependent cognitive capacities generally has been interpreted to mean that
aging progressively damages the basal forebrain cholinergic system (Sarter and Bruno,
1998), such that any effects of aging on behavioral performance will only be observed when
the capacities of the cholinergic system are taxed. Indeed, populations of basal forebrain
neurons are significantly reduced in postmortem studies of advanced-stage dementia
patients. In rats, the population of basal forebrain cholinergic neurons declines with
advanced age, although this decline is not significant until roughly 24 months of age (Sarter
and Bruno, 1998). In CD-1 mice, this decline is not significant even at 24 months of age
(Mesulam et al., 1987). While these data reflect cholinergic cell counts in the nucleus of
Meynert rather than in the horizontal limb of the diagonal band of Broca (HDB), from which
cholinergic fibers project to the OB, they nevertheless suggest that the cholinergic basal
forebrain in general is relatively intact in the 14-month old aged CD-1 mice used in the
present study, a result corroborated by the high bulbar AChE levels expressed by aged mice
(Figure 5). Indeed, the generally disappointing efficacy of cholinergic replacement therapies
for age-related and Alzheimer’s dementias clearly indicates that the underlying problem is
not a simple lack of capacity to deliver acetylcholine to cortical structures.

The density of muscarinic cholinergic receptors in the rat OB declines substantially and
significantly with age (Gurwitz et al., 1987), as it also does in the cortices of elderly humans
and dementia patients (Dewey et al., 1990; Nordberg et al., 1992; Suhara et al., 1993).
Reductions in receptor density reduce the absolute number of activated, ligand-bound
receptor complexes for any given nonsaturating concentration of agonist, thereby increasing
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the agonist concentration required to achieve a given level of postsynaptic effectiveness.
Indeed, in the present study, aged mice expressed significantly higher levels of AChE in the
OB than did young adult mice, irrespective of other experimental variables (Figure 5),
indicating that older mice are releasing chronically elevated levels of acetylcholine into the
OBs compared to their younger counterparts. As the OB does not contain cholinergic cell
somata, these levels reflect ACh released from basal forebrain projection fibers (Durand et
al., 1998). Thus, it appears that as the density of OB muscarinic receptors declines with age,
perhaps along with other related mechanisms (e.g., (Warpman et al., 1993), older mice
secrete correspondingly higher levels of acetylcholine into the OB so as to maintain a level
of perceptual/behavioral performance – as measured by the ability to regulate generalization
gradients – comparable to that of younger mice. That is, in the early stages of progressive
age-related decline in this model system, the basal forebrain cholinergic system serves as a
compensatory mechanism, and is likely to not be the location of original dysfunction. A
similar model has been proposed in human studies, in which older adults appear to use
selective attention to compensate for difficulties in visual processing (McCalley et al.,
1995). Putatively compensatory anticorrelations between choline acetyltransferase activity
and muscarinic receptor density also have been observed in the hippocampi of patients with
Alzheimer’s dementia (Nordberg et al., 1983).

4.2 Model of cholinergic signaling with aging: compensation and decline
A model of the progressive age-related decline of learning performance in this model system
is illustrated in Figure 6. With respect to a baseline performance level in young adult mice,
aged mice exhibit progressive reductions in the intrinsic capacity for cortical plasticity in the
OB, among which factors is the decline of muscarinic acetylcholine receptor expression
(Gurwitz et al., 1987). At first, the potentially deleterious effects of this decline are readily
compensated by increasing the levels of acetylcholine secreted into the OB; hence,
reasonably aged mice show only minor deficits. However, the underlying pathology can be
observed by measuring the effects of cholinergic potentiation at different ages. In young
mice, a moderate dosage of an AChE inhibitor exerts a substantial effect upon odor quality
acuity (Figure 6; height of short pulse in solid line). However, in aged mice, the same drug
dosage exerts a minimal effect upon odor quality acuity, both because the ability of the
system to respond to the drug is reduced and because the ligand is already being
endogenously released at near-saturating levels. These aged mice consequently exhibit
elevated AChE levels in the OB compared to younger mice (Figure 5), and also derive little
or no improvement in olfactory acuity from cholinergic potentiation (Figure 1). Owing to
this compensation, the effect of age alone on behavioral performance is predicted to be
marginal during this period (Figure 1, 2), though potentially still measurable (Figure 3).

Such chronically elevated levels of acetylcholine production and release are metabolically
expensive and may tax the basal forebrain cholinergic system, perhaps contributing to its
eventual decline via oxidative stress (Mattson and Pedersen, 1998; Toliver-Kinsky et al.,
1997). Certainly a substantial decline in cholinergic production capacity is likely to underlie
a variety of cognitive deficits, as has been repeatedly observed in late-stage dementia
patients and in animal models. However, this is unlikely to be the problem in the present
model system, and indeed may not be the problem during the onset phase of human
dementias. Studies of early-stage symptoms in Alzheimer’s dementia and normal aging have
shown increases in rostral basal forebrain cholinergic activity (Ishunina and Swaab, 2003);
it is in more advanced stages that breakdown of the cholinergic system is observed, and even
then this breakdown includes deficiencies of cortical origin or of axonal transport in addition
to cell loss in the basal forebrain (Etienne et al., 1986), suggesting that cholinergic system
dysfunction can originate in the recipient cortical tissues. Reductions in cholinergic efficacy
– whether due to its unavailability or an inability to respond to it – are theoretical risk factors
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for runaway synaptic modification in associative memory networks, a current hypothesis for
the initiation and progression of Alzheimer’s dementia (Hasselmo, 1997).

The development of the olfactory bulb as a reduced cortical model system provides a
computationally tractable microcosm of the interacting physiological and behavioral effects
of cortical function and dysfunction, including the degenerative effects of aging and of
heritable dementias (Bath et al., 2008). The need for such simplified yet relevant systems for
study is increasingly apparent as the complexities and heterogeneity of aging and dementia
effects resist clear attribution to specific genetic polymorphisms or other factors
(Lindenberger et al., 2008). Selected perceptual/behavioral capacities dependent on
olfactory bulb circuitry can be examined and quantitatively modeled (e.g., (Cleland et al.,
2007; Mandairon et al., 2006a) in order to study the function and failures of cortical
networks with full respect for the layers of compensatory responses that may conceal
accumulating deficits until the overall dynamic range of the complex system is finally
exceeded.
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Figure 1.
Acute injections of the acetylcholinesterase inhibitory physostigmine sharpen olfactory
generalization gradients in young adult but not aged mice. A. Protocol. Either 0.05 mg/kg
physostigmine or a like volume of plain 0.9% saline vehicle were injected intraperitoneally
20 minutes before the start of a ~20 minute training/testing regimen measuring odor
generalization. Specifically, when trained to associate a conditioned odorant stimulus (CS)
with reward, mice will dig in a dish scented with that CS odor as well as in dishes scented
with structurally and perceptually similar odorants (S1, S2). In the training protocol used
herein, broader generalization gradients are associated with impaired olfactory learning.
Each mouse underwent the training and testing series no more than once per day. B.
Generalization gradients measured in young adult (5 months old) and aged (19 months old)
mice, after either physostigmine or vehicle injection. The injection of physostigmine
significantly sharpened the generalization gradients of young mice, whereas it had no
significant effect on the gradients of aged mice (see Results). C. Data from B normalized so
that the mean response to the CS in each age group is unity. Error bars denote the standard
error of the mean.
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Figure 2.
Ten-day regimens of either daily odor enrichment (see Methods) or daily physostigmine
injections sharpen generalization gradients 24 hours after the discontinuation of treatment.
A. Protocol. Four groups of mice were studied in a 2×2 experimental design. The first group
was injected with 0.05 mg/kg physostigmine and exposed to enriching odor stimuli for an
hour each day. The second group was injected with a like volume of saline vehicle but
received the same enriching odor treatment. The third group was not given odor enrichment,
but was injected with physostigmine daily, whereas the fourth group was not enriched and
was injected only with vehicle. On the eleventh day, on which no enrichment or injections
were performed, mice were trained and tested normally and their olfactory generalization
gradients measured. B. Generalization gradients measured in the presence and absence of
enrichment or physostigmine regimens. Both the drug treatment and the olfactory
enrichment regimens significantly sharpened odor generalization gradients; however, mice
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given both physostigmine and enrichment did not exhibit gradients sharper than those
receiving only one of these treatments (see Results). C. Data from B normalized so that the
mean response to the CS in each age group is unity. Error bars denote the standard error of
the mean.
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Figure 3.
A modest effect of age alone on olfactory generalization gradients is measurable in a
sufficiently large study. Middle-aged and aged mice exhibited broader generalization
gradients than did young adult mice. Young adult mice: 2–4 months old; middle-aged mice:
7–9 months old; aged mice: 14–16 months old. Digging times are scaled so that the mean
response to the CS in each age group is unity. S1: odorant highly similar to the CS; S2:
odorant moderately similar to the CS; D: an odorant structurally and perceptually dissimilar
to the CS (Table 1). Error bars denote the standard error of the mean.
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Figure 4.
Young adult and aged mice exhibit the same capacity to detect test odors in a rewarded odor
discrimination task. Mice underwent 20 sequential trials in which a sucrose reward was
buried in a scented dish in the presence of a nominally unscented distractor dish. Digging in
the scented dish first in each trial was scored as a correct response. The aged mice exhibited
no deficit either in detecting the scented dish or learning to associate it with the reward.
Error bars denote the standard error of the mean.
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Figure 5.
Aged mice express significantly higher levels of acetylcholinesterase (AChE) in the
olfactory bulb than do young adult mice. A. Micrographs of olfactory bulb cross-sections;
darker staining indicates greater AChE activity. GrL: granule cell layer; GlomL: glomerular
layer. B. AChE expression levels in the granule cell layer (GrL; including the internal
plexiform and mitral cell layers). Statistical analyses of main effects are presented in the
Results; differences among young adult and aged mice within each individual experimental
group are as follows: naïve, saline regimen, F(1,11) = 12.463, p < 0.01; enriched, saline
regimen, F(1,26) = 7.816, p < 0.01; naïve, physostigmine regimen, F(1,23) = 5.681, p < 0.05;
enriched, physostigmine regimen, F(1,15) = 1.594, p > 0.05. Error bars denote the standard
error of the mean. C. AChE expression levels in the glomerular layer (GlomL). Statistical
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analyses of main effects are presented in the Results; differences among young adult and
aged mice within each individual experimental group are as follows: naïve, saline regimen,
F(1,20) = 10.591, p < 0.01; enriched, saline regimen, F(1,27) = 16.098, p < 0.001; naïve,
physostigmine regimen, F(1,25) = 16.789, p < 0.001; enriched, physostigmine regimen,
F(1,19) = 2.858, p > 0.05). Error bars denote the standard error of the mean.
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Figure 6.
Illustrative model of decline and compensation during aging. An underlying progressive
decline in olfactory bulb-dependent olfactory quality acuity (Baseline olfactory acuity,
reflecting a diminishing intrinsic learning capacity) is mitigated by gradually increasing
chronic levels of acetylcholine secretion into the olfactory bulb (Acetylcholine level in OB).
Because of this increased secretion of acetylcholine, aged mice persistently exhibit a level of
performance comparable to that of younger mice until a relatively advanced age (Olfactory
acuity after cholinergic neuromodulation); however, eventually the efficacy of this
neuromodulation declines even as the absolute levels of cholinergic secretion continue to
rise. Moreover, the effects of acutely elevated acetylcholine levels (identical square pulses in
top curve), such as would be generated by administration of acetylcholinesterase inhibitors,
on performance are substantial in young animals but ineffective in aged animals (dissimilar
responses in middle curve to these pulses) because of the animals’ progressive inability to
respond to the neuromodulator. The middle curve, Olfactory acuity after cholinergic
neuromodulation, is a function of the other two; that is, the same putatively bulbar
mechanisms of decline that reduce baseline olfactory acuity also reduce its capacity to
respond to cholinergic compensatory neuromodulation, requiring progressively higher levels
of secretion in order to have an effect. This alternative strategy eventually breaks down, in
part directly because of this loss of sensitivity to acetylcholine but also potentially owing to
the eventual breakdown of overworked basal forebrain cholinergic neurons. See text for
details.
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Table 2

Enrichment odors and drug regimens for the 8 experimental groups of Experiment 2.

Group number Enrichment odors Drug regimen Age (months)

1 (+)-limonene, (−)-limonene Saline vehicle 2–5

2 (+)-limonene, (−)-limonene Physostigmine 2–5

3 No odor Saline vehicle 2–5

4 No odor Physostigmine 2–5

5 (+)-limonene, (−)-limonene Saline vehicle 11–14

6 (+)-limonene, (−)-limonene Physostigmine 11–14

7 No odor Saline vehicle 11–14

8 No odor Physostigmine 11–14
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