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Abstract
Spatial working memory and the ability of a cholinesterase inhibitor to enhance memory were
assessed at 4, 10, and 16 months of ages in control and Ts65Dn mice, a partial trisomy model of
Down syndrome, with possibly significant relationships to Alzheimer’s Disease as well. In addition,
ACh release during memory testing was measured in samples collected from the hippocampus using
in vivo microdialysis at 4, 10, and 22–25 months of age. When tested on a four-arm spontaneous
alternation task, the Ts65Dn mice exhibited impaired memory scores at both 4 and 10 months. At
16 months, control performance had declined toward that of the Ts65Dn mice and the difference in
scores across genotypes was not significant. Physostigmine (50 μg/kg) fully reversed memory deficits
in the Ts65Dn mice in the 4-month-old group but not in older mice. Ts65Dn and control mice
exhibited comparable baseline levels of ACh release at all ages tested; these levels did not decline
significantly across age in either genotype. ACh release increased significantly during alternation
testing only in the young Ts65Dn and control mice. However, the increase in ACh release during
alternation testing was significantly greater in control than Ts65Dn mice at this age. The controls
exhibited a significant age-related decline in the testing-related increase in ACh release. With only
a small increase during testing in young Ts65Dn mice, the age-related decline in responsiveness of
ACh release to testing was not significant in these mice. Overall, these results suggest that diminished
responsiveness of ACh release in the hippocampus to behavioral testing may contribute memory
impairments in Ts65Dn mice.
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1. Introduction
Down syndrome, a genetic form of mental retardation, is characterized by a trisomy of
chromosome 21. While the degree of cognitive dysfunction varies with the individual, the
disorder includes impairments of spatial, verbal, and memory abilities (e.g. Marcell and
Armstrong, 1982; Nadel, 2003, Wishart, 1995). The trisome includes the gene for amyloid
precursor protein (Glenner, 1988; Korenberg et al., 1989; Tanzi, 1989), perhaps related to the
appearance in individuals with Down syndrome of many neuropathological traits that occur in
Alzheimer’s Disease. For example, Down syndrome is accompanied by the appearance at about
40 years of age of neuritic plaques, neurofibrillary tangles, and loss of basal forebrain
cholinergic neurons (Casanova et al., 1985; Holtzman et al., 1996), pathologies evident also
in brain of individuals with Alzheimer’s Disease.

In recent years, several segmental trisomy mice have been developed as a model of Down
syndrome (Davisson, Schmidt and Akeson, 1990; Galdzicki et al., 2001) and, with the
homologies to Alzheimer’s disease, for that disorder as well. The Ts65Dn mouse has a partial
trisomy for a segment of mouse chromosome 16 that is homologous to a portion of human
chromosome 21, spanning from the gene for amyloid precursor protein to the myxovirus
susceptibility gene (Davisson and Costa, 1999; Davisson et al., 2001; Reeves et al., 1995).

Ts65Dn mice exhibit learning and memory deficits on several tasks, comprehensively reviewed
in Sérégaza et al. (2006). For example, impairments have been seen on spatial, operant
conditioning and context discrimination tasks (Bimonte-Nelson et al., 2003; Demas et al.,
1996, 1998; Escoriheula et al., 1995, 1998; Hunter, Bimonte and Granholm, 2003; Reeves et
al., 1995; Seo and Isacson, 2005; Wenger et al., 2004), as well as on tasks involving sustained
attention (Driscoll et al., 2004). However, learning and memory are not impaired in all tasks.
Cued learning in the swim task is preserved in the Ts65Dn mice (Escorihuela et al., 1995; Sago
et al., 2000), as is memory needed to discriminate very dissimilar contexts (Hyde and Crnic,
2001) and memory for inhibitory avoidance training (Coussons-Read and Crnic, 1996).

Neurobiological characterizations of the Ts65Dn mouse reveal decreases in cholinergic
markers, including reductions in the number and size of cholinergic neurons in the medial
septum, that appear after 4 – 6 months of age (Granholm, Sanders and Crnic, 2000; Holtzman
et al., 1996). These reductions are analogous to the loss of forebrain cholinergic neurons seen
in both Down syndrome (Casanova et al., 1985; Head et al., 2001; Mann and Esiri, 1989) and
Alzheimer’s Disease (Candy et al., 1986; Coyle, Price and DeLong, 1983; Vogels et al.,
1990; Whitehouse et al., 1985).

The early emergence of the decreases in cholinergic markers suggests that learning and memory
deficits evident in old age in control mice might appear at earlier ages in Ts65Dn mice. Most
assessments of learning and memory in the Ts65Dn mice have been done at a single age and
compared to control mice of the same age. In one experiment in which the importance of age
was assessed, mice were trained at 4 and 6 months of age in a water-escape version of a radial
arm maze (Hunter et al., 2003). The findings revealed that while Ts65Dn mice exhibited
learning deficits at both ages compared to controls, the older Ts65Dn mice had more severe
impairments than did the younger mice. These findings suggest that the onset of learning and
memory deficits appear at about the same time as do the decreases in cholinergic size and
number in the medial septum (Granholm, Sanders and Crnic, 2000). A later experiment
examined learning and memory for context discrimination across a broad range of ages, from
3 to 14 months. At 4 months of age, both the Ts65Dn and control mice exhibited comparable
learning. However, at 5 – 8 months and at 10–14 months of age, the Ts65Dn mice showed
slower acquisition of the context discrimination task than did controls or 4-month-old Ts65Dn
mice (Hyde and Crnic, 2001). These experiments support the view that the onset of cognitive

Chang and Gold Page 2

Neurobiol Learn Mem. Author manuscript; available in PMC 2009 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and cholinergic impairments may be related and may occur during relatively early adulthood
in Ts65Dn mice.

The present experiment explores this possible relationship further, assessing memory, the
ability of a cholinesterase inhibitor to enhance memory, and release of acetylcholine (ACh) in
the hippocampus in Ts65Dn mice across a range of ages. A spontaneous alternation task was
used to assess spatial working memory. This task was selected for several reasons. First,
spontaneous alternation testing requires no reward and therefore no food or water motivation,
avoiding potential complications of design based on different motivation levels across groups
(cf. Dember and Richman, 1989; Lalonde, 2002). Similarly, because the task involves
relatively low stress, differences in stress responses to training are less likely to interfere with
interpretations regarding the bases for possible differences in learning and memory, in contrast
to tasks such as the swim task where hypothermia-related stress responses in Ts65Dn mice vs.
controls produced apparent differences in learning and memory that were better attributed to
genotypic differences in stress responses (Stasko and Costa, 2004). Second, on the basis of
studies of age-related changes in learning and memory, spontaneous alternation tests are likely
to provide opportunities to assess age-related changes and enhancement of memory in Ts65Dn
mice. Spontaneous alternation scores decrease in aged rodents (McNay and Gold, 2001; Stone,
Rudd and Gold, 1992) and age-related and other impairments can be reversed by
pharmacological agents including cholinergic agonists (Gold, 2001, 2007; McNay and Gold,
2001; Sarter et al., 1988). In addition, there is recent evidence that Ts65Dn mice exhibit deficits
on this task (Fernandez et al., 2007). Thus, spontaneous alternation tasks provide opportunities
to assess age-related impairments and pharmacological reversals of those impairments in
Ts65Dn mice. Third, there is clear association in rats of spontaneous alternation scores and
release of ACh in the hippocampus. Release of ACh in the hippocampus increases during
exploratory behavior (Giovannini et al., 2001) and alternation testing; during spontaneous
alternation testing, the magnitude of release is related to alternation scores under many
conditions (Ragozzino, Unick and Gold, 1996; Ragozzino et al., 1998; Pych et al., 2005).
Fourth, as a test of working memory, each mouse can be tested on multiple occasions under
different conditions permitting use of fewer mice.

The acetylcholinesterase inhibitor, physostigmine, was selected as the drug with which to
enhance memory because of past findings indicating that the drug enhances memory in aging
and other conditions (e.g., Rispoli et al., 2006; Flood et al., 1993; Normile and Altman,
1992; Riekkinen et al., 1991; Ohta et al., 1991; Castellano et al., 1989; Chang and Gold,
2004; Degroot and Parent, 2000; Ukai et al., 1995; Walker and Gold, 1992; Beracochea et al.,
1992; Stone et al., 1991; Murray and Fibiger, 1986; Maurice et la., 1996; Dong et al., 2005;
Popovi et al., 1997; Santucci et al., 1991). In addition, physostigmine was selected because it
is an indirect agonist that requires at least some remaining release of ACh in order to exert its
pharmacological actions. Therefore, the drug might match the measures of ACh release using
microdialysis, as included in the present experiment, more clearly than would, for example, a
muscarinic receptor agonist.

The present experiments examined Ts65Dn mice and control 2N mice on: (1) Spontaneous
alternation performance to assess spatial working memory; (2) efficacy of physostigmine, an
indirect ACh agonist, to enhance spatial working memory; and (3) release of ACh in the
hippocampus at baseline and in response to alternation testing.

2. Materials and Methods
2.1. Animals

44 Ts65Dn mice and 52 wild-type control male mice were purchased from Jackson Laboratory
(Bar Harbor, ME). Mice arrived in the laboratory at approximately 2 months of age and were
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maintained in the laboratory until the conclusion of testing. The mice were housed individually
in translucent cages, with food and water available ad libitum. The mice were maintained in a
12:12 hr light-dark cycle (lights on at 8:00 am) throughout the experiments.

The first segmental trisomy Ts65Dn mutation was developed by Davisson et al. (1990,
1993). The trisomy is maintained and the experimental mice are generated by repeated
backcrosses of Ts65Dn females to C57BL/6JEi X C3H/HeSnJ F1 males. To confirm the
roughly 20% trisomic Ts65Dn mutation, karyotyping is performed by Jackson Laboratory
using fluorescent in situ hybridization. Non-mutation 2N mice were used as controls in this
study.

Availability of mice for this experiment was very low; the data were collected over a 4-year
period. Because of the low availability and high cost of the mice, as well as the higher attrition
of Ts65Dn mice after middle age, mice were tested on repeated trials for spontaneous
alternation performance and physostigmine enhancement of that performance. Approximately
6 months later, the same mice were prepared for microdialysis to measure ACh release at
baseline and during spontaneous alternation testing. For the microdialysis studies, a new cohort
was used for the youngest group.

All procedures were approved by the University of Illinois Institutional Animal Care and Use
Committee and comply with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

2.2. Spontaneous alternation testing
Spontaneous alternation scores were obtained in a plus-shaped maze in mice at approximately
4, 10, and 16 months of age. The testing apparatus was a plus-shaped maze made of a black
Plexiglas floor and clear Plexiglas walls with an open top. The maze had four identical arms
(25.5 x 7.7 x 10.0 cm, L x W x H) extending from a central platform (7.7 x 7.7 cm). Mice were
allowed to traverse the maze freely as in previous studies with rats (Chang and Gold, 2004;
McNay and Gold, 2001; Ragozzino et al., 1996, 1998; Pych et al., 2005; Stefani and Gold,
1998, 2001). After being placed in the central platform, mice were permitted to move freely
through the maze for 6 minutes. During that time, the numbers and sequences of entries were
recorded. An alternation was defined as entry into four different arms on overlapping sets of
five consecutive arm entries. The use of 4/5 arms as a measure is one we have used often in
the past (Ragozzino et al., 1996), because it provides lower within-group variability than does
use of a 4/4 criterion to define an alternation. With this procedure, the number of possible
alternations is equal to the number of arm entries minus four. A percent alternation score was
calculated as the ratio of alternations made/alternations possible x 100; using the 4/5 criterion
to define an alternation, chance performance is 44%.

An ABAB design was employed to test the effects of physostigmine on spontaneous alternation
performance of mice at 4 months, 10 months and 16 months of age. With this design, each
mouse was tested four times. Testing sessions were separated by one week. Baseline sessions
were administered on Weeks 1 and 3, and treatment sessions were administered on Weeks 2
and 4. Mice were placed on the maze and were allowed to locomote freely for 8 min. On Week
1, the mice were tested without injection or with only saline injection 10 min prior to the tests.
On Week 2, the same mice received physostigmine hemisulfate (50 μg/kg, IP) 10 min prior to
another spontaneous alternation test. The dose was selected on the basis of pilot data together
with past results (Stone et al., 1991). The sequence was then repeated in Weeks 3 and 4. Because
alternation scores did not differ on Week 1 vs. Week 3 (for each age, P>0.8), these groups were
combined such that each mouse had a single control score. Similarly, because alternation scores
did not differ on the two physostigmine treatment sessions on Weeks 2 and 4 (for each age,
P>0.7), these scores were similarly combined.
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2.4. Surgery
Guide cannulae for microdialysis probes were implanted unilaterally in the hippocampus. The
mice were anesthetized with sodium pentobarbital (60 mg/kg, IP, plus supplements as needed).
They were then placed in a stereotaxic apparatus with horizontal skull position using two acute
(18°) ear bars. One plastic guide cannulae (CMA/7, Carnegie Medicin, Stockholm, Sweden)
was lowered into the ventral hippocampus (coordinates: 3.2 mm posterior to bregma, 3.0 mm
lateral and 1.2 mm ventral from the surface of the skull) (Franklin and Paxinos, 1997). Three
anchoring screws (Plastics One Inc, Roanoke, VA) were implanted in the skull and the
assemblage was anchored in place with dental cement. A dummy probe was placed in the guide
cannulae until the start of microdialysis procedures.

2.5. Microdialysis Procedures
ACh release was measured in 4-, 10- and 22-month-old groups of mice before, during and after
spontaneous alternation testing in the plus-maze. As noted above, the 10- and 22-month-old
mice were those tested 6 months earlier on the spontaneous alternation task; a new group of
4-month-old mice was added for this microdialysis experiment. Microdialysis probes (CMA/
7, 2 mm, Carnegie Medicin, Stockholm, Sweden) were inserted through the guide cannula into
the hippocampus. During microdialysis, the probes were perfused continuously at a rate of 1.0
μl/min with artificial cerebrospinal fluid (aCSF, 128 mM NaCl, 2.5 mM KCl, 1.3 mM
CaCl2, 2.1 mM MgCl2, 0.9 mM NaH2PO4, 2.0 mM Na2HPO4, 1.0 mM dextrose and adjusted
to pH 7.4). The perfusate also contained 100 nM of the acetylcholinesterase inhibitor,
neostigmine, included to enable the observation of changes in acetylcholine release in the
hippocampus during behavioral testing (Chang, Savage and Gold, 2006). Temporal resolution
for ACh samples was 6 min (6.0 μl/sample).

To equilibrate the dialysate with hippocampal extracellular fluid and to avoid temporary
changes in extracellular neurotransmitter levels caused by acute tissue damage, the first hour
of dialysate was discarded (Westerink and Timmerman, 1999). During this hour, the mice were
kept in a holding cage with fresh bedding. Next, for ACh sampling, dialysate samples were
collected every 6 min into small vials. The first four samples (each sample = 6 μl / 6 min), were
collected as baseline samples while mice remained undisturbed in the holding cage. After the
baseline sampling period, mice were placed in the maze for 6 min (one sample) for a
spontaneous alternation test. An additional 6 samples were collected after the conclusion of
behavioral testing. After the completion of microdialysis, all samples were stored at −80°C
until assayed for ACh content.

2.6. ACh assay procedures
ACh content in each dialysate sample was assayed by high performance liquid chromatography
in combination with electrochemical detection (Bioanalytical Systems Inc., West Lafayette,
IN). The assay system included an ion-exchange microbore analytical column, a microbore
ACh/Ch immobilized enzyme reactor (IMER) containing acetylcholinesterase and choline
oxidase, an auxiliary electrode with radical flow electrochemical thin-layer cell and thin-layer
gasket, a ‘wired’ enzyme electrode (a redox polymer film containing horseradish peroxidase
coated on the surface of a 6mm glassy carbon working electrode), a DA-5 interface between
detector and computer, controlling and analyzing software and a low-dispersion Rheodyne
injection valve (model 9725i) with a 10 μl PEEK loop. Stable and relatively pulse-free flow
was achieved with a Shimadzu LC-10ADvp pump. The potential held by the working electrode
was 100 mV vs. a Ag/AgCl reference electrode. The mobile phase contained 50 mM
Na2HPO4 (pH 8.5) and 0.005% ProClin™ 150 microbiocide. The flow rate was 140 μl/min.
Injection volume in this experiment was 5.0 μl. The detection limit was ≤ fmol. The assay was
completed in 12.5 min.
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2.7. Histology
After behavioral procedures were completed, mice were deeply anesthetized with sodium
pentobarbital and perfused with 30 ml sodium phosphate buffer (100 mM, pH 7.3), followed
by 30 ml paraformaldehyde-picric acid solution (4% paraformaldehyde (w/v) and 15%
saturated picric acid solution (v/v) in 100 mM phosphate buffer). The brains were fixed in the
paraformaldehyde-picric acid solution for 48 hr after perfusion, and were then moved to a 25%
sucrose solution for cryoprotection. Each brain was then sectioned at 50 μm using a Leica 1800
cryostat. To check probe placements, sections through the areas with cannulae tracks were
mounted on slides, dried and stained with cresyl violet. Cannulae placements were evaluated
using light microscopy.

2.8. Data analyses
Results for baseline behavior and chemistry experiments were analyzed by ANOVA for
genotype, age and genotype by age interactions, followed by planned comparison t-tests by
condition within age and genotype. Behavior results were also analyzed using one-sample t-
tests vs. chance performance and chemistry results were also similarly analyzed for within-rat
increases in ACh release during training. Analyses of physostigmine effects on alternation
scores were similarly performed with repeated measure (saline x drug) ANOVAs.

3. Results
3.1. Spontaneous alternation scores

BASELINE PERFORMANCE—Ts65Dn mice exhibited alternation scores in the plus-maze
that did not differ from chance at any age (Ps > 0.2). Control mice exhibited alternation scores
above chance in both the 4- and 10-month-old groups (Ps < 0.05), but not in the 16-month-old
group (P > 0.2). A trend toward a decrease in alternation scores by age was seen in the control
mice [F(2,28) = 2.60, P < 0.1] but not the Ts65Dn mice [F(2,25) = 0.02, P > 0.9], the latter
having near-chance scores at all ages. Ts65Dn mice had scores significantly lower than those
of the same-age controls at both 4 and 10 months of age (P <0.05 and P < 0.01, respectively),
but not at 16 months of age (P > 0.1) when the performance of controls had declined toward
chance (Figure 1). Total number of arm entries during the 6-min test did not differ significantly
by age or by strain.

PHYSOSTIGMINE ENHANCEMENT—The effects of physostigmine on spontaneous
alternation scores in the plus-shaped maze are presented in Figure 2 for the Ts65Dn and control
mice; for clarity, the baseline (saline) scores for both genotypes are repeated from Figure 1.
The main result was that physostigmine reversed deficits in alternation scores in young Ts65Dn
mice, but the ability of physostigmine to enhance memory decreased with age. Physostigmine
did not significantly modify alternation scores in 10- or 16-month-old Ts65Dn mice. A repeated
(saline, physostigmine) measure ANOVA revealed significant effects of both age [F(2,38)
=4.39, P<0.02] and genotype [F(1,38)=16.27, P<0.001]. The effect of age is evident in the
scores of the Ts65Dn mice. In the 4-month-old Ts65Dn mice, but not older ages, physostigmine
significantly enhanced alternation scores compared to those observed under the saline
condition (P<0.001). The alternation scores attained by the young Ts65Dn mice under the
physostigmine condition resulted in scores comparable to those of the control saline-treated
mice (P>0.7). The interaction of genotype by drug condition was also statistically significant
[F(1,31)=9.86, P<0.01], reflecting enhancement of alternation scores after physostigmine
treatment in Ts65Dn mice but not controls.
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3.2. ACh release in the hippocampus before and during alternation testing
Only data from mice with correct cannulae placements, as in Figure 3, were included in this
experiment. Basal values of ACh release in the hippocampus are shown in Figure 4. Ts65Dn
and control mice had comparable baseline levels at all ages [F(2,31)=0.14, P>0.9]. Baseline
release in Ts65Dn and control mice decreased slightly with age, but the declines were not
statistically significant (Ps>0.2 for both genotypes).

The changes in ACh release during spontaneous alternation testing are shown in Figure 5. In
these dialysis samples, the percent increase in ACh release was significantly above baseline in
both control and Ts65Dn mice only in the 4-month-old groups (Ps < 0.01, one-sample t-tests).
The magnitude of the percent increase in release of ACh during alternation testing declined
with age in both control and Ts65Dn mice. The overall declines across age for percent increase
in release of ACh during spontaneous alternation testing were statistically significant [F(2,31)
=13.31, P<0.001]; the age-related decline was significant within the control mice [F(2,19)
=7.85, P<0.01] and there was a similar trend within the Ts65Dn mice [F(2,12)=3.23, P<0.07].
Of particular interest, testing-related increases in the release of ACh were higher in the control
mice than in Ts65Dn mice at 4-month of age (P <0.05), but not at older ages (Ps > 0.5), resulting
in a significant interaction of genotype by age [F(2,31)=3.51, P<0.05].

4. Discussion
The results of these experiments extend in several respects the findings about learning deficits
and cholinergic dysfunctions in Ts65Dn mice. The main findings are: 1) Relative to controls,
the Ts65Dn mice have impaired spatial working memory at 4 and 10 months of age. 2)
Physostigmine ameliorates the impairment in alternation scores in the Ts65Dn mice, but only
at the youngest age tested. 2) Increases in ACh release in the hippocampus in response to
alternation testing are muted in young Ts65Dn mice compared to controls.

4.1. Spontaneous Alternation
Ts65Dn mice failed to exceed chance performance at any age tested, from 4–16 months of age.
Therefore, the present findings do not demonstrate age-related impairments in these mice,
although it is quite possible that memory in the spontaneous alternation task would be intact
at ages younger than 4 months. This possibility is supported by the findings of several other
experiments in which spontaneous alternation performance deteriorated with age in normal
rats and mice and in models of Alzheimer’s Disease (Corcoran et al., 2002; Lalonde et al.,
2003; Lamberty and Gower, 1990; McNay and Gold, 2001; Miller et al., 1999; Stone et al.,
1992; Willig et al., 1987; Zornetzer et al, 1982).

The findings of memory deficits in the plus-maze in 3–4 month-old Ts65Dn mice are near the
young ages of the onset of impairments reported before. For example, deficits in context
discrimination learning were seen at 3 months, not at 4 months, but again at 5 months and older
(Hyde and Crnic, 2001). On a test of working and reference memory in a water-escape radial-
arm maze task, learning was impaired in both 4- and 6-month-old Ts65Dn mice (Hunter,
Bimonte and Granholm, 2003). In most other studies, learning and memory deficits in Ts65Dn
mice were found at 6 months or older (Demas et al., 1996; Escorihuela et al., 1995, 1998;
Holtzman et al., 1996; Reeves et al., 1995), although deficits in Ts65Dn mice on some versions
of swim tasks are evident as early as 4 months of age (Seo and Isacson, 2005). Thus, the present
findings are generally consistent with many reports of memory impairments in this partial
trisomy model of Down syndrome, most examining mice at 6 months and older (cf. Sérégaza
et al., 2006). With multiple task-dependent neurobiological mechanisms involved in learning
and memory, different tasks are likely to show different functional sensitivities and therefore
different ages of onset of impairments.
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The control mice exhibited alternation scores above chance at 4 and 10 months, but not at 16
months. However, even at 16 months, the values had not fully reached chance levels, leading
to a non-significant trend for development of impairments with aging. A clear demonstration
of age-related deficits in this task likely requires tests at older ages. In Fischer 344 rats, deficits
on a similar task were evident at 24 months of age (McNay and Gold, 2001).

4.2. Physostigmine enhancement of memory
As a cholinesterase inhibitor, physostigmine augmentation of cholinergic functions relies on
at least partial integrity of acetylcholine neurons. Results obtained here show that
physostigmine enhanced alternation scores of Ts65Dn mice in young mice. Of particular
interest, the effectiveness of physostigmine in enhancing memory decreased as the age of the
Ts65Dn mice increased. On the basis of these findings alone, it would appear that ACh
functions in the hippocampus had deteriorated at older ages to an extent below which
enhancement of residual functions were inadequate to support memory. The results obtained
with measures of ACh release during behavioral were consistent with this view. At older ages,
alternation testing did not result in increases in release of ACh. An important future experiment
to address the significance of the age-related decline in the efficacy of physostigmine in
enhancing memory in Ts65Dn mice will be to obtain parallel measures of ACh release in the
presence and absence of physostigmine during spontaneous alternation testing.

Physostigmine did not enhance memory in controls at any age group. The failure to see
enhancement of spontaneous alternation performance may reflect the high scores evident in
each age group, from 4–16 months. Across multiple studies (e.g. Pych et al., 2005; Ragozzino,
Unick and Gold, 1996, 1998; Stefani and Gold, 2001, Stone, Rudd and Gold, 1992), alternation
scores appear to be maximal at values approximately half-way between chance performance
(here 44%) and a simple right/left response bias (100%), i.e. at 72%. At the ages tested in the
present experiment, control performance under the saline condition did not differ significantly
from this theoretical maximum score. Physostigmine might be more likely to enhance memory
after an age-related deficit in alternation scores emerges, presumably at older ages in the control
mice. This view is supported by evidence from other studies showing that acetylcholinesterase
inhibitors enhance memory in aged rats and mice (e.g., Rispoli et al., 2006; Flood et al.,
1993; Normile and Altman, 1992; Riekkinen et al., 1991), and that such drugs can be effective
in memory-impaired aged rats but not in young rats (Ohta et al., 1991; Castellano et al.,
1989). Similarly, acetylcholinesterase inhibitors are particularly effective in enhancing
memory in rats and mice with compromised cholinergic functions and with other memory-
impairing pharmacological manipulations (Chang and Gold, 2004; Degroot and Parent,
2000; Ukai et al., 1995; Walker and Gold, 1992; Beracochea et al., 1992; Stone et al., 1991;
Murray and Fibiger, 1986). Acetylcholinesterase inhibitors are also effective enhancers of
memory in several rodent models of Alzheimer’s Disease (Maurice et al., 1996; Dong et al.,
2005; Popovi et al., 1997; Santucci et al., 1991). Thus, based on the results seen in the Ts65Dn
mice, physostigmine might be effective in older control mice only if the cholinergic system
has sufficient remaining function. This interpretation is consistent with many findings
indicating that physostigmine and other similar acetylcholinesterase inhibitors enhance
memory in spontaneous alternation tasks in rats and mice that are senescent or that have
compromised cholinergic functions. An alternative possibility is that the 50 mg/kg dose of
physostigmine that enhanced memory in Ts65Dn mice is not optimal for enhancement in
controls.

4.3. Acetylcholine release
Spontaneous alternation tasks as used in present study have previously been found to elicit
ACh release in the hippocampus of rats in a manner related to memory performance on this
task (Chang and Gold, 2004; Ragozzino and Gold, 1995; Ragozzino et al., 1996, 1998; Pych
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et al., 2005). The microdialysis results presented here suggest that the onset of dysfunctions in
septohippocampal cholinergic functions, i.e. ACh release during maze testing but not at
baseline, occurs prior to 3–4 months in Ts65Dn mice. Although baseline measures were
comparable between Ts65Dn and control mice, the responsiveness to the challenge posed by
behavioral testing revealed significant decrements in the Ts65Dn mice, potentially contributing
to the impairments in working memory seen at the youngest ages tested in the present
experiments. It is also possible that ACh release increased more at the young ages because the
maze was more novel for the young mice that were naive with respect to alternation testing
than for the older mice, which had been tested 6 months earlier. This is an explanation for
which additional tests are needed. Nonetheless, it is clear that the young control mice exhibit
greater increases in release during alternation testing than do the young Ts65Dn mice.

The Ts65Dn mice retained the capacity to increase release of ACh in the hippocampus at four
months. However, even at four months of age, the youngest age tested here,Ts65Dn mice had
responses of ACh release to behavioral testing that were significantly reduced relatively to the
controls. Together with the findings that physostigmine enhanced memory in the Ts65Dn mice
only in the 4-month-old group, the findings suggest that residual cholinergic functions can
support memory at that age. Prior findings indicate that some markers of ACh function in
Ts65Dn mice are intact at young ages but emerge in adulthood, generally evident after 6 months
of age (Granholm, Sanders and Crnic, 2000). The development of cholinergic dysfunctions in
Ts65Dn mice parallels a similar situation in humans with Down syndrome, in whom the basal
forebrain cholinergic system appears normal at birth but degenerates in early adulthood
(Casanova et al., 1985; Head et al., 2001; Yates et al., 1983). The cholinergic neurons that
project to the hippocampus and provide the source of the ACh release measured in the present
experiment are located in the medial septum. Therefore, it is particularly relevant to note
findings using choline acetyltransferase immunocytochemistry showing that the cell size of
cholinergic neurons in the medial septum declines after 4 months of age (Granholm et al.,
2002). Likely related to these results, immunostaining for the NGF receptor, trkA, a supportive
factor for ACh functions, also declines between 4 and 6 months of aged (Granholm, Sanders
and Crnic, 2000; Holtzman et al., 1996).

4.4 General conclusions
The parallel age-related declines in memory and behaviorally-stimulated ACh release in
Ts65Dn mice are compatible with past evidence using other tasks and other measures of ACh
function (cf. Sérégaza et al., 2006). In particular, previous studies have noted a decrease at
early ages in immunostaining for choline acetyltransferase-positive (ChAT+) neurons in the
medial septum in Ts65Dn mice (Granholm, Sanders and Crnic, 2000; Holtzman et al., 1996).
Decreases in ChAT+ neurons appear as early as 6 months of age in these mice, with a decline
during aging that is distinctly earlier in Ts65Dn mice than in controls. It is interesting that in
the present experiment, the baseline levels of ACh release are comparable at all ages tested.
However, the responsiveness of ACh release to behavioral testing procedures is reduced in
Ts65Dn mice compared to controls even at 3–4 months of age. Similarly, physostigmine
enhances memory in the 3–4 month-old but not older Ts65Dn mice. These findings suggest
that the decline in ACh functions noted by anatomical measures are evident in terms of release
only under conditions when the system is challenged by conditions of behavior or drug
administration. According to this view, the function of the residual ChAT+ neurons is sufficient
to maintain baseline levels of release but is not sufficient to meet the demands of responding
to spontaneous alternation testing or to physostigmine treatment.

The interest in the parallel changes in ACh and memory is derived from extensive evidence
that ACh regulates memory formation, neural plasticity, and the interaction of multiple memory
systems in selection of strategies for learning (cf. Gold, 2004), as well as attention mechanisms
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that might be important for spatial working memory (cf. Sarter, Gehring and Kozak, 2006).
The present findings suggest that there may be linkage between cholinergic functions and
cognitive impairments in the Ts65Dn mice, particularly evident with the use of comparisons
across ages. The ability of physostigmine to enhance memory in the Ts65Dn mice clearly
decreases with age. Also, the magnitude of the increase in ACh release in response to training
declines with age. However, comparable levels of ACh release are seen in the middle-aged
control mice that have good memory scores and in the middle-aged Ts65Dn mice that have
poor memory scores. Thus, the relationship between ACh release and performance is imperfect
and may well reflect other consequences of age such as additive dysfunctions and
compensatory changes within cholinergic systems. In addition, the imperfect association of
ACh markers with behavior may also reflect independent consequences of age in the partial
trisomy mice, for example in other neurotransmitters (Fernandez et al., 2007) or
neurobiological processes. These other processes include impaired long-term potentiation
(Costa and Grybko, 2005; Fernandez et al., 2007; Kleschevnikov et al., 2004; Siarey et al.,
1997), enhanced long-term depression (Siarey et al., 1999), impaired expression of brain-
derived neurotrophic factor (Seo and Isacson, 2005), altered signaling pathways (Siarey et al.,
2006), and altered neuroanatomical organization of the hippocampus (Belichenko et al.,
2004; Hanson et al., 2007; Kurt et al., 2004; Lorenzi and Reeves, 2006).

Most studies of brain functions in Ts65Dn mice, including the present experiments, have
focused on measures of the hippocampus in Ts65Dn mice. However, it is certainly the case
that alterations in other brain areas are important to the neural and cognitive impairments in
these mice. In this regard, changes in brain-derived neurotrophic functions are evident in frontal
cortex (Bimonte-Nelson et al., 2003) as well as hippocampus. Also, as in humans with Down
syndrome (cf. Shapiro, 2001), the volume of the cerebellum of Ts65Dn mice is reduced, with
decreased numbers of both granule and Purkinje cells perhaps resulting from dysfunctions of
cell signaling mechanisms during development (Olson et al., 2004; Roper et al., 2006). Thus,
understanding of the neural and cognitive phenotypic differences between partial trisomy mice
and diploid mice will require assessments of many variables across age.

In summary, the current study reveals a deficit in spatial working memory in young and middle
aged Ts65Dn mice, a model of Down syndrome. Comparisons of the release of ACh in the
hippocampus of these mice and controls at a wide range of ages revealed comparable levels of
release at baseline but smaller increases in the Ts65Dn mice in response to behavioral testing.
In addition, the ability of an indirect acetylcholine agonist to reverse memory impairments in
Ts65Dn mice declined with age. Because baseline release of ACh in the hippocampus of
Ts65Dn mice declined with age but was comparable to the levels seen in control mice
throughout the lifespan, these findings suggest that the memory deficits in young to middle-
aged Ts65Dn mice reflect in part disruption of the ability of forebrain cholinergic mechanisms
to respond when needed.
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Figure 1.
Spontaneous alternation scores across age in Ts65Dn and control mice. The dashed horizontal
line shows chance performance. Note that the scores of Ts65Dn mice were significantly lower
than those of same-age controls at 3–4 and 9–10 month of ages (*P< 0.05 and **P < 0.01
respectively). There was no difference at the oldest (16–17 month) age tested when controls
also had relatively low scores. The numbers superimposed on bars indicate numbers of mice /
group.
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Figure 2.
Effects of physostigmine on spontaneous alternation scores in Ts65Dn and control mice. The
dashed horizontal line shows chance performance. The numbers superimposed on bars indicate
numbers of mice / group. (Left.) Note that physostigmine treatment fully reversed the deficit
in alternation performance in 3–4 month-old Ts65Dn mice (***P<0.001) but not at older ages.
(Right). Physostigmine did not significantly enhance memory in the control mice at any age.
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Figure 3.
(Left.) Example of an acceptable cannula placement in which the active portion of the probe
was positioned entirely within the hippocampus. (Right.) Schematic of a probe scaled to size
overlaying a brain atlas section adapted from Franklin and Paxinos (1997).

Chang and Gold Page 18

Neurobiol Learn Mem. Author manuscript; available in PMC 2009 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Baseline levels of ACh in the hippocampus of Ts65Dn and control mice at three ages. All
values were calibrated for recovery. Note that the two sets of mice exhibited comparable
baseline levels of ACh release at all ages. Both groups showed a slight, non-significant, decline
in baseline ACh levels with age. The numbers superimposed on bars indicate numbers of mice /
group.
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Figure 5.
Percent change in ACh release in the hippocampus during spontaneous alternation testing. Note
that ACh release increased significantly during testing only in 4-month-old controls and
Ts65Dn mice. The magnitude of that increase declined with age in both genotypes. Ts65Dn
mice had lower percent increase in ACh release than did same-age controls at 4 months
(*Ps<0.05) but not at older ages. The numbers below bars indicate numbers of mice / group.
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