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Abstract

Age-related changes in the hippocampus increase vulnerability to impaired learning and memory.
Our goal is to understand how a genetic vulnerability to cognitive impairment can be modified by
aging and sex. Mice with a mutation in the cAMP response element binding (CREB) protein gene
(CREB®- deficient mice) have a mild cognitive impairment and show test condition-dependent
learning and memory deficits. We tested 3 ages of CREB®¥- deficient and wild-type (WT) mice in 2
Morris water maze (MWM) protocols: MWM4 and MWM2. All CREB®- deficient mice performed
well in the easier MWMA4, except for the aged females that performed poorly. In the harder MWM2,
young male and female and middle-aged male CREB®®- deficient mice performed well, but aged
male and all middle-aged and aged female CREB®- deficient mice were impaired. These results
show that mice with a genetic vulnerability to impaired learning and memory exhibit increased
vulnerability with age that is most apparent among females. Thus, a genetic predisposition to
cognitive impairment may render females more vulnerable than males to such deficits with age.
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The rising number of older people in the population has generated an increased awareness of
age-related alterations in cognitive ability, especially learning and memory deficits. These
deficits have a profound impact on the quality of life for elderly adults, their families and
caregivers, and a huge economic impact on the health care system. Not all elderly people show
cognitive impairment, but a subset of the elderly exhibit a wide range of cognitive alterations
from the recently accepted syndrome mild cognitive impairment to progressive, debilitating,
neurodegenerative dementias such as Alzheimer’s disease (Grundman et al, 2004; Rivas-
Vazquez et al, 2004). In normal aging and age-related neurodegenerative processes such as
AD, the earliest reported symptom is most commonly the inability to learn and recall new
information. Exploring the mechanisms involved in age-related learning and memory
alterations is critical, including determination of neuropsychological, biochemical, and
molecular criteria for distinguishing normal cognitive aging from mild cognitive impairment
and predicting degree of vulnerability to various cognitive impairments such as dementia. In
particular, animal models can be used to better define the interplay between genetic
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vulnerability and environmental factors, including the impact of experience and physiological
factors such as gonadal hormones.

Normal brain aging has been associated with a decline in some cognitive abilities but stability
or even improvement in others. For example, processing speed decreases, while language
abilities remain stable (Ganguli et al, 1991). Cognitive abilities of men and women that change
with age have been generally found to show parallel patterns and similar rates of decline with
normal aging (Aartsen et al, 2004; Finkel et al, 2006; Gerstorf et al, 2006), and gender
differences in cognitive abilities such as the female advantage in verbal memory are maintained
into old age. Spatial tasks, in which men typically perform better than women, were not
included in many of these studies, but a group of researchers has found that the robust sex
difference favoring males remained despite the impact of aging on spatial learning and memory
(Driscoll et al, 2003, 2005).

Despite broadly comparable patterns of cognitive decline with normal aging for males and
females, some groups of females may be more vulnerable than males to cognitive dysfunction
as they age. Most remarkable is the observation that Alzheimer’s Disease is 2-3 fold higher in
women than in men after the age of 65 years (Anderson et al, 1999; Ott et al, 1995; Wade et
al, 1987). This gender difference persists even after correcting for differences in life
expectancy. There is also limited evidence that women have an earlier onset and faster
progression of Alzheimer’s Disease (Garcia-Segura et al, 2001).

This gender difference in cognitive decline may be impacted, at least in vulnerable populations,
by the marked fluctuations in estrogen and progesterone levels in women as they transition
through menopause and the reduction of these hormones post-menopause. Indeed, several
studies have demonstrated estrogen’s benefits in improving memory of female humans and
mice (Harburger et al, 2006; Resnick et al, 1997; Sherwin and Tulandi, 1996; Xu and Zhang,
2006), and these effects may result from multiple convergent mechanisms. In addition to the
typical action of steroid nuclear receptors, estrogen can act via non-nuclear receptors coupled
to second messenger systems and via rapid non-genomic mechanisms to phosphorylate cCAMP
response element binding protein (CREB) and, thereby, regulate gene expression underlying
memory formation (Kelly and Levin, 2001; Szego et al, 2006; Zhao et al, 2005; Zhou et al,
2005). A close parallel has been found between the temporal conditions by which estrogen
improves memory and the conditions for estrogen to induce new excitatory synaptic
connections in the hippocampus (HPC), a key structure involved in learning and memory
(McEwen et al, 2001). Thus, a decline in estrogen levels with aging likely places vulnerable
females at greater risk for cognitive dysfunction.

One of the first brain structures to show age-related functional decline in normal humans is the
HPC. Similarly, in aged rats and mice, numerous reports show impairment of HPC-dependent
tasks such as the Morris water maze (Brightwell et al, 2004; Fordyce and Wehner, 1993; Frick
et al, 2000; Hebda-Bauer et al, 1999; Koistinaho et al, 2001; Magnusson, 1998; Sauer et al,
1999; Wolff et al, 2004), contextual fear conditioning (Kudo et al, 2005; Monti et al, 2005),
the Barnes circular maze (Barnes et al, 1990; McLay et al, 1999), and the radial arm maze
(Ammassari-Teule et al, 1994; Culley et al, 2004; Geinisman et al, 1986). Spatial learning and
memory impairments are observed as early as middle age (Frick et al, 2003; Verbitsky et al,
2004). In contrast, no impairment with aging is found in non-HPC dependent tasks such as
simple cued-discrimination tasks (Frick et al, 2000). Some old animals are behaviorally
impaired while others perform as well as young control animals (Brightwell et al, 2004: Fisher
et al, 1992; Hebda-Bauer et al, 1999; Issa et al, 1990; Nicholson et al, 2004). The degree of
spatial learning and memory impairment in some old animals has been correlated with the
extent of age-related physiological and morphological changes in the HPC (Barnes and
McNaughton, 1985; Deupree et al, 1993; Dunbar et al, 1993; Fisher et al, 1992; Fordyce and
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Wehner, 1993; Nicholson et al, 2004; Wilson et al, 2003). The reported correlations
demonstrate that larger quantities of age-related changes (e.g., rigidity in HPC place cell spatial
representation, decreased maintenance of long-term-potentiation, decreased numbers of
choline acetyltransferase-labeled neurons, lower acetyltransferase activity, decreased size of
perforated postsynaptic densities in HPC axospinous synapses, or decreased HPC-bound
protein kinase C activity) are associated with larger spatial learning and memory deficits.

Aging is related to multiple cell signaling alterations. Such alterations may, at least in part, be
due to altered constitutive expression of proteins important for memory consolidation or to the
inability of these proteins to respond appropriately to a learning experience.

Dysregulation of some memory-related proteins and transcription factors in the HPC of aged
rats has recently been reported (Lund et al, 2004; Monti et al, 2005). Substantial evidence
shows that CREB-dependent modulation via phosphorylation of Ser133, is required for the
cellular events underlying long-term memory (Bourtchuladze et al, 1994; Dash et al, 1990;
Guzowski and McGaugh, 1997; Mizuno et al, 2002; Yin et al, 1994), and dysregulation of the
phosphorylation state of CREB in the HPC of aged rats is correlated with their impaired
memory Monti et al, 2005). Thus, studying the impact of altered CREB function in aging males
and females is directly relevant to understanding differential vulnerability to cognitive decline
across genders.

Mice with a targeted disruption of the a and  isoforms of the CREB gene (CREB®® deficient
mice) are impaired in the Morris water maze (MWM), a test of spatial learning and memory
(Bourtchuladze et al, 1994) and have an altered ability to code space, as demonstrated by
decreased spatial selectivity and stability of hippocampal place cells (Cho et al, 1998). This
impairment, however, is not evident under all testing conditions or genetic backgrounds.
CREB®- deficient mice are impaired when given two trials per day with a one-minute inter-
trial interval (1TI), but perform normally with spaced training (Kogan et al, 1997) and more
trials (Hebda-Bauer et al, 2005). The memory deficit in CREB®- deficient mice is, therefore,
not absolute. Under highly demanding conditions, the mice are unable to acquire or retain
adequate information for learning and memory and are impaired. Under less demanding
conditions, the mice are unimpaired. This may be due to related transcription factors (e.g.,
CAMP response element modulator or the CREB f isoform which are up-regulated and may
make up for the deficit (Blendy et al, 1996; Mantamadiotis et al, 2002). In addition, we have
recently reported that past experience in the MWM—depending on its nature (i.e., whether
mice were successful or failed to learn)—significantly facilitates or hinders future MWM
performance (Hebda-Bauer et al, 2005). Spatial learning and memory performance of
CREB®- deficient mice in different genetic backgrounds have been reported to show either a
genetically dose-dependent effect (Gass et al, 1998) or no impairment at all (Graves et al,
2002). Further, various CREB mutants (in the 129SvEv x C57BL/6 background) with either a
marked reduction or complete loss of HPC CREB exhibit only modestly impaired water maze
learning (Balschun et al, 2003).

Thus, mice with a CREB®- mutation on a C57BL/6 x 129SvJ background can be viewed as
having a genetic vulnerability to impaired learning and memory that is highly influenced by
environmental conditions and previous experience. How this genetic vulnerability to cognitive
impairment, beginning early in life, affects cognitive aging and whether the effects are different
in males and females is not known. Therefore, we examined the effects of aging and sex in
CREB®- deficient mice by assessing learning and memory performance of males and females
and their wild-type littermates at three different ages--young, middle-aged, and aged--in the
Morris water maze.
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EXPERIMENTAL PROCEDURES

Subjects

CREB®- deficient mice were originally generated in the laboratory of Dr. Gunther Schutz
(Hummler et al, 1994). They were initially obtained for our laboratory from Dr. Alcino Silva
as F2 progeny derived from a cross between CREB®- deficient heterozygotes in the C57BL/
6 background (>87%) and wild-type 129SvJ mice. Thus, the genetic background of the wild
type and mutant mice subsequently bred and used for the current study consists of
approximately a 50% contribution of genes from each of the C57BL/6 and 129SvJ strains.
Approximately 15% of the newborn pups are homozygous for the CREB®- mutation.

The wild type (WT; +/+) and CREB®- homozygous (-/-) deficient mice used in the current
study were of three different ages: 4-6 months old (young; N = 24 +/+, 24 -/-), 12-14 months
old (middle-aged; N = 28 +/+, 28 -/-) and 20-22 months old (aged; N = 28 +/+, 27 -/-). Mice
were group-housed in a temperature- and humidity-controlled room with free access to food
and water. They were maintained on a 14:10 light/dark cycle (lights on at 0600, lights off at
2000 hours). The health of the mice was monitored regularly. All mice maintained normal
home cage activity and, therefore, none were removed from the study. Breeding was set-up so
that mice of all three ages were tested at the same time. The WT mice and CREB®® deficient
mice of all three ages were randomly assigned to one of two behavioral testing protocols (i.e.,
MWM2 or MWM4). All behavioral testing was conducted between 0800 and 1600 hours. The
experiments were conducted in accordance with the guidelines of the University Committee
on the Use and Care of Animals at the University of Michigan.

CREB®3 polymerase chain reaction (PCR) genotyping

Mice were genotyped by PCR analysis. Tail biopsies were obtained at weaning and digested
in 600 ul of TNES (10 mM Tris, pH 7.5, 400 mM NaCl, 100 mM EDTA, and 0.6% SDS) and
35 ul of Proteinase K (10 mg/ml) overnight at 57°C. The next day, 166.7 ul of saturated NaCl
was added and mixed. After centrifugation (14,000 rpms for 5 minutes) and recovery of the
supernatant were performed twice, equal volume of 100% EtOH was added and the DNA was
spooled, dipped briefly in 70% EtOH, allowed to dry, and then resuspended in TE (10 mM
tris, 1 mM EDTA). One ul of the DNA was used directly in a PCR reaction. The following
PCR primers were used for genotyping CREB*" deficient mice: CREB1 = 5’-
CCATATTATTGTAGGTAACTAAATGA-3’, CREB2 =5’-
ATGTATTTTTATACCTGGGC-3’, and NEO =5’-
ATGATGGATACTTTCTCGGCAAGG-3’. The following PCR conditions were used in a
Peltier Thermal Cycler (PTC-2000, MJ Research): 4°C for 180 seconds; 94°C for 90 seconds;
40 cycles of 93°C for 45 seconds, 47°C for 45 seconds, and 72°C for 90 seconds; then 72°C
for 600 seconds.

Behavioral testing

The Morris water maze (MWM) was used to test for spatial learning and memory. The inside
of the 91 cm diameter tub was painted white and filled with 26° + 2° Celsius water made white
with powdered milk to control for intra-maze cues. Animals must use a stationary array of cues
outside the tub to find a submerged platform that they cannot see, hear, or smell. These cues,
and the location of the platform, remained constant during testing.

All mice were given a preliminary trial the day before regular testing began to acclimate them
to water and let them know that a platform can be found. For this trial, a mouse was placed in
the water for 10 seconds, allowed to swim around, and then placed on the platform for only
one to two seconds. The hidden platform was put in a different location from where it was
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located for the regular trials. If a mouse found the platform before the 10-second mark; it was
removed immediately.

A regular trial began by placing a mouse in the water at one of two (MWM2) or four (MWM4)
randomly assigned starting positions. After a mouse located the platform, it was allowed to
remain on the platform for 30 seconds. If a mouse had not located the platform within 60
seconds, it was removed from the water and placed on the platform for 30 seconds. Mice
received two (MWMZ2) or four (MWMA4) trials per day with a one (MWM2) or three to five
(MWM4) minute inter-trial interval (IT1) for four days. A videotracking system (Ethovision,
Noldus Technology) was used to measure swim time, distance traveled, swim speed, number
of crossings over the old vs. the new goal location, search error (i.e., cumulative distance: sum
of distances to goal taken every second minus the value obtained for an ideal direct swim;
Gallagher et al, 1993), and percent time in goal quadrant. Data are expressed as the mean of
trials per day unless otherwise specified.

Twenty-four hours after completion of regular testing, all mice received four cued-platform
trials to assess sensorimotor abilities and motivation to escape the water independent of spatial
learning and memory ability. The platform was located in the same place as that for the regular
trials and marked with a black cube. After a mouse located the cued-platform, it was allowed
to remain on the cued-platform for 30 seconds. If a mouse had not located the cued-platform
within 60 seconds, it was removed from the water and placed on the cued-platform for 30
seconds. The ITI was three to five minutes like that for the MWM4 protocol.

Twenty-four hours after the cued-platform trials, the platform was removed for the probe trial
and all mice were allowed to swim for 60 seconds to assess their memory for the platform
location. Time spent and distance traveled in the four quadrants were measured. The number
of platform crossings in the goal quadrant and over comparable platform locations in the other
three quadrants were measured to assess the accuracy toward the trained submerged platform
location.

Data analysis

RESULTS

Data were analyzed using SAS statistical software. Three- and four-way analysis of variance
(ANOVA) with repeated measures using the General Linear Model and Mixed Model
procedures with planned contrasts were used to analyze regular trial performance across days.
Planned contrasts were used to determine genotype, age, sex, and protocol differences on each
day. ANOVAs were also used to analyze probe trial performance. Data are expressed as the
mean of the two (MWM2) or four (MWM4) trials for each day.

Genotype differences in swim speed during regular trials

Significant differences in swim speed were found in the MWM4 and MWM2 protocols
between CREB® deficient and WT mice. In the MWM4, a two-way ANOVA with repeated
measures reveals a significant effect for genotype, but not age, and a time by genotype
interaction (Genotype: F(1/50y=17.59, p<0.001; Age: F(z/50=2.41, p>0.05; Time x Genotype
Interaction: F(3/150)=3.19, p<0.05). Posthoc analyses reveal that CREB®- deficient mice swam
faster than WT counterparts on all four test days in the MWM4 (data not shown). In the MWM2,
a two way ANOVA with repeated measures reveals a significant effect for age (Age:
F(2/62)=3.68, p<0.05). Posthoc analyses show that aged mice swam slower than young mice
on the fourth MWM?2 day (data not shown). The higher swim speed of CREB®- deficient mice
than their WT counterparts in the MWM2 was also significant (F1/62)=3.83, p=0.05). Swim
time was not used in the analysis because of these swim speed differences. Thus, other measures
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used are distance traveled and degree of search error (i.e., cumulative distance) for regular
trials and percent distance and number of platform crossings in each quadrant during the probe
trial. Since distance traveled and degree of search error show similar results, only degree of
search error is detailed here. The number of platform crossings in each quadrant during the
probe trial are shown in figures because it is a more sensitive measure of memory than distance
traveled in each quadrant.

MWM4 versus MWM2: easy versus hard protocol

Our laboratory has previously reported that the MWMZ2 protocol is harder than the MWM4
protocol for CREB®- deficient mice (Hebda-Bauer et al, 2005). CREB-mediated transcription
has an impact on the number of trials and the ITI required for the formation of spatial memories
in mice. Maximal CREB activation in the HPC and cortex may take three to eight minutes after
synaptic activation (Moore et al, 1996). Thus, the one minute ITI of the MWM2 task, compared
to the three to five minute IT1 of the MWM4 task, is more challenging for CREB®® deficient
mice because one minute is not enough time to maximize the residual CREB activity
(approximately 15% of normal; Blendy et al, 1996) left in their brains. The MWM4 task may
facilitate learning because of the longer IT1 and the increased number of trials (thereby, giving
more opportunities for CREB activation).

The data from the current study confirm that CREB®5- deficient and WT mice of all three age
groups perform worse in the MWMZ2 protocol compared to their respective counterparts in the
MWM4 protocol. A three-way ANOVA with repeated measures for degree of search error
reveals a significant effect for protocol and trial, but not age or sex for WT mice (Protocol:
F(llﬁg): 5.39, p<0.05; Trial: F(3/204): 62.46, p<0.001; Age: F(2/68): 2.17, p>0.05;
Sex(1/68)=0.14, p>0.05). Figure 1 illustrates how the learning curves of the WT mice from the
two protocols are different. WT mice in the MWMZ2 are slower to learn the task than their
counterparts in the MWM4 by exhibiting a significantly greater degree of search error on day
two. Early learning is clearly adaptive, and the majority of learning normally occurs from the
first to the second test day in the MWM task. Interestingly, WT mice do not show age-related
changes in learning and memory in either MWM protocol. CREB®- deficient mice, like their
WT counterparts, also display significant protocol differences (F(1/e7)= 17.95, p<0.001). The
performance difference between the two MWM protocols shows that exposure to only two
learning trials per day with a one minute I Tl is challenging for both WT and CREB®- deficient
mice of different ages.

The effects of sex and age on learning and memory of CREB®" deficient mice

CREB®- deficient mice are known to perform well in the easier MWM4 protocol (Hebda-
Bauer et al, 2005) and the data from this study replicate the good MWM4 performance of young
male and female CREB®- deficient mice (Figs. 2A and D, respectively). In the MWM4, a
three-way ANOV A with repeated measures for degree of search error reveals significant effects
for age and a sex by age interaction, with a genotype effect approaching significance (Age:
F(2/66)= 3.96, p<0.05; Age x Sex: F(z/e6)= 3.14, p<0.05; Genotype: F(1/66)= 3.54, p=0.06).
Figure 2 shows the learning curves in degree of search error for male (A-C) and female (D-F)
WT and CREB®- deficient mice split by age. Although all young mice perform well in the
MWM4 (except for WT females compared to CREB®- deficient females on day 3), middle-
aged male and female CREB®- deficient mice display much less learning than WT mice from
day 1 to day 2 as depicted by posthoc analyses revealing a significantly higher degree of search
error for CREB®- deficient mice on day 2 compared to their WT counterparts (Fig. 2B and
E). Early learning clearly has adaptive benefits; thus, although their extent of learning reached
that of the WT mice on later days, male and female middle-aged CREB®- deficient mice are
impaired early in MWMA4 testing. Among aged mice, male CREB®- deficient mice perform
as well as their WT counterparts in the MWMA4 (Fig. 2C). In contrast, aged female CREB®-

Neuroscience. Author manuscript; available in PMC 2008 December 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hebda-Bauer et al.

Page 7

deficient mice are impaired as shown by a significantly greater degree of search error than
other mice on test days 3 and 4 (Fig. 2F). Thus, the current data clearly show more impaired
learning and memory with aging in female than in male CREB®®- deficient mice in an easier,
less demanding task.

The impairment of young CREB®- deficient mice in the MWM?2 is somewhat milder in this
study than we and others had previously reported (Hebda-Bauer et al, 2005; Kogan et al,
1997). Interestingly, this had the advantage of allowing us to detect age- and sex-related
performance differences. In the MWM2, a three-way ANOVA with repeated measures for
degree of search error reveals significant effects for genotype, age, and sex and a genotype by
sex interaction (Genotype: F(1/p9)= 17.64, p<0.001; Age: Fo/9)= 6.71, p<0.01; Sex: F(1/69)=
5.01, p<0.05; Genotype x Sex Interaction: F(1/s9)= 4.17, p<0.05). Figure 3 shows the learning
curves in degree of search error for male (A-C) and female (D-F) WT and CREB®- deficient
mice split by age. Among the male CREB®- deficient mice, only the aged display impaired
performance in the MWMZ2. Posthoc analyses reveal that aged male CREB®- deficient mice
exhibited a significantly greater degree of search error on three of the four test days compared
to their WT counterparts. In contrast, middle-aged and aged female CREB®®- deficient mice
show impaired performance in the MWMZ2. Although posthoc analyses reveal only a trend for
worse performance of young female CREB®®- deficient than WT mice on days two and three
(p=0.09), the degree of search error is significantly greater for middle-aged and aged female
CREB®- deficient mice on two and three of the four test days, respectively. Thus, all aged
CREB®- deficient mice show impairment in the MWMZ2, and females clearly show an earlier
age-related learning and memory deficit than their male counterparts.

Figure 4 highlights the sex and age differences in the extent of learning among CREB®5-
deficient mice in the MWM4 and MWM2 protocols on the fourth day of testing. Male
CREB®" deficient mice achieve a similar level of learning in the MWM4, as measured by
degree of search error, to that of the WT mice by the fourth test day (Fig. 4A). The extent of
learning in the MWM4 for male CREB*®- deficient mice is not dependent on age. The harder
MWM2 uncovers a learning and memory impairment in only the oldest male CREB®- deficient
mice (p<0.05; Fig. 4B).

In contrast, female CREB®®- deficient mice show an age-related impairment in both MWM
protocols. Aged female CREB®- deficient mice exhibit a significantly greater degree of search
error on day four in the MWM4 (p<0.05; Fig. 4A), while both middle-aged and aged female
CREB®- deficient mice are impaired in the MWM2 (p<0.05; Fig. 4B). Notably, the level of
deficit that the old females exhibit in the easy task is comparable to the deficit shown by the
aged males in the more difficult task. Thus, female CREB®- deficient mice clearly show a
higher vulnerability than their male counterparts to impaired learning and memory, with the
easier MWM4 task revealing deficits in the oldest group and the MWM2 exposing deficits at
an earlier age than the males.

Probe trial performance

Animals’ memory for the location of the goal was assessed in the probe trial during which the
goal was removed. All WT mice from the MWM4 and MWM2 showed a significant preference
for the goal quadrant, as measured by percent distance in each of the quadrants, except for aged
males from the MWM2 (data not shown). Another probe trial measure, the number of platform
crossings in the goal quadrant compared to hypothetical platform crossings in the other

quadrants, is a more sensitive memory measure since it determines the degree of preciseness
in the search for the goal. The data reveal that young and middle-aged, but not aged, male WT
mice from either MWM protocol performed well (Fig. 5A and C). Female WT mice from the
MWM4 protocol showed a significant preference for the goal quadrant while their WT

counterparts from the MWMZ2 did not (Fig. 5A and C). We conclude that the MWM4 protocol
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generally facilitates long-term memory better than the MWM2 protocol among female WT
mice.

CREB®- deficient mice from the MWM2 and the MWM4 had significant difficulty during the
probe trial. Although all male CREB®- deficient mice performed well during the MWM4
acquisition phase and only the aged were impaired in the MWM2 acquisition phase, the probe
trial revealed cognitive deficits. Only the middle-aged males showed a significant preference
for the goal quadrant, as measured by percent distance traveled (MWM4 and MWMZ2; data not
shown) and number of platform crossings (MWM4 only; Fig. 5B).

Among female CREB®¥ deficient mice from the MWMA4, the young (YY) and middle-aged
(MA) showed a significant preference for the goal quadrant as measured by percent distance
traveled (Y and MA; data not shown) and number of platform crossings (Y only; Fig. 5B).
None of the female CREB®" deficient mice from the MWMZ2 showed a preference for the goal
quadrant (Fig. 5D), except for percent distance traveled by aged females (data not shown).
Thus, the majority of the CREB®- deficient mice that performed well during the regular MWM
trials did not perform well during the probe trial.

Cued-platform performance

Some aged rodents may not perform well in the typical spatial learning and memory version
of the Morris water maze due to sensorimotor deficits; thus, all mice in the current study
received four cued-platform trials after completion of the regular spatial learning trials. A
significant effect for age, but not genotype, sex, or protocol was found for swim speed during
the cued-platform trials (Age: F(2/405)= 4.15, p<0.05; Genotype: F1/405)= 0.00, p=NS; Sex:
F(1/405)= 0.68, p=NS; Protocol: F(1/405)= 0.20, p=NS). Thus, distance traveled and cumulative
distance, but not swim time, were used in examining each mouse’s performance. There was
no increase in the number of mice that showed poor cued-platform performance as a function
of age. Correlation analysis of mouse performance on the last regular test day and during the
probe trial with that of performance during cued-platform trials reveals very low and non-
significant correlations. Thus, mice exhibiting poor cued-platform performance did not
necessarily show impaired spatial learning and memory, and vice versa. Thus, the findings of
cognitive deficits could not be explained based on performance during the cued-platform trials.

DISCUSSION

The data from the current study are the first to show how vulnerability to cognitive impairment
in mice with a CREB deficiency at birth increases with age in a sex-dependent manner. Aging
does not affect acquisition of male CREB®- deficient mice in the easier of two spatial learning
and memory tasks, but the oldest males perform poorly in the task with higher cognitive
demand. In contrast, female CREB®®- deficient mice show age-related deficits in learning both
tasks, with a deficit in the more challenging task observed at an earlier age than that found for
the males. This earlier decline in spatial learning performance was found exclusively in female
CREB®- deficient mice, since WT mice did not show sex or age-related acquisition
differences. During the probe trial, young and middle-aged, but not aged, male WT mice
performed well regardless of MWM protocol. However, female WT mice exhibited better long-
term memory following the MWM4 versus the MWM2 protocol. By contrast, the majority of
CREB®- deficient mice exhibited poor long-term memory, and this included mice that
performed well during either MWM protocol.

The current data extend our previous report of the MWM4 protocol being easier than the
MWM2 protocol in young CREB®- deficient mice (Hebda-Bauer et al, 2005) to that of older
CREB®- deficient mice and WT mice. The present study allowed a direct comparison of aging
effects on spatial learning and memory performance of mice with and without a CREB
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deficiency in test conditions that differ in the amount of cognitive demand required to
successfully complete the task (i.e., high cognitive demand: MWMZ2; lower cognitive demand:
MWM4). Acquisition of the MWM2 protocol was found to be more challenging than the
MWM4 protocol in all ages of WT and CREB®- deficient mice. Memory performance in the
probe trial clearly showed how the MWM2 protocol is more challenging for WT females and
all CREB®¥- deficient mice. Interestingly, the majority of CREB®- deficient mice from the
easier MWM4, except for young females and middle-aged males, demonstrated impaired
memory in the probe trial. Impairment of young male, but not female, CREB®- deficient mice
in the probe trial after the MWM4 suggests that CREB signaling seems more important for
males than females at this age and is consistent with recent reports of a male-specific role of
calcium/calmodulin kinase kinase p (necessary for activation of CREB) in spatial memory of
mice (Mizuno et al, 2007; Peters et al, 2003). It is not known why only the middle-aged males
of the older CREB®- deficient mice performed well during the probe trial following the
MWMA4.

It is conceivable that the difficulty encountered by the CREB®3- deficient mice during the probe
trials may reflect, in part, their cognitive rigidity. Thus, the cued-platform, which was in the
same place as that for the regular trials, may have interfered with the memory of the
CREB®- deficient mice during the probe trial since the cue trials took place between the regular
trials and the probe trial. Rodents with an intact HPC demonstrate flexibility in the use of spatial
and non-spatial strategies to perform a spatial task, with spatial strategies predominant
(O’Keefe and Nadel, 1978). Mice with a CREB deficiency have an altered ability to code space,
as demonstrated by decreased spatial selectivity and stability of hippocampal place cells (Cho
et al, 1998). This altered ability to code space may compromise their flexibility in learning
strategies and, thus, increase their susceptibility to impaired memory performance.
Nevertheless, this decreased flexibility is unlikely to be the primary factor, as performance
differences between the two MWM protocols were demonstrated in acquisition rate.

This is the first study to report the effects of aging on learning and memory in mice with
approximately a 50/50 background of the C57BI/6 and 129Sv/J strains (i.e., the WT controls
of the current study). Interestingly, middle-aged and aged WT mice were not impaired in
acquisition in either MWM protocol, in contrast to the widely reported age-related impairment
of spatial learning and memory in rodents, including the C57BI/6 and 129Sv strains of mice
(Ammassari-Teule et al, 1994; Fordyce and Wehner, 1993; Frick et al, 2000; Magnusson,
1998; Sauer et al, 1999; Wolff et al, 2004). With age, C57BI/6 mice demonstrate increasing
impairment in the Morris water maze, more heterogeneity of performance within an age group,
and a slower rate of learning (as seen in aged rats). In contrast, performance of WT mice in the
current study was quite homogeneous across age groups. The only evidence of an age-related
change was found in the aged males from both MWM protocols that showed impaired memory
during the probe trial. The mild age-related effects on spatial memory performance in 12 to
14-and 22 to 24-month-old WT mice on a combined C57BI/6 and 129Sv/J background of the
current study are likely due to hybrid vigor (Wolfer et al, 2002).

Interestingly, WT females of all three ages showed some impairment in the probe trial after
the MWM2 protocol. The few studies that have examined sex differences in spatial memory
of mice, have reported sex differences in older mice, but not among young mice (Benice et al,
2005; Frick et al, 2000; Jonasson, 2005). However, the MWM?2 protocol of the current study
is clearly more challenging than the MWM4 protocol and likely the other studies’ protocols
since they also consisted of more than two training trials and, thus, may not have been as
sensitive to long-term memory deficits in the probe trial. The challenging MWM2 protocol
uncovered a male advantage in spatial memory that is consistent with human studies (Driscoll
et al, 2003, 2005).
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The current study allowed a direct comparison of normal age-related changes in this mixed
background with changes occurring from minimal CREB activity alone (young CREB®-
deficient mice) and with concurrent age-related changes (old CREB®- deficient mice).
Although we and others have shown the impairment of young CREB®- deficient mice in the
MWM2 protocol (Hebda-Bauer et al, 2005; Kogan et al, 1997) the deficit was milder in this
study. This worked to our advantage by enabling us to observe age-related worsening in
performance in mice with a vulnerability to cognitive deficits. The acquisition of a spatial
learning and memory task is intact in young, middle-aged, and aged male CREB®- deficient
mice as long as the task does not require a high cognitive demand (i.e., MWM4), with one
exception. Middle-aged CREB®®- deficient mice, unlike the WT mice, did not learn much from
the first to the second test day; however, they caught up to the WT mice by the next day. The
higher cognitive demand in the MWM2 protocol elicited a strong spatial learning and memory
impairment of only the oldest (i.e., 22 to 24-month-old) male CREB®- deficient mice. Thus,
the level of cognitive demand in spatial learning tasks can determine how well aged males with
a CREB deficiency perform, from normal to very impaired.

The striking finding from this study is the sex difference in acquisition of the Morris water
maze of CREB®- deficient mice that appears with aging. In a previous study (Hebda-Bauer et
al, 2005) we reported sex differences in acquisition of MWM performance of young
CREB®- deficient mice, but only after an unsuccessful learning experience (i.e., after the
MWMZ2 protocol) and not with an initial learning and memory task. In the current study, sex
differences were revealed by the differential impact of aging on the females. In contrast to the
good performance of all three ages of male CREB®*®- deficient mice in the easier MWM4, aged
female CREB®- deficient mice displayed little learning. Middle-aged females showed an early
learning impairment in the MWMJ4, similar to that of their male counterparts. The majority of
young animals normally show the most learning from the first to the second or third test days,
and early learning is clearly beneficial to an organism’s survival. Minimal to no learning has
been reported to be an indicator of vulnerability to further learning and memory deficits
(Hebda-Bauer et al, 1999), and this may be the case for female but not male CREB®- deficient
mice since only the female CREB®- deficient mice show great impairment in acquisition of
the MWM4 with aging. With a higher cognitive demand in the MWM2, female CREB*-
deficient mice exhibited an increasing impairment with age. Young females showed a tendency
for slower learning, but reached the level of the WT mice by the last day. Both middle-aged
and aged female CREB®- deficient mice exhibited little learning across test days, showing
great impairment. Thus, female CREB®- deficient mice demonstrate higher vulnerability to
cognitive impairment than their male counterparts by showing impairment in a low demanding
task when old and an earlier impairment in a highly demanding task when middle-aged. Female
CREB®- deficient mice are clearly most vulnerable to age-related spatial learning and memory
deficits.

Sex differences in spatial learning and memory greatly vary among species and behavioral
tasks (Jonasson, 2005), but some evidence exists for a greater or earlier decline in spatial
learning and memory of female mice than male mice in the Morris water maze (Benice et al,
2006; Frick et al, 2000). In one study, 17- and 25-month old female C57BI/6 mice were
impaired in the distance-traveled measure of the MWM, while only the oldest males (i.e., 25
months old) were impaired (Frick et al, 2000). In another study, 10 to 12-month-old male and
female C57BI/6 mice showed intact MWM performance, but 18 to 20-month-old females
showed a decreased rate of learning (Benice et al, 2006). A substantial age difference in long-
term memory was reported in females during the probe trial, in contrast to the small age
difference found in the males. In the current study, the only age-related sex difference found
among WT mice was during the probe trial in which the oldest males were impaired. Only a
combination of aging plus a long-term CREB deficiency resulted in sex-dependent age
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differences in spatial learning and memory during acquisition, rendering the females more
susceptible to impairment.

Among humans, males are reported to exhibit superior spatial abilities to females, but both
sexes show parallel patterns and similar rates of cognitive decline with normal aging (Driscoll
etal, 2003, 2005). Given the observation that Alzheimer’s disease is 2-3 fold higher in women
after age 65 (Anderson et al, 1999; Ott et al, 1995; Wade et al, 1987), some women may be
more vulnerable than males to cognitive decline as they age despite these comparable patterns
of cognitive decline. In contrast to human data, female and male WT mice in the current study
demonstrated comparable spatial learning and memory, with one exception. Training in the
harder MWMZ2 task elicited long-term memory deficits in the probe trial unique to females,
uncovering some evidence for a male advantage in spatial memory like that found in humans.
Although the hybrid background of the mice in the current study likely attenuated age-related
changes, a CREB deficiency combined with aging provided an example of how some females
can be more vulnerable to cognitive deficits and exhibit them at an earlier age than males.

Age-related effects on the levels of constitutively active (phosphorylated, pPCREB) and non-
phosphorylated CREB have been reported in rats but not mice. Although the levels are reported
to be higher, lower, or show no change in the HPC of aged rats, the learning-induced
upregulation of pCREB is more consistently shown to be attenuated with aging (Foster et al,
2001; Hattiangady et al, 2005; Kudo et al, 2005; Monti et al, 2005). Decreased pCREB levels
have even been reported as early as middle age (i.e., 12 months of age), with a further decline
from middle to old age (i.e., 24 months of age). Especially relevant to the current study, CREB1
(the main transcriptional activator form of CREB) protein levels are decreased in aged rats that
exhibit MWM impairment (Brightwell et al, 2004). This decrease in CREB protein levels is
exclusive to aged-impaired rats, because aged rats that perform as well as young adult rats
show similar CREB protein levels to that of the young rats. Increasing CREB levels via somatic
gene transfer of CREB into the HPC at eight weeks of age has recently been shown to prevent
memory loss during normal aging (Mouravlev et al, 2006). The majority of these studies are
largely correlative in nature, and the long-term effects of decreased CREB gene expression
and function on learning and memory have not been reported. Although it is not known whether
CREB mRNA or protein (phosphorylated or unphosphorylated) levels differ among various
ages of WT mice on the mixed C57BI/6 and 129Sv/J background, it would not be surprising
to find little to no change with age given the relatively intact spatial learning and memory of
the aged WT mice in the current study.

The earlier spatial learning and memory decline of female versus male CREB®- deficient mice
may be related to the cessation of estrous cycling in combination with a CREB deficiency. The
middle-aged female mice in the current study were 12 to 14 months of age; well within the
normal range (i.e., 11 to 16 months of age) of estrous cycle cessation in C57BI/6 mice (Felicio
et al, 1984). The time prior to and shortly after cessation constitutes a time of hormonal flux
in mice, just like in humans. The fluctuating levels of estrogen and progesterone during the
early stages of estrous cycle cessation likely alter HPC connectivity, thereby triggering age-
related neurobiological changes that may interfere with learning and memory. A close parallel
has been found between the temporal conditions by which estrogen improves memory of
female rats in a delayed matching-to-place task and the conditions for estrogen to induce new
excitatory synaptic connections in the HPC (McEwen et al, 2001). Consistent with age-related
hormonal changes, intermittent, but not continuous, estradiol treatments are detrimental to
spatial memory of aged ovariectomized female mice (Gresack and Frick, 2006). Memory
changes and concentration difficulties are commonly reported during perimenopause in women
(Sullivan Mitchell and Fugate Woods, 2001), and those who begin hormone replacement
therapy (i.e., are given estrogen) at this time have improved memory (Resnick et al, 1997).
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Thus, gonadal hormone changes occurring during middle age may accelerate age-related
neurobiological changes that interfere with learning and memory.

In addition to the typical action of steroid nuclear receptors, estrogen can act via non-nuclear
receptors coupled to second messenger systems and via rapid non-genomic mechanisms to
phosphorylate CREB and, thereby, regulate gene expression underlying memory formation
(Kelly and Levin, 2001; Szego et al, 2006; Zhao et al, 2005; Zhou et al, 2005). Estrogen has
been found to change components of the CREB signaling pathway (i.e., Ca2*/calmodulin
kinase IV and pCREB) in the CA1 and CA3 regions of the HPC (Zhou et al, 2005) and increase
CREB phosphorylation in basal forebrain cholinergic neurons (Szego et al, 2006). Thus, the
interaction between changing estrogen and estrogen receptor levels during middle age
(Bergman et al, 1991) coupled with a long-term CREB deficiency likely renders female
CREB®- deficient mice very susceptible to impaired cognitive function. A CREB deficiency
at birth results in an animal that has many molecular and cellular compensatory changes, which
likely initially diminishes the severity of cognitive impairment. CREB is only one of several
transcription factors in the CREB/ATF family and the CREB®*- mutation results in up-
regulated cCAMP response element modulator and CREB B (Blendy et al, 1996; Mantamadiotis
et al, 2002). Age-related brain alterations, especially those affected by the changing hormonal
milieu, however, serve to enhance the vulnerability of female mice with this mutation to exhibit
cognitive impairment. A direct way to test this hypothesis is to ascertain whether treatment
with gonadal hormones in middle-aged females can abrogate the learning difficulties in the
CREB®- deficient mice.

In conclusion, the results from this study reveal that mice with a genetic vulnerability to
impaired learning and memory, which is highly influenced by environmental conditions and
previous experience, show more extensive learning and memory impairment with aging. The
impairment displayed by these aged CREB®- deficient mice continues to be influenced by the
degree of cognitive demand required to solve a learning task, with tasks requiring higher
demand resulting in the most impairment. This impairment is also most apparent among
females such that it appears at an earlier age for females than males with old females showing
deficits in both low and high cognitive demand tasks. Thus, a genetic predisposition to
cognitive impairment may render females more vulnerable than males to such deficits with
age. Since the nature of a previous learning experience influences learning and memory
performance of young CREB®- deficient mice (Hebda-Bauer et al, 2005) and prior learning
experience facilitates performance when the same task is subsequently tested (Dellu et al,
1997; Markowska and Savonenko, 2002; Vicens et al, 1999, 2002), exploring the effects of an
early age positive learning experience on learning and memory performance in middle and old
age would help determine if the age and sex differences in spatial learning and memory would
be attenuated in mice with a long-term CREB deficiency. Moreover, it would be of interest to
investigate the ability of hormone replacement therapy to prevent age-related cognitive abilities
in the vulnerable female animals.
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List of Abbreviations

CREB
cAMP response element binding protein

CREB®- deficient mice
Mice with a mutation in the alpha and delta isoforms of the cAMP response
element binding protein gene

WT
wild-type
MWM
Morris water Maze
HPC
hippocampus
ITI
inter-trial interval
+/+
wild type
-/-
homozygous deficient
PCR
polymerase chain reaction
EDTA
ethylenediamine tetraacetic acid
SDS
Sodium dodecyl sulfate
TNES
Buffer containing Tris, NaCl, EDTA, and SDS
DNA
Deoxyribonucleic acid
MWM2
Morris water maze protocol with 2 trials per day and a 1 minute inter-trial interval
MWM4
Morris water maze protocol with 4 trials per day and a 3-5 minute inter-trial
interval
ANOVA
analysis of variance
pCREB
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Comparison of learning curves of WT mice from the MWM4 versus the MWM?2 protocol.
Data show the mean degree of search error £ SEM. The MWM2 protocol is more challenging
than the MWM4 protocol for WT and CREB®- deficient mice regardless of age and sex. An

example of this protocol difference is shown by WT mice in the MWM2 that exhibit a

significantly different learning curve with a greater degree of search error on day two than their

counterparts in the MWM4. * p<0.05.
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Fig. 2.

Learning curves of male and female WT and CREB®- deficient mice in the MWM4 protocol
split by age. Data show the mean degree of search error + SEM. Solid lines with squares depict
the WT mice. Dotted lines with circles depict the CREB®- deficient mice. Males and Females
are designated as M and F, respectively. (A-C) Male CREB®- deficient mice of all three ages
performed as well as their WT counterparts in the MWM4, with one exception. Middle-aged
male CREB®- deficient mice showed an early learning impairment as exhibited by a
significantly greater degree of search error on day two. They showed no improvement in the
degree of search error from day one to day two, but with more testing they eventually learned
to the same extent as their WT counterparts. (D) Young female CREB®- deficient mice
performed as well, or better (on day three) as their WT counterparts in the MWM4. (E) Middle-
aged female CREB®- deficient mice showed an early learning impairment as exhibited by a
significantly greater degree of search error on day two, but with more testing they eventually
learned to the same extent as their WT counterparts. (F) Aged female CREB®- deficient mice
were impaired as shown by a significantly greater degree of search error than their WT
counterparts on test days three and four. * p<0.05.
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Learning curves of male and female WT and CREB®- deficient mice in the MWM?2 protocol
split by age. Data show the mean degree of search error £ SEM. Solid lines with squares depict
the WT mice. Dotted lines with circles depict the CREB®- deficient mice. Males and Females
are designated as M and F, respectively. (A-C) Young and middle-aged male CREB*- deficient
mice learned as well as their WT counterparts, but the aged are impaired. Aged male
CREB®- deficient mice exhibited a significantly greater degree of search error than their WT
counterparts on three of the four test days. (D) In the MWM2, young female CREB®- deficient
mice showed a greater degree of search error than their WT counterparts that is approaching
significance (p=0.09) on days two and three. (E) and (F) Middle-aged and aged female
CREB®- deficient mice were impaired in the MWM2 as shown by a significantly greater
degree of search error on two and three of the test days, respectively. * p<0.05.
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Sex differences in the extent of learning among CREB®S- deficient mice in the MWM4 and
MWM2 protocols. Data show the mean degree of search error on test day four + SEM. WT
and CREB®- deficient mice are designated as +/+ and -/-, respectively. Males and Females
are designated as M and F, respectively. Young, middle-aged, and aged mice are designated
as'Y, MA, and A, respectively. (A) WT mice had achieved a similar amount of learning by the
fourth MWMA4 test day, as exhibited by a lack of significant sex or age differences in the degree
of search error. Among CREB®- deficient mice, females but not males showed a clear
impairment in the oldest age group, as shown by a significantly greater degree of search error
on the fourth MWM4 test day compared to the other mice. (B) In the MWM2, all WT mice
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showed a similar degree of search error. Among CREB®- deficient mice, females showed a

learning deficit at a younger age than the males: middle-aged and aged females, while only
aged males exhibited a significantly greater degree of search error. * p<0.05.
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MWM4 Probe Trial: -/- Mice
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Number of platform crossings during the probe trial for WT and CREB®- deficient mice in
the MWM4 and MWM2 protocols. WT and CREB®- deficient mice are designated as +/+ and
-/-, respectively. Young, middle-aged, and aged mice are designated as Y, M, and A,
respectively. Males and Females are designated as M and F, respectively. (A) All WT mice
from the MWM4 protocol showed a preference for the goal quadrant during the probe trial, as
shown by a significantly higher number of crossings over the platform location in the goal
quadrant compared to hypothetical platform crossings in the other quadrants, with one
exception. The preference for the goal quadrant in aged WT males did not reach significance.
(B) In contrast, only young female and middle-aged male CREB®- deficient mice in the
MWM4 showed a preference for the goal quadrant during the probe trial. (C) Among WT mice
from the harder MWM2, only young and middle-aged male WT mice showed a significant
preference for the goal quadrant. (D) None of the CREB®- deficient mice from the MWM2
showed a significant preference for the goal quadrant in the probe trial. * p<0.05, ** p<0.01,

*k 0<0,001.
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