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Calcineurin Links Ca®** Dysregulation with Brain Aging

Thomas C. Foster, Keith M. Sharrow, James R. Masse, Christopher M. Norris, and Ashok Kumar

Department of Molecular and Biomedical Pharmacology, University of Kentucky, College of Medicine, Lexington,

Kentucky 40536

Brain aging is associated with altered Ca®" regulation. How-

ever, many Ca®" signal transduction mechanisms have not
been explored in the aged brain. Here, we report that cytosolic
expression and activity of the Ca®"-dependent protein phos-
phatase calcineurin (CaN) increases in the hippocampus during
aging. CaN changes were paralleled by increased activation,
but not expression, of CaN-regulated protein phosphatase 1
and a reduction in the phosphorylation state of CaN substrates
involved in cell survival (i.e., Bcl-2-associated death protein and
cAMP response element-binding protein). The age-related in-
crease in CaN activity was not attributable to the inability of

CaN to translocate to the membrane and was reduced by
blocking L-type Ca?" channels. Finally, increased CaN activity
correlated with memory function as measured with the Morris
water escape task. The results suggest that altered regulation
of CaN is one of the processes that could link Ca®* dysho-
meostasis to age-related changes in neural function and
cognition.
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An influential hypothesis of brain aging states that age-related
changes in neuronal function, viability, and ultimately cognition
are attributable, in part, to the gradual dysregulation of neuronal
Ca*" (Disterhoft et al., 1994; Khachaturian, 1994; Landfield,
1994; Foster and Norris, 1997; Thibault et al., 1998; Verkhratsky
and Toescu, 1998). This hypothesis has received considerable
support from a number of studies, including those that have
shown age-dependent alterations in Ca?"-dependent synaptic
plasticity (Landfield et al., 1986; Norris et al., 1996, 1998b; Shan-
kar et al, 1998), and others that have found an age-related
increase in vulnerability to Ca**-dependent neurotoxicity and
neurodegeneration (Landfield et al., 1992; Mattson, 1992).
Whereas possible sources for Ca®* dysregulation have been
identified and studied extensively in aged brain tissue (for review,
see Thibault et al., 1998; Verkhratsky and Toescu, 1998), rela-
tively less research has focused on the signaling pathways that
translate changes in Ca?" regulation into altered neuronal func-
tion and cognition.

In recent years, it has been recognized with increasing fre-
quency that the Ca?*/calmodulin-dependent protein phospha-
tase calcineurin (CaN) provides a critical link between Ca®*
regulation, synaptic plasticity, cell survival, and cognition (Per-
rino and Soderling, 1998). For example, overexpression of CaN in
young adult animals leads to altered synaptic function and mem-
ory retention deficits (Mansuy et al., 1998; Winder et al., 1998;
Zhuo et al., 1999) remarkably similar to that observed in normal
aged rodents (Barnes and McNaughton, 1985; Foster, 1999).
Furthermore, excess stimulation of CaN, by raising intracellular
Ca?" levels, releases CaN into the cytosol in which it may cause
neuronal apoptosis via dephosphorylation of key cytosolic com-
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ponents, such as the Bcl family member Bcl-2-associated death
protein (BAD) (Wang et al., 1999) and the cAMP response ele-
ment-binding protein (CREB) (Bito et al., 1996; Bonni et al., 1999;
Riccio et al.,, 1999; Walton et al., 1999). Together, the evidence
raises the possibility that age-related impairments in neural func-
tion and cognition may involve increased CaN activity as a result of
Ca?* dyshomeostasis. However, it remains to be determined
whether CaN properties are altered with advanced age.

To establish a more definitive link between brain aging and
CaN activity, we characterized the expression and localization of
CaN in the hippocampus of young adult and aged rats. CaN
activity levels were also determined by examining the phosphor-
ylation state of downstream targets (i.c., BAD and CREB) in-
volved in cell survival and synaptic plasticity. Moreover, we
explored whether blockade of L-type Ca®" channels, which can
ameliorate age-related neuronal and cognitive deficits (Foster,
1999), is effective at altering the activity of CaN in aged hip-
pocampal tissue. Finally, we examined the relationship between
the age-related increase in CaN activity and memory function.
The results provide the first characterization of CaN expression
and activity in normal aged brain tissue and may have major
implications for the Ca®" hypothesis of brain aging and cognitive
decline.

MATERIALS AND METHODS

Subjects. Young adult (6-12 months) and aged (20-24 months) male
Fischer 344 rats were used for all studies.

Tissue preparation. Rats were anesthetized with CO, and decapitated,
and hippocampi were removed. Hippocampi were weighed and placed in
separate homogenization tubes with 3 ml of homogenization buffer, pH
7.0, containing 10 mm NaH,PO,, 100 mm NaCl, 10 mm Na,P,0,, 50 mMm
NaF, 1 mMm Na;VO,, 5 mm EGTA, and 10 U/ml aprotinin. The tissue was
homogenized for 30 sec using a Teflon pestle. Homogenates were cen-
trifuged at 100,000 X g for 1 hr at 4° C. The supernatant fraction (750 ul)
from each tube was placed into separate spin columns (Promega, Mad-
ison, WI) and spun at 600 X g for 5 min at 4° C to remove the endogenous
phosphates. The flow through was collected, and the total protein con-
centration for enzyme assays and Western blots (see below) was deter-
mined using the Bradford method (Bio-Rad, Hercules, CA).
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Enzyme assay. Enzyme activity was examined under three conditions:
basal, activation, and inhibition. For basal activity, flow through contain-
ing 5 ug of total protein, 5 ul of the phosphopeptide substrate (Promega),
and 40 ul of buffer was added to each well of a standard 96-well plate. To
block the activity of other phosphatases, okadaic acid (5 uM) was added
to the buffer for assays of CaN.

For activation of CaN and protein phosphatase 1 (PP1), 2 mm Ca?*
and 20 U/ml calmodulin was added to the buffer. Under conditions of
enzyme inhibition, FK506 (50 uM) or okadaic acid (5 um) (Calbiochem,
San Diego, CA) was added to the buffer to suppress CaN and PP1,
respectively. After a 5 min incubation period (22-25°C), 50 ul of stop
solution was added to each well. After an additional 15 min development
time, absorbance was read at 620 nm on a plate reader (Anthos 2001;
Anthos, Salzburg, Austria).

Western blot analysis. Whole-tissue homogenate and supernatant cyto-
solic fractions (40 ug of total protein) were resolved on 12% gels using
SDS-PAGE and then transferred to nitrocellulose. The nitrocellulose
sections were probed with anti-CaN, anti-PP1 polyclonal antibodies, or
phospho-specific and phosphorylation state-independent polyclonal an-
tibodies against BAD and CREB (Upstate Biotechnology, Lake Placid,
NY), followed by incubation with the appropriate secondary antibodies
conjugated with horseradish peroxidase (1:2000; Bio-Rad, Hercules,
CA). The immunoreactive bands were visualized by enhanced chemilu-
minescence (ECL; Amersham Pharmacia Biotech, Piscataway, NJ) and
captured on autoradiography film (Amersham Pharmacia Biotech Hy-
perfilm ECL). Densitometric scans of the autoradiographs were digitized
on a ScanJet 6200C (Hewlett Packard, Palo Alto, CA) with Precision
Scan Pro software (Hewlett Packard) and quantified using Image Quant
5.0 (Molecular Dynamics, Sunnyvale, CA) image analysis software.

Surgery. For some studies, rats were anesthetized with ketamine—
xylazine (20 and 2 mg/ml, respectively; 1 ml/kg body weight), and an
incision was made to expose the skull. Holes were drilled bilaterally over
the dorsal hippocampus (relative to bregma; 3.8 mm posterior; 2.1 mm
lateral) for the administration of nimodipine or vehicle. The drug injec-
tion—electrophysiology procedure was similar to that of Foster and
Deadwyler (1992). A glass recording pipette (<5 MQ) was filled with
nimodipine (20 uMm) in artificial CSF (ACSF) and was lowered into the
brain. A recording pipette filled with vehicle alone was lowered into the
contralateral side. Electrophysiological recordings of cell discharge ac-
tivity were used to localize the electrodes to just below the CA1 layer of
the hippocampus (~3-4 mm V), and the drug or vehicle alone was
injected (~5-10 ul) over a 10 min period. After injections, electrophys-
iological recording was monitored for signs of seizure activity. Twenty
minutes after injections, animals were killed, and the dorsal hippocampus
was collected for enzyme assays.

In vitro preparation. Methods for preparation of hippocampal slices
have been described in detail previously (Norris et al., 1998b). Briefly,
hippocampi were dissected out, and slices (400 um) were cut parallel to
the alvear fibers using a tissue chopper. Slices were then transferred to a
standard recording chamber and perfused (1 ml/min, 30-32°C) with
oxygenated recording medium containing (in mm): 124 NaCl, 2 KCl, 1.25
KH,PO,, 2 MgSO,, 2 CaCl,, 26 NaHCO;, and 10 glucose. Humidified
air (95% O,, 5% CO,) was blown over the slices. Extracellular synaptic
field potentials from CA3-CA1l synaptic contacts were recorded with
glass micropipettes (4—6 MQ) filled with recording medium. A stimulat-
ing electrode was positioned on either side of a recording electrode
localized to the middle of stratum radiatum, and single pulses were
delivered at 0.033 Hz. The stimulation intensity was adjusted to elicit
similar EPSP responses (~1-2 mV) across treatment groups.

Behavioral testing. Methods for using the Morris swim task to access
sensorimotor and memory deficits have been published previously (Fos-
ter et al., 1991; Mabry et al., 1996; Fugger et al., 1997; Norris and Foster,
1999). Animals were trained in a black tank, 1.7 m in diameter, posi-
tioned in a well lit room that was painted flat black. Water temperature
was maintained at 27 £ 2° C and at a level ~8 cm below the rim of the
tank. Behavioral data, including cumulative path length and latency to
escape to the platform (29 cm in diameter) during training trials was
acquired with a Columbus Instruments (Columbus, OH) tracking system.
For probe trials in which the platform was removed, differential quadrant
search time and platform crossings were recorded. These measures are
more sensitive to effects on memory than using latency alone (Norris and
Foster, 1999).

Cue discrimination. Animals were tested in groups of six to eight
animals of mixed ages. Animals were initially habituated to the pool by
allotting a 30 sec free swim and three trials to climb onto a platform from
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three different directions. A white flag was attached to the platform, and
the platform was extended 1 cm above the water level. Training consisted
of five blocks of three trials with all training massed into 1 d. Intertrial
intervals were 20 sec, and interblock intervals were ~15 min. At the
beginning of each trial, the rat was placed in the water from one of four
equally spaced start locations (north, south, east, and west). Subjects
were allowed 60 sec to escape during each trial; if they did not escape
within the allotted time, they were gently guided to the platform. Rats
remained on the platform between trials and in home cages under heat
lamps after each block. Platform and start locations were randomized
across trials. Rats that failed to learn the cue task (not reaching the
platform within the 60 sec on four trials of the last two blocks) were
removed from the study.

Spatial discrimination. Spatial discrimination training began 3 d after
cue training. For spatial discrimination, an assortment of cues was
provided (e.g., wall posters). The escape platform was hidden ~1.5 cm
beneath the water level and remained in the same location relative to the
distal cues in the room. Methods for training in the spatial version of the
task were the same as for the cue version of the task. Training consisted
of five blocks of three trials with all training massed into 1 d. Intertrial
intervals and interblock intervals were the same as cue training. Fifteen
minutes after the end of training, a free-swim probe trial was adminis-
tered to examine acquisition of a spatial search strategy, and the probe
trial was followed with a refresher training block in which the platform
was reintroduced to the goal quadrant. Retention for platform location
was tested 24 hr later using a second free-swim probe trial. The probe
trials consisted of placing the animal in the tank for 1 min without the
platform, and the time spent in each quadrant was recorded. Three days
after completion of the retention probe trial, animals were killed for
enzyme assays.

Statistical analyses. Unless otherwise stated, all data were analyzed
using ANOVA with significance set at p < 0.05. Scheffe’s post hoc tests
were used to localize main effect interactions.

RESULTS

Cytosolic CaN activity and expression increase

during aging

Tissue from the same animals were used for both CaN and PP1
assays. For enzyme analyses in whole-tissue homogenate samples,
each age group contained six rats, whereas cytosolic fraction
assays had five rats per group. Figure 1 illustrates CaN activity
measured in the hippocampus of young adult (6 months) and aged
rats (22 months), under three different treatment conditions (ac-
tivation, basal, and inhibition) in whole-tissue homogenate and
cytosolic fractions. Regardless of age, the addition of Ca**/CaM
to the reaction buffer stimulated CaN activity, and this activity
was suppressed by FK506 for both the whole-tissue homogenate
(p < 0.0001) and the cytosolic fraction (p < 0.0001). Further-
more, an interaction of treatment and age was observed for the
cytosolic fraction (p < 0.0001) and not in the whole homogenate
(Fig. 14,B). Post hoc comparisons indicated that, for the cytosolic
fraction, CaN activity was increased for aged rats under both
basal and activation treatments.

Western blots were performed to determine whether the in-
crease in cytosolic CaN activity reflects an increase in the cyto-
solic expression of CaN. Although no age difference in CaN
levels was observed in the whole-tissue homogenate, the cytosolic
fraction collected from aged animals exhibited a marked increase
in CaN expression (p < 0.001) (Fig. 1C,D), suggesting that
increased CaN activity in the cytosol of aged rats is at least
partially attributable to a specific increase in cytosolic CaN levels.

PP1 phosphatase activity is increased during aging

PP1 activity was influenced by the experimental conditions for
both the whole-tissue homogenate (p < 0.0001) and cytosolic
fraction (p < 0.0001). For both preparations, dephosphorylation
of the phosphopeptide substrate under activation conditions was
increased over both basal and inhibition conditions, whereas
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Figure 1. Cytosolic CaN activity is increased in the hippocampus of
aged (filled bars) relative to young adult (open bars) rats. Measures of
phosphate released by CaN activity in the cytosolic fraction (A4) and in
the whole-tissue homogenate (B) from young adult and aged rats under
the three conditions of activation, basal, and inhibition. The + and — signs
indicate the presence or absence, respectively, of added activators
(CA2+/CaM) or the CaN inhibitor FK506. Protein levels of the catalytic
subunit of CaN in the cytosolic fraction (C) and in the whole-tissue
homogenate (D) from young adult and aged rats. Insets show represen-
tative immunoblots of the two groups (A4, aged; Y, young adult). The
results suggest that increased cytosolic CaN activity in the aged group is
attributable to an age-related increase in CaN protein levels in the
cytosol. In this and the following figures, asterisks indicate a significant
(p < 0.05) age difference, and error bars illustrate group means = SEM.

dephosphorylation under basal conditions was increased relative
to inhibition conditions. Similar to CaN studies, no effect of age
was observed for the whole homogenate, and the cytosolic frac-
tion exhibited an age X treatment interaction (p < 0.0005)
attributable to an increase in activity for aged animals under the
activated treatment condition (Fig. 24,B). In contrast to the
increased CaN expression in the cytosol, however, Western blots
indicated no difference in PP1 levels in the whole homogenate or
the cytosolic fraction (Fig. 2C,D). Moreover, the level of the
cytoskeletal-associated protein microtubule-associated protein 2
was not different between age groups for both the whole-tissue
homogenate (young adult, 0.323 * 0.018, mean *+ SEM, optical
density X millimeter; aged, 0.315 = 0.020) and the cytosolic
fraction (young adult, 0.295 * 0.015; aged, 0.298 = 0.023), sug-
gesting that age-related changes in CaN expression are relatively
selective (data not shown). Given that PP1 can be indirectly
regulated by CaN (Lisman, 1989), the results suggest that an
age-related increase in PP1 activity may be driven by the increase
in CaN activity.

Distribution of CaN is regulated by Ca®*and involves
L-channel activity

The results indicate that the increase in CaN activity during aging
is likely attributable to a redistribution of CaN to the cytoplasm.
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Figure 2. Similar to CaN activity, cytosolic PP1 activity is increased in
the hippocampus of aged ( filled bars) relative to young adult (open bars)
rats. Measures of phosphate released by PP1 activity in the cytosolic
fraction (A4) and in the whole-tissue homogenate (B) from young adult
and aged rats. The + and — signs indicate the presence or absence,
respectively, of added activators (CA2+/CaM) or the PP1 inhibitor oka-
daic acid (OKA). Protein levels of the catalytic subunit of PP1 in the
cytosolic fraction (C) and in the whole-tissue homogenate (D) from
young adult and aged rats. Insets show representative immunoblots of the
two groups (A4, aged; Y, young adult). Unlike CaN, the age-related
increase in cytosolic PP1 activity is not associated with an increase in
cytosolic PP1 protein levels.

To test the possibility that age-related differences in the redistri-
bution of CaN are Ca?* dependent, whole homogenates were
incubated for 3 hr in Ca®" free buffer. The membrane and
cytosolic fractions were separated by centrifugation, and the
membrane fraction was reconstituted. CaN activity was nearly
undetectable in the cytosol after incubation in Ca?"-free media,
indicating a loss of CaN from the cytosol in both age groups (Fig.
34). Moreover, no age-related difference in CaN activity or
expression level was observed for the cytosolic or membrane
fractions (Fig. 3B). The results are consistent with the idea that
age-related differences are not attributable to the inability of CaN
to translocate or associate with the plasma membrane.

Previous research indicates that aging is associated with Ca**
dysregulation, attributable in part to an increase in Ca®* influx
through L-type voltage-dependent Ca?* channels (L-VDCCs)
(Campbell et al., 1996; Thibault and Landfield, 1996). To explore
whether L-VDCCs could contribute to the age-related increase
in cytosolic CaN, aged rats (n = 4) were anesthetized with
ketamine—xylazine and received an intrahippocampal injection of
the L-VDCC antagonist nimodipine and a contralateral intrahip-
pocampal injection of vehicle alone. In general, cytosolic CaN
activity was reduced compared with rats anesthetized with CO,
(compare Figs. 1, 3C), possibly attributable to anesthetic effects
on NMDA receptor function (MacDonald et al., 1987). However,
compared with their contralateral, vehicle-treated counterparts,
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Figure 3. Increased CaN activity is a function of Ca?* regulation and

not an inability to translocate in response to Ca®" levels. Measures of
phosphate released by CaN activity (4) and protein levels of the catalytic
subunit of CaN (B) in the cytosolic fraction and in the whole-tissue
homogenate of hippocampus tissue of young adult (open bars) and aged
(filled bars) rats after a 3 hr incubation in no Ca*" medium. Note that
when Ca?" is removed from the incubation buffer, age differences in CaN
activity and expression are ameliorated. C, Measures of phosphate re-
leased by CaN activity in cytosolic fractions after the in vivo injection
(0.5-1 pl/min) of nimodipine (20 uMm) or vehicle (ACSF) into the hip-
pocampus of aged rats anesthetized with ketamine—xylazine. D, Measures
of phosphate released by CaN activity in cytosolic fractions from hip-
pocampal slices bathed with ACSF or 10 wm of nifedipine. Plus signs
indicate a significant difference (p < 0.05) from ACSF condition.

hippocampi injected with nimodipine exhibited a significant de-
crease in cytosolic CaN activity (Fig. 3C) (paired ¢ test; p < 0.05).

To further examine the effects of L-channel blockade, CaN
activity was investigated in hippocampal slices. Previous research
indicates that nifedipine can rapidly block L-channels in hip-
pocampal slices and modify Ca?"-dependent synaptic plasticity
(Norris et al., 1998b). Slice health was confirmed by recording
CA3-CA1 evoked extracellular synaptic field potentials of at least
2 mV. Once it was determined that at least six slices were viable,
three slices were harvested from the recording chamber and
combined for enzyme assays, and nifedipine (10 um) was applied
to the remaining slices in the recording chamber. Approximately
15-20 min after nifedipine application, slice viability was recon-
firmed, and three slices were harvested from the chamber and
combined for enzyme assays. Figure 3D shows the results of
L-channel blockade on phosphatase activity in hippocampal
slices from young adult (6 months; n = 4) and aged (22 months;
n = 4) rats. In contrast to the decrease in CaN activity for rats
anesthetized with ketamine —xylazine, CaN activity in hippocam-
pal slices was comparable with that observed for rats anesthetized
with CO, (compare Figs. 1, 3D) An ANOVA indicated a signif-
icant effect of age (p < 0.0001) and treatment (p < 0.0001) in the
absence of an age X treatment interaction. Thus, although CaN
activity in aged animals was reduced by L-channel blockade, the
percentage decrease in CaN activity was similar across the two
groups.

Phosphorylation state of CaN substrates is reduced
during aging

Phosphorylation of the proapoptotic factor BAD and CREB is
controlled, in part, by CaN phosphatase activity. As such, these
phosphoproteins may link CaN activation to processes such as
apoptosis and long-lasting synaptic modification (Wang et al.,
1999; Walton and Dragunow, 2000). We tested whether the phos-
phorylation levels of these proteins change as a function of
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Figure 4. The CaN substrates BAD and CREB exhibit decreased phos-
phorylation in the hippocampus of aged (filled bars) relative to young
adult (open bars) rats. A, Measures of the cytosolic protein levels of
phosphorylation state-independent BAD (BAD) and phospho-BAD ( p-
BAD). B, Measures of the cytosolic levels of phosphorylation state-
independent CREB (CREB) and phospho-CREB ( p-CREB). In contrast
to their phosphorylation-independent counterparts, phospho-CREB and
phospho-BAD are decreased in aged animals, consistent with an age-
related increase in CaN activity. Insets illustrate representative
immunoblots.

advanced age. Western blots for cytosolic BAD and CREB were
run using antibodies that were either phospho-specific or phos-
phorylation state independent. The results indicated that the
levels of the two phospho-independent substrates are not altered
with aging (Fig. 4). In contrast, the phosphorylated forms of both
substrates were significantly reduced in aged animals (phospho-
CREB, p < 0.001; phospho-BAD, p < 0.0005) (Fig. 4), consistent
with an aging-related increase in hippocampal CaN activity.

Cytosolic CaN activity correlates with spatial memory
decline during aging
For these studies, young adult (n = 16) and aged (n = 29) rats
were first trained on cue discrimination in the Morris water
escape task, followed 3 d later by training on the spatial discrim-
ination version of the task. Six of the aged animals were removed
from the study because of sensorimotor deficits that prevented
them from finding the platform in the cue or spatial tasks. Pre-
vious work indicates that young adult and aged animals can learn
water escape tasks, observed as a decrease in escape latency and
path length. However, differences can emerge because of reduced
swim speed and impaired motor performance in aged animals
(Foster et al., 1991; Frick et al., 1995). Repeated-measures ANO-
VAs across training blocks during the cue task confirmed a
significant effect of training (p < 0.0001) and age (p < 0.05) for
the escape latency in the absence of a training or age effect on
path length to escape (Fig. 5). The absence of a training effect on
path length is a consequence of animals that either floated or
pawed at a limited segment of the pool wall during the initial
training blocks, resulting in long latencies and short path lengths.
ANOVAs within each age group across training blocks indicated
that the latency to find the platform decreased over training (p <
0.05) for both groups, and ANOVAs across age groups within
individual blocks indicated an age difference in latency only for
training block 4.

Figure 5 also illustrates the escape latency and path length for
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Figure 5. Behavioral measures for aged ( filled circles) and young adults
(open circles) during behavioral training. Mean latency (A) and mean path
length (B) to escape during cue discrimination training. Mean latency (C)
and mean path length (D) to escape during spatial discrimination train-
ing. Each block consisted of three training trials, and training on each task
was massed into a single day with 3 d between tasks. The break in the
x-axis between blocks 5 and 6 indicates the time point at which a probe
trial was administered to measure acquisition (see Fig. 6). Asterisks
indicate a significant difference between the two age groups. Error bars
indicate SEM.

the spatial discrimination version of the water escape task.
Repeated-measures ANOVAs across training blocks indicated a
significant effect of age (p < 0.05) and training (p < 0.0001) for
both escape latency and path length. ANOVAs within each age
group indicated that the latency to find the platform (p < 0.005)
and the escape distance (p < 0.0005) decreased over training for
both age groups, suggesting that the animals acquired a success-
ful escape strategy (Fig. 5). Aged animals generally exhibit longer
escape latency and path length, and examination of individual
training blocks indicated an age difference in latency and path
length for training block 5.

After completion of five training blocks, acquisition of a spatial
search strategy was determined using a free-swim probe trial,
which provides a more valid measure of spatial discrimination
learning (Foster et al., 1991; Fugger et al., 1997; Norris and
Foster, 1999). No age-related differences were observed for time
spent in the goal quadrant or the quadrant opposite the goal (Fig.
6A). Furthermore, for both age groups, the percentage of time
spent in the goal and opposite quadrants was significantly above
and below chance, respectively, indicating that animals were using
a spatial search strategy focused on the goal quadrant. Despite a
similar pattern of quadrant search times, focused on the goal
quadrant, there was an age-related decrease in the number of
platform crossings (p < 0.01), which may relate to the decline in
motor performance with age (Frick et al., 1995).

Twenty-four hours later, a second probe trial was administered
to determine retention. Although both age groups exhibited
search behavior that was different from chance, the percentage of
time searching the goal quadrant was reduced for aged animals
(p < 0.05) relative to young adults (Fig. 6 B). Also, the number of
platform crossings ( p < 0.05) continued to be reduced in the aged
group (Fig. 6D). Furthermore, a characteristic increase in vari-
ability across individuals was observed for the aged group (Fig.
6C). Some aged animals appeared to randomly search the pool,
spending ~25% of the time searching each quadrant. For other
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Figure 6. Searching behavior during testing of acquisition and retention
of spatial discrimination for aged ( filled bars) and young adult (open bars)
rats. A, After block 5 of training on the spatial version of the task, a probe
trial was administered to measure acquisition. The mean percentage of
time spent searching the goal quadrant (Goal) and the quadrant opposite
the goal (Opposite) is illustrated for both age groups. B, An age-related
decrease in percentage of time searching the goal quadrant was observed
during the retention probe trial administered 24 hr after the acquisition
probe trial. C, Relative to young adult animals, the aged groups exhibited
larger variability in goal quadrant search time during the retention probe
trial. D, An age-related decrease in platform crossings was observed
during both the acquisition and retention probe trials. Asterisks indicate
significant differences across age groups. Plus signs indicate significant
difference from chance (dashed lines). Error bars indicate SEM.

aged animals, spatial discriminative search behavior was similar
to that of young adult animals, with most of the time spent
searching the goal quadrant.

Examination of cytosolic CaN activity for these behaviorally
characterized animals confirmed that CaN activity was reduced
in young adults (p < 0.0001) relative to aged animals (Fig. 74).
Regression analysis was run on CaN activity and the probe trial
data within each age group. No correlation was observed between
CaN activity and quadrant search or platform crossings for the
acquisition probe trial. In contrast, CaN activity was negatively
correlated with the percentage of time searching the goal quad-
rant during retention testing of aged animals (R* = 0.35; p <
0.005) (Fig. 7B). Quadrant search time did not correlate with
CaN activity in young animals. The absence of a correlation for
young adults was attributable to asymptotic performance by this
age group, with all young adult animals exhibiting search times
greater than two SDs above chance (Fig. 6). In contrast, the
number of platform crossings during retention testing was highly
variable for young adult rats (range of zero to seven crossings)
and was negatively correlated with CaN activity (R = 0.28; p <
0.05) (Fig. 7C). For aged animals, platform crossing (range of
zero to five crossings) was not correlated with CaN activity
because of a floor effect in which seven of the 23 aged animals
failed to cross the platform at least once.

DISCUSSION

Age differences in CaN activity and

Ca?2* dyshomeostasis

The main conclusion of this study is that the cytosolic activity and
expression level of the protein phosphatase CaN increases with
age in the hippocampus, and higher CaN activity levels were
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Figure 7.

CaN Activity

CaN Activity

Increased cytosolic CaN activity is associated with retention deficits examined by the water escape task. 4, Mean cytosolic CaN activity for

young adults (open bars) and aged animals ( filled bars) that were behaviorally characterized on the water escape task. B, Correlation between cytosolic
CaN activity and percentage of time in the goal quadrant during the retention probe trial for aged rats. C, Correlation between cytosolic CaN activity
and number of platform crossings during the retention probe trial for young adult rats. Asterisks indicate a significant difference between young adult and

aged groups (p < 0.05).

associated with poorer memory. The age-related change in CaN
activity was not attributable to an increase in overall CaN expres-
sion, because similar protein levels were observed in the whole-
tissue homogenate. Furthermore, because a similar level of CaN
translocation to cellular membranes could be demonstrated in
aged and young adult hippocampal tissue when Ca®* was re-
moved from the assay buffer (Fig. 3), an age-related inability to
translocate or a loss in anchoring proteins cannot fully account
for differences in CaN activity (Pascale et al., 1998; Jicha et al.,
1999).

Age-related changes in Ca*" regulation provide another pos-
sible explanation for differences in CaN activity. Previous re-
search indicates that aging is associated with increased Ca®*
influx through L-VDCCs (Campbell et al., 1996; Thibault and
Landfield, 1996), which are thought to underlie a number of
electrophysiological markers of brain aging (Disterhoft et al,
1994; Landfield, 1994; Norris et al., 1998b). In the current study,
L-VDCC blockade was associated with a rapid decrease in cyto-
solic CaN activity, indicating that VDCC activity is crucial for the
cellular localization and activation of CaN in aged animals (Faux
and Scott, 1997; Graef et al., 1999). However, in hippocampal
slices, nifedipine decreased CaN activity to a similar extent in
young adult and aged animals. It is possible that the absence of an
age difference was attributable to the short time interval between
treatment and measurement (i.e., 20 min). Alternatively, age-
related differences in CaN activity may depend on multiple Ca?"
regulation mechanisms (Foster and Norris, 1997). Indeed, ket-
amine treatment, which would be expected to decrease Ca>*
influx from NMDA receptors (MacDonald et al., 1987), was
associated with decreased CaN activity in aged animals. Thus, it
will be informative for future studies to examine the interaction
of different Ca?" sources in mediating age-related differences in
Ca?"-dependent processes.

Alterations in CaN and biological markers of

brain aging

An increase in CaN activity provides an important element for
the hypothesized link between altered Ca®* homeostasis and a
number of physiological changes that are characteristic of aged
neurons (Fig. 8). For example, increased CaN activity could
mediate the decrease in synaptic strength that occurs with ad-
vanced age (Barnes, 1994; Foster and Norris, 1997), either di-
rectly (Wang and Kelly, 1997) or through activation of PP1
(Mulkey et al., 1994; Norris et al., 1998a; Yan et al., 1999; Banke
et al., 2000). Indeed, inhibition of PP1 in hippocampal slices

VDCC NMDAR AMPAR

Figure 8. Model illustrating how, during aging, an increase in intracel-
lular Ca®" activates CaN, causing it to move into the cytoplasm. In turn,
CaN induces the translocation of BAD from the cytosol to the mitochon-
drial membrane, a step involved in Ca?*-mediated apoptosis. Further-
more, CaN-mediated dephosphorylation of the CREB inhibits the pas-
sage of CREB into the nucleus and is associated with decreased cell
viability. Finally, by dephosphorylating inhibitor-1 (I-7), CaN increases
the activity of PP1, leading to dephosphorylation of glutamate receptors
(NMDAR, AMPAR), resulting in altered synaptic transmission and
plasticity.

results in a selective increase in synaptic function for aged rela-
tive to young adult rats (Norris et al., 1998a). In addition, CaN
may contribute to altered synaptic plasticity that favors decreased
synaptic strength in aged animals (Foster, 1999).

Another characteristic of brain aging is increased vulnerability
to factors, such as stress hormones and glutamate, which appear
to challenge neuronal viability by elevating cytosolic Ca*"
(Sapolsky et al., 1986; Landfield, 1987). A rise in the intracellular
Ca?" load has been suggested to initiate or hasten neurodegen-
eration and cell death through a number of mechanisms, some of
which require the activation of CaN (Morioka et al., 1999).
Indeed, CaN inhibitors are often shown to exert neuroprotection
(Dawson et al., 1993; Ankarcrona et al., 1996; Asai et al., 1999;
Moore et al., 1999; Wang et al., 1999), possibly by impeding
dephosphorylation of several proteins implicated in cell survival.
For example, dephosphorylation of the Bcl family member BAD
induces the translocation of BAD from the cytosol to the mito-
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chondrial membrane, a step involved in Ca*"-mediated apopto-
sis (Wang et al., 1999; Walton and Dragunow, 2000). Further-
more, dephosphorylation of CREB inhibits the passage of CREB
into the nucleus and is associated with decreased cell viability
(Walton and Dragunow, 2000). Finally, by dephosphorylating
CREB, CaN is thought to influence the maintenance of long-term
potentiation (LTP) and memory (Impey et al., 1998; Silva et al.,
1998; Mayford and Kandel, 1999), providing another means by
which increased CaN activity during aging may influence neural
function and cognition.

Our results indicate that the phosphorylation states of BAD
and CREB are significantly reduced in the hippocampus during
aging, although the phosphorylation-independent levels of these
proteins are unchanged. However, the observed changes in CaN
may not be entirely responsible for the age-related differences in
electrophysiology and susceptibility to neurotoxicity. In fact, age-
related changes in protein kinase pathways have also been re-
ported (Norris et al., 1998a; Pascale et al., 1998). Unfortunately,
characterization of age-related changes in kinase pathways that
specifically regulate phosphorylation of these cell survival pro-
teins in the hippocampus is sparse (Datta et al., 1997; Dudek et
al., 1997; Soderling, 1999). Regardless, the results are consistent
with the idea that the balance of protein phosphatase—kinase
activity is shifted in favor of decreased phosphorylation with
aging (Norris et al., 1998a; Pascale et al., 1998), and this shift is at
least partly attributable to an increase in CaN activity. Figure 8
schematically illustrates how increased CaN activity could pro-
vide a means by which Ca?* dyshomeostasis leads to the diverse
electrophysiological and behavioral markers of brain aging.

CaN activity and memory

Cognitive decline during aging is associated with a rapid decay of
LTP (Barnes and McNaughton, 1985) and an increase in suscep-
tibility to synaptic long-term depression (LTD) and LTP reversal
(Norris et al., 1996). Moreover, altered Ca®* regulation during
aging is thought to shift the balance of Ca*"-dependent phos-
phatase—kinase activity, which determines the threshold for in-
duction of synaptic plasticity during aging, impairing LTP and
facilitating induction of LTD (Foster, 1999). Thus, increased
CaN activity could link Ca®* dyshomeostasis with memory im-
pairments through mechanisms controlling synaptic modification.
In parallel, overexpression of CaN in younger animals produces
remarkably similar alterations in these synaptic plasticity pro-
cesses (Mayford and Kandel, 1999). Finally, the hypothesis that
increased CaN activity is involved in age-related memory impair-
ments is supported by research demonstrating a similar increase
in forgetting—impaired consolidation in young adults that overex-
press CaN (Mayford and Kandel, 1999).

Spatial tasks, particularly the Morris water maze, are well
established as a sensitive test of age-related decline in
hippocampal-dependent memory function in rodents (Foster,
1999). However, care must be taken to avoid confounds caused by
decreases in swim speed and motor coordination of older animals
(Foster et al., 1991; Frick et al., 1995). In this regard, probe trial
quadrant search time is relatively insensitive to swim speed and
motor coordination and thus provides one of the most valid
measures of cognitive function in aged animals (Foster et al.,
1991; Mabry et al., 1996; Fugger et al., 1997; Norris and Foster,
1999). Furthermore, aged animals exhibit increased individual
variability in probe trial performance on the water maze, which
has proven useful for correlating markers of brain aging with
cognitive decline (Barnes and McNaughton, 1985; Rapp et al.,
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1987; Colombo et al., 1997). In the current study, the decrease in
goal quadrant search time during retention testing was correlated
with CaN activity in aged animals, indicating that hippocampal
CaN activity provides a useful marker of cognitive decline. Com-
pared with aged animals, the low variability and asymptotic per-
formance of young adults may render quadrant search time an
inadequate parameter for correlative analysis of memory in
young animals. Interestingly, manipulations to decrease CaN
activity can improve memory in young adults for hippocampal-
dependent tasks other than the water maze, possibly attributable
to the performance level of control animals (Ikegami and Inoku-
chi, 2000). Together, the results suggest that CaN may provide a
useful target for treatments of age-related memory impairments.

In conclusion, the current study suggests that, along with pre-
vious research demonstrating an age-related decline in protein
kinase activity (Meier-Ruge et al., 1980; Fordyce and Wehner,
1993; Battaini et al., 1997; Colombo et al., 1997; Norris et al.,
1998a; Pascale et al., 1998; Bach et al., 1999), alterations in
protein phosphorylation may represent an important marker for
age-related changes in neuronal function and cognition. Further-
more, given the importance of CaN for cell survival and the
regulation of neuronal function, CaN may be a useful target for
treatment of age-related memory impairments and neurodegen-
erative disease.
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