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ABSTRACT Relationships were examined between spa-
tial learning and hippocampal concentrations of the «, 3, and
v isoforms of protein kinase C (PKC), an enzyme implicated
in neuronal plasticity and memory formation. Concentrations
of PKC were determined for individual 6-month-old (n = 13)
and 24-month-old (2 = 27) male Long-Evans rats trained in
the water maze on a standard place-learning task and a
transfer task designed for rapid acquisition. The results
showed significant relationships between spatial learning and
the amount of PKC among individual subjects, and those
relationships differed according to age, isoform, and subcel-
lular fraction. Among 6-month-old rats, those with the best
spatial memory were those with the highest concentrations of
PKC in the particulate fraction and of PKC, in the soluble
fraction. Aged rats had increased hippocampal PKCy con-
centrations in both subcellular fractions in comparison with
young rats, and memory impairment was correlated with
higher PKC+y concentrations in the soluble fraction. No age
difference or correlations with behavior were found for con-
centrations of PKCvy in a comparison structure, the neostri-
atum, or for PKC« in the hippocampus. Relationships be-
tween spatial learning and hippocampal concentrations of
calcium-dependent PKC are isoform-specific. Moreover, age-
related spatial memory impairment is associated with altered
subcellular concentrations of PKC+y and may be indicative of
deficient signal transduction and neuronal plasticity in the
hippocampal formation.

Protein kinase C (PKC) comprises a family of enzymes acti-
vated indirectly by G-protein-coupled receptor stimulation.
Multiple lines of research implicate PKC in activity-dependent
neuronal plasticity and memory formation. Among these, PKC
activity is important for induction and maintenance phases of
long-term potentiation, a putative cellular mechanism of mem-
ory formation (1-7). Administration of PKC inhibitors impairs
memory formation (8-10), whereas agents that increase PKC
activity enhance memory formation (9-12). Training is asso-
ciated with translocation of PKC from the soluble to the
particulate subcellular compartments and may mediate neu-
ronal plasticity necessary for learning (refs. 13-17, but see ref.
18).

In addition to evidence that PKC is necessary for memory
formation among young animals, other reports suggest that
alterations in PKC contribute to age-related memory deficits.
For example, translocation of PKC from the soluble to the
particulate fraction is decreased (19) and phosphorylation of
the protein F1/B-50/GAP-43, a substrate of PKC related to
adult neuronal plasticity and memory formation, is reduced in

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1997 by The National Academy of Sciences 0027-8424/97/9414195-5$2.00/0
PNAS is available online at http://www.pnas.org.

14195

the hippocampus of aged rats (20, 21). The measures of PKC
activity used in those studies cannot distinguish among the
various isoforms of PKC. In recent research that used antisera
selective for individual PKC isoforms, PKCy was the only
calcium-dependent isoform reported to show age-related
changes in hippocampal concentration, with a significantly
higher amount of this isoform in the particulate, or membrane-
bound, fraction than in young rats (19). The current study
examined the subcellular concentrations of PKCy in the
hippocampus of individual 6- and 24-month-old rats after
spatial memory training. Two additional calcium-dependent
isoforms—PKCa and PKCB,—were measured in the hip-
pocampus, and PKCy was measured in the neostriatum of the
same subjects for comparison. The study was designed to assess
if spatial learning on a task that depends on the integrity of the
hippocampal formation is associated with the subcellular
concentrations of these isoforms of PKC in the hippocampus.

MATERIALS AND METHODS

Male Long—Evans rats (Charles River Breeding Laboratories)
were obtained either at 4 months of age and tested at 6 months
of age (young group) or obtained as retired breeders at 9
months of age and tested at 24 months of age (aged group). All
rats were provided water and food ad libitum and maintained
in a pathogen-free vivarium at 25°C on a 12-hr light-dark cycle
with lights on at 0700 hr.

Two white circular tanks (1.8 m X 0.6 m) were maintained
in separate rooms. Each was filled to 35 cm with 27°C water
and made opaque with white tempera paint (150 ml). In the
tank used for the place-learning task, white cloth extramaze
cues were attached to a black curtain surrounding the maze
and remained in a fixed position throughout training. A white
retractable platform (12-cm diameter) was situated near the
center of one of four maze quadrants and 1 cm below the water
surface. A black platform extending 2 cm above the surface
was used during cue training. For the place-learning transfer
task, black cloth extramaze cues were attached to a white
curtain surrounding the second maze. All measures of perfor-
mance in the apparatus were obtained with a computer
tracking system (HVS Imaging, Hampton, UK).

In the initial phase of place training in the first maze, rats
were placed in the pool at one of four randomly chosen start
locations spaced equally around the perimeter and allowed 90
sec to swim to an escape platform located in a constant position
and camouflaged 1 cm below the opaque water surface. If rats
did not find the platform within 90 sec, then they were led to
it by the experimenter and allowed to remain there for 15 sec.
Rats received three trials per day for 8 consecutive days. On
every sixth trial (probe trial), the platform was retracted to the
bottom of the pool for 30 sec to measure spatial bias relative
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to the platform position. Rats received six additional cue-
training trials in the same maze on the ninth day of the
protocol, during which a visible platform was positioned in one
of the four pool quadrants for each trial. Cumulative search
error was computed by sampling 10 times per sec the rat’s
distance from the escape platform and averaging these values
into 1-sec blocks. The blocks were summed, and the proximity
score that would result from optimal performance was sub-
tracted to correct for different start locations. The learning
index is the sum of weighted proximity scores measured during
probe trials; low scores reflect search near the escape platform,
whereas high scores reflect search farther away from the
target. Pathlength is the total distance swum from the start
location to the target, and latency is the total duration of the
trial from when the rat was placed in the water until it located
the escape platform (for further description of behavioral
measures, see ref. 22).

Two weeks after training was completed on the place-
learning task, rats were trained in the second water maze of
identical dimensions but in a new spatial environment with a
different configuration of spatial cues. The behavioral proce-
dures for this task were designed to provide a temporally
defined episode of spatial learning before assessment of PKC
concentrations. Trials were conducted as described for the
place-learning task, but each rat received one session of six
trials followed 30 min later by a retention test that consisted of
a single probe trial.

Rats were killed by decapitation immediately after the
retention test of the transfer training protocol, and the entire
hippocampus was dissected bilaterally on an ice-cold stage and
homogenized as described below (23). The dorsal anterior
neostriatum was dissected as described in detail elsewhere
(24). Individual tissue samples were weighed and then homog-
enized in 5 vol of ice-cold buffer [20 mM Tris-HCI, pH 7.4/0.25
M sucrose/2 mM EDTA/10 mM EGTA/5 mM DTT/0.234
mM leupeptin/1 mM phenylmethylsulfonyl fluoride]. Sample
homogenates were centrifuged at 100,000 X g for 60 min at 4°C.
The supernatant was removed from each sample, and an
aliquot was taken for determination of total protein concen-
tration (25). The remaining supernatant was mixed (1:1) with
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2x SDS sample buffer (0.2 M SDS/20% glycerol/10% pB-
mercaptoethanol/0.004% bromophenol blue/1.5% Tris) and
heated in a boiling water bath for 7 min. The boiled samples,
comprising the soluble fraction, were frozen at —80°C until
Western blot analysis. The pellets were resuspended in ho-
mogenizing buffer containing 0.1% Triton X-100, incubated
for 60 min at 4°C, and centrifuged at 100,000 X g for 60 min
at 4°C. The supernatant was removed and vortexed, and an
aliquot was taken for protein determination. The remaining
supernatant was mixed (1:1) with 2X SDS sample buffer and
heated as described above. The boiled samples, comprising the
particulate fraction, were frozen at —80°C until Western blot
analysis. The hippocampi and anterior dorsal neostriata were
dissected from the brains of an additional nine naive, 6-month-
old rats. Tissues were pooled for each brain region, subcellular
fractions were obtained as described above, and these samples
were loaded onto each gel to serve as control tissue standards
during subsequent Western blot analyses.

Tissue extracts were subjected to 8% SDS/PAGE. Four gels
were run simultaneously containing subcellular fractions from
naive 6-month-old rats (control standards) and from rats used
in the behavioral study. After separation, the samples were
transferred electrophoretically overnight at 4°C to polyvinyli-
dene fluoride immobilon membranes (Millipore). Membranes
were washed at room temperature three times for 5 min each
in PBS, then three times for 15 min each in a solution
containing 5% nonfat dry milk, 0.03% Tween-20, PBS
(NFDM-Tween-PBS). Membranes were then incubated with
polyclonal antisera to PKCa (1:10,000), PKCB, (1:5,000), or
PKCy (1:5,000) for 2 hr at room temperature in NFDM-
Tween-PBS (26). Preliminary experiments showed that hip-
pocampal concentrations of PKCB; were very low, and this
isoform was not tested further (data not shown). Membranes
then were washed as described above with PBS and NFDM-
Tween-PBS and incubated with peroxidase-labeled secondary
antisera (Kierkegard & Perry Laboratories) at a 1:20,000
dilution in NFDM-Tween-PBS for 2 hr at room temperature.
The membranes then were washed extensively with a 0.1%
Tween-20 PBS solution, incubated for 5 min in chemilumines-
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Fi1G. 1. (A) Representative image of standards prepared from pooled tissue of naive, young rats, ranging from 4-16 pg of total protein and
immunostained for PKCvy. Each gel was loaded with standards in this range for either soluble or particulate fractions from either the hippocampus
or the neostriatum. (B) Plot and linear regression of tissue standards in 4. The abscissa represents the concentration of total protein loaded in
each lane, and the ordinate represents the integrated measure of band optical density multiplied by the area in number of pixels. (C) Representative
image of sample lanes immunostained for PKCy. Each lane was loaded with 10 ug of total protein from an individual rat from either the soluble
or the particulate fraction of either the hippocampus or the neostriatum. Samples were pseudorandomly loaded on the gel such that each group
(young, aged-unimpaired, and aged-impaired) was represented once in each group of three lanes. Ten samples were run simultaneously with six
standards on each gel, and sample values were extrapolated from the corresponding standard curve.
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cent reagents (Pierce), exposed to hyperfilm for intervals
ranging from seconds to minutes, and developed.

Films were digitized (Imaging Research, St. Catherines, ON,
Canada), and integrated measures comprised of optical den-
sity were multiplied by the target area in pixels were recorded
for each band (Fig. 1). Linear functions of increasing protein
concentrations were produced by using this measure in the
range of protein concentrations tested (see Fig. 1B). The
integrated measures from a set of tissue standards run with
each gel were plotted, and values for the individual samples
were extrapolated from the standard curves. ANOVA was
used to examine acquisition of place learning and concentra-
tions of PKC isoforms in the soluble and particulate fractions.
All samples were tested in two independent experiments for
each PKC isoform. Significant correlations were found be-
tween duplicates for each treatment condition (mean r =
0.65 = 0.07, all P <0.05), and values used in subsequent
analyses represent the mean of duplicate samples. Correlations
were tested between behavioral indices of learning and protein
concentrations in subcellular fractions.

RESULTS

Aged rats differed significantly from young rats on all measures
of place learning; these included cumulative search error [F(1,38)
= 25.7, P < 0.01] (see Fig. 24), training trial pathlength [F(1,38)
=7.1, P < 0.05], training trial latency [F(1,27) = 33.0, P < 0.01],
and a learning index derived from multiple probe trials [F (1,38)
= 21.9, P < 0.01] (see Fig. 24 Inset). In contrast, aged rats were
not different from young rats during cue training on measures of
cumulative search error [F(1,38) = 0.9, P > 0.05], pathlength
[F(1,38) = 2.0, P > 0.05], or latency [F(1,38) = 0.4, P > 0.05],
indicating that impaired place learning among aged rats was not
because of sensorimotor deficits.

Aged and young rats did not differ reliably during massed
training trials in the transfer task (Fig. 2B). There was an
overall decrease in cumulative search error across the six
training trials of the place-learning transfer task [F(5,190) =
7.39, P < 0.001]. There was neither an effect of age [F(1,38)
= 1.01, P > 0.05] nor a trial x age interaction [F(5,190) = 1.26,
P > 0.05] during acquisition of the transfer task. The results of
the probe trial taken 30 min after the sixth training trial,
however, indicated that the young rats swam significantly
closer to the platform location than aged rats [F(1,38) = 4.20,
P < 0.05]. Thus aged rats did not acquire and/or retain as
strong a spatial bias as the young rats. Note that the individual
differences in retention after transfer training coincided with
subgroups of impaired and unimpaired aged rats identified in
the original place-learning task (Fig. 2B, Inset).

Table 1 shows the mean (== SEM) hippocampal concentrations
of the v, , and B, isoforms of PKC among young and aged rats.
The concentration of PKC+ywas higher in aged rats in comparison
with young rats [F(1,35) = 4.79, P < 0.05] whereas no significant
effects of age were detected for either PKCa or PKCp,, [F(1,30)
= 0.22, F(1,38) = 0.24, respectively, P > 0.05]. An analysis of
PKCy conducted on samples from the neostriatum revealed no
effect of age [F(1,28) = 0.53, P > 0.05] (data not shown).

The groups of young and aged rats were analyzed indepen-
dently for correlations between PKC concentrations and spa-
tial memory. For each isoform, correlations were tested be-
tween the concentrations in the soluble and particulate frac-
tions and two behavioral measures: the graded learning index
from the original place learning task and the distance from the
training platform position during the transfer training probe
trial. Among young rats, a significant correlation was found
between the learning index and the concentrations of PKCvy in
the particulate, but not the soluble, subcellular fraction (r =
—0.65, P < 0.05; Fig. 34). Young rats with the lowest learning
index scores, indicating better performance, were those with
the highest concentrations of PKCy in the particulate fraction,

Proc. Natl. Acad. Sci. USA 94 (1997) 14197

>

5000 h @\ y 350 - E
g 300 4
g 40007\ = 250 1
S \E 2007
a 100 L——
o 2000 1 Y A
3 ~
& )
1000 1 g
0 T T
1 2 3 4
Blocks of 5 Trials
4000 -
g 80
5707 a1
S~ i n-‘ i
§ 3000 g 60 00
5 & 50 1 -
= - g 40
@ 2001 INS Proe
g Trial
O
75) 1000 b
0 1 T T
1 2 3
Blocks of 2 Trials
Fic. 2.  (A)Twenty-four-month-old rats () were significantly

impaired in comparison with 6-month-old rats (O) during place
learning. Aged rats (4, Inset) showed greater heterogeneity than young
rats (Y). (B) There was no reliable difference between 24-month-old
rats (O) and 6-month-old rats (O) during acquisition of the transfer
task. During the probe trial (Inset), the subgroup of aged rats that
performed outside the range of young rats on the original spatial task
(AI, aged impaired; n = 15) also showed significantly less spatial bias
than either aged rats that performed within the range of the young rats
(AU, aged-unimpaired; n = 12) or young rats (Y, n = 13).

which contains primarily membrane-bound proteins. In addi-
tion, a significant correlation was found between the learning
index and PKCp, concentrations in the soluble, but not the
particulate, fraction of young rats (r = —0.58, P < 0.05; see Fig.
3B): those with the lowest learning index scores had the highest
concentrations in the soluble fraction. A similar relationship
was observed between the learning index and PKCp, concen-
trations in the particulate fraction of young rats, but it was not
reliable statistically (r = —0.44, P > 0.05).
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Table 1. Hippocampal concentrations of PKC isoforms in soluble
and particulate subcellular fractions of young and aged rats

PKC isoform  Subcellular fraction ~ Young rats Aged rats
v Soluble 9.90 = 0.37 10.70 £ 0.28
Particulate 8.08 £ 0.60 8.85 £ 0.37
a Soluble 7.22 = 0.30 7.10 = 0.27
Particulate 5.81 £0.44 5.44 =030
B2 Soluble 5.68 + 0.39 6.13 = 0.34
Particulate 4.66 = 0.48 4.73 £ 0.38

Values represent the mean = SEM of integrated optical density and
area measures of individual samples immunostained for PKC isoforms
and calibrated to standards in pg of total protein (see Fig. 1).
*Aged rats had higher overall concentrations of PKCy than young rats,

but the age x subcellular fraction interaction was not significant.

Among aged rats, a significant correlation was found be-
tween the learning index and the concentrations of PKCry in
the soluble, but not the particulate, fraction (r = 0.40, P < 0.05;
see Fig. 3C). Aged rats with the highest learning index scores,
indicating the most impaired performance, had the highest
concentrations of PKCry in the soluble fraction. The significant
correlations we observed were all between the learning index
derived from initial place-learning and PKC concentrations
and not between performance on the single probe trial after
transfer training and PKC.

DISCUSSION

Aged rats were impaired during place learning in comparison
to young rats, but they also showed a broad range of spatial
memory performance (see Fig. 24, Inset). In subsequent
training, young rats rapidly learned the transfer task and had
robust retention on a probe trial given 30 min after training.
Although aged rats did not differ significantly from young rats
on transfer training trials, they had poorer retention on the
probe trial. Moreover, subgroups of aged rats identified by
spatial memory performance on the initial place-learning task
also were identified 2 weeks later by spatial memory perfor-
mance on the transfer task (see Fig. 2B, Inset). Thus individual
differences in spatial memory among aged rats can be detected
reliably and are stable for at least 2 weeks.

Examination of the relationship between neurobiological
measures obtained in this study and behavioral performance
indicated that proficiency in the hippocampal-dependent task
was correlated with PKC concentrations in each age group. In
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all such instances, the learning index, but not the probe trial
performance after transfer training, was associated with the
concentrations of PKC isoforms in subcellular fractions. The
sensitivity of the learning index measure may derive from the
fact that it incorporates multiple assessments on probe trials
that reflect both rate of learning and savings across sessions
conducted over several days. By comparison, the transfer task
yields a measure that comes from a single probe trial.

Among 6-month-old rats, those with the lowest learning
indices, indicating the best spatial memory, were those with the
highest concentrations of PKCvy and PKCp,. The relationships,
however, were restricted to different subcellular fractions;
spatial memory was related to PKCy concentrations in the
particulate fraction and to PKCp; in the soluble fraction. The
y-isoform of PKC was implicated in spatial memory after
reports that PKCy immunoreactivity is increased in hippocam-
pal pyramidal neurons, granule cells, and their associated
dendrites in mice trained on a spatial memory task (16). PKCy
also is found in higher concentrations in the hippocampi of a
strain of mice 60-90 days old known to exhibit better spatial
learning than a strain that learns less readily (27). The current
study, a quantitative demonstration that spatial memory
among individual animals is related to concentrations of PKCry
in hippocampal subcellular fractions, provides further support
for a role for the +y-isoform of PKC in memory formation.
Although transgenic mice that do not express PKCy show only
mild spatial memory impairment (28), those results may be
because of compensatory developmental processes in the
transgenic model, e.g., recruitment of other isoforms to com-
pensate for PKCy deficiency (29) rather than to PKCy serving
a minor role during spatial memory formation.

Our finding that higher concentrations of PKCvy in the
particulate fraction are related to better spatial memory is
consistent with the view that translocation of PKC from the
cytosol to neuronal membranes is an important step in its role
in plasticity associated with learning. That model implies that
relationships between spatial memory and subcellular PKC
concentrations are because of learning-induced redistribution
of PKC rather than to differences in subcellular concentrations
a priori. If this were the case, then correlations between PKC
concentrations and behavior would not be apparent at longer
intervals between transfer training and death. At the same
time, the current findings suggest that a simple translocation
model may be inadequate to account for the training-related
status of individual PKC isoforms; PKCB, concentrations in
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F1G. 3. (A) There was a significant correlation between the learning index and the concentrations of PKCy in the particulate fraction of young
rats (r = —0.65, P < 0.05). Young rats with the lowest learning index scores, indicating the best spatial memory, had the highest concentrations
of PKCy in the particulate, or membrane-bound, fraction. (B) The learning index was correlated significantly with PKCp; concentrations in the
soluble fraction among young rats (r = —0.58, P < 0.05). Young rats with the lowest learning index scores had the highest concentrations of PKCp»

in the soluble fraction. (C) A significant correlation was found between the learning index and the concentrations of PKCry in the soluble fraction
of aged rats (r = 0.40, P < 0.05). Aged rats with the highest learning index scores, indicating the worst spatial memory, had the highest concentrations

of PKCy in the soluble, or cytosolic, fraction.
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the soluble, rather than the particulate fraction, were corre-
lated with spatial memory among young rats. This result is
consistent with evidence of differences in the distribution of
PKCy and PKCp; after training (30).

The current study supports a role for PKC isoforms during
memory formation in young rats, but it also implicates PKC in
age-related memory impairment. Among aged rats, those with
the highest learning index scores, indicating the most impaired
performance, were those with the highest PKCvy concentra-
tions in the soluble fraction. Aged rats also had higher
concentrations of hippocampal PKCy in the particulate frac-
tion than young rats, but we did not find any relationship
between that measure and spatial memory. We did not find
increased PKCry concentrations in a comparison structure, the
neostriatum, in which other neurobiological markers were
reported to show age- and memory-related changes (24, 31,
32). Reports that aging is associated with increased cytosolic
calcium in hippocampal neurons (refs. 33 and 34, but see ref.
35) suggest a mechanism for the age-related increase in
particulate PKCry that we observed, as calcium is instrumental
in translocation of PKCy from cytosolic to membrane-bound
states. It is unlikely, however, that translocation is the only
mechanism of age-related PKC dys-regulation as we observed
increases in both soluble and particulate subcellular fractions
of aged rats with spatial memory impairment. It is also unlikely
that increased subcellular PKC concentrations are caused by
increased protein expression, because mRNA for PKC iso-
forms is not altered among aged rats (36, 37). Thus age-related
dys-regulation of PKC most likely is because of impairment of
posttranslational mechanisms. The current finding that PKCy
is elevated in the particulate fraction of aged rats, but not
related to memory as it is in young rats, suggests a failure
among some aged rats to uncouple inactive PKCy from
neuronal membranes. In addition, age-associated changes
among phosphatases or other enzymes that dephosphorylate
substrates of PKC also may be linked to PKC dys-regulation.

A recent study reported no loss of neurons in the hippocam-
pus of aged rats from the same population used in the current
investigation and including a subgroup of aged rats impaired
on a hippocampal-dependent spatial memory task (38). Those
findings suggested that age-related memory impairment may
be because of changes in functional properties of hippocampal
neurons that occur in the absence of neuron loss. The current
results indicate one such mechanism by which hippocampal
neuronal plasticity may be compromised with age; PKC not
only is related to spatial memory among young rats, but
dys-regulation of PKC is associated with spatial memory
impairment among individual aged rats.
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