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Abstract
Aging is associated with deficiencies in the prefrontal cortex, including working memory
impairment, and compromised integrity of neuronal dendrites. Although protein kinase C (PKC) is
implicated in structural plasticity, and overactivation of PKC results in working memory impairments
in young animals, the role of PKC in prefrontal cortical impairments in the aged has not been
examined. This study provides the first evidence that PKC activity is associated with prefrontal
cortical dysfunction in aging. Pharmacological inhibition of PKC with chelerythrine rescued working
memory impairments in aged rats and enhanced working memory in aged rhesus monkeys.
Improvement correlated with age, with older monkeys demonstrating a greater degree of
improvement following PKC inhibition. Furthermore, PKC activity within the prefrontal cortex was
inversely correlated with the length of basal dendrites of prefrontal cortical neurons, as well as with
working memory performance in aged rats. Together these findings indicate that PKC is dysregulated
in aged animals and that PKC inhibitors may be useful in the treatment of cognitive deficits in the
elderly.
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1. Introduction
Studies of aged animals and humans show prominent deficits in prefrontal cognitive functions
including working memory [1,2,6,11,32,33,35,43,46,54]. Impairments in these executive
operations compromise the regulation of thought, emotion and behavior, and ultimately
jeopardize independence and quality of life. Prefrontal cortical cognitive operations have
become especially important in the Information Age, when one must steer through a constant
barrage of distractions even to perform simple tasks. Elucidating mechanisms underlying
prefrontal cortical decline is critical for the treatment of debilitating cognitive deficits in the
elderly.

Goldman-Rakic [22]described working memory microcircuits as local networks, comprised
of pyramidal cells engaged in recurrent excitation, creating persistent firing, and GABAergic
interneurons, which provide spatial tuning. Prefrontal cognitive impairments may stem from
disruptions to the structural components of such microcircuits [30]. Studies of humans and
animals have established that advanced aging is associated with reduced neuropil [52]
including reduced dendritic arborizations and spine density of prefrontal cortical pyramidal
cells [17,19,25,26,34,37,40,47,50,51] as well as 40-50% reduction in synapse density in
superficial layers of the prefrontal cortex [39,40]. Thus, the anatomical substrates of prefrontal
networks are affected in the aged. These changes are likely reflected in the loss of prefrontal
gray matter, which has been reported in aged humans [23,44].

Protein kinase C (PKC) comprises a family of kinases that regulate of a variety of nervous
system functions, including cell-cell communication, cytoskeletal reorganization and neuronal
housekeeping via phosphorylation of myriad substrates. More than 10 isoforms of PKC have
been identified, and the majority of these isoforms are present within the brain (reviewed in
[7]). PKCs are classified based on cofactors required for activation. Calcium-dependent
(conventional) isoforms require both free calcium and diacylglycerol (DAG) for activation.
Calcium-independent (novel) isoforms require DAG only, and atypical isoforms are activated
independent of DAG and calcium [7,10]. Both calcium-dependent and calcium-independent
PKC isoforms regulate the actin cytoskeleton [29] and overactivation of PKC results in spine
loss and altered spine morphology in vitro [14] suggesting a role for PKC overactivation in
structural deficits in the aged prefrontal cortex. PKC also plays a role in prefrontal cognitive
deficits. Overactivation of PKC via Gq receptor stimulation produces working memory
impairments in young animals [13]. This signaling cascade results in increased activation of
PKCα as well as increased total PKC activity within the prefrontal cortex [13], suggesting
additional isoforms may also be activated. Accordingly, PKC inhibitors targeting a wide array
of PKC isoforms improve working memory performance and reverse working memory
impairments in rats and monkeys [13,45].

Although no studies have examined PKC activation within the aged prefrontal cortex, studies
of the hippocampus [15,16] and the entire cortex [8-10] indicate that the cellular distribution
and quantity of activated PKC is altered in the aged brain. Studies relating PKC and cognitive
status in the aged have focused largely on the hippocampus. PKC is crucial for hippocampal
memory formation [31,38,48,56,57] and alterations in PKCγ contribute to deficits in
hippocampal mediated memory in the aged [5,8,9,15,16,21]. It is important to recognize that
the hippocampus and the prefrontal cortex are regulated differently and therefore knowledge
accumulated from studies of the hippocampus cannot be assumed to generalize to the prefrontal
cortex.

The present study sought to clarify the relationship between activation of PKC and structural
and functional integrity of the aged prefrontal cortex. We hypothesized that cognitive
impairments in the aged involve dysregulation of PKC in the prefrontal cortex. Since structural
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changes are pronounced in the aged, we also examined dendritic length and spine density within
layer III prefrontal pyramidal neurons, the putative site of the network interactions that maintain
information over a delay. Our findings indicate that working memory performance and
dendritic integrity are inversely related to the activity of PKC in the aged prefrontal cortex,
and that inhibition of PKC activity may be useful in the treatment of prefrontal impairments
in the elderly.

2. Materials and Methods
2.1 Working memory performance and PKC inhibition in non-human primates

Thirteen female rhesus monkeys (Macaca mulatta) ranging in age from 18 to 35 years were
individually housed and maintained on a diet of Purina monkey chow (St. Louis, MO). All
animal procedures were approved by the Yale Animal Care and Use Committee and were in
accordance with the National Institute of Health’s Guide for Care and Use of Laboratory
Animals.

The monkeys were trained and tested on the spatial delayed response task as described
previously [4]. Briefly, the animal watched as the experimenter baited one of 2 to 4 food-wells
with a food reward. The number of food-wells varied depending on the monkey’s performance
level. After baiting, food-wells were covered with identical plaques, and an opaque screen was
lowered for a delay. Following the delay, the screen was raised and the animal was allowed to
choose one well. Delays were titrated as described previously [4] such that each monkey
maintained a baseline performance of 60-73% correct.

Chelerythrine chloride (CHEL, LC Laboratories, Woburn, MA) inhibits PKC activation by
blocking the site of diacylglycerol/phorbol-ester binding and by inhibiting PKC translocation
to the membrane for activation. Oral administration of 30 μg/kg CHEL has previously been
shown to reverse working memory impairments following administration of the α-1
noradrenergic receptor antagonist, cirazoline, which activates PKC via the Gq signaling
cascade [13]. Pilot studies indicated that higher doses of CHEL impair performance. Thus, the
current study examined the effects of doses at or below the 30 μg/kg dose. Monkeys were orally
administered 0.3 μg/kg, 3.0 μg/kg or 30.0 μg/kg of CHEL dissolved in water or vehicle (water)
1 h prior to testing by a single experimenter who was unaware of the drug treatment conditions.
All animals received all treatments conditions, with at least 7 days between treatments.

Data were analyzed by comparing performance following treatment using one-way repeated-
measures ANOVA. Pair-wise comparisons were evaluated using Fischer’s Lest Significant
Difference (LSD) test. Values were represented as the mean ± SEM. Linear relationships
between treatment response at the optimal dose of CHEL and age of the monkey (years) were
analyzed in 10 monkeys with known birthdates using Pearson’s test. In all cases, an α level of
0.05 was considered statistically significant.

2.2 Working memory evaluation in rats
Sixteen aged (23.5-25 months) and 6 young adult (3-5 months) male Sprague-Dawley rats from
Harlan (Indianapolis, IN) were used for two studies. Aged rats arrived in two shipments of 6
and 10 rats. We have previously observed variability in performance and health between
shipments of aged rats (unpublished observations). To minimize variability, shipments
remained separate for the two studies. Rats were single housed in filter-frame cages and kept
on a 12 h light/dark cycle. Rats were habituated to a restricted diet (~13 g/day per rat) of Purina
rat chow (St. Louis, MO) offered after testing and water was available ad libitum.

Rats were trained and tested on the spatial delayed alternation task in the T-maze (dimensions,
90 × 65 cm), which is reliant upon the medial prefrontal cortex [27,28,55]. The habituation

Brennan et al. Page 3

Neurobiol Aging. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



period was defined as the number of training sessions until the rats were eating 12 food rewards
at either end of the T-maze, with replacement to the start-box of the maze between rewards.
Following habituation, cognitive performance was evaluated as described previously [12]. On
the first trial, rats were rewarded for entering either arm. Thereafter, for a total of 12 trials per
session, rats were rewarded only if they entered the maze arm that was not previously chosen.
Between trials, the choice point was wiped with alcohol to remove any olfactory clues. Delay
periods between trials ranged from ~2 s (the minimum possible for delayed alternation, referred
to as “0 s”) to 15 s.

2.3 Acute PKC inhibition in aged, cognitively-impaired rats
Aged rats (N = 6) were habituated and trained on the spatial working memory task described
above. Animals were allowed a maximum of 20 min to complete all 12 trials. Criterion for
enrollment in this study was a mean 2 day performance of >58% correct at the 0 s delay. One
rat failed to meet criterion and was eliminated from the study. Delays were titrated in
increments of 5 s to maintain animals at a baseline of 58-75% correct. Rats performing below
this baseline subsequent to training were tested at the lowest possible delay (0 s). Rats were
approximately 24 months old upon initiation of pharmacological testing. Each rat was
administered each of 3 treatment conditions: 0.3 mg/kg CHEL, 1.0 mg/kg CHEL or vehicle
(water) via subcutaneous injection 45 min prior to testing. Dosing was determined by pilot
studies. Treatment order was quasi-randomized and treatments were separated by a minimum
of 6 days.

Treatment was administered following 2 consecutive scores at the same delay within 20
percentage-points (considered stable baseline). Due to variability in performance, outcome
following treatment was measured as the difference between percent-correct following
treatment and previous 2 day baseline. Comparisons were made using one-way ANOVA and
pair-wise comparisons were evaluated using Fischer’s LSD test. Values were represented as
the mean ± SEM.

2.4 Cognitive characterization of aged, cognitively-unimpaired rats
Young adult (N = 6) and aged (N = 10) rats were trained and cognitively characterized for 20
days on the spatial working memory task described above. All animals were allowed a
maximum of 10 min to complete 12 trials. The time ceiling was more stringent to prevent
animals from increasing inter-trial delays and confounding group comparisons. Cognitive
characterization (20 test days) commenced when rats achieved a 2 day average of at least 67%
correct at 0 s delay. One aged rat failed to meet criterion and was eliminated from the study.
The 9 aged rats included in this study performed at a higher baseline than the 5 aged rats
included in the acute PKC inhibition study illustrating the great variability in cognitive status
among aged rats.

Four delays (0, 5, 10 and 15 s) were quasi-randomized within the 12-trail task to prevent ceiling
effects. Performance was measured as number of trials correct out of 12. Performance during
the last 3 testing sessions was used for correlations with dendritic morphological and PKC
activation (see below). Group means were compared using an independent t test and values
were represented as the mean ± SEM.

Following the last testing session, rats were decapitated under light isoflurane anesthesia (20
s in a bell jar). Brains were hemisected. In one hemisphere, the prelimbic and infralimbic cortex
(medial prefrontal cortex) was dissected, frozen immediately on dry ice and stored at -80° C
until processed. The remaining hemisphere was used for dendritic morphology and spine
density analyses. Right and left hemispheres were equally distributed between the
morphological and the biochemical studies.
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2.5 PKC quantification
Protein samples were prepared as previously described [13]. Briefly, medial prefrontal cortex
was homogenized in 0.5 ml of ice-cold sample preparation buffer (20 mM Tris, pH 7.5, 1 mM
EGTA, 1 mM EDTA, 2.5 mM Na4P2O7, 1 mM β-glycerophosphate, 1 mM dithiothreitol, 1%
protease inhibitor cocktail, 1% phosphatase inhibitor cocktail I and II (Sigma-Aldrich, St.
Louis, MO)). The homogenate was centrifuged at 100,000 × g for 30 min at 4°C. The resulting
supernatant was used as cytosolic fraction, and the pellet was re-suspended in 0.5 ml of sample
preparation buffer containing 0.15% Triton X-100 and 150 mM NaCl and centrifuged again
at the same settings. The resulting supernatant was used as the membrane fraction. The protein
concentration of each fraction was assessed by a Bradford assay and an appropriate volume of
the appropriate sample preparation buffer was added to normalize the protein content between
samples (0.5 mg/ml).

PKC is activated in its membrane bound state, thus PKC concentration in the membrane
fraction was used as the measure of PKC activity. PKC concentration was measured in
duplicate in both membrane and cytosolic fractions with the ELISA-based Protein Kinase
Assay kit (Cat# 539484, Calbiochem, San Diego, CA) following manufacture’s instructions.
The reaction solution (100 μl) contained: 10 μl (5 μg) sample, 25 mM Tris-HCl (pH 7.0), 0.5
mM EDTA, 5 mM β-mercaptoethanol, 2 mM CaCl2, 3 mM MgCl2, 50 μg/ml
phosphatidylserine, and 0.1 mM ATP. For negative controls, 2 mM EGTA was substituted for
phosphatidylserine. The reaction solution was transferred to pseudosubstrate-coated 96-well
plate and incubated at room temperature (RT) for 15 min, after which time stop solution (100
μl, 20% H3PO4) was added to terminate the reaction. Wells were washed by rinsing 5 times
with PBS. Biotinylated antibody (100 μl) was added to each well and incubated for 1 h at RT.
Wells were washed, peroxidase-conjugated streptavidin (100 μl) was added and allowed to
incubate for 1 h at RT. Wells were washed again and substrate solution (100 μl, O-
phenylenediamine and H2O2) was added and allowed to incubate for 5 min, followed by stop
solution (100 μl). Optical density was measured at 492 nm in Victor 2 Multilabel Counter
(Beckman Coulter, Inc., Fullerton, CA).

The optical density of each sample was obtained by averaging duplicates. This value was
normalized to the mean density obtained from the young adult rat samples. Membrane and
cytosolic samples were normalized separately. Data were analyzed using an independent t test
and values were represented as the mean ± SEM.

2.6 Dendritic morphology and dendritic spine quantification
Following a 12 h post-fixation in 4% paraformaldehyde and 0.125% glutaraldehyde, the rat
brain hemispheres were sliced coronally (200 μm), incubated in 4,6-diamidino-2-phenylindole
(DAPI; Sigma, St. Louis, MO) for 5 min to reveal the cytoarchitecture, mounted on
nitrocellulose paper and immersed in PBS. Pyramidal cells in layer III of the medial prefrontal
cortex were identified and loaded with 5% Lucifer Yellow (Molecular Probes, Eugene, OR)
as described previously [18,19,24,41,42]. Five to 10 neurons were injected per slice avoiding
overlapping of dendritic trees. Sections were then mounted and coverslipped in PermaFluor
(Immunotech, Marseille, France).

In order for a neuron to be included in the analysis, it had to satisfy previously established
criteria [18,19,24,41,42]. Neurons were reconstructed 3-dimensionally at 400x using a Zeiss
Axiophot 2 microscope equipped with a motorized stage, video camera system, and
Neurolucida software (MicroBrightField, Williston, VT). Sholl analysis was performed and
results were expressed in terms of dendritic material per radial distance from the soma, in 30
μm increments [49]. Spine quantifications were performed by reconstructing dendritic
segments using a Zeiss LSM 410 confocal microscope (Carl Zeiss Microimaging, Inc.,
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Oberkochen, Germany) with 488 nm excitation. Apical and basal dendritic segments 50 μm
and 100 μm from the soma were selected with a systematic random design [18,19,24,41,42].
Serial images were collected at 1000x magnification using a 100x Plan-Apochromat 1.4 N.A.
objective (Carl Zeiss) and a zoom of 5, and segments were digitally reconstructed at 0.1 μm
increments, through the z-axis. Digitized optical stacks were deconvolved with AutoDeblur
(AutoQuant, Troy, NY). Spines were manually counted and each branch length was recorded.
Values for spine density were expressed as spine number/μm. Comparisons were performed
using independent t tests, and values were represented as the mean ± SEM.

3. Results
3.1 Working memory performance and PKC inhibition in non-human primates

CHEL was administered orally to aged rhesus monkeys 1 h prior to spatial delayed response
testing. A one-way repeated-measures ANOVA revealed a significant effect of treatment on
task performance (F(3, 36) = 5.654, p = 0.003). Pair-wise comparisons indicated that doses of
0.3 μg/kg CHEL significantly improved performance with respect to vehicle (0.3 μg/kg CHEL:
74.5 ± 2.6% correct, Veh: 68.1 ± 1.1% correct, p = 0.013). Vehicle scores did not significantly
differ from higher doses of CHEL (3.0 μg/kg CHEL: 71.5 ± 1.9% correct, p = 0.151; 30.0 μg/
kg CHEL: 66.1 ± 1.8%, p = 0.406).

Pearson’s test revealed a significant correlation between the age of the monkeys and cognitive
performance following treatment with 0.3 μg/kg CHEL, whereby older age was associated
with greater improvement (Pearson’s test: r = 0.777, p = 0.008, Fig. 1A). As delays were
adjusted to maintain each monkey at 60-73% correct prior to treatment, there were no ceiling
effects in the younger aged monkeys. No correlation of age with cognitive performance was
observed following vehicle treatment (Pearson test: r = 0.044, p = 0.904, Fig. 1B).

Following 0.3 μg/kg CHEL, performance of the 3 oldest monkeys (mean age = 32.3 years) was
85.6 ± 4.4% correct, which was >20% better than the performance of the 3 youngest aged
monkeys following CHEL treatment (mean age = 20.7 years, 65.0 ± 4.8% correct).
Performance following vehicle was comparable across these age groups (oldest: 69.0 ± 0.7%
correct; youngest: 66.8 ± 3.4% correct).

3.2 Acute PKC inhibition in aged, cognitively-impaired rats
The effect of PKC inhibition with CHEL was evaluated in a group of aged rats with substantial
working memory impairment. Mean baseline performance prior to the first treatment was
below 60% correct. One-way ANOVA revealed a significant effect of drug treatment
(F(2, 12) = 3.98, p = 0.047). Post hoc analysis using Fischer’s LSD test indicated that 1.0 mg/
kg CHEL significantly improved performance compared to vehicle (1.0 mg/kg CHEL: 26 ±
6.4% improvement; Veh: 5.4 ± 4.7% improvement, p = 0.047). Performance following 0.3 mg/
kg CHEL was not significantly different from vehicle (0.3 mg/kg CHEL: 8.6 ± 5.4%
improvement, p = 0.691). PKC inhibition did not appear to influence performance through
non-specific motor effects as performance times did not differ as a result of treatment (data not
shown).

3.3 PKC activity, dendritic morphology and spine density in aged, cognitively- unimpaired
rats

Cognitive characterization—The relationship between PKC inhibition and working
memory performance in the aged suggest that impairments in prefrontal cortical function in
the aged involve dysregulated PKC activity. To examine this, aged and young adult rats were
characterized on the spatial delayed alternation task and PKC activation, dendritic morphology
and dendritic spine density within the prefrontal cortex was assessed.
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Comparisons in cognitive performance were made using independent t tests. Aged rats took
significantly more time to achieve criteria for delayed-alternation testing than young adult rats
(young adult: 16.3 ± 1.9 sessions; aged: 24.1 ± 2.5 sessions, p = 0.044). Interestingly, once rats
were habituated to the testing procedures, aged and young adult rats were not significantly
different in working memory performance (overall working memory: young adult: 65.5 ± 5.0%
correct; aged: 69.7 ± 1.5% correct, p = 0.360; last 3-days: young adult: 71.0 ± 5.8 % correct;
aged: 77.2 ± 2.4 % correct, p = 0.303).

Prefrontal PKC activation—In an effort to understand whether there are underlying
differences in PKC activity in the aged versus young adult prefrontal cortex, an ELISA assay
was performed on the prelimbic and infralimbic cortical regions taken from one hemisphere
of cognitively characterized aged and young adult rats. Independent t tests did not indicate
group differences in PKC activation (young adult: 100 ± 6.8%; aged: 91 ± 6.7%, p = 0.364) or
in cytosolic PKC concentration (young adult: 100 ± 28.0%; aged: 78 ± 13%, p = 0.443).

Pearson’s test revealed a significant inverse correlation between working memory performance
and PKC activation in aged rats (r = -0.780, p = 0.013, Fig. 2A). Performance was averaged
over the last 3 days of the cognitive characterization, just prior to PKC activation
measurements. Lower PKC activity levels predicted better cognitive performance in aged rats.
No significant relationship between performance and PKC activation was detected among
young adult rats (Pearson’s test: r = -0.015, p = 0.977, Fig. 2B).

Prefrontal pyramidal cell dendritic morphology—Twenty-five neurons from 4 young
adult rats and 93 neurons from 9 aged rats were analyzed. To address the possibility of increased
variability among neurons within the aged rat brain, a larger sample of neurons from aged
animals was included in the analysis.

Several rats failed to have neurons with apical branches longer than 180 μm (radial distance
from the soma), therefore 180 μm was the upper limit for all measures of dendritic length. Sholl
analysis revealed no significant differences in dendritic material between age groups at any
radial distance (Fig. 3A,B). Total dendritic length was obtained by summing all dendritic
material included in the Sholl analysis (up to 180 μm in radial distance from the soma). Aged
and young adult rats did not significantly differ in total length of apical (young adult: 604.2 ±
95.3 μm; aged: 715.0 ± 35.5 μm; p = 0.198) or basal (young adult: 1258.8 ± 207.8 μm; aged:
1439.0 ± 114.5 μm; p = 0.428) dendrites.

The relationship between dendritic length and working memory performance over the last 3
days of testing in aged rats was evaluated with Pearson’s tests. Total apical dendritic length
did not correlate with working memory performance in aged rats (r = -0.068, p = 0.862, Fig.
3C). A stronger, albeit non significant, relationship existed between total basal dendritic length
and working memory performance in the aged rats, with longer dendrites predicting better
working memory performance (r = 0.495, p = 0.176, Fig. 3D). Due to a small sample size,
correlations could not be performed in young adult rats.

Pearson’s tests were also used to examine the relationship between PKC activation and
dendritic length in aged rats. Apical dendritic length was weakly related to PKC activation in
aged rats (r = -0.280, p = 0.466, Fig. 3E). There was a stronger relationship between basal
dendrites and PKC activation, with increased PKC activity predicting decreased total length
of basal dendrites in aged rats (r = -0.687, p = 0.041, Fig. 3F).

Prefrontal pyramidal cell spine density—Neurons from 5 aged and 3 young adult rats
were analyzed for spine density (4 neurons/rat). Spine density was obtained from an average
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branch length of 30 μm from apical and basal segments 50 μm and 100 μm from the center of
the soma.

Aged rats had reduced spine density in proximal regions of apical and basal dendrites (apical,
50 μm: young adult: 1.75 ± 0.12 spines/μm, aged: 1.26 ± 0.07 spines/μm; p = 0.021; basal, 50
μm: young adult: 1.68 ± 0.09 spines/μm, aged: 1.32 ± 0.07 spines/μm; p = 0.023, Fig. 6). Aged
rats also had significantly reduced spine density in more distal regions of apical dendrites
(apical, 100 μm: young adult: 1.92 ± 0.17 spines/μm, aged: 1.56 ± 0.06 spines/μm; p = 0.023).
Differences in spine density did not reach statistical significance in distal regions of basal
dendrites (basal, 100 μm: young adult: 1.72 ± 0.17 spines/μm, aged: 1.47 ± 0.09 spines/μm; p
= 0.189, Fig. 4). Total apical dendritic spine density (distal and proximal regions) was
significantly lower in aged rats relative to young adult rats (young adult: 1.76 ± 0.12 spines/
μm; aged: 1.41 ± 0.07 spines/μm, p = 0.036). Differences in total basal dendritic spine density
did not reach statistical significance (young adult: 1.69 ± 0.10 spines/μm; aged: 1.32 ± 0.08
spines/μm, p = 0.064).

4. Discussion
The findings from this study indicate that activation of PKC is associated with cognitive and
morphological deficits of the aged prefrontal cortex. PKC activation within the medial
prefrontal cortex predicted poorer working memory performance, and decreased basal
dendritic material in aged rats. Inhibition of PKC with systemic administration of CHEL
improved working memory performance in aged, cognitively impaired rats and in rhesus
monkeys, providing further evidence that PKC dysregulation contributes to prefrontal deficits
in the aged.

Low to moderate doses of systemically administered CHEL improved working memory
performance in aging rhesus monkeys. Given the multitude of regulatory functions served by
PKC throughout the brain [7,31,38,48,56,57], it is not surprising that higher doses of CHEL
produced no improvement, as any improving effects of CHEL may have been offset by
disruptions in homeostatic mechanisms. The correlation of age of the monkey with
performance on the working memory task following an optimal dose of CHEL suggests that
cognitive enhancement following CHEL is due to improvements in older monkeys. This effect
is not due to ceiling effects as all monkeys were held at a 2-day baseline of 60-73% correct.
Instead, these findings indicate that PKC is implicated in prefrontal cognitive operations in the
aged, which is consistent with previous findings of PKC dysregulation in the aged brain
[8-10,15,16]. In support of this, we found that the oldest 3 monkeys performed more than 20%
better than the 3 youngest monkeys following administration of 0.3 μg/kg CHEL.

In order to determine whether PKC inhibition can rescue impairments in working memory in
aged rats, we examined the effects of acute CHEL on spatial delayed alternation performance
in aged rats with mean pretreatment baselines below 60% correct. CHEL significantly
improved performance, suggesting that PKC activation contributes to cognitive impairments
in aged subjects. Although CHEL was administered systemically, it is likely that the beneficial
actions of CHEL arise in the prefrontal cortex. We have observed that systemic CHEL
administration and infusions of CHEL directly to the rat medial prefrontal cortex via an
implanted cannula are both capable of reversing stress induced working memory impairments
[13] suggesting that the location of action of systemic CHEL is the prefrontal cortex.

We next examined whether basal PKC activity in the prefrontal cortex is associated with
working memory performance in aged and young adult rats. Consistent with our findings of
CHEL enhancing working memory function in aged rats and monkeys, basal PKC activation
within the prefrontal cortex predicted poorer working memory performance in aged but not
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young adult rats. Working memory is often impaired in aged animals and humans [1,2,6,11,
32,33,35,43,46,54], but deficits can be highly variable, with some aged subjects performing as
well as young subjects [3,20,36,53]. In our study, variations in PKC activation were robust
enough to explain relatively subtle differences in performance amongst cognitively intact aged
rats. These findings are consistent with previous reports of PKC-dependent working memory
impairments [13,45] and emphasize the role of PKC in working memory function in the aged.

Interestingly, there were no differences in basal levels of cytosolic or membrane-bound PKC
between young adult and aged rats. Together with our findings of a significant correlation of
PKC activity and working memory performance in the aged, this suggests that the effects of
PKC are qualitatively different between the young adult and aged prefrontal cortex. Qualitative
differences in PKC regulation have been observed in the young vs. aged hippocampus [15,
16]. For example, performance on a hippocampus-mediated task was shown to inversely
correlate with cytosolic PKCγ in aged rats. Membrane-bound PKCγ (activation) positively
correlated with performance in younger rats, however, elevated membrane-bound PKCγ did
not predict enhanced performance among the aged [16]. The PKC assay used in the present
study quantified all membrane-bound PKC isoforms. Thus, suppression or elevation of the
activity state of specific isoforms could not be resolved. Elucidating how PKC is (dys)regulated
in the aged prefrontal cortex will require these rigorous analyses that incorporate both cellular
location-specific and isoform-specific PKC activity states in young adult and aged animals.

Previous attempts to quantify PKC (across isoforms) within the entire cortex of aged rats have
produced mixed results. Our findings are in agreement with previous reports of similar
cytosolic and membrane-bound PKC concentrations in young vs. aged rat cortex [9], but
contrast with earlier reports of reduced membrane PKC in aged Sprague-Dawley rat cortex
[8]. These discrepancies may reflect variability among aged rats, among isoforms of PKC, or
regional differences in PKC regulation. Different cortical areas subserve different functions,
thus homogeneity in PKC regulation should not be expected among widespread regions of the
cortex. In the present investigation, PKC activation was quantified specifically within the
medial prefrontal cortex. Similar membrane and cytosolic concentrations suggest that
translocation of PKC to the membrane is not impaired and that the number of functional enzyme
molecules is not altered within the aged prefrontal cortex.

A limitation of the present study was the successful performance of the aged rats in the PKC
characterization study. There is high variability in the aged population [3,20,36,53]. This
sample of aged rats may have come from a relatively unimpaired population. These cohort
effects are a weakness of aging studies, which rely on the limited availability of a very small
number of animals at any one time. Despite similar cognitive performance and PKC activation
measures, the correlative and pharmacological data indicate that PKC is implicated in
prefrontal cognitive function in the aged. Inclusion of a more functionally heterogeneous
sample of aged animals for correlative studies would provide a better indication as to how PKC
activation-levels in the aged compare to the young adult levels and predict working memory
across the spectrum of cognitive abilities. Further experiments are also required to determine
if PKC regulatory mechanisms, such as inactivation of PKC, or phorbol 12-myristate 13-acetate
(PMA) -induced translocation of PKC from the cytosol to the membrane, are altered within
the aged prefrontal cortex.

The working memory functions of the prefrontal cortex depend on the interconnectivity of
recurrent microcircuits [22]. Pyramidal cells are the principle components of these networks,
and dendritic spines are a fundamental anatomical substrate of excitatory network activity.
PKC is implicated in neuronal plasticity and is capable of regulating the actin cytoskeleton and
therefore the motility of dendritic spines (for review see [29]). Dysregulation of PKC in the
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aged may provide a mechanistic link to findings of decreased dendritic spine density and
dendritic remodeling in the aged prefrontal cortex.

Previous studies have identified prominent reductions in dendritic material and spine density
of pyramidal neurons in the aged prefrontal cortex [17,19,25,26,34,37,40,47,50,51]. In our
study of cognitively intact aged rats, we found no significant differences in the quantity of
apical or basal dendritic material between young and aged rats. We also observed no differences
in branch intersections between young adult and aged subjects, suggesting that the complexity
of the dendritic arbor was preserved in these aged rats. This conservation of gross dendritic
structure may be protective of working memory in these cognitively-intact aged rats. Indeed,
combined length of the basal dendrites and working memory performance were positively
associated within aged rats, with increased dendritic material predicting better working
memory performance, although this relationship fell short of statistical significance. Basal
dendritic length was also inversely correlated with PKC activation in aged rats, indicating that
PKC activation in aging is associated with structural as well as cognitive deficits. We were
unable to evaluate whether these relationships are unique to the aging prefrontal cortex as our
sample size of young adult rats was too small to perform the necessary analyses.

Although this group of aged rats was similar to young adult rats in quantitative measures of
working memory, PKC, and dendritic length, they showed reduced dendritic spine density
along the same neurons that were included in dendritic length analyses. This is consistent with
previous reports of spine loss in aging [19,25,37,40]. Spine loss was more pronounced in
proximal regions of both basal and apical dendrites. Aged rats exhibited reduced spine density
across regions of the apical dendrite, relative to the young adult group. Aged animals also
tended to have reduced spine density across regions of the basal dendrite, although differences
did not reach statistical significance. Due to small sample sizes, the association of dendritic
spine density and PKC or working memory could not be evaluated. Inclusion of larger, more
heterogeneous cohorts would enable a multivariate examination of the relationships between
PKC activation, dendritic spine density, dendritic branch length, and working memory
performance. Such experiments are critical to address the possibility that the basal dendritic
arbor is more resilient in aging, and that changes in basal dendrites may compensate for overall
loss of dendritic spines.

In summary, inhibition of PKC rescued working memory impairments in both aged rats and
monkeys. In aged rats, PKC activity was inversely associated with both cognitive function and
basal dendritic length. Taken together, these findings indicate that PKC is associated with
prefrontal cortical dysfunction in the aged and suggests that PKC inhibitors may be useful in
the treatment of cognitive deficits in the elderly. Future studies examining age-specific
alterations in PKC isoforms or directly manipulating PKC activation within the prefrontal
cortex are required to elucidate fully the nature of PKC dysregulation as well as the potential
mechanistic role of PKC in prefrontal cognitive and structural decline in aging.
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Figure 1.
Pearson’s tests revealed a significant positive correlation between age of the monkey (years)
and cognitive improvement following 0.3 μg/kg CHEL (r = 0.777, p = 0.008, A). There was
not a significant relationship between age of the monkey and performance following vehicle
treatment (r = 0.044, p = 0.904, B). All monkeys were maintained at a baseline of 60-73%
correct prior to treatment administration (gray bar).
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Figure 2.
Prefrontal PKC activation predicted working memory impairment in aged rats. PKC activation
was determined by evaluating PKC concentration in the membrane fraction of the medial
prefrontal cortex of cognitively characterized rats using ELISA. PKC activation inversely
correlated with mean working memory performance over the last 3 test sessions in aged rats,
with higher membrane-bound PKC concentration predicting poorer performance (r = -0.780,
p = 0.013, A). Performance was not predicted by PKC activation in young adult rats (r = -0.015,
p = 0.977, B).
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Figure 3.
Basal dendritic length correlated with PKC activation and tended to predict working memory
performance in aged rats. Apical and basal dendritic length of layer III prefrontal cortical
pyramidal neurons was compared in young adult (N = 4 rats, n = 25 neurons) and aged (N = 9
rats, n = 93 neurons) rats. Sholl analysis was used to evaluate quantity of dendritic material in
serial bins increasing in increments of 30 μm in radial distance. No significant differences in
apical (A) or basal (B) dendritic length between aged (gray lines) and young adult (black lines)
rats were observed (values represent means ± SEM.). Measures of total dendritic length were
obtained by summating across the Sholl bins and were used for correlations within the aged
(C-F). Working memory performance over the last 3 cognitive characterization sessions was
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not significantly correlated with apical dendritic length (r = -0.068, p = 0.862, C) in aged rats.
Basal dendritic length was more strongly related to working memory performance than apical
dendritic length. Longer basal dendrites tended to predict better performance, although this
correlation did not reach statistical significance (r = 0.495, p = 0.176, D). PKC activation was
not significantly correlated with apical dendritic length (r = -0.280, p = 0.466, E). PKC
activation inversely correlated with basal dendritic length (r = -0.687, p = 0.041, F). All
correlations were performed using Pearson’s test.
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Figure 4.
Dendritic spine density of layer III prefrontal cortical pyramidal neurons was reduced in aged
relative to young adult rats. Representative reconstructions of dendritic segments are illustrated
for young adult (N = 3 rats, n = 4 neurons/rat, A) and aged (N = 5 rats, n = 4 neurons/rat, B)
rats. Spine density was evaluated in apical (C) and basal (D) dendrites 50 μm and 100 μm from
the center of the soma for each neuron. Spine density was significantly reduced in aged relative
to young adult rats in both proximal and distal portions of apical dendrites (proximal: p = 0.021;
distal: p = 0.023, C) and in proximal portions of basal dendrites (p = 0.023, D). Spine measures
were collapsed across regions of the apical and basal dendrite (“Total”). Total spine density
was significantly reduced in apical dendrites of aged relative to young rats (p = 0.036, C). Total
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spine density differences did not reach statistical significance for basal dendrites (p = 0.064,
D). Values represent means ± SEM. *, p < 0.05.
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