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ABSTRACT: Calcium/phospholipid-regulated protein kinase C (PKC) signal-
ling is known to be involved in cellular functions relevant to brain health and
disease, including ion channel modulation, receptor regulation, neurotransmit-
ter release, synaptic plasticity, and survival. Brain aging is characterized by al-
tered neuronal molecular cascades and interneuronal communication in
response to various stimuli. In the last few years we have provided evidence
that in rodents, despite no changes in PKC isoform levels (both calcium depen-
dent and calcium independent), the activation/translocation process of the cal-
cium-dependent and -independent kinases and the content of the adaptor
protein RACK1 (receptor for activated C kinase-1) are deficient in physiologi-
cal brain aging. Moreover, human studies have shown that PKC and its adap-
tor protein RACK1 are also interdependent in pathological brain aging (e.g.,
Alzheimer’s disease); in fact, calcium-dependent PKC translocation and
RACK1 levels are both deficient in an area-selective manner. These data point
to the notion that, in addition to a well-described lipid environment alteration,
changes in protein–protein interactions may impair the mechanisms of PKC
activation in aging. It is interesting to note that interventions to counteract the
age-related functional loss also restore PKC activation and the adaptor protein
machinery expression. A better insight into the factors controlling PKC activa-
tion may be important not only to elucidate the molecular basis of signal trans-
mission, but also to identify new strategies to correct or even to prevent age-
dependent alterations in cell-to-cell communication.
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SIGNAL TRANSDUCTION IN BRAIN AGING

Intracellular communication represents a key element of the molecular alter-
ations associated with senescence, resulting in modifications of cell function and, at
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a more integrated level, in cognitive and neurological impairments. In this context,
the aging process can affect signal transduction at different levels from receptor
availability and coupling with effectors systems to the production of second messen-
gers and the activation of protein kinases and phosphatases. Current research is
focusing on the molecular mechanisms of neuronal communication as possible tar-
gets for intervention to ameliorate age-related functional decay and to prevent cell
degeneration.1

An important concept that has emerged in recent studies utilizing stereological
techniques of neuronal count during physiological brain aging in humans, is that
contrary to the original morphological studies showing age-related neuronal loss in
cortical structures, neuronal loss is not evident between ages 60 and 90.2 Moreover,
no neuronal decline is present in the hippocampus of aged rats showing age-related
deficits in the water-maze task, providing evidence that the behavioral impairments
observed during senescence are not associated with neuronal degeneration in the
hippocampus.3 It therefore appears that although cortical and hippocampal neurons
may not degenerate during aging, other alterations—such as those implying changes
in cell-to-cell communication—may affect cerebral functions. The primum movens
toward age-related changes may thus be related to alterations in signal transduction
cascades and not to morphological deficits.

Protein modification by phosphorylation is a relevant regulatory tool utilized by
all cells within various aspects of signal transduction under both physiological and
pathological conditions. It represents the “final common pathway” in the actions of
various transmitters and it can also constitute an important regulatory feedback
mechanism for some of the steps involved in the production of intracellular second
messengers. Several protein kinases have been reported to play critical roles in brain
functions and protein kinase C is widely recognized as one of the relevant players in
the regulation of learning and memory phenomena.4,5

FOCUS ON PROTEIN KINASE C ISOZYMES

The serine/threonine kinases, protein kinases C (PKCs) are a family of enzymes
(at least 10 isoforms) highly expressed and functionally operating in brain tissues,
transducing signals coupled to receptor-mediated hydrolysis of membrane phospho-
lipids.6 These enzymes transduce signals that regulate short-term events (ion fluxes,
neurotransmitter release), mid-term events (receptor modulation), as well as long-
term events (synaptic remodeling and gene expression). Brain tissues express all
PKCs7 and, in spite of sequence and structural homologies among the different
PKCs, each isoform may have unique roles resulting from specific activation-depen-
dent subcellular localization and substrate phosphorylation.

While the C-terminal catalytic domain of PKC shows homology among the dif-
ferent isoforms, the regulatory N-terminal sequence confers enzyme diversity and is
the site where interaction with activators occurs. The regulatory domain binds and it
is activated by calcium, DAG, phosphatidylserine (PtdSer), and other lipids (see be-
low). Activation of PKCs is associated with the movement or translocation of each
single isoform from a compartment (where PKC is catalytically inactive) to another
(where it becomes catalytically active) where PKC finds the specific activators. PKC
is kept in an inactive “folded” conformation by binding of the pseudosubstrate
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sequence (in the regulatory region) to the substrate binding site (in the catalytic
region).8,9

PKCs are classified as calcium-dependent, calcium-independent, and atypical
isozymes according to their sensitivity to calcium and diacylglycerol. The mem-
brane lipid PtdSer sustains the activity of all PKCs. The conventional or calcium-de-
pendent PKCs (cPKCs: !,  "I,  "II, and #) require additional free calcium and
diacylglycerol (DAG) for complete activation. The calcium-independent novel
PKCs (nPKCs: $,  %,  &, and ') are fully activated by DAG only, whereas the atypical
PKCs (aPKCs: ( and )/*) are calcium- and DAG-independent.8 The tumor promoters
phorbol esters can mimic DAG in PKCs activation. Two DAG-dependent kinases
formerly described as additional members of the PKC family (µ and +) are now clas-
sified as protein kinases D, sharing better homology with the catalytic domain of
calcium/calmodulin kinases.10

REGULATION OF PKC ACTIVATION

Phosphorylation

The structure, subcellular localization, and function of PKCs are regulated by up-
stream and downstream events involving the inactive different isozymes. Upstream
events are characterized by a cascade of phosphorylating reactions taking place on
the catalytic domain of the nascent PKCs.8 These “priming” phosphorylations are
important to make PKCs responsive to activators. The newly synthesized “imma-
ture” kinases are initially phosphorylated as membrane-bound enzymes by a
phosphoinositide-dependent kinase-1(PDK-1), which is modulated by 3, phosphoi-
nositides produced by phosphoinositide 3-kinase (PI 3-kinase).9 The PDK-1 phos-
phorylation permits the subsequent autophosphorylation of two additional residues
in the catalytic domain: at this point PKC is “mature” and released as the soluble
form (inactive) able to respond to activators. The importance of PDK-1 for native
PKC is underscored by the observation that deletion of PDK-1 dramatically decreas-
es the levels of PKC isozymes.11

Downstream events are characterized by the binding of PKCs with their
activators.

Protein–Lipid Interactions

A variety of lipid second messengers produced by phospholipases (PL) activate
PKCs. The first described and well known pathway involves the receptor-mediated
PLC activation that induces the hydrolysis of the membrane phosphatidylinositol
4,5-bisphosphate (PIP2), thus generating inositol 1,4,5-triphosphate (IP3) and DAG:
IP3 releases free calcium ions from intracellular stores and DAG is also generated
by receptor-mediated activation of PLD. In addition, PLA2 activation produces
arachidonic acid, lysophosphatidylcholine, and cis-unsaturated fatty acids reported
as activators and/or enhancing activators of several PKCs.12

PKC activation is not only regulated by protein–lipid interactions described so
far, but also by protein–protein interactions.
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Protein–Protein Interactions

The receptor-regulated production of DAG and other lipids induce in PKC a
change in localization and the phosphorylation of specific substrates. How can indi-
vidual activated PKCs find their way close to the relevant substrates? In this case
protein–protein interactions play an important role. Several proteins interact with
PKCs with isoform selectivity;13 some proteins are direct substrates while others fa-
cilitate the interaction with the relevant substrates. For aPKCs, activation can be
driven by intracellular localization through regulatory proteins and nuclear localiza-
tion/export signals.8,9 Among the PKC-interacting proteins, scaffolding/adaptor
proteins termed RACKs (receptors for activated C kinases) bind with isozyme selec-
tivity PKC only after activation and direct the enzyme close to the relevant sub-
strates.14 RACKs are proteins bearing seven repeats of the WD40 motif identified
originally in the " subunit of G proteins: WD40 motifs regulate protein–protein in-
teractions. Up to now, two RACK proteins have been identified and characterized
namely RACK1 (selective for PKC"II)15 and RACK2 (selective for PKC%).16

RACKs are not substrates of the respective PKCs, upon PKC activation they colo-
calize and increase substrate phosphorylation by several fold. Because of the pres-
ence of seven WD repeats, RACKs bind and regulate a variety of other signaling
enzymes.17 One of the most interesting breakthroughs within this field is the recog-
nition that it is possible to inhibit the translocation and the function of individual
PKC isozymes by peptides mimicking the sites of interaction between PKC and
RACK. Moreover pseudo-RACK peptides can activate PKC without production of
second messengers.18 By utilizing these peptides, specific functions have been rec-
ognized for individual PKC isoforms in both cardiac and neuronal homeostasis.19 As
for the regulation of “inactive” PKCs, other scaffolding proteins termed RICKs (re-
ceptors for inactive C kinases) may influence their localization before activation.20

PKC DOWNREGULATION

In the membrane-bound form, PKC is two orders of magnitude more sensitive to
dephosphorylation when compared to the soluble enzyme. Long-term activation of
PKC results in dephosphorylation by phosphatases and thus an interaction with the
chaperone heat shock protein 70 (Hsp70) occurs.21 At this point two pathways can
be taken: one way in which Hsp70-bound PKC is rephosphorylated and recycled
back as soluble newly reactivable enzyme; the other in which Hsp70 separates from
PKC resulting in its association with cytoskeletal elements and eventual downregu-
lation by proteolysis.8

PKC ISOFORM–SPECIFIC BRAIN FUNCTIONS

The roles of PKC isozymes in the brain are largely unknown, but experiments us-
ing knockout mice and isoform-specific inhibitors/activators seem to indicate that
some functions are indeed regulated by specific PKC isoforms (TABLE 1). Studies in
mouse lacking the neuron-specific PKC# were the first to be described. In this ani-
mal model, spatial memory was mildly affected and long-term synaptic potentiation
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in hippocampus was impaired;22 these animals also present a reduced neuroprotec-
tion by estrogens after ischemia.23 In the PKC! null mice long-term synaptic de-
pression is not inducible in the cerebellum24 while mice lacking PKC" suffer from
a deficit in both cued and contextual fear conditioning. 25 The PKC% null mice indi-
cate an involvement of this isoform in pain states and in the action of sedative drugs
and in alcohol consumption. 26 In the PKC' knockout, a decreased synapse elimina-
tion is observed.27

Investigations with isoform-specific inhibitors/activators have shown that PKC$
inhibition reduces reperfusion-induced injury after stroke28 while inhibition of
PKC"I enhances astrocyte degeneration.29 PKC% and # inhibition are also involved
in hyperalgesia,30 while activation of PKC$ attenuates the kainate-induced cell
death of cortical neurons.31 Additionally, PKC( inhibition may protect from excito-
toxic neuronal death32 while ethanol withdrawal hyper-responsiveness may be sen-
sitive to selective inhibition of PKC#.33 Moreover, mutational approaches point out
that the PKC# gene is associated with animal models of Parkinson’s disease34 and
with cerebellar ataxia in humans.35

All these data suggest the possibility that interfering with PKC in an isoform-se-
lective manner could control several aspects of neuronal homeostasis under both
physiologic and pathologic conditions.

cPKC IN PHYSIOLOGICAL BRAIN AGING

A variety of functions related to PKC have been reported to be modified as a con-
sequence of brain aging. In addition to changes at the molecular level, such as calci-

TABLE 1. Selected functions of cPKC isozymes in neuronal tissues: knockout and
peptide studies

PKC
isozyme

Knockout
(reference)

Peptide inhibitors
(reference)

Peptide activators
(reference)

 PKC! Cerebellar LTD impairment (24) ND ND

 PKC" Loss in fear conditioning (25) Astrocyte degenera-
tion (29)

ND

 PKC# Hippocampal LTP impairment (22)
Loss of estrogen protection from 

ischemia (23)
Ethanol/sedative hyposensitivity (26)

Ethanol withdrawal 
hyper-responsive-
ness (33)

ND

PKC$ ND Reduction of cere-
bral ischemic rep-
erfusion injury 
(28)

Attenuation of kainate 
degeneration (31)

PKC% Ethanol/sedative supersensitivity (26)Hyperalgesia (30) Protection from oxygen/ 
glucose deprivation (29)

PKC' Synapse elimination impairment (27) ND ND

PKC( ND Decreased excito-
toxicity (32)

ND

NOTE: ND = not determined; LTD = long-term depression; LTP = long-term potentiation.



182 ANNALS NEW YORK ACADEMY OF SCIENCES

um ion homeostasis, neurotransmitter release, and receptor regulation, important
modifications occur in long term synaptic changes and thus in some forms of mem-
ory. In addition behavioral, genetic, elecrophysiological, and pharmacological evi-
dence underscore the importance of PKC in learning and memory processes.4 Within
this context, in the last few years we have investigated brain PKC homeostasis and
its regulation during aging.

Kinase Activity Shows Strain and Substrate-Dependent Changes

We started by asking whether PKC function, evaluated with the conventional as-
say of histone phosphorylation in the presence of optimal concentrations of activa-
tors (calcium, PtdSer, DAG), was modified in different brain areas. We found that
Sprague-Dawley rat cortex shows age-related decrease in spite of an increase of PKC
activity detected in the hippocampus and no change in cerebellum.36 This effect
proved to be strain-dependent because it was also observed in Fisher 344,37 but not
in Wistar rats, where kinase activity was unchanged in all brain areas (cortex, cere-
bellum, and hippocampus) and fractions (soluble and membrane) investigated38

(FIG. 1A, for the activity in cortex). Utilizing a selective brain substrate for PKC (i.e.,
purified protein B-50/GAP43) we were able to detect a significant impairment in

FIGURE 1. Calcium-dependent and -independent PKC activity and translocation in
cortex from Wistar rats during aging. Calcium dependent PKC activity (A) and translocation
(B) was assayed utilizing histone as substrate as described.38 Calcium-independent PKC ac-
tivity (C) and translocation (D) was assayed utilizing (Ser25) PKC19-36 as substrate as de-
scribed.41 Translocation is reported as ratio of activity in membranes and soluble fractions
after treatment with PMA 160 nM for 15 min. Data are the mean values ± SE (darker) from
7–9 individual measurements.
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PKC-dependent phosphorylation in cortical membranes from middle-aged (8 month
old) and aged (28 month old) Wistar rats. B-50 phosphorylation was instead in-
creased in the hippocampal membranes from the same aged Wistar rats.38

cPKCs Translocation Is Impaired in Aged Rats

In the previously described studies, PKC activity measurements were assessed in
vitro under optimal conditions of activators and substrates, but this may not be the
physiological milieu during aging. It is known that calcium ions, phospholipids, and
substrates display changes during senescence that in some cases may be also area-
dependent.

To circumvent these variables, we analyzed PKC function in terms of activation/
translocation in response to phorbol esters challenge utilizing tissue slices. Upon
short-term (15 min) low concentration (160 nM) phorbol ester (PMA: phorbol 12-
myristate-13-acetate) treatment, the activation of PKC bypasses the availability of
activators and the enzyme translocates from the cytosolic to the membrane compart-
ment. This process is observed as a decrease in the cytosolic and an increase in the
membrane-bound PKC activity. cPKC translocation appeared to be preserved up to
middle age but was impaired in aged animals (Wistar) in both cortex (FIG. 1B) and
hippocampus.38 This effect is independent of the strain utilized because it is ob-
served also in aged Fisher 344 rats. 39

Transcription and Translation of cPKCs in Aging

Given that the activity and translocation of PKC might be influenced by a differ-
ential expression of the PKC isoforms during aging, we analyzed the existence of
changes at transcriptional level. The presence and regional distribution of cPKCs (!,
", and #) mRNA isoforms were assessed by Northern hybridization. No modifica-
tions in the amount pattern of the different mRNAs were observed in aged Wistar
rats, only a decrease in the ! and " signal that is already present at 8 months of age
in cortex.38 Northern blot analysis allows quantification of mRNA in tissue homo-
genate but localized changes in specific brain regions may remain undetected due to
the limitation of this approach. To further investigate any potential changes in PKC
mRNA levels in discrete hippocampal and cortical regions, we performed in situ hy-
bridization: aging did not modify in a significant manner the relative mRNA of the
three calcium-dependent PKC isoforms in any area and subfield analyzed.38

The possibility that translational changes in PKC isoforms might occur during
aging was then addressed by looking at the content of each specific isoform by West-
ern analysis, in both soluble and particulate fractions. PKC!, "I, "II, and # immu-
noreactivities were not modified in cytosolic and membrane fractions of cortex and
cerebellum; only hippocampal PKC# was significantly increased at membrane level
in aged animals. As we have speculated,38 this observation may be directly related
to learning capabilities in aged animals. In fact, when analyzing learning perfor-
mance on a water-maze task as a function of PKC# (as immunohistochemistry sig-
nal) in aged rats, Colombo and Gallagher recently found, in accord with our
observations, that the worst performance was coupled to higher levels of PKC# in
hippocampal CA1 and dentate gyrus regions. 40 From our data we can add that this
effect may be due to posttranslational changes because PKC# mRNA in the CA1 and
dentate gyrus regions does not change in aged animals.38
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Anchoring/Scaffolding of cPKCs

The most consistent change in cPKC function during brain senescence (irrespec-
tive of strain and area investigated) appeared to be the lack of enzyme activation/
translocation. Changes in membrane lipid composition and impairments in transduc-
tion could explain such functional deficit. Owing to the reputed role of RACK pro-
teins in directing activated PKC to relevant targets, we studied whether the age-
related impaired PKC translocation could be associated with changes in protein–
protein interactions.41 We observed that cortical levels of RACK1 were decreased in
membranes prepared from aged rats (TABLE 2). Because of the reported specificity
of RACK1 for PKC"II, we measured the translocation of this isoform after PMA
treatment. PKC"II translocation to the membrane compartment was also deficient in
tissue slices from aged animals. Recent findings have confirmed this age-related de-
crease in cortical RACK1 in aged Sprague-Dawley rats and also demonstrated a re-
duction in mRNA levels.42 This effect is sex specific, not being observed in female
animals. Taken together, these data indicate that a deficit in RACK1 may contribute
to the functional impairment in cPKC translocation detected in aged rats.

nPKC AND aPKC IN PHYSIOLOGICAL BRAIN AGING

In order to complete the study of PKC during brain aging we also investigated the
calcium-independent novel (nPKC) and atypical (aPKC) isoforms in the cortex. In
agreement with the findings on cPKCs, PKC$, %, &, and ( remain constant as immu-
noreactive proteins in both soluble and membrane fractions.43 Accordingly, basal
calcium-independent kinase activity did not change as function of age (FIG. 1C). On
the other hand, calcium-independent PMA-dependent PKC translocation resulted in
deficits in aged animals (FIG. 1D) as also confirmed by specific Western blotting
analysis for PKC$ and %. 41 We have also investigated the levels of another anchoring
protein reported to interact preferentially with the calcium-independent PKC%.16

However the levels of RACK2 (utilizing antibodies to "COP kindly provided by Dr.
K.J. Harrison Lavoie)44 remain constant in membrane fractions from aging rats (un-
published results). Considering that RACK1 may interact, although with less affinity

TABLE 2. RACK1 levels in cortical membranes fractions in physiological and
pathological brain aging

Rat age (months)

 RACK1 immuno-
reactivity
(ODUs/µg

protein)

Percent
of

young

Percent
of

controls

Ratio immuno-
reactivity RACK1

(human cortex/
internal standard) Patients

Young (3)  208 ± 22 100 100  0.65 ± 0.06 controls

Middle-aged (8)  180 ± 33 86 53  0.35 ± 0.08* Alzheimer’s
disease

Aged (28)    94 ± 8*  45    

NOTE: ODUs  = optical density units; values are expressed as means ± SEM; *P < 0.01 Dun-
nett’s (rats) or Student’s (patients) t test; internal standard  = rat cerebellum membranes.
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when compared to "II, with PKC$ and %,15 it is thus possible that the decrease in
RACK1 may affect calcium-independent PKC translocation as well.

Collectively all the reported data on physiological aging point to the general ob-
servation that at least in rat cortex during aging:

• calcium-dependent and -independent kinase activity under optimal conditions
of activators remains constant throughout life;

• all PKC isoforms are preserved as basal immunoreactive protein expression,
in spite of a decreased mRNA for PKC! and " already present in adulthood;

• the translocation process upon PMA challenge is deficient for both calcium-
dependent and -independent PKC isoforms; and

• the anchoring protein RACK1 deficit in the membrane may contribute to the
impairment in calcium-dependent and -independent PKC translocation.

PKC IN PATHOLOGICAL BRAIN AGING

PKC has been implicated in the neurodegeneration that occurs in Alzheimer’s
disease (AD). Besides deficits in neurotransmitters and growth factors activating
PKC, the enzyme itself and its responsiveness is modified in AD in central and pe-
ripheral tissues.43,45–48 The kinase C family is involved in the regulation of the me-
tabolism of the amyloid precursor protein (APP) towards the non-amyloidogenic
pathway.46 Of relevance to our previous studies, it was reported that there is a defect
in PKC activation in AD brain in terms of marked loss of redistribution of cortical
cytosolic PKC to the membrane fraction in response to activation with phorbol esters
and K+ depolarization.48 This was an observation with analogies with our previous
investigations in aging rats that could be utilized to prove the relevance of the animal
studies for human pathologies. We reasoned that, accordingly to our findings in rat
brain during senescence, anchoring proteins could also be involved in the regulation
of PKC activation process in Alzheimer’s disease. The analysis of RACK1 in human
frontal cortex autopsies indicate that when compared to age-matched controls AD
patients have reduced expression of RACK1 in both soluble and membrane compart-
ments (TABLE 2).49 The basal levels of PKC "II were also assessed and again, in
agreement with our previous results, no pathology-related changes were observed in
AD tissues,49 suggesting that it is not the expression of PKC that is deficient AD, but
rather the mechanism of activation-anchoring that undergoes pathology-dependent
changes.

AGE-RELATED PKC ACTIVATION/ANCHORING
IN NON-NEURONAL TISSUES

We further explored whether the age-associated changes in PKC activation/com-
partmentalization could be extended to non neuronal tissues. For this purpose we uti-
lized the model of rat alveolar macrophages. These cells secrete tumor necrosis
factor ! (TNF!) in response to lipopolysaccharide (LPS) through a PKC-mediated
transduction machinery. Macrophages from old rats secrete less TNF! in the pres-
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ence of LPS; the translocation of PKC"II upon LPS is impaired in aged animals,
where immunoreactive RACK1 appears to be decreased by roughly 50%.50

Other studies have reported in senescent myocardium a disrupted PKC! and
PKC% translocations to membrane in response to !1 receptor activation, associated
with a reduction in the respective anchoring proteins RACK1 and RACK2.51

Moreover, recent reports on peripheral blood human leukocytes from aged donors
have demonstrated a decreased expression of RACK1 that impairs the PKC"-depen-
dent LPS-induced TNF! production and the mitogen-dependent proliferation.52

All these data strengthen the notion that an age-dependent RACK1 deficit may
impair PKC translocation and related functions in peripheral tissues as well.

INTERVENTIONS ON PKC SIGNAL TRANSDUCTION IN AGING

A number of conditions have been reported to counteract the blunted PKC trans-
mission and/or anchoring mechanisms during aging. One of the first reports dealt
with exogenous PtdSer that appeared to counteract the blunted PKC-dependent
phosphorylation of hippocampal protein B50/GAP43.53 In the same brain area, ca-
loric restriction and antioxidant (N-tert-butyl-!-phenylnitrone) treatment can restore
phorbol ester–dependent synapsin I phosphorylation.54 In peripheral tissues a small-
er reduction in lymphocyte PKC activation can be shown in aged men practicing aer-

FIGURE 2. PKC isoforms translocation (A) and RACK1 levels (B) from cortex of aged
rats after pineal transplant. Membrane PKC isozyme translocation and RACK1 levels were
assayed as described.41 PKC translocation was induced with treatment with PMA 160 nM
for 15 min in cortical slices from 4–5 rats for each group. Values are means ± SD of 3 deter-
minations. RACK1 IR was assayed in frozen aliquots under unstimulated conditions. Y =
young, 3-month-old rats; A =  aged, 25-month-old rats; A + T = aged 23-month-old rats sub-
jected, at 18 months of age, to a transplant of the pineal gland from young animals. In A
each group of three bars represents, from left to right, !, "II, and #, respectively, for Ca++-
dependent; and $, %, and $, respectively, for Ca++-independent.
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obic fitness55 while chronic exercise training in rats partially reverses !1-mediated
activation of cardiac PKC.56

In other studies it has been reported that the age-related loss of RACK1, as both
messenger RNA and protein, observed in the hippocampus of aged rats can be re-
stored by a two weeks treatment with dehydroepiandrosterone.57 Accordingly with
this findings, this steroid restores RACK1 levels in aged rat alveolar macrophages
and splenocytes.58

Recently, in collaboration with Drs. Walter Pierpaoli and Daniele Bulian, we have
obtained preliminary results on PKC activation in the brain of aged rats (25 months
old) in which implantation of a pineal gland from young rats (3 months old) into the
thymus was performed at 18 months. Our findings seem to indicate that pineal im-
plant partially restores the aging-associated impairment of PKC translocation in cor-
tex, at least for "II and % isoforms (FIG. 2A). Additionally, pineal transplant also
induces a partial recovery (–12% with respect to young animals values) in RACK1
levels that were decreased by 36% in aged animals (FIG. 2B).

In rodents this model previously also showed a prolongation of survival and of T
cell–mediated immune function.59 Moreover a normalization of brain cortical "1
adrenergic receptor density60 and of hippocampal LHRH receptors61 has been re-
ported in aged transplanted animals in comparison with controls with no transplants.

DISCUSSION

We1,36,38,41 and several other groups37,39,53,54 have provided evidence that PKC
is a signal transduction system that is affected in aged animals in neuronal tissues
and this observation can be extended to non-neuronal tissues as well,50,51 underlin-
ing the importance of this finding for aging mechanisms in general terms.

Calcium-dependent PKC translocation is blunted as consequence of aging irre-
spective of animal strain and area investigated (at least in brain cortex, hippocampus,
and cerebellum38) and in general no changes at isoform basal levels are evident. In
cortical tissues, calcium-independent PKC translocation is also deficient despite the
absence of changes at isoform basal levels.

The only exception is presented by PKC# isoform, which increases in the hippoc-
ampal membranes of aged animals.38 This may be related to the control of plasticity
phenomena at brain level and thus to memory. This observation was at first sight un-
expected mainly because in young animals hippocampal PKC# levels are related to
better performance in different memory tasks.62 However, analyzing PKC# levels in
aged rats as function of learning performance on a water-maze paradigm, Colombo
and Gallagher found that in the animals with the worst memory, performance paral-
lels higher levels of hippocampal membrane-bound PKC# in CA1 and dentate gyrus
regions.40 Taken together these data underline the possibility that memory impair-
ment in aged rats may result, at least partially, from a dysregulation of PKC#. Con-
sidering that PKC# is specifically expressed in the nervous system, higher levels of
membrane-bound PKC# in unstimulated conditions may represent an attempt to
compensate a functional deficit occurring in the translocation process of this specific
isoform during senescence. In agreement with this concept, during aging one of the
key factors controlling PKC activation/relocation—RACK1 protein—decreases thus
contributing to the inability to sustain PKC translocation.41 These observations can
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be extended to non neuronal tissues in physiological animal aging50 and to patholog-
ical brain aging—Alzheimer’s disease—where a deficient PKC translocation pro-
cess occurs,48 concomitantly with a decrease in RACK1 anchoring protein,
indicating that the enzyme is preserved—but not the mechanism for its activation.49

It is interesting to note that a defective RACK1 system is observed also in brain cor-
tex of Down syndrome fetuses (early second trimester of gestation).63

The relevance of RACK1 changes with respect to PKC deserves further com-
ment. Van der Zee and coworkers have investigated in great detail cPKCs in aged
rabbit hippocampus through immunohistochemical and subcellular fractionation
studies.64 With the former, they observed an increase in immunoreactivity in
selected subregions for " and #, and with the latter they found a dramatic decrease
for all the isoforms at membrane level associated with a robust loss of RACK1 pro-
tein (–96%). Their interpretation is that the increase in immunoreactivity is due to
the loss of RACK1 (interacting with PKC) thus allowing more antigenic sites on
PKC to be detected immunohistochemically.64 Nonetheless they report unpublished
findings on increased PKC# in hippocampus of aged rats and emphasize the rele-
vance of RACK1 loss in the dysregulation of PKC system in aged rabbits as well.
These data suggest that, in addition to strain-specific changes, there are also species-
specific changes in PKC isoforms during aging.

The relevance of RACK1 in regulating PKC function is further underscored by re-
sults of studies on brain PKC/RACK1 interdependence in morphine-dependent rats.65

In addition, in a condition in which PKC is hyperfunctional (bipolar patients) PKC
activation by PMA is upregulated, and this phenomenon goes in parallel with an in-
creased association of various PKCs with RACK1.66

Various conditions affecting PKC-lipid interactions (treatment with exogenous
phosphatidylserine53 and antioxidants,54 for example) can counteract the age-related
changes in PKC detected during brain aging. Additionally, the PKC translocation
deficit occurring during senescence may be prevented by hormonal (dehydroepi-
androsterone) treatment57 or by pineal transplant (FIG. 2) acting through a recovery
in brain RACK1 levels. Concerning pineal transplant, we may only speculate that in
transplanted aged animals a release of some peptides that influence positively brain
functional homeostasis could be involved.59 As far as the recovery in RACK1 levels
is concerned, it is not known how this process can be regulated, but recent data have
documented that NF--B is a relevant transcription factor for RACK1 gene.67 The
same authors provided evidence that RACK1 promotes neuronal cell survival. It is
interesting to note that inhibition of NF--B increases beta amyloid neuronal apopto-
sis,68 suggesting that RACK1 deficit in Alzheimer’s disease may be dependent on a
defect in NF--B activation. Along this line, it is important to note that the activation
of PKC with bryostatin 1 (a non-tumor promoter activator of the enzyme) decreases
beta amyloid accumulation and premature death and improves behavioral outcomes
in mice models of Alzheimer’s disease.69 Moreover rasagiline, a monoamine oxi-
dase B inhibitor, facilitates in vivo non amyloidogenic processing of APP in rat hip-
pocampus through increase in PKC/RACK1 levels.70 It is thus tempting to postulate
that it is possible to interfere directly with the PKC activation/anchoring machinery
to counteract age-related physiological or pathological changes in brain functions.
FIGURE 3 summarizes how PKC is activated in physiological conditions and how a
decrease in RACK1 anchoring protein may affect such a process and induce a de-
creased response.
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 Moreover, RACK–PKC interactions have made it possible to introduce into pre-
clinical studies PKC isoform–selective probes (inhibitors and activators) that have
demonstrated isoform-specific effect in cardiac40 and neuronal functions (TABLE 1).
Such compounds are also increasing our understanding of pathological states and
look promising for a therapeutic use. For instance, PKC% and PKC$ interacting pep-
tides show encouraging results in the control of ischemic phenomena at both cardiac
and neuronal levels.19,28,29,31

Modulating the PKC isoform activation/anchoring mechanism offers an interest-
ing additional approach for developing innovative therapeutic tools in diverse phys-
iologic and pathologic conditions.71,72
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FIGURE 3. Activation of PKC and the role of anchoring/scaffolding protein RACK1.
The figure depicts the involvement of RACK1 anchoring protein in the mechanism of cPKC
translocation and phosphorylation of a relevant substrate. A decrease in RACK1 is associ-
ated with blunted translocation of the activated PKC with a consequent decrease in the func-
tional response. Under basal conditions RACK1 binding site on PKC (triangle) is masked
and is exposed only after activation. C  =  PKC catalytic subunit, R = PKC regulatory sub-
unit, Ca2+  = calcium, PS  = phosphatidylserine, DAG = diacylglycerol, S =  substrate, S =
substrate phosphorylated (P). 
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