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Cognitive kinases
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Kant proposed that Space and Time un-
derlie all knowledge; he further proposed
that their mental representations are not
derived empirically but are a priori or
innate (1). For present-day neuroscience,
the physical basis of Kant's representa-
tion of Space might be understood as
localization offunction, both sensory and
motor, to specific brain regions, often
somatotypic but always mapped in some
topologically coherent pattern (for a re-
view, see ref. 2). What would embody the
concept of Time? One of the principal
ways Time is apprehended is through
memory, a connection between innate
brain structure and temporal aspects of
the empirical world. A fair case could be
made that Time is represented in the
brain by a family of Ser/Thr protein
kinases-the cAMP-dependent protein
kinase, protein kinase C (PKC), Ca2+/
calmodulin-dependent protein kinases II
(Ca2+/CaM kinase) and closely related
family members, for example, CDC2-
regulated cyclins (3).
The prevailing hypothesis guiding cog-

nitive neurobiological research is that
persistent changes in synaptic efficacy
underlie the formation of learning and
memory (4-8). Altered synaptic efficacy
can be produced presynaptically and
postsynaptically. Any process that
changes the amount of neurotransmitter
released would serve as a presynaptic
mechanism: modulation of ion channels
is the most thoroughly studied; changes
in the mobilization of synaptic vesicles
for exocytosis appear to be the other
common presynaptic process (for a re-
view, see ref. 8). Any process that alters
receptor action would serve as a postsyn-
aptic mechanism. Molecular events that
underlie later stages of learning are
changes in synaptic structure that result
in making these pre- and postsynaptic
processes endure (9). These changes,
which are brought about by gene expres-
sion, are the favored explanation for the
persistence of memory (10-12).
Long-term potentiation (LTP) is cur-

rently the predominant vertebrate model
for the production of explicit memory
(for reviews, see refs. 13-15). Originally,
LTP was described in intact animals,
where briefhigh-frequency stimulation of
afferent pathways to the hippocampus
causes transmission to be enhanced for
hours to days. The synapses enhanced

are between the afferent pathway stimu-
lated and its postsynaptic neurons in the
hippocampus (16, 17). Since LTP can be
demonstrated in vitro (18, 19), it now is
routinely examined in hippocampal
slices, which remain healthy for several
hours in the hands of most investigators.
The experimental accessibility of the
slice preparation permits versatile com-
binations of electrophysiological, phar-
macological, and biochemical analyses,
which reveal that the enhancement of
synaptic transmission in LTP involves
both postsynaptic and presynaptic pro-
cesses (see ref. 8).
Many pharmacological studies with

hippocampal slices have implicated
members ofthe Ser/Thr family ofprotein
kinases in mediating the induction and
maintenance of LTP. Earlier experimen-
tal and theoretical work in both inverte-
brates and vertebrates had revealed that
the enzyme molecules of this family of
protein kinases have a special mnemonic
characteristic: post-translational modifi-
cation ofa kinase-autophosphorylation,
specific proteolytic cleavage, and changes
in subcellular location-caused by activa-
tion of that kinase by its second messen-
ger produces an enzyme that can be acti-
vated subsequently by decreased concen-
trations of the original second messenger.
The modification thus makes the enzyme
less dependent on the second messenger,
thereby prolonging its action well beyond
the initial stimulating event. In the limit,
this recursive mechanism can result in a
persistently active (or autonomous) pro-
tein kinase that is largely independent of
the original second messenger stimulus
(for a review, see ref. 20; for cAMP-
dependent protein kinase, see ref. 21; and
for Ca2+/CaM kinase II, see refs. 13 and
22).

In this issue of the Proceedings, Klann
et al. (23) and Sacktor et al. (24) confirm
that induction of LTP in slices of rat
hippocampus results in the immediate
activation of PKC and report that kinase
activity persists during the maintenance
phase (long after the initial high-fre-
quency stimulation to the CAl region).
These results provide direct evidence
that PKC is activated in LTP. They also
hold out the promise of a finer resolution
of the temporal aspects of LTP.
The temporal pattern of stimulation is

important for determining the duration of

the synaptic enhancement. Brief low-
frequency stimulation causes release of
the neurotransmitter glutamate produc-
ing transient depolarization of postsyn-
aptic hippocampal neurons; depolariza-
tion is brought about largely by conven-
tional ligand-gated ionophoric receptors
for glutamate. A single 1-sec train of
high-frequency stimuli causes the release
of enough glutamate to activate these
conventional receptors and a critical
number of N-methyl-D-aspartate
(NMDA) receptors as well. NMDA re-
ceptors have the special property of be-
ing gated by both glutamate and by volt-
age. This form of stimulation, used by
Sacktor et al. (24), induces LTP within
seconds, which is then maintained for
several hours. Information is also trans-
mitted in the retrograde direction from
the postsynaptic target neuron back to
presynaptic terminals, augmenting the
release of glutamate (for a review, see
ref. 8). Three or more sets of high-
frequency stimulation, separated by pe-
riods of 5-10 min, in addition to causing
depolarization and the activation of
NMDA receptors, which produces the
induction and maintenance phases, also
initiate an additional late-phase form of
LTP. This late phase extends the synap-
tic enhancement of the hippocampal syn-
apses for much longer periods of time:
many hours in slices and, presumably,
weeks to months in intact animals. The
late-phase process begins only an hour or
two after the initial course of stimulation
(for a review, see ref. 25). These are the
conditions of stimulation used by Klann
et al. (23).
LTP is thus characterized by three

phases. Induction marks the transference
of the process from ionic to biochemi-
cal-the increased influx of Ca2+ ion
through NMDA receptors activating two
of the three major Ser/Thr protein ki-
nases, Ca2+/CaM kinase II and PKC.
Prior to the two papers that appear in this
issue, almost all of the evidence for the
participation of PKC in induction was
pharmacological (for reviews, see refs.
23 and 24). The results presented in these
papers now show directly that PKC is
activated during induction of LTP. Pre-
viously, it was controversial whether
PKC also participates in the maintenance
phase of LTP. The two papers under
discussion now show convincingly not
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only that PKC is activated persistently in
the maintenance phase but also that the
activated kinase is autonomous. Before
discussing the molecular mechanisms by
which persistently active PKC is pro-
duced and some of the apparent discrep-
ancies between the results reported in the
two papers, the late phase needs to be
mentioned. This phase, which has been
difficult to examine experimentally be-
cause of the transient viability of hippo-
campal slices, now appears to depend on
the activation of cAMP-dependent pro-
tein kinase, the third major member of
the Ser/Thr protein kinase family, and to
require newly synthesized protein (25).

Consistent with the idea that the entry
of Ca2+ through NMDA receptors ini-
tiates LTP, Ser/Thr protein kinases that
are Ca2+-dependent (Ca2+/CaM kinase
II and the Ca2+-activated isoforms of
PKC) had been implicated in the induc-
tion phase. Several lines of evidence
made Ca2+/CaM kinase II an attractive
enzyme for initiating the expression of
LTP: in addition to its dependence on
Ca2+, it is one of the most abundant
proteins in dendrites, constituting a large
proportion of the postsynaptic density
(see ref. 13). Furthermore, selective in-
hibitors of the regulatory domain of the
kinase (for example, calmidazolium and
synthetic peptides), as well as the isoqui-
noline H7, a general inhibitor of Ser/Thr
protein kinases, block induction of LTP
in hippocampal slices. Still further, ex-
perimental data on Ca2+/CaM kinase II
were the first to become available that
appeared to support Crick's (26) and Lis-
man's (27) theoretical models of molec-
ular memory involving second messen-
ger-induced persistent kinase activity
through intermolecular autophosphory-

Regulatory

lation (for a review, see ref. 22). Finally,
inferential support was provided by the
observations that spatial learning is im-
paired in mice made mutant in a Ca2+/
CaM-dependent protein kinase 11 (28)
and that hippocampal slices from these
transgenic mutant mice are deficient in
their ability to produce LTP (29). But the
evidence for PKC was unclear.
Most difficult to interpret were the

pharmacological observations that inhib-
itors specific to PKCs-for example,
sphingosine and polymyxin B-block in-
duction but not maintenance, whereas
others block both induction and mainte-
nance. To make matters worse, results
from different laboratories were incon-
sistent. The results also depended on
how the drugs were administered; for
example, injection of H7 into the
postsynaptic neuron blocks induction
alone, while application in the bath
blocks maintenance as well. While this
may be the first evidence for the involve-
ment of a presynaptic protein kinase in
the maintenance of LTP, the ineffective-
ness of the specific PKC inhibitors was
still unexplained (for reviews, see refs. 23
and 24). Tentatively, the general opinion
was that PKC is required for postsynap-
tic induction but not for maintenance. To
clarify these issues and to discuss the
significance of the results presented by
Klann et al. (23) and by Sacktor et al. (24)
in this issue of the Proceedings, it is
necessary to review current information
on the structure of the PKCs (Fig. 1).
To date, 10 distinct isoforms of PKC

have been characterized; 7 are expressed
in vertebrate nervous tissue. Like other
members of the Ser/Thr protein kinase
family, PKCs are composed of two gen-
eral regions, one regulatory and the other
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FIG. 1. Structure and classification of PKCs. Nishizuka (30) classifies the 10 known
isoforms of PKC into three subspecies on the basis of the constant domains, Cl and C2, in the
regulatory portion of the kinase: c or classical (PKCa, (31, (311, y), n or new [PKCO, E, (L),
0], and a or atypical (PKCz and A). c- and nPKCs contain a Cl domain with two cysteine-rich
zinc-finger motifs, the most amino-terminal one containing the regulatory pseudosubstrate
sequence of amino acids (q,) (see text). The lack of C2, the domain responsible for activation
by Ca2+ ion, distinguishes PKCs that are Ca2+-activated (cPKCs) from those that are

Ca2+-independent (nPKCs and aPKCs). PKMs are fragments of PKCs that contain active
catalytic regions; they are generated by proteolytic cleavage at the hinge region connecting the
amino-terminal regulatory portion of a PKC molecule and the carboxyl-terminal catalytic
portion.

catalytic. With PKC, regulation is inhib-
itory: in the absence of extrinsic activa-
tors (second messengers and other fac-
tors-for example Ca2+, specific pro-
teins, lipids, and membrane), the kinase
molecule is inactive because the regula-
tory portion of the enzyme molecule
masks the catalytic site. A domain in the
regulatory portion of the kinase contains
a sequence of amino acid residues that
are similar or identical to the sequence
that is required in substrate proteins for
phosphorylation to occur. Unlike the se-
quence in substrate proteins, however,
the serine or threonine residue to which a
phosphoryl group would be transferred is
absent. In its place, the corresponding
sequence in the regulatory domain con-
tains a residue that lacks a hydroxyl
moiety, usually alanine. Because it binds
to the catalytic site with great affinity, the
regulatory sequence (indicated by i in
Fig. 1) behaves as a pseudosubstrate.
Binding ofthe second messenger (togeth-
er with other factors) to the regulatory
portion of the kinase changes the confor-
mation of the inactive enzyme, causing
dissociation of the regulatory and cata-
lytic portions of the kinase, thereby re-
leasing the catalytic site for action. In
PKC, the catalytic portion is located at
the carboxyl-terminal part of the mole-
cule and is connected to the amino-
terminal regulatory portion by a hinge
region: the inactive kinase can be pic-
tured as being folded at the hinge; the
activated kinase is extended as shown in
the figure. In all 10 isoforms, the struc-
ture of the catalytic part of the molecule
is highly conserved; in contrast, Nishi-
zuka (30) recognizes three subspecies of
the enzyme that differ markedly in their
regulatory regions. Nishizuka (31) origi-
nally isolated the catalytic portion pre-
sumably of several PKC isoforms, be-
lieving it to be a new type of unregulated
protein kinase. These fragments, which
require Mg2+ but are active in the ab-
sence of any second messenger, were
produced as a result of proteolytic cleav-
age at the, hinge region by the abundant
Ca2+-dependent protease, calpain, dur-
ing extraction ofthe kinase from brain for
purification. Fragments of PKC contain-
ing active catalytic regions are now called
PKM-M for Mg2+.
The PKC-specific inhibitors used in

these pharmacological studies affect do-
mains in the regulatory part of the kinase
molecule, interacting with sites required
for activating the catalytic portion. For
example, sphingosine and polymyxin B
interact with the Cl domain, which is
thought to be the regulatory region that
binds the lipid activator diacylglycerol or
its analog, phorbol ester, and to mediate
much of the kinase's translocation to
membrane (or to phosphatidylserine in
vitro). This domain, which contains two
cysteine-rich zinc-finger motifs in typical
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PKCs (cPKCs and nPKCs), also contains
the pseudosubstrate sequence situated
toward the amino-terminal part of the
first cysteine-rich domain. Two isoforms,
PKC; and PKCA, contain only the first
cysteine-rich domain and are categorized
as atypical PKCs (aPKCs); while aPKCs
are translocated to membrane (and re-
quire phosphatidylserine), they are not
affected by diacylglycerol or phorbol es-
ters. C2, the regulatory domain that con-
fers sensitivity to Ca2+, enhances the
affinity by which the lipid activator
binds. Subspecies of PKCs containing a
C2 domain are Ca2+-activated and were
the first to be characterized. When PKCs
lacking the C2 domain were discovered
and found to be Ca2+-independent, they
were called minor forms. As Ca2+-
independent isoforms are now known to
be neither minor in number nor in abun-
dance, Nishizuka (30) proposed a new
classification: PKCs with Cl domains are
conventional or classical (cPKCs) and
PKCs lacking C2 are new (nPKCs). Both
cPKCs and nPKCs are considered typi-
cal, however.
Klann et al. (23), using a selective

substrate in enzyme assays, and Sacktor
et al. (24), using isoform-specific anti-
sera, now show that both Ca2+-activated
and Ca2+-independent isoforms of PKC
are activated after the high-frequency
stimulation, but only transiently. Fur-
thermore, they show that PKC is active
during the maintenance phase 30-180
min after induction. Unexpectedly, they
both find a persistently active form of the
kinase with atypical properties: it is in-
dependent of diacylglycerol or phorbol
ester, it is not activated by Ca2+ and,
most surprising of all, it is present in the
cytoplasm and independent of phospha-
tidylserine. Sacktor et al. (24) present
strong evidence that this atypical activity
is PKMC. Specific antibodies raised
against a carboxyl-terminal peptide se-
quence of PKCC were used to detect
three major proteins in the CAl region of
the hippocampus with molecular weights
of 51,000, 70,000, and 160,000. While the
larger protein is not yet identified, the Mr
70,000 protein corresponds to intact
PKCC. Cyanogen bromide peptide map-
ping indicates that the Mr 51,000 compo-
nent is PKMC. In addition, the PKCC-
specific antiserum immunoprecipitates
only one autophosphorylated polypep-
tide with a molecular weight of 51,000.
Although there was some previous in-

dication that PKM forms ofPKC are not
always artifacts of extraction but some-
times might have physiological signifi-
cance (32), the idea was not widely ac-
cepted. Sacktor et al. (24) now show that
generation ofPKM; occurs in the neuron
and is not due to extraction: the increase
in PKMC is only observed in stimulated
slices and no increase is seen if NMDA
receptors (and LTP) are blocked. Forma-

tion of PKM would account for the
failure of PKC-specific agents to affect
maintenance, since their targets in the
intact PKC molecule are absent in PKMC
and, therefore, no longer can affect PKC
activity. To the contrary, H7 would be
expected to interfere with PKMC's func-
tion, since it blocks the ATP-binding site
(the C3 domain), which is still present at
the amino-terminal end of the catalytic
portion of the molecule. H7 is not a
specific inhibitor ofPKC, however, since
it is also an effective inhibitor of other
Ser/Thr protein kinases.
Klann et al. (23) assayed PKC activity

at various times beginning 3 h after stim-
ulation and show that the atypical kinase
peaks at 45 min and persists for at least 2
h more. (The slow decrease in activity
observed after 45 min probably reflects
declining viability of the slice prepara-
tion.) As with Sacktor et al. (24), activa-
tion of NMDA receptors and the induc-
tion ofLTP are necessary for this persis-
tence to occur. In contrast, however,
Klann et al. (23) find no evidence for the
formation ofPKM and suggest that pro-
teolytic activation is not responsible for
the increase in PKC activity. They sug-
gest that, since neither of the two well-
known mechanisms-proteolysis and
membrane insertion-can account for the
persistence, activation of PKC must oc-
cur by another mechanism. They present
some evidence that autophosphorylation
or phosphorylation by other protein ki-
nases might be involved; phosphoryla-
tion is known to occur in both the regu-
latory and the catalytic portions of PKC
(33-37). Thus, it might be possible that
phosphorylation in the regulatory portion
of a PKC might endow that enzyme with
its atypical behavior, a suggestion akin to
the mechanism proposed for Ca2+/CaM
kinase II (22). Phosphorylation of regu-
latory domains could also account for the
failure of PKC-specific inhibitors to af-
fect maintenance: in a PKM, the targets
of the inhibitors are absent; in a phos-
phorylated PKC, the targets could be
blocked. Nonetheless, neither modifica-
tion would account for the difference in
sensitivity to the inhibitors, which de-
pend on how the agents are administered.
These differences probably can best be
explained by the locations of the PKC
affected. Thus, injection of inhibitors
into the postsynaptic neuron would be
expected to act selectively on postsyn-
aptic PKCs, while bath-applied inhibitors
would act on kinases in presynaptic ter-
minals as well.
What might account for the major dif-

ferences between the two papers in ex-
plaining the molecular mechanisms of
persistence? The simplest explanation
would appear to be the antibody Klann et
al. (23) used to search for a PKM. This
antibody was raised by Huang et al. (35)
against partially purified cPKCs and does

not detect abundant nPKCs (compare
figure 4A of ref. 23 with figure 1B of ref.
24). The antibody therefore probably is
not capable of recognizing PKMC. Even
so, Klann et al. (23) present some tenta-
tive evidence for their phosphorylation
mechanism as well as a suggestion for the
synthesis of PKC. Is it possible that the
generation of PKMC by proteolysis and
the regulation of persistence by protein
phosphorylation both occur during the
maintenance phase of LTP and that in-
creased PKC synthesis occurs at the
transition between early-phase and late-
phase LTP? Some ofthe differences seen
between the two papers may thus be
explained by the difference in stimulation
protocol: the protocol of Sacktor et al.
(24) producing the early phase and the
protocol of Klann et al. (23) producing
both phases of LTP.
Both of these papers present results

that illustrate how learning and memory
might be reflected in the molecular prop-
erties of PKC. In a metaphorical sense,
PKC and the other Ser/Thr protein ki-
nases behave as if they were taught,
memorizing temporal connections be-
tween events in the empirical world. Fur-
ther suggestion that these kinases are
Time's molecular representation is their
involvement in neural mechanisms that
set circadian pacemakers (for a review of
circadian rhythm in both vertebrates and
invertebrates, see ref. 38). Furthermore,
Ser/Thr protein kinases are crucial reg-
ulators of the timing and coordination of
the eukaryotic cell cycle (39, 40). To
modem neuroscientists, Kant's idea that
knowledge begins with experience but
must conform to innate concepts of
Space and Time is a prescient philosoph-
ical formulation of post-Darwinian ideas
of brain and behavior (41). Time will tell
if there is any scientific future in thinking
that the complex biochemical pathways
underlying LTP have a Kantian beat.
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