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Abstract

Numerous studies over the past decade have established a role(s) for protein phosphorylation in modulation of syn-
aptic efficiency. This article reviews this data and focuses on putative functions of Ca**/calmodulin-dependent protein
kinase II (CaM-kinase IT) which is highly concentrated at these synapses which utilize glutamate as the neurotransmit-
ter. Evidence is presented that CaM-kinase II can phosphorylate these glutamate receptor/ion channels and enhance
the ion current flowing through them. This may contribute to mechanisms of synaptic plasticity that are important in
cellular paradigms of learning and memory such as long-term potentiation in the hippocampus. (Mol Cell Biochem

127128: 93-101, 1993)

Key words: protein phosphorylation, learning and memory, synaptic plasticity

Introduction

Neural tissues are the most abundant sources for many
protein kinases and phosphatases. Indeed, calcium/dal-
modulin-dependent protein kinase IT (CaM-kinase 11,
reviewed in 1 and 2) constitutes 2% of protein in certain
regions of the brain such as hippocampus. Major empha-
sis has been on characterization of the multifunctional
protein kinases cAMP-kinase (PKA), protein kinase C
(PKC) and CaM-kinase II, and many neuronal systems
regulated by protein phosphorylation have been identi-
fied over the past ten years. Studies on the Aplysia gill
withdrawal reflex, a simple model of associative learn-
ing, identified PKA-mediated phosphorylation of a K*
channel or its associated regulatory protein as the piv-
otal event in prolonging presynaptic depolarization with
resultant increased neurotransmitter release [3]. An in-
tensely studied form of usage-dependent mammalian
learning and memory is long-term potentiation (LTP, re-
viewed in [4]) in region CA1 of rat hippocampus. Since
postsynaptic influx of Ca* is essential for the induction

of LTP, it was logical, in analogy to the Aplysia system, to
determine if Ca*-dependent protein kinases might be
involved. Indeed, early studies indicated this is the case
[5], and more recent work (see below) has strengthened
this hypothesis. CaM-kinase I1 is an attractive candidate
for involvement in LTP since 1) its unique regulatory
properties make it ideal as a molecular sensor of syn-
aptic usage [6], and 2) it is the most abundant protein in
the postsynaptic densities [7] of these excitatory synaps-
es in hippocampus. This minireview will focus on these
unique regulatory properties of CaM-kinase II and its
ncuronal substrates that appear to be important in mod-
els of learning and memory such as LTP.

CaM-kinase 11

CaM-kinase I1 is an oligomeric multifunctional isozyme
family present in most tissues but particularly abundant
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Fig. 1. Regulatory model for CaM-kinase II. The amino acid backbone of an o subunit of the brain kinase is represented by the solid line. The catalytic
sites which bind Mg?*/ATP and protein substrate are designated by 7/, near the NH,-terminus. The COOH-terminus is thought to be involved in

subunit assembly of the oligomeric protein. See text for details.

in brain [1, 2]. The adult rat forebrain enzyme (650kDa)
has been most thoroughly studied and is comprised of
10-12 subunits (50-62kDa each) of three types, o:p/f’, in
molar ratios of 4:1. The o and 8 subunits are encoded by
separate genes, whereas the 3’ subunit is a splice variant
of the B subunit. Additional subunits, expressed in brain
and other tissues, show high sequence conservation in
the catalytic and regulatory domains. Domain localiza-
tion has been determined by analyses of the deduced
amino acid sequences [8, 9]: the NH,-terminal half of the
subunits contain the highly conserved kinase motifs; the
central portion has a regulatory domain; and the
COOH-terminal portion is thought to be involved in
subunit assembly and perhaps subcellular localization.
Electron microscopy suggests that the COOH-terminal
association domains form a central core in the holoen-
zyme surrounded by globular catalytic domains that are
arranged like flower petals [10].

CaM-kinase II is activated by binding of Ca*/CaM
and subsequent autophosphorylation, and the molecul-
ar mechanisms of these activations have been extensive-
ly studied [1, 2]. Our current understanding of the regu-
lation of CaM-kinase II will be summarized using the
model of Fig. 1. The regulatory domain of CaM-kinase 11
is comprised of two motifs which overlap [11,12], a CaM-
binding domain (residues 296-309) and a bisubstrate-di-
rected autoinhibitory domain (residues 281-302, all re-
sidue numbering will refer to the « subunit unless in-

dicated otherwise) which occupies the catalytic domain
and inactivates the kinase (form 1, Fig. 1). Binding of
Ca*/CaM to residues 296-309 neutralizes the inhibitory
potency of the autoinhibitory domain [12], presumably
by a conformational change, promoting its dissociation
from the catalytic domain (form 2, Fig. 1). The activated
kinase binds its first substrate, Mg*/ATP, in an ordered
reaction mechanism [13]. There is extremely rapid (sec-
onds at 30°) autophosphorylation of Thr** which pre-
cedes phosphorylation of exogenous proteins (form 3 of
Fig. 1) [14]. Although this intramolecular autophospho-
rylation of Thr** is not obligatory to phosphorylation of
exogenous proteins, it does convert CaM-kinase II into
a partially (50-80%) Ca*/CaM-independent form
(form 4, Fig. 1) [15-17]. A model has been proposed
whereby formation of this constitutively active Ca**-in-
dependent CaM-kinase II may function as a molecular
sensor of synaptic usage [6]. The general concept is that
the frequency of excitatory synapse usage would. give
rise to graded levels of postsynaptic intracellular Ca™.
These various levels of postsynaptic Ca* would gener-
ate different amount of Ca*-independent CaM-kinase
II due to autophosphorylation. Thus, rapidly firing syn-
apses would generate higher levels of constitutively ac-
tive CaM-kinase IT which could then phosphorylate
unique substrates (e.g., glutamate receptors, see below)
in the postsynaptic density. Another consequence of au-

tophosphorylation of Thr® is that the dissociation rate



for Ca**/CaM decreases by about 100-fold [18]. Thus, it
has been proposed that the autophosphorylated CaM-
kinase I can trap CaM for short periods of time and may
act as a unique Ca™ spike frequency detector [18]. Pro-
tein phosphatases 1, 2A and 2C can dephosphorylate
CaM-kinase II and regenerate the original Ca*/CaM-
dependency (form 1, Fig. 1).

The primary consensus phosphorylation sequence [1,
2] in substrates of CaM-kinase II is -R-X-X-S/T- (X can
be any residue). The presence of a second Arg two resid-
ues NH,-terminal of the Ser/Thr, which is a strong posi-
tive determinant for cAMP-kinase, can be a negative de-
terminant for CaM-kinase II [19]. This presumably ex-
plains why CaM-kinase II phosphorylates the Thr
whereas cAMP-kinase phosphorylates the adjacent Ser
(R-R-A-S-T-]) in cardiac phospholamban [20]. A sec-
ondary phosphorylation sequence determinant appears
to be an Asp two residues COOH-terminal of the Ser/
Thr (-S/T-X-D-) {21]. It should be noted that the Thr**®
autophosphorylation site in CaM-kinase II contains
both determinants (-R-Q-E-T-V-D-). CaM-kinase II is
considered a multifunctional protein kinase, like cAMP-
kinase and protein kinase C, since it phosphorylates in
vitro a large number of proteins [1, 2] including numer-
ous metabolic enzymes (e.g., tyrosine and tryptophan
hydroxylases), structural proteins (e.g., synapsin,
MAP-2 and tau), ion channels (e.g., CI' channel and glu-
tamate receptor/channel), hormone receptors (e.g.,
EGF receptor), and nuclear transcription factors (e.g.,
CREB and C/EBPp). There is accumulating evidence in
the past several years for phosphorylation of many of
these substrates in intact tissues or cells. For example,
CaM-kinase II catalyzed phosphorylation of synapsin 1
in the presynaptic terminus is involved in mobilization
of synaptic vesicles for exocytosis [22].

An intriguing aspect of CaM-kinase II is the observa-
tion that it constitutes the major forebrain postsynaptic
density (PSD) protein [7]. This conclusion is based on
comparisons between the purified soluble CaM-kinase
11 50 and 60kDa subunits and the isolated 50 and 60kDa
major PSD proteins with regard to 1) immunoreactivity
against several polyclonal and monoclonal antibodies,
and 2) peptide maps using either **P- or *I-labeling. Ad-
ditionally, soluble and PSD CaM-kinase I are regulated
similarly by autophosphorylation [23] and by proteolyt-
ic activation with calpain [24]. We are particularly inter-
ested in identifying important substrates of CaM-kinase
II in the PSD, and glutamate receptors (GluRs) are a
good candidate since they are also present in the PSD
[25] and glutamate is the major excitatory neurotrans-
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mitter in forebrain. GluRs are intimately involved in
LTP [4], and there is accumulating evidence that phos-
phorylation in GluRs may be an important regulatory
mechanism.

Protein kinases and synaptic plasticity

There is strong evidence for the involvement of protein
kinases in LTP [26], a model of usage-dependent syn-
aptic plasticity in mammalian forebrain [4]. Brief, high-
frequency stimulation of hippocampal excitatory syn-
apses results in a substantial increase in subsequent syn-
aptic strength that can last for hours or longer. Initiation
of the LTP requires influx of Ca®* into the postsynaptic
dendritic spine through activation of N-methyl-D-as-
partate (NMDA) GluRs. Multiple lines of evidence
strongly implicate postsynaptic serine/threonine and
perhaps tyrosine protein kinases in the induction of LTP
[26]. For example, postsynaptic microinjection of pep-
tide inhibitors of CaM-kinase II or PKC block induction
of LTP [27]. Because of the high concentration of CaM-
kinase Il in the PSD of these excitatory synapses, it is an
especially attractive candidate for a regulatory role. In
fact, mice lacking the major isoform of CaM-kinase Il do
not exhibit LTP [28] or another form of hippocampal
learning, the Morris water test [29]. This observation re-
inforces the conclusion that CaM-kinase II is important
for hippocampal learning and memory mechanisms. Ex-
pression of LTP appears to involve both increased pre-
synaptic release of glutamate [30] and postsynaptic re-
sponsiveness of AMPA-type GluRs [31]. Therefore, we
wanted to address two questions: 1) does Ca**-influx
through NMDA channels activated Ca*-dependent
protein kinases such as CaM-kinase II and PKC, and 2)
do CaM-kinase II and PKC phosphorylate and regulate
AMPA-type GluRs. The first question will be addressed
in this section and the second question in the last section.

Elevation of intracellular Ca** can generate the auto-
phosphorylated, Ca**-independent form of CaM-kinase
IL. In cultured cerebellar granule cells [32], PC12.cells
[33], and GH, cells [34] K* depolarization rapidly pro-
duces partially Ca**-independent CaM-kinase IT which
then slowly decays back to the basal value. The extent
and duration of CaM-kinase II activation is potentiated
but not stabilized by okadaic acid [32], indicating that
multiple endogenous protein phosphatases play an im-
portantrole in limiting the extent and duration of kinase
activation. In the PC12 and GH, cell studies, agonists
which trigger the phosphatidylinositol (IP,) pathway
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Fig. 2. Activation of CaM-kinase II (left panel) and PKC (right panel) by glutamate in hippocampal neurons. Cultured hippocampal neurons were
incubated in Krebs Ringer Hepes (KRH) buffer without Ca* (left panel) or with Ca™ (righ panel) for one hour. At time 0 the following additions
were made: left panel. Mg*-free KRH plus Ca™ (2.7mM) alone () or with 10pM glutamate/1uM glycine (C) and 100uM APV (an NMDA an-
tagonist) (M); right panel. normal KRH plus 10uM glutamate. Ca**-dependent activity of CaM-kinase II (left panel) or PKC activity (right panel) in
the particulate (M) and soluble () cell homogenate were determined. Reproduced by permission of J. Biol. Chem. from ref. 39.

give a small, transient activation of CaM-kinase II. Glu-
tamate (10uM) activates CaM-kinase I in cultured cer-
ebellar granule cells, and this response is mediated by
NMDA receptors [35]. In cerebellar granule cells [36]
PKC translocation and phosphorylation of several
membrane proteins is mediated by NMDA receptors
(i.e., requires Ca* influx and is blocked by NMDA an-
tagonists), whereas in cortical neurons [37] NMDA,
AMPA and/or metabotropic receptors appear to be in-
volved.

The above results clearly demonstrate that glutamate
can elicit activation of both PKC and CaM-kinase II in
some neuronal preparations, but effects in hippocampus
are of particular interest since synaptic plasticity has
been intensively studied in this tissue. Activation of
CaM-kinase IT and PKC through the NMDA-receptor
would be consistent with the body of evidence that one
or both of these protein kinases is involved in initiation
and/or expression of LTP [26]. In cultured hippocampal
neurons glutamate (and phorbol esters) transiently ele-
vate the ¥P-labeling of three specific proteins, one of
which has been identified as the PKC substrate
MARCKS, in the absence or presence of extracellular
Ca* [38]. We have recently investigated regulation of
CaM-kinase IT and PKC in hippocampal neurons [39].
Glutamate partially activates CaM-kinase II (i.e., in-
creases Ca?*-independence) and causes translocation of
PKC (Fig. 2). CaM-kinase II activation is prolonged and
mediated through the NMDA receptor whereas the
PKC translocation is very transient (1-2min) and appar-
ently requires metabotropic receptor stimulation.

Regulation of protein kinases has also been studied in

hippocampal slices. Organotypic cultures of hippocam-
pal slices have high basal CaM-kinase II activation
which can be modulated by altering extracellular Ca* or
by addition of a protein kinase inhibitor (H7), a calmo-
dulin inhibitor (W7), or the protein phosphatase inhib-
itor okadaic acid [40]. However, CaM-kinase II activa-
tion is not consistently increased by K* depolarization or
by NMDA even through these treatments do elevate cy-
tosolic Ca** [40] and apparently activate the CaM-de-
pendent phosphatase calcineurin [41]. It is interesting
that NMDA application to hippocampal slices in normal
extracellular Ca*" also fails to induce stable synaptic po-
tentiation. However, if the extracellular Ca® is in-
creased to 6-10mM then NMDA application does give a
long-lasting potentiation [31]. It will be interesting to de-
termine if these conditions also activate CaM-kinase II.
Importantly, it has recently been reported that 45-
60min after induction of L'TP in hippocampal CALl re-
gion there is increased Ca**-independent PKC activity
[42]. Tt is not know if this stabilized activation of PKC
occurs presynaptically. PKC [{43] or CaM-kinase II [44]
activation can stimulate glutamate release from isolated
synaptosomes, and such a mechanism could be involved
in the enhanced release of glutamate which probably oc-
curs in LTP [30]. Lastly, induction of LTP or application
of NMDA to hippocampal slices can elevate cAMP [45],
and NMDA application to hippocampal neurons ap-
pears to trigger a protein kinase cascade involving both
tyrosine and serine/threonine protein kinases since
MAP-2 kinase is activated via phosphorylation on both
tyrosine and threonine residues [46].
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Fig. 3. The top diagram is a schematic of the general topology of the ionotropic GluRs. The sequence of the stippled part of GIuR1 loop 3 is given
below the diagram with putative phosphorylation sites underlined and designated as follows: *PKC phosphorylation site; *CaM-kinase IT phos-
phorylation site; °cAMP kinase phosphorylation site. There are no nonconservative substitutions in GluR1-4 in this sequence, but non-conservative
substitutions in GIuRS5 and R6 are shown, some of which generate new putative phosphorylation sites. Additional phosphorylation sites lie COOH-
terminal of this sequence in loop 3. The interaction site of the antibody (Ab) is also designated.

Glutamate receptors

Many members of the GluR family have been cloned in
the past several years. They can be categorized into sev-
eral families: o-amino-3-hydroxy-5-methyl-4-isoxazole-
propionate (AMPA)-type (GluR1-4) [47, 48], kainate-
type (GluR5-7) [49] and N-methyl-D-aspartate
(NMDA )-type [50] are glutamate-activated ion chan-
nels. Metabotropic receptors [51] are coupled through G
proteins to signal transduction systems. GluR1-4 have
about 70% amino acid sequence homology, and
GluR5-7 are 80% homologous with each other but only
40% homologous to GluR1. The NMDA receptor is 20-
25% homologous to GluR1. There is evidence that na-
tive AMPA ion channels in hippocampus are hetero-
meric complexes of GluR1-4 [52]. Consistent with this is
the observation that coexpression of certain combina-
tions (e.g., GluR1 plus GluR2) of GluRs more closely
resemble native AMPA ion channels [47]. GluR1-6 all
have a large intracellular loop (loop 3) between trans-
membrane segments 3 and 4. Of primary relevance to
this review, loop 3 has several consensus putative phos-
phorylation sites for the three multifunctional protein
kinases. The metabotropic receptor and the NMDA re-
ceptor also have consensus phosphorylation sites on in-
tracellular loops. The putative phosphorylation sites on

intracellular loop 3 of GluR1-6 are shown diagrammat-
ically in Fig. 3.

One of the important differences between AMPA-
type and NMDA -type ion channels is the higher perme-
ability of the NMDA channels to Ca*". It should be re-
membered that Ca**-influx through the NMDA channel
is essential for the induction of LTP in hippocampal re-
gion CAl. Once LTP has been induced by a high fre-
quency stimulation of the afferent pathway, expression
does not require NMDA channel activity. The enhanced
synaptic response during expression of LTP appears to
be due to both increased presynaptic release of gluta-
mate [30] plus an enhanced postsynaptic responsiveness
of AMPA-type channels [31]. We are interested in
whether phosphorylation of AMPA channels may ac-
count for this enhanced postsynaptic responsiveness.

Phoshorylation and regulation of
glutamate receptors by protein kinases

There is increasing evidence for regulation by GluRs by
protein phosphorylation. In white perch retinal cone
cells, elevation of cAMP or microinjection of PKA en-
hances kainate-evoked currents by increasing the fre-
quency of channel opening and channel open time [53].
Using whole cell patch recordings in hippocampal neu-
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Fig. 4. Phosphorylation of glutamate receptors by protein kinases. Top
panel: Homogenates of wild-type (WT) Sf9 cells or cells expressing
GluR1 (R1) were immunoprecipitated with a specific antibody to
GluR1 [52]. ¥P-labeling of the GluR1 in the immunoprecipitate was
determined in the presence of 10 or 100nM purified CaM-kinase II
(KII), PKC or PKA. Middle panel. Endogenous protein kinases were
selectively activated to phosphorylate endogenous native GluRs in
isolated, lysed synaptosomes. Control phosphorylation is shown by
the EGTA condition. The far left lane is a Western blot of GluR1. Bot-
tom panel. Native GluRs in isolated PSDs were phosphorylated by
endogenous (Exog. -) plus 100nM exogenous (Exog. +) kinases. After
phosphorylation, the synaptosomes and PSD were solubilized with
SDS buffer and immunoprecipitated with GluRI antibody (R1 Ab+)
or control serum (R1 Ab-). All samples were run on SDS/PAGE and
subjected to autoradiography. Reprinted by permission from Nature
(ref. 60). Copyright (1993) Macmillian Magazines Limited.

rons Wang et al. [54] showed that 1) the normal rundown
of the AMPA current can be prevented by an ATP-re-
generating system, 2) this effect of ATP to prevent run-
down is enhanced by cAMP analogs or the catalytic sub-
unit of PKA, and 3) the protein phosphatase inhibitor
okadaic acid strongly potentiates the AMPA current.
Greengard et al. [55] also observed an enhancement by
forskolin in hippocampal whole cell recordings of AM-
PA current. Using single-channel analysis of excised
patches they further demonstrated that PKA increases
the opening frequency and mean open time of the non-
NMDA type GluR channels. However, GluR1-5 do not
contain a consensus PKA phosphorylation site in loop 3,
and we have been unable to phosphorylate GluR1 by
PKA (see below). PKA does phosphorylate Ser® in

CaM-K 1I

It/lo

Control

v T .
0 10 20
Time (min)

Fig. 5. Enhancement of AMPA ion channels by CaM-kinase II. Whole
cell patch clamp recordings were performed on cultured hippocampal
neurons with the recording pipette containing 200nM activated CaM-
kinase II (CaM-kinase II) or heat-inactivated CaM-kinase II (con-
trol). The CaM-kinase II was activated by autothiophosphorylation to
give 60-70% Ca**-independence. AMPA currents were determined by
perfusion with 100puM kainate for 2-4sec. The ratio of the maximum
kainate-induced current at the indicated times (I,) was divided by the
maximum kainate current attained shortly after patch formation (I,).
Reprinted by permission from Nature (ref. 60). Copyright (1993) Mac-
millian Magazines Limited.

GluR6 and enhances kainate current by 155+ 19% [56].
Thus, these PK A effects may be due to phosphorylation
of GluR6, or they may be indirect due to phosphoryla-
tion of a regulatory protein associated with GluRs. For
example, oocytes expressing GluR1 and GluR3 give en-
hanced ion currents upon treatment with a permeable
cAMP analog [57], even though these GluRs do not con-
tain PKA consensus phosphorylation sites. Lastly, intra-
cellular injection of PKCin dorsal horn neurons enhanc-
es NMDA-gated ion currents [58] by increasing the
probability of channel opening and by reducing the Mg**
block [59].

We have recently investigated the phosphorylation of
non-NMDA glutamate receptor-ion channels by protein
kinases in several systems [60]. We first expressed a
clone (GluR1) of one of the AMPA type receptorsin the
baculovirus/Sf9 cell system and purified it by immuno-
precipitation with a specific antibody. Phosphorylation
was studied in the immunoprecipitate upon addition of
purified protein kinases. As seen in Fig. 4, GluR1 was
strongly phosphorylated by CaM-kinase II, weakly
phosphorylated by PKC and not phosphorylated by
PKA. We next examined phosphorylation of native
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Fig. 6. Model for synaptic regulation by CaM-kinase I1. A presynaptic
function of CaM-kinse II to phosphorylate synapsin and mobilize sy-
naptic vesicles (see ref. 22) is given in the top half The bottom half
illustrates the activation of CaM-kinase 1I in the PSD by Ca® influx
through stimulated NMDA glutamate receptot/ion channels [39]. This
would result from high frequency usage of the synapse. The activated
(i.e., autophosphorylated, Ca**-independent) CaM-kinase II can then
phosphorylate AMPA (non-NMDA) channels which enhances their
subsequent responsiveness to released glutamate [60].

GluRs by selective activation of endogenous protein ki-
nases in isolated rat forebrain synaptosomes and post-
synaptic densities (Fig. 4) [60]. Again, CaM-kinase 11
was a good catalyst, PKC was a weaker catalyst and
PKA was ineffective. Using cultured hippocampal neu-
rons and agonists which selectively activate each of the
three multifunctional protein kinases, we have observed
increased *P-labeling of GluRs by CaM-kinase II and
PKCbut not PKA (S.E. Tan and T.R. Soderling, J. Neu-
rosci., in press).

Since CaM-kinase Il is a strong catalyst for phospho-
rylation of GluRs, we wanted to determine if this phos-
phorylation had a regulatory effect on ion channel activ-
ity. Whole cell patch clamp recording from cultured hip-
pocampal neurons was used. The recording pipette con-
tained Mg*/ATP and CaM-kinase IT which was 60-70%
Ca*-independent and resistant to protein phosphatases
due to its prior autothiophosphorylation. After a five
min lag, due to diffusion of CaM-kinase II into the neu-
ron, there was a 34 fold enhancement of AMPA current
compared to the controls in which the kinase had been
heat inactivated (Fig. 5) [60].

Our studies on cultured hippocampal neurons dem-
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onstrate that 1) NMDA receptor activation and Ca® in-
flux can activate CaM-kinase II through autophospho-
rylation and generation of the constitutively-active Ca*-
independent form, 2) activated CaM-kinase II in isolat-
ed postsynaptic density or cultured neurons can phos-
phorylate GluRs, and 3) phosphorylation of GluRs by
CaM-kinase II enhances AMPA current. These results
suggest that CaM-kinase II may act as a postsynaptic
sensor of synaptic activity as proposed [6], and perhaps
could account for the increased postsynaptic non-
NMDA responsiveness observed in paradigms of learn-
ing and memory such as LTP. This hypothesis is summa-
rized in Fig. 6.

References

1. Hanson PI, Schulman H: Neuronal Ca*/calmodulin-dependent
protein kinases. In: CC Richardson, IN Abelson, A. Meister, CT
Walsh (eds) Ann Rev Biochem 61, Annual Reviews Inc., Palo Al-
to CA, 1992, pp559-601

2. Colbran RJ, Soderling TR: Calcium/calmodulin-dependent pro-
tein kinase II. In: BL Horesker, ER Stadtman, PB Chock, A Le-
vitzki (eds) Current Topics in Cellular Reg. Vol. 31. Academic
Press, New York, 1990, pp181-221

3. Kandel ER, Hawkins RD: The biological basis of learning and
individuality. Scientific American 268: 79-86, 1992

4. Madison DV, Malenka RC, Nicoll RA: Mechanisms underlying
long-term potentiation of synaptic transmission. Ann Rev Neu-
rosci 14: 379-397, 1991

5. Malinow R, Madison DV, Tsien RW: Persistent protein kinase ac-
tivity underlying long-term potentiation. Nature 335: 820-824,
1988

6. LismanJ: A mechanism for the Hebb and the anti-Hebb processes
underlying learning and memory. Proc Natl Acad Sci USA 86:
9574-9578, 1989

7. Kennedy MB, Bennett MK, Erondu NG: Biochemical and immu-
nochemical evidence that the ‘major postsynaptic density protein’
is a subunit of a calmodulin-dependent protein kinase. Proc Natl
Acad Sci USA 80: 7357-7361, 1983

8. Lin CR, Kapiloff MS, Durgerian S, Tatemoto K, Russo AF, Han-
son P, Schulman H, Rosenfeld MG: Molecular cloning of a brain
specific calcium/calmodulin-dependent protein kinase. Proc Natl
Acad Sci USA 84: 5962-5966, 1987

9. Bulleit RF, Bennett MK, Molloy SS, Hurley JB, Kennedy MB:
Conserved variable regions in the subunits of brain type IT Ca®/
calmodulin-dependent protein kinase. Neuron 1: 63-72, 1988

10. Kanaseki T, Ikeuchi Y, Sugiura H, Yamauchi T: Structural fea-
tures of Ca™/calmodulin-dependent protein kinase Il revealed by
electron microscopy. J Cell Biol 15: 1049-1060, 1991

1. Payne ME, Fong YL, Ono T, Colbran RJ, Kemp BE, Soderling
TR, Means AR: Calcium/calmodulin-dependent protein kinase
I1: Characterization of distinct calmodulin-binding and inhibitory
domains. J Biol Chem 263: 7190-7195, 1988

12. Colbran RJ, Fong YL, Schworer CM, Soderling TR: Regulatory
interactions between the calmodulin-binding, inhibitory, and au-



100

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

tophosphorylation domains of Ca*/calmodulin-dependent pro-
tein kinase II. J Biol Chem 263: 1814518151, 1988

Kwiatkowski AP, Huang CY, King MM: Kinetic mechanism of
type II calmodulin-dependent protein kinase. Biochem 29: 153
159,1990

Kwiatkowski AP, Shell DJ, King MM: The role of SUP autophos-
phorylation in activation of type II calmodulin-dependent protein
kinase. J Biol Chem 263: 6484-6486, 1988

Miller SG, Kennedy MB: Regulation of brain Ca*/calmodulin-
dependent protein kinase by autophosphorylation: A Ca®-trig-
gered molecular switch. Cell 44: 861870, 1986

Lai Y, Nairn AC, Greengard P: Autophosphorylation reversibly
regulates the Ca?*/calmodulin-dependency of Ca**/calmodulin-
dependent protein kinase II. Proc Natl Acad Sci USA 83: 4253
4257,1986

Schworer CM, Colbran RJ, Soderling TR: Reversible generation
of a Ca*-independent form of Ca*/calmodulin-dependent pro-
tein kinase II by an autophosphorylation mechanism. J Biol Chem
261: 8581-8584, 1986

Meyer T, Hanson PI, Stryer L, Schulman H: Calmodulin trapping
by Ca*/calmodulin-dependent protein kinase. Science 256: 1199~
1202, 1992

Soderling TR, Schworer CM, Payne ME, Jett MF, Porter DK, At-
kinson JL, Richtand NM: Calcium (calmodulin)-dependent pro-
tein kinase IL In: J Nunez, JE Dumont, RIB King (eds) Hormones
and Cell Regulation, Colloque INSERM, Vol. 139. John Libbey
Eurotext, London, 1986, pp141-157

Simmerman HKB, Collins JH, Theibert JL, Wegener AD, Jones
LR: Sequence analysis of phospholamban: Identification of phos-
phorylation sites and two major structural domains. J Biol Chem
261: 13333-13341, 1986

Ando S, Tokui T, Yamauchi T, Sugiura H, Tanabe K, Inagaki M:
Evidence that Ser-82 is a unique phosphorylation site on vimentin
for Ca*/calmodulin-dependent protein kinase II. Biochem Bio-
phys Res Comm 175: 955-962, 1991

Valtorta F, Benefanti F, Greengard P: Structure and function of
synapsins. J Biol Chem 267: 7195-7198 1992

Rich DP, Colbran RJ, Schworer CM, Soderling TR: Regulatory
properties of CaM-kinase II rat brain postsynaptic densities. J
Neurochem 53: 807-816, 1989

Rich DP, Schworer CM, Colbran RJ, Soderling TR: Proteolytic
activation of CaM-kinase II: Putative role in synaptic plasticity.
Mol Cellular Neurosci 1: 107-116, 1990

Wu K, Carlin R, Siekevitz P: Binding of L-[’H] glutamate of fresh
or frozen synaptic membrane and postsynaptic density fractions
isolated from cerebral cortex and cerebellum of fresh or frozen
canine brain. J Neurochem 46: 831-841 1986

Meffert MK, Parfitt KD, Doze VA, Cohen GA, Madison DV: Pro-
tein kinase and long-term potentiation. Ann NY Acad Sci 627:
2-9,1991

Malinow R, Schulman H, Tsien RW: Inhibition of postsynaptic
PKC or CaM-KII blocks induction but not expression of LTP. Sci-
ence 245: 862-866, 1989

Silva AJ, Stevens CF, Tonegawa S, Wang Y: Deficient hippocam-
pal long-term potentiation in oi-calcium-calmodulin kinase IT mu-
tant mice. Science 257: 201-206, 1992

Silva AJ, Paylor R, Wehner JM, Tonegawa S: Impaired spatial
learning in a-calcium-calmodulin kinase II mutant mice. Science
257: 206-209, 1992

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Bekkers JM, Stevens CF: Presynaptic mechanism for long-term
potentiation in the hippocampus. Nature 346: 724-729, 1990
Manabe T, Renner P, Nicoll RA: Postsynaptic contribution to
long-term potentiation revealed by the analysis of miniature syn-
aptic currents. Nature 355: 50-55, 1992

Fukunaga K,Rich DP, Soderling TR: Generation of the Ca*-inde-
pendent form of CaM-kinase I in cerebellar granule cells. J Biol
Chem 264: 21530-21536, 1989

MacNicol M, Jefferson AB, Schulman H: Ca*/calmodulin kinase
is activated by the phosphatidylinositol signaling pathway and be-
comes Ca?-independent in PCI2 cells. J Biol Chem 265: 18055~
18058, 1990

Jefferson AB, Traves SM, Schulman H: Activation of multifunc-
tional Ca*/CaM-dependent protein kinase in GH, cells. J Biol
Chem 266: 1484-1490, 1991 '

Fukunaga K, Soderling TR: Activation of CaM-kinase II cerebel-
lar granule cells by NMDA receptor activation. Mol Cell Neurosci
1: 133-138, 1990

Vaccarino F, Guidotti A, Costa E: Ganglioside inhibition of gluta-
mate-mediated protein kinase C translocation in primary cultures
of cerebellar neurons. Proc Natl Acad Sci USA 84: 8707-8711,
1987

Vaccarino FM, Liljequist S, Tallman JF: Modulation of protein ki-
nase C. Translocation by excitatory and inhibitory amino acids in
primary cultures of neurons. J Neurochem 57: 391-396, 1991
Scholz WK, Palfrey HC: Glutamate-stimulated protein phospho-
rylation in cultured hippocampal pyramidal neurons. J Neurosci
11: 2422-2432,1991

Fukunaga K, Soderling TR, Miyamoto E: Activation of Ca*/cal-
modulin-dependent protein kinase IT and protein kinase C by glu-
tamate in cultured rat hippocampal neurons. J Biol Chem 267:
22527-22533,1992

Molloy SS, Kennedy MB: Autophosphorylation of type II Ca*/
calmodulin-dependent protein kinase in cultures of postnatal rat
hippocampal slices. Proc Natl Acad Sci USA 88: 47564760, 1991
Halpain S, Greengard P: Activation of NMDA receptors induces
rapid dephosphorylation of the cytoskeletal protein MAP2. Neu-
ron 5: 237-246, 1990

Klann E, Chen S-J, Sweatt JD: Persistent protein activation in the
maintenance phase of long-term potentiation. J Biol Chem 266:
24253-24256, 1991

Barrie AP, Nichols DG, Sanchez-Prieto J, Sihra TS: An ion chan-
nel locus for the protein kinase C potentiation of transmitter glu-
tamate release from guinea pig cerebrocortical synaptosomes. J
Neurochem 57: 1398-1404, 1991

Nichols RA, Sihra TS, Czernik AJ, Nairn AC, Greengard P: Calci-
um/calmodulin-dependent protein kinase II increases glutamate
and noradrenaline release from synaptosomes. Nature 343: 647—
651,1990

Chetkovich DM, Gray R, Johnston D, Sweatt JD: N-Methyl-D-
aspartate receptor activation increases cAMP levels and voltage-
gated Ca® channel activity in area of CA1 of hippocampus. Proc
Natl Acad Sci USA 88: 6467-6471, 1991

Bading H, Greenberg ME: Stimulation of protein tyrosine phos-
phorylation by NMDA receptor activation. Science 253: 912-914,
1991

Boulter J, Hollmann M, O’Shea-Greenfield A, Hartley M, Dene-
ris E, Maron C, Heinemann S: Molecular cloning and functional
expression of glutamate receptor subunit genes. Science 249:
1033-1037, 1990



48.

49.

50.

5L

52.

53.

54.

Keindnen K, Wisden W, Sommer B, Werner P, Herb A, Verdoorn
TA, Sakmann B, Seeburg PH: A family of AMPA-selective gluta-
mate receptors. Science 249: 556-560, 1990

Egebjerg J, Bettler B, Hermans-Borgmeyer I, Heinemann S:
Cloning of a cDNA for a glutamate receptor subunit activated by
kainate but not AMPA. Nature 351: 745-748, 1991

Moriyoshi K, Masu M, Ishii T, Shigemoto R, Mizuno N, Nakanishi
S: Molecular cloning and characterization of the rat NMDA re-
ceptor. Nature 354: 31-37,1991

Masu M, Tanabe Y, Tsuchida K, Shigemoto R, Nakanishi S: Se-
quence and expression of a metabotropic glutamate receptor. Na-
ture 349: 760-764, 1991

Wenthold RJ, Yokotani N, Doi K, Wada K: Immunochemical
characterization of the non-NMDA glutamate receptor using sub-
unit-specific antibodies. J Biol Chem 267: 501-507, 1992

Liman ER, Knapp AG, Dowling JE: Enhancement of kainate-
gated currents in retinal horizontal cells by cAMP-dependent pro-
tein kinase. Brain Res 481: 399-402, 1989

Wang L-Y, Salter MW, MacDonald JF: Regulation of kainate re-
ceptors by cAMP-dependent protein kinase and phosphatases.
Science 253: 11321138, 1991

55.

56.

57.

58.

59.

60.

101

Greengard P, Jen J, Nairn AC, Stevens CF: Enhancement of gluta-
mate response by cAMP-dependent protein kinase in hippocam-
pal neurons. Science 253: 1135-1138, 1991

Raymond LA, Blackstone CD, Huganir RL: Phosphorylation and
modulation of recombinant GluR6 glutamate receptors by
cAMP-dependent protein kinase. Nature 361: 637-641, 1993
Keller BU, Hollmann M, Heinemann S, Konnerth A: Calcium in-
flux through subunits GluR1/GluR3 of kainate/ AMPA receptor
channelsis regulated by cAMP dependent protein kinase. EMBO
11: 891-896, 1992

Chen L, Huang L-YM: Sustained potentiation of NMDA recep-
tor-mediated glutamate responses through activation of protein
kinase C by a 1 opioid. Neuron 7: 319-326, 1991

Chen L, Huang L-YM: Protein kinase C reduces Mg®* block of
NMDA -receptor channels as a mechanism of modulation. Nature
356: 521-523,1992

McGlade-McCulloh E, Yamamoto H, Tan SE, Brickey DA, So-
derling TR: Phosphorylation and regulation of glutamate recep-
tors by calcium/calmodulin-dependent protein kinase II. Nature
362: 640-642,1993



