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INTRODUCTION

It hasbeenassumed for over a century that infor-
mation s stored in the brain as changes in synap-
tic efficiency. In more molecular terms, this
means that signals are transmitted from one neu-
ron to the next by the influx of ions through
channel proteins. Early onit was discovered that
transmission between neurons occurred across
specialized junctions called “synapses” (Fig. 1).
Asynapseconsists of two cellular components: a
presynaptic terminal on the “upstream neuron”
that is adapted for the secretion of excitatory neu-
rotransmitters such as L-glutamate, and a postsyn-
aptic terminal on the “downstream neuron” that
contains the glutamate receptor ion-channels.
There are three pharmacological classes of glu-
tamate receptor channels activated by synaptic
stimulation: the NMDA (N-methyl-p-aspartate),
AMPA (alpha-amino-3-hydroxyl-5-methyl-4-
isoxazole propanoic acid) and kainate receptors
[1-3], which have been named for the glutamate
analogues that selectively activate them [2, 3].
Despite this pharmacological classification, two
functional classes of glutamate receptors pre-
dominate: the AMPA /kainate receptors, which
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Fig. 1. Aschematicdiagram of the postsynaptic den-
sities. The structure of a synapse depicting the loca-
tion of presynaptic neurotransmitter vesicles, gluta-
mate receptors in the postsynaptic membrane and the
postsynaptic densities.
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have a preference for monovalent cations, and
the NMDA receptors, which are calcium perme-
able [1]. Occupancy of either class of glutamate
receptor on the postsynaptic terminal induces
an inward flow of ions that triggers a variety of
signal transduction events.

Lying just below the surface of the postsynaptic
membrane is a proteinaceous “subsynaptic organ-
elle” termed the “postsynaptic density” (PSD)
[4, 5]. Increasing evidence suggests that the PSD
orchestrates the regulation of synaptic trans-
mission as proteins associated with the PSD are
optimally positioned to respond to signals trans-
duced across the synaptic membrane. Of par-
ticular interest has been the identification of
several PSD associated proteins which are mod-
ulated by the second messengers cAMP and
Ca?* [5]. These include the cAMP-dependent
protein kinase (PKA), the cAMP-stimulated
phosphodiesterase, protein kinase C (PKC), the
Ca?*/calmodulin-dependent protein kinase-II
(CaM-KII) and the Ca?*/calmodulin-depen-
dent phosphatase, calcineurin (CaN}) [6, 7]. The
scope of the mini-review is to discuss recent evi-
dence which suggests that many of these signal
transduction enzymes are anchored through
protein-protein interactions at the PSD.

1. Localization of the cAMP signalling
pathway

The classical view of the cAMP-signaling
pathway is relatively straightforward (Fig. 2).
A neuropeptide or biogenic amine binds its re-
ceptor, which activates adenylyl cyclase via an
intermediary G protein, and cAMP is liberated
from the intracellular face of the plasma mem-
brane [8, 9]. However, the next stages in the
process require a more sophisticated level of
molecular organization. First, ;CAMP activates
the cCAMP-dependent protein kinase (PKA) by
binding to the regulatory subunits (R) of the
dormant PKA holoenzyme to release the active
catalytic subunit (C). Secondly, although PKA
is a multifunctional enzyme with a broad sub-
strate specificity, activation of the kinase some-
how permits preferential phosphorylation of
specific target substrates (to produce a specific
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Fig. 2. The cAMP signalling pathway. This diagram
indicates the subcellular location of protein compo-
nents of the cCAMP signalling pathway. Individual
components are indicated: L, ligand; R, transmem-
brane receptor; a, B, Y G-protein subunits; a.c. ade-
nylyl cyclase; R regulatory subunits of protein kinase
A; C, catalytic subunits of protein kinase A.

response). For example, phosphorylation of the
AMPA /kainate receptors modulates the flow of
ions into the neurons, while phosophorylation of
nuclear transcription factors (e.g., CREB) alters
the expression pattern of certain genes [10-12].
One hypothesis which accounts for the selectiv-
ity of PKA action is that individual effectors
preferentially activate pools of kinase anchored
to neuronal structures [13]. However, enzyme
anchoring may be a more widespread process
as increasing evidence indicates that G proteins,
adenylyl cyclase, and phosphodiesterases are
also compartmentalized close to the postsynap-
tic densities [14-16]. Presumably, the targeting
of these enzymes permits more efficient trans-
duction of neural-specific signals.

1.1 G Proteins

Heterotrimeric guanine nucleotide binding
proteins (G-proteins) are critical components in
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Fig. 3. The G-protein activation cycle. This figure
depicts the GTP-dependent activation cycle for the
heterotrimeric G-proteins.

almost all cellular signalling pathways as they
transduce signals from transmembrane recep-
tors to effector molecules located on the intra-
cellular face of the plasma membrane. Two func-
tional classes of G-protein exist, Gs (stimulatory)
and Gi (inhibitory), which are composed of three
distinct subunits, o, B and y. So far, 21 « sub-
units, 4 B subunits and 6 y subunits have been
identified. These subunits combine to form a
multitude of subtly different heterotrimeric
forms[14, 16-19]. The currently accepted mech-
anism for G-protein activation involves a GTP-
dependent cycle (Fig. 3). Upon receptor occu-
pancy, GTP binds to the o subunit causing
dissociation of the heterotrimeric complex. This
allowsthe a subunit or the By complex to activate
effector molecules such as adenylyl cyclase or
ion channels [17-19]. Deactivation occurs when
the GTPase activity residing in the o subunit
hydrolyses its bound GTP to favour reassocia-
tion of the heterotrimeric a-GDP/By complex.

Clearly, the subcellular location of G-pro-
teins is important for their action. Tolkovsky
and Levitzki first proposed that B-adrenergic

receptor activation of adenylyl cyclase proceeds
through a collision-coupling mechanism which
involves a shuttling of Gas between the receptor
and the effector [20]. However, this simple view
hasbeencontradicted by evidence of more highly
organized interactions between G-proteins and ef-
fectors. Certain neuronal transmembrane recep-
tors appear to interact with functionally distinct
pools of (Gai2). Microinjection of fluorescent
G-proteins demonstrates that the a subunits dif-
fuse relatively freely but the lateral mobility of
the By complex is highly constrained to localized
regions of the plasma membrane [14, 21, 22].
This latter finding is consistent with reports
demonstrating the physical association of the
By complex with adenylyl cyclase and the B-ad-
renergic receptor kinase [18, 23]. Collectively,
these findings have led Rodbell and others to
propose that the By subunits associate with the
cytoskeleton through a process that involves
multimers of G-proteins in a manner similar to
actin polymers [16).

1.2 Adenylyl! cyclase

Adenylyl cyclases (AC) catalyze the forma-
tion of cAMP from ATP and are coupled to
transmembrane receptors through the hetero-
trimeric G-proteins. So far, cloning studies have
identified ten members of the adenylyl cyclase
family [24, 25]. Although it is generally consid-
ered that the Ga subunits regulate AC, certain
subtypes are more efficiently regulated by the
By complex, Ca?*, PKC or through a feedback
mechanism that involves PKA [15, 26-28]. The
modes of regulation of various adenylyl cyclase
subtypes is indicated in Table 1. The calcium-
dependent ACs are predominantly expressed in
the brain where the Ca’*/calmodulin-stimu-
lated type I enzyme is present at the PSD in
hippocampal neurons [26-31]. Activation of the
type I AC represents a critical point of crosstalk
between the cAMP and Ca’* signalling path-
ways and is believed to play a role in long-term
potentiation (LTP), a mammalian model for
learning and memory acquisition [32-34]. This
notion is supported by gene knockout experi-
ments in mice which demonstrate that ablation
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Table 1. Regulation of adenylyl cyclase subtypes

Adenylyl cyclase

Expression pattern

sub-type Modulators in the brain
Type I Gs-a, Ca?* /calmodulin stimulation Forebrain & Hippocampus
Type 11 Gs-a, py, PKC stimulation Cerebellum
Type 111 Ca’*/calmodulin, PKC, stimulation  Olfactory neuroepithelium
Type IV Gs-a, stimulation None
Ca?* inhibition
Type V Gs-a, stimulation Caudate nucleus
Ca?* inhibition
Type VI Gs-a, PKA stimulation Caudate nucleus
Type VII Gs-a, PKC, stimulation Cerebellum
Type VIII Ca?* stimulation Hippocampus

Note: The regulatory properties of the type XI and X adenyly! cyclases are unknown
at this present time. This table is adapted from references [15] and [26].

of the type I AC impairs learning and memory
acquisition [33] and is consistent with earlier
genetic evidence indicating that the Drosophila
learning and memory gene, rutabaga, encodes
a Ca?*/calmodulin-dependent adenylyl cyclase
[33, 35].

1.3 Phosphodiesterases

Cyclic nucleotide phosphodiesterases cata-
lyze the degradation of cAMP and ¢cGMP (re-
viewed by [36, 37]). So far, 30 or so distinct
phosphodiesterase enzymes have been identi-
fied, which have recently been classified into
seven groups on the basis of their regulation
and substrate preference [37, 38] (Table 2). A
functional role for PDE subtypes in neuronal
processes was originally provided by studies on
Drosophila showing that flies carrying lesions
in the dunce gene [35], which encodes a cAMP
specific type IV PDE, are sterile and exhibit
aberrant learning or memory acquisition (re-
viewed by [39]). Several mammalian homo-
logues of dunce have been isolated, and include
a brain specific enzyme called RD1, which is
anchored to membranes through an N-terminal
25 residue targeting domain [40-42]. However,
despite a putative role for type IV enzymein LTP,
the predominant PDE in the brain is the type I
enzyme which is selectively expressed in the
soma and dendrites of hippocampal neurons
and is attached to the PSD [7, 43, 44]. The type

I PDE may represent another point of crosstalk
between the cAMP and Ca?* signalling path-
ways at the PSD as the cAMP degrading activity
of the enzyme is stimulated tenfold by Ca?*/
calmodulin [44, 45].

1.4 Protein kinase A

The net effect of increased intracellular
cAMP is the activation of a cCAMP-dependent
protein kinase (PKA). Shortly after the initial
purification and characterization of the kinase
by Krebs and colleagues, PKA was shown to
be equally distributed between the soluble and
particulate fractions of certain tissue types [46-
50]. More recently it has been shown that the
subcellular location of PKA is directed by the

Table 2. The classification of phosphodiesterases

Number of

Name PDE gene family members
PDE1 CaM-dependent 9+
PDE2 c¢GMP-stimulated 2
PDE3 ¢GMP-inhibited 2+
PDE4 cAMP-specific 15+
PDES ¢GMP-specific 2
PDE6 Photoreceptor specific 2
PDE7 HCP-PDE 1

This table is adapted from the Nomenclature guidelines
that were proposed by Beavo ef al. [38] at the recent ASPET
meeting on phosphodiesterases in Newport Beach, CA.
April 1994,
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NMDA receptor

Fig. 4. The Ca®* signalling pathway. An influx of Ca?* through the NMDA receptors could result in the
activation of several Ca’* dependent enzymes when combined with other secondary messengers such as calmodulin

or phospholipid.

R subunit [43, 51]. Two classes of R subunit
exist; RI and RII which form the type I and type
IT PKA holoenzymes, respectively [47, 52, 53].
The RI isoforms (RIa and RIP) are predomi-
nantly cytoplasmic, whereas up to 75% of the
RlIlisoforms (RIIa and R1IIB)are particulate and
associated with either the plasma membrane,
cytoskeletal components, secretory granules,
the golgi apparatus, centrosomes and the PSD
[51,54-62]. Targeting of PKA to these subcellu-
lar structures is mediated by association of the
RII dimer with a family of A-kinase anchor pro-
teins (AKAPs) [63-66).

Several neuronal AKAPs have been character-
ized [67]. Dendritic attachment of type II PKA
occurs through interactions between RII and mi-
crotubule associated protein 2 [68]. RII also asso-
ciates with a human calmodulin-binding protein
designated AKAP79 [57]. Immunological stud-
ies and subcellular fractionation experiments

have demonstrated that AKAP79 is predomi-
nantly expressed in the hippocampus and cere-
bral cortex where it is specifically localized to
PSD [57]. Based upon these observations, we
have proposed that AKAP79 functions to tether
PKA to the PSD where the kinase is optimally
positioned to phosphorylate transmembrane
proteinssuchasthe NMDA and AMPA /kainate
receptors [13]. This hypothesis is strengthened
by evidence that perfusion of cultured hippo-
campal neurons with peptides that block RII/
AKAP interaction caused a time dependent run-
down in AMPA/kainate responsive currents
[69]. Presumably, PKA phosphorylation of the
channel was interrupted by the displacement of
the kinase from anchoring sites at the PSD. More
recently, we have demonstrated that AKAP79 as-
sociates with the Ca?*/calmodulin-dependent
phosphatase 2B, calcineurin (CaN) and have
shown that a ternary complex between PKA,
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AKAP79, and CaN exists in brain and hippo-
campal neurons [70, 71]. These results suggest
anovel model for reversible phosphorylation of
proteins in the postsynaptic membrane in which
the opposing effects of kinase and phosphatase
action are co-localized in a signal transduction
complex by association with AKAP79 [70].

2. Localization of the Ca2+ signalling
pathway

Calcium serves as a key second messenger at
the PSD and regulates enzymes that mediate
several excitatory synaptic events such as tran-
scription, and LTP [12, 72]. The NMDA recep-
tors, which control neuronal calcium entry, are
sequestered at the postsynaptic membrane [73,
74]. Calcium influx regulates two classes of sig-
nalling events at the PSD (Fig. 4): Ca?* /phos-
pholipid-dependent processes such asthe activa-
tion of protein kinase PKC and the activation of
calmodulin-dependent enzymes such as Ca?*/
calmodulin-dependent kinase II (CaM KII) and
the Ca?*/calmodulin-dependent phosphatase
2B, calcineurin (CaN) [75]. Neuronal calcium
entry also influences the cAMP signalling path-
way through activation of the Ca?*/calmodu-
lin-dependent type I AC and type I PDE [44,
45, 76].

2.1 Protein kinase C

The PKCs are phospholipid-dependent ser-
ine/threonine kinases that play a major role in
a variety of postsynaptic events [75]. At least
nine members of the PKC family have beeniden-
tified that differ with respect to their tissue dis-
tribution, subcellular localization, molecular
weight, substrate specificity and activation re-
quirement [77-79]. Within the central nervous
system several PKC isoforms are regionally ex-
pressed. For example, the a, § and vy isoforms
are differentially compartmentalized in retinal
neurons, withy-PKC being specifically localized
to the rod bipolar and amacrine cells [77]. Origi-
nally, PKCtargeting was thought to occur exclu-
sively through association with lipids and involved

translocation from the soluble to the particulate
fraction upon activation [78, 80}. However, it has
now been shown that the active kinase is also
localized through interaction with specific anchor-
ing proteins in a phospholipid dependent manner
[81-87]. Protein overlay methods and interaction
cloning strategies have shown that PKC binds cy-
toskeletal proteins, including cytokeratins 8 and
18, B-adducin, MARCKS and PSD proteins of
110,000 M, and 115,000 M, [81-83, 86, 88-90].
Targeting of PKC to the PSD is likely to adapt
the kinase for a specific role in the phosphoryla-
tion of postsynaptic substrates such as the
NMDA receptors. This is supported by physio-
logical evidence that treatment of hippocampal
neurons with phorbol esters or microinjection
of PKC induces LTP [32, 91].

2.2 CaM-Kinase I

Upon activation by the synergistic actions of
Ca?* and calmodulin, the multifunctional kinase,
CaM-KII, mediates several neuronal events in-
cluding induction of LTP and stimulation of
Ca’*-responsive gene transcription [92, 93].
CaM-KII phosphorylation events have long
been considered a critical component of LTP
and micelacking the major neural form of CaM-
KII exhibit defects in learning and memory [94,
95]. CaM-KII is a significant component of the
PSD where it constitutes up to 20% of the total
protein and is optimally positioned to respond
to fluctuations in postsynaptic Ca?* concentra-
tions [74, 96]. The a-subunit of CaM-KII is be-
lieved to be the principal isoform present in the
PSD [92, 97]. However, recent reports imply
that a novel CaM-KII isoform may also be pres-
ent [34]. Unlike PKA and PKC which appear
to be attached to the PSD through association
with anchoring proteins, CaM-KII may be a
structural component of the PSD. The precise
mechanism of CaM-KII attachment to the PSD
is unclear. Recently, a 190,000 M, PSD protein
called p190, which binds to the autophosphory-
lated Cam-KII with sub micromolar affinity,
has been identified by overlay techniques. This
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Fig. 5. Enzyme targeting at the postsynaptic density. This diagram condenses the subject matter of this
mini-review, showing that several key signalling enzymes that function in postsynaptic events are targeted to
the postsynaptic densities. In several cases, such as PKA, PKC, CaM-KII and calcineurin, postsynaptic targeting
appears to be maintained through association with anchoring proteins.

later finding suggests that CaM KII may be an-
chored to the PSD by p190 following its activa-
tion by an increase of dendritic Ca?* concentra-
tions [98].

2.3 Calmodulin

Calmodulin (CaM) is an ubiquitously ex-
pressed muitifunctional Ca’* binding protein
that mediates the intracellular effect of calcium
on numerous enzymes and intracellular pro-
cesses [99, 100]. Although calmodulin is not
thought to be directly attached to the PSD it is
evident that significant concentrations of the
protein are maintained at, or close to, postsyn-
aptic sites through association with several of
the enzymes and anchoring proteins discussed
in this article. For example, Ca?*/CaM binds
to and activates both the CaM-kinase II, and
the phosphatase 2B, calcineurin, enzymes which
regulate the phosphorylation state of key neu-
ronal substrates {101, 102]. Calmodulin also in-
directly modulates accumulation of cAMP at

the PSD by activation of the type I and type
I1T adenylyl cyclases, and metabolism of cAMP
through stimulation of the type I phosphodies-
terase [31, 44, 45, 101]. Furthermore, AKAP79,
the dual function anchoring protein which targets
PKA and calcineurin to the PSD, and several of
the PKC-binding proteins, such as MARCKS, as-
sociate with CaM [70, 71, 83].

3. Conclusions and perspectives

Neurons are highly polarized cells that ex-
press a variety of cytoplasmic and membrane
proteins which are differentially distributed in
axons, dendrites and somata. The evidence pre-
sented in this mini-review suggests that dendritic
signalling events are efficiently controlled be-
cause certain signal transduction molecules are
clustered together at the postsynaptic densities.
Further evidence for the specialized function of
these synapses may be indicated by ultrastruc-
tural evidence showing that the protein synthesis
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machinery is targeted to specific postsynaptic
sites. For example, polyribosomes have been
localized at postsynaptic sites while mRNA’s for
PSD proteins such as CaM-KII and various glu-
tamate receptor subtypes respectively have been
localized to sub synaptic regions by a combina-
tion of in situ hybridization and PCR based
strageties [103, 104]. These studies have led to
the suggestion that dendrites themselves are com-
partments for macromolecular synthesis [104].
Future studies will test this hypothesis and estab-
lish whether PSD proteins, including those dis-
cussed in this article, are synthesized at their site
of action.

According to our model for postsynaptic tar-
geting, which is presented in Fig. 5, we propose
that anchoring at the PSD increases synaptic
efficiency by permitting the preferential activa-
tion of certain signalling enzymes. However,
it must be stressed that enzyme targeting only
represents one part of story. It is evident that
the diffusion of the second messengers Ca?* and
cAMP are essential steps in the activation of
these enzymes [96, 105]. For example, activation
of adenylyl cyclase in the postsynaptic mem-
brane generates soluble cAMP which freely dif-
fuses to the PSD. There it is likely to activate
PKA associated with AKAP79 as opposed to
other pools of the kinase which are tethered at
other dendritic sites through association with
MAP?2 or at the endoplasmic reticulum through
AKAPI100 [106]. Another important compo-
nent of the targeting model is that phosphodies-
terases regulate the accumulation of cAMP. It
is evident that phosphodiesterases tethered to the
PSD regulate accumulation of cAMP and restrict
activation of PKA by preventing diffusion of the
second messenger to adjacent sites [7].

Another important theme that seems to be
emerging from the study of anchoring proteins
is that pools of kinase and phosphatase can be
targeted at the same site. For example, our own
findings suggest that AKAP79 represents a novel
anchoring protein as it serves a bifunctional role
in localizing both PKA and calcineurin [70]. This
suggests a model for reversible phosphorylation
of proteins in the postsynaptic membrane in

which the opposing effects of kinase and phos-
phatase action are co-localized in a signal trans-
duction complex by association with a common
anchor protein. This latter statement makes one
important assumption that has yet to be com-
pletely proven, namely, that the multifunctional
kinases and phosphatases are co-localized with
their substrates.

Although PKA is targeted to the PSD it is
likely that the Ca?* activated enzymes, PKC and
Cam-KII, are the predominant kinases at this
dendritic site. This process places either enzyme
close to receptors, ion-channels or structural
proteins which are known substrates for both
kinases, and permits their efficient activation by
the influx of Ca?* through the NMDA receptor
[79. 107]. Both enzymes play a critical role in
LTP as microinjection of pseudosubstrate in-
hibitors for either kinase into cultured neurons
resulted in a loss of tetantic stimulation [108].
Furthermore, selective activation of either ki-
nase is achieved through the requirement of a
second activator: phospholipid for PKC and cal-
modulin for CaM-KII. It would appear that the
Ca?* activated kinases are associated with the
PSD. For example, PKC may be anchored to
several proteins including MARCKS, a protein
that was identified as the major PKC substrate;
while a 190,000 M, protein has recently been
identified for CaM-KII [83, 98].

Finally, the emphasis of this article has fo-
cused predominantly on the phosphorylation of
proteins at the PSD. However, it would be re-
miss not to mention the reverse process, namely
the dephosphorylation of proteins at the PSD.
Over the past year, biochemical and physiologi-
cal evidence has emerged which suggests that
targeting of phosphatase at the PSD is an im-
portant process. The activity of NMDA currents
are blocked in cultured hippocampal neurons
by the phosphatase 1 and 2A inhibitors okadaic
acid, microcystin and the calcineurin inhibitor
FK-506 [109-111]. In addition, Jahr and col-
leagues have recently demonstrated that appli-
cation of CaN into these neurons attenuates the
NMDA receptor current [112]. This finding is
of particular interest to us as we have recently
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demonstrated that CaN is targeted to the PSD
through association with AKAP79 [78]. Cal-
cineurin activity has also recently been impli-
cated in synaptic long-term depression (LTD).
This involves a phosphatase cascade whereby
neuronal Ca?* influx stimulates CaN which, in
turn, dephosphorylates the type I phosphatase
inhibitor proteins, inhibitor 1 or DARP-32. This
leads to the activation of PP-1 which is believed
to promote dephosphorylation of those proteins
involved in LTD [113, 114]. Future studies are
planned to establish if PP-1 and PP-2A are an-
chored to the PSD and their roles in the dephos-
phorylation of PSD proteins.

Acknowledgements — The authors wish to thank
their colleagues at the Vollum Institute for critical
evaluation of this manuscript, Drs. Colbran and Jahr
for providing manuscripts prior to their publication
and Ms. Laura Zeigen for excellent technical assis-
tance in the preparation of this manuscript. This work
was funded by a support from grant GM 48231 from
the National Institutes of Health,

REFERENCES

1. Jahr C. E. and Lester R. A. J. (1992) Curr.
Opin. Neurobiol. 2, 395-400.

2. Petralia R. S., Yokotani N. and Wenthold R.
J. (1994) J. Neurosci. 14, 667-696.

3. Siegel S. J., Brose N., Janssen W. G., Gasic
G.P.,Jahn R., Heinemann S. F. and Morrison
J. H. (1994) Proc. Natl. Acad. Sci. USA 91,
564-568.

4. Siekevitz P. (1985) Proc. Natl. Acad. Sci. USA
82, 3494-3498.

5. Kennedy M. B. (1993) Curr. Opin. Neurobio.
3, 732-737.

6. Ludvig N., Ribak C. E., Scott J. D. and Rubin
C. S. (1990) Brain Res. 520, 90-102.

7. Ludvig N., Burmeister V., Jobe P. C. and Kin-
caid R. L. (1991) Neuroscience 44, 491-500.

8. Krebs E. G., Blumenthal D. K., Edelman
A. M. and Hales C. N. (1985) The functions
of the cAMP-dependent protein kinase (S. T.
Crooke and G. Poste, Eds.). Plenum, New
York, 324-367.

9. Scott J. D. (1993) Review: Encyclopedia of
Pharmacology and Therapeutics 139, 137-156.

10. Wang, L.-Y., Taverna F. A., Haung X.-P.,
MacDonald J.-F. and Hampson D. R. (1991)
Science 259, 1173-1175.

11. Gonzalez G. A., Yamamoto K. K., Fischer
W. H., Karr D., Menzel P., Biggs W., Vale
W. V. and Montminy M. R. (1989) Nature 337,
749-752.

12. Goodman R. H. (1990) Ann. Rev. Neurosci.
13, 111-127.

13. ScottJ.D.and McCartneyS. (1994) Mo!. Endo-
crinol. 13, 5-11.

14. Neubig R. R. (1994) FASEB J. 8, 939-946.

15. Iyengar R. (1993) FASEB J. 7, 768-775.

16. Rodbell M. (1992) The role of GTP-binding
proteins in signal transduction: From the sub-
limely simple to the conceptually complex, 1-
47.

17. Neer E. J. (1995) Cell 80, 245-257.

18. Touhara K., Inglese J., Pitcher J. A., Shaw G.
and Lefkowitz R. J. (1994) J. Biol. Chem. 269,
10217-10220.

19. Carlson K. E., Woolkalis M. J., Newhouse
M. G. and Manning D. R. (1986) Mol. Pharma-
col. 30, 463-468.

20. Tolkovsky A. M. and Levitzki A. (1978) Bio-
chemistry 17, 3795-3810.

21. Graeser D. and Neubig R. R. (1993) Mol. Phar-
macol. 43, 434-443.

22. Kwon G., Axelrod D. and Neubig R. R. (1994)
Cell. Signal. 6, 663-679.

23. Pitcher J. A., Inglese J., Higgins J. B., Arriza
J.L.,CaseyP.J.,KimC., BenovicJ. L., Kwatra
M. M., Caron M. G. and LefkowitzR. J. (1992)
Science 257, 1264-1267.

24. Krupinski J., Coussen F., Bakalyar H. A.,
Tank, W.-J., Feinstein P. G., Orth K., Slaugh-
ter C., Reed R. R. and Gilman A. G. (1989)
Science 244, 1558-1564.

25. Taussig R. and Gilman A. G. (1995) J. Biol.
Chem. 270, 1-4.

26. Cooper D. M. F., Mons N. and Karpen J. M.
(1995) Nature 374, 421-424.

27. Tang W.-J., Krupinski J. and Gilman A. G.
(1991) J. Biol. Chem. 266, 8595-8603.

28. XiaZ., Choi E.-J., Wang F., Blazynski C. and
Storm D. R. (1993) J. Neurochem. 60,305-311.

29. ChoiE.-J., Xia Z. and Storm D. R. (1992) Bio-
chemistry 31, 64926498,

30. MonsN. and Cooper D.M. F. (1994) Mo!. Brain
Res. 22, 236-244.

31. WuZ., Wong S. T. and Storm D. R. (1993) J.
Biol. Chem. 268, 23766-23768.

32. Malenka R., Madison D. and Nicoll R. (1986)
Nature 321, 175-1717.

33. Wu Z.-L., Thomas S.A., Villacres E. C., Xia
Z., Simmons M. L., Chavkin C., Palmiter
R.D.and Storm D. R. (1995) Proc. Natl. Acad.
Sci. 92, 220-224.

34. Wu K., Huang Y., Adler J. and Black I. B.
(1992) Proc. Natl. Acad. Sci. 89, 3015-3019.



756

35

36.

37.
38.

39.

40.

41.

42.

43,

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

T. M. Klauck and J. D. Scott

. Levin L., Han P.-L., Hwang P. M., Feinstein
P. G., Davis R. L. and Reed R. R. (1992) Cell
68, 479-489.

Loughney K. and Ferguson K. M. (1994) Meth-
yixanthines and phosphodiesterase inhibitors in
thetreatment of airways disease. The Parthenon
Publishing Group, London, 81-100.

Beavo J. A. and Reifsnyder D. H. (1990) 77PS
11, 150-155.

Beavo J. A., Conti M. and Heaslip R. J. (1994)
Mol. Pharmacol. 46, 399-405.

David R. L. (1990) Molecular genetics of the
cyclic nucleotide phosphodiesterases (J. Beavo
and M. D. Houslay, Eds.). John Wiley and Sons
Ltd., Chicester, New York, 227-241.
Swinnen J. V., Joseph D. R. and Conti M.
(1989) Proc. Natl. Acad. Sci. 86, 5325-5329.
Davis R. L., Takayasu H., Eberwine M. and
Myres J. (1989) Proc. Natl. Acad. Sci. 86,3604~
3608.

Shakur Y., Pryde J. G. and Houslay M. D.
(1993) Biochem. J. 292, 677-686.

Lohmann S. M., DeCamili P., Enig I. and Wal-
ter U. (1984) Proc. Natl. Acad. Sci. USA 81,
6723-6727.

KincaidR.L.,Stith-ColemanI. E. and Vaughan
M. (1985) J. Biochem. 260, 9009-9015.
Shenolikar S., Thompson W. J. and Strada
S. J. (1985) Biochemistry 24, 672-678.

Walsh D. A., Perkins J. P. and Krebs E. G.
(1968) J. Biol. Chem. 243, 3763-3765.
Corbin J. D., Keely S. L. and Park C. R. (1975)
J. Biol. Chem. 250, 218-225.

Corbin J. D., Sugden P. H., Lincoln T. M. and
Keely S. L. (1977) J. Biol. Chem. 252, 3854~
3861.

Rubin C. S., Erlichman J. and Rosen O. M.
(1972) J. Biol. Chem. 247, 6135-6139.

Rubin C. S., Rangel-Aldao R., Sarkar D. Er-
lichman J. and Fleischer N. (1979) J. Biol.
Chem. 254, 3797-3805.

Leiser M., Rubin C. S. and Erlichman J. (1986)
J. Biol. Chem. 261, 1904-1908.

Brostrom C. O., Corbin J. D., King C. A. and
Krebs E. G. (1971) Proc. Natl. Acad. Sci. USA
68, 2444-2447.

Hofmann F., Beavo J. A., Bechtel P. J. and
Krebs E. G. (1975) J. Biol. Chem. 250, 7795~
7801.

Cumming R., Koide Y., Krigman M. R., Beavo
J. A. and Steiner A. L. (1981) Neuroscience 6,
953-961.

Sarkar D., Erlichman J. and Rubin C. S. (1984)
J. Biol. Chem. 259, 9840-9846.

Carr D. W., Bishop S. E., Acott T. S. and Scott
J. D. (1991) FASEB J. 5, A1529.

57.

58.

59.
60.

61.

62.
63.
64.

65.

66.

67.

68.

69.

70.

71.
72.
73.
74.
75.
76.
77.

78.

79.

80.

Carr D. W., Stofko-Hahn R. E., Fraser I. D. C.,
ConeR.D.andScott J.D.(1992) J. Biol. Chem.
24, 16816-16823.

Carr, D. W., Hausken Z. E., Fraser I. D. C,,
Stofko-Hahn R. E. and Scott J. D. (1992) J.
Biol. Chem. 267, 13376-13382.

Nigg E. A., Schafer G., Hilz H. and Eppenb-
erger H. M. (1985) Cell 41, 1039-1051.

Nigg E. A., HilzH., Eppenberger H. M. (1985)
EMBO J. 4, 2801-2806.

Salvatori S., Damiani E., Barhanin J., Furlan
S., Giovanni S. and Margreth A. (1990) Bio-
chem. J. 267, 679-687.

Joachim S. and Schwoch G. (1990) Eur. J. Cell.
Biol. 51, 76-84.

Luo Z., Shafit-Zagardo B. and Erlichman J.
(1990) J. Biol. Chem. 265, 21804-21810.

Li Y. and Rubin C. S. (1995) J. Biol. Chem.
270, 1935-1944,

Hausken Z. E., Coghlan V. M., Hasting
C. A.S.,Reimann E. M. and Scott J. D. (1994)
J. Biol. Chem. 269, 24245-24251.

Scott J. D., Stofko R. E., McDonald J. R.,
Comer J. D., VitalisE. A. and Mangili J. (1990)
J. Biol. Chem. 265, 21561-21566.

Coghlan V. M., Bergeson S. E., Langeberg L.,
Nilaver G. and Scott J. D. (1993) Mol. Cell.
Biochem. 127, 309-319.

Theurkauf W. E. and Vallee R. B. (1982) J.
Biol. Chem. 257, 3284-3290.

Rosenmund C., Carr D. W., Bergeson S. E.,
Nilaver G., Scott J. D. and Westbrook G. L.
(1994) Nature 368, 853-856.

Coghlan V., Perrino B. A., Howard M., Lange-
berg L. K., Hicks J. B., Gallatin W. M. and
Scott J. D. (1995) Science 267, 108-111.
Coghlan V., Lester L. and Scott J. D. (1995)
Advances in Protein Phosphatases. (in press).
Bliss T. V. P. and Collingridge G. L. (1993)
Nature 361, 31-39.

Keller B. U., Hollmann M., Heinemann S. and
Konnerth A. (1992) EMBO J. 11, 891-898.
Hume R. I., Dingledine R. and Heinemann
S. F. (1991) Science 253, 1028-1030.
Nishizuka Y. (1992) Science 258, 607-614.
Chetkovich D. M., Gray R., Johnston D. and
Sweatt J. D. (1991) Proc. Nat!. Acad. Sci. USA
88, 6467-6471.

Stabel S. and Parker P. (1991) Pharmacol. Ther.
51, 71-95.

Castagna M., Takai Y., Kaibuchi K., Sano K.,
Kikkawa U. and Nishizuka Y. (1982) J. Biol.
Chem. 257, 7847-7851.

Chen L. and Huang L.-Y. M. (1991) Neuron 1,
319-326.

Kraft A. and Anderson W. B. (1983) Nature
301, 621-623.



81.

82.

83,

84.

85.

86.

87.

88.

89.

91.

92.

93.

94.

9s.

96.

Anchoring and the Post-Synaptic Density 757

JakenS., Leach K. and Klauck T. (1989) J. Cell.
Biol. 109, 697-704.

Chapline C., Ramsay K., Klauck T. and Jaken
S. (1993) J. Biol. Chem 268, 6858-6861.
Hyatt S. L., Liao L., Aderem A., Nairn A. C.
and Jaken S. (1994) Cell Growth Diff. 5, 495-
502.

Liao L., Hyatt S. L., Chapline C. and Jaken
S. (1994) Biochem. 33, 1229-1233.
Mochly-Rosen D., Khaner H. and Lopez J.
(1991) Proc. Natl. Acad. Sci. USA 88, 3997-
4000.

Ron D., Chen C.-H., Caldwell J., Jamieson
L., Orr E. and Mochley-Rosen D. (1994) Proc.
Natl. Acad. Sci. 91, 839-843,

RonD.and Mochly-RosenD. (1995) Proc. Natl.
Acad. Sci. 92, 492-496.

Wolf M., Burgess S., Misra U. K. and Sahyoun
N. (1986) Biochem. Biophys. Res. 140, 691-
698.

Wolf M. and Sahyoun N. (1986) J. Biol. Chem.
261, 13327-13332.

. Usuda N., Kong Y., Hagiwara M., Uchida C.,

Tersawa M., Nagata T. and Hidaka H. (1991)
J. Cell Biol. 117, 1241-1247.

Hu G.-Y., Hvalby O., Walaas S. 1., Albert
K. A., Skjeflo P., Andersen P. and Greengard
P. (1987) Nature 328, 426-429.

Payne M. E., Fong Y.-L., Ono T., Colbran
R. J., Kemp B. E., Soderling T. R. and Means
A. R. (1988) J. Biol. Chem. 263, 7190-7195.
McGlade-McCulloch E., Yamamoto H., Tan
S.-E., Brickey D. A. and Soderling T. R. (1993)
Nature 362, 640-643.

Silva A. J., Stevens C. F., Tonegawa S. and
Wang Y. (1992) Science 257, 201-205.

Silva A. I., Paylor R., Wehner J. M. and Tone-
gawa S. (1992) Science 257, 206-211.
Clapham D. E. (1995) Cell 80, 259-268.

97.

98.
99.

100.

101.

102.

103.
104.

105.

106.

107.
108.
109.
110.
111.
112.
113.

114.

Schworer C. M., McClure R. W. and Soderling
T.R.(1985) Arch. Biochem. Biophys.242,137-
145.

McNeill R. B. and Colbran R. J. (1995) J. Biol.
Chem. (in press).

Alexander K. A., James P., Krebs J., Enyedi
A.,McCormickD.J.,PennistonJ. T.and Cara-
foli E. (1990) Biochem. 29, 355-365.
AlexanderK. A., WakimB. T.,D. G. S., Walsh
K. A. and Storm D. R. (1988) J. Biol. Chem.
263, 7544-7549.

Sharma R. K. and Wang J. H. (1986) J. Biol.
Chem. 261, 14160-14166.

Rich D. P., ColbranR. J., Schworer C. M. and
Soderling T. R. (1989) J. Neurochem. 53, 807-
816.

Steward O. (1994) Proc. Natl. Acad. Sci. 91,
10766-10768.

Miyashiro K., Dichter M. and Eberwine J.
(1994) Proc. Natl. Acad. Sci. 91, 10800-10804.
Bacskai B. J., Hochner B., Mahaut-Smith M.,
Adams S. R., Kaang B.-K., Kandel E. R. and
Tsien R. Y. (1993) Science 260, 222-226.
McCartney S., Little B. M., Langeberg L. K.
and Scott J. D. (1995) J. Biol. Chem. 270, 9327~
9333.

Chen L. and Huang L.-Y. M. (1992) Nature
356, 521-523.

Malinow R., Madison D. V. and Tsien R. W,
(1988) Nature 335, 820-824.

Wang Y. T. and Salter M. (1994) Nature 369,
233-235,

Lieberman D. and Mody 1. (1994) Nature 369,
235-238.

Wang L.-Y., Orser B. A., Brautigan D. L. and
Macdonald J. F. (1994) Nature 369, 230-232.
Tong G., Shepherd D. and Jahr C. E. (1995)
Science 267, 1510-1512.

Cohen P. and Cohen T. W. (1989) J. Biol.
Chem. 264, 21435-21438,

Mulkey R. M., Endo S., Shenolikar S. and Ma-
lenka R. C. (1994) Nature 369, 486-488,



