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Puncta Expression and Regulation of Myristoylated
Alanine-rich C Kinase Substrate (MARCKS) in the
Mossy Fiber Pathways of Adult Mouse Hippocampus
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ABSTRACT
Myristoylated alanine-rich C kinase substrate (MARCKS) has been implicated in neurotransmitter release and synaptic plasticity associated with actin cytoskeletal rearrangement. However, the precise expression pattern was not investigated yet regarding
these issues. Therefore, we examined here the expression and alteration of regional
and cellular distribution of MARCKS protein in the hippocampus before and after
KA-induced seizures, as one of in vivo activity-dependent neural plasticity models. Eight
to nine week old C57BL/6 mice were administered with kainic acid (KA, 25 mg/kg, i.p.)
and behavioral seizure activities were observed. Animals were fixed 4 h, 1 d, 4 d, 1
week, 2 weeks and 1 month after KA injection and processed for immunohistochemistry. We demonstrated here that neuronal expression of MARCKS seems to be
only confined to small puncta structures such as axon terminal in the hippocampus.
These MARCKS immunoreactive (IR) puncta were sharply demarcated in dentate hilus
and stratum lucidum where mossy fibers of dentate gyrus granule cells are terminated
and form excitatory synapses with CA3 pyramidal cells. The total protein expression of
MARCKS was not altered in these hippocampal structures following KA-induced
seizures. However, MARCKS phosphorylation was markedly increased. These findings
suggest that MARCKS might contribute to regulate neurotransmitter release, axonal
sprouting and synaptic reorganization in mossy fiber pathways following seizure activities.
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IN T R O D U C T IO N
Myristoylated alanine-rich C kinase substrate
(MARCKS) is known to be one of the important
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substrates of protein kinase C (PKC). MARCKS
protein was first demonstrated as 87 kDa phophoprotein in synaptosomes prepared from nerve
terminals of rat cerebral cortex (Wu et al., 1982;
Albert et al., 1986; Wang et al., 1989). The cDNA
clone was isolated and sequenced by Blackshear
and his colleagues in 1989 (Stumpo et al., 1989).
There are three major regions of sequence con-
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servation (Fig. 1). The first region consists of the
first 14 amino acids of the amino terminus is
proposed for myristoylation. The second region
surrounds the site of intron splicing. The final conserved region is a 25-amino acid-containing, PKCcatalyzed phosphorylation site domain (PSD). This
PSD is extremely basic with a pI of 12.2 in a protein with an overall acidic pI of less than 4.5. At least
three of four serine residues in this region of the
bovine and chicken proteins can be phosphorylated
by PKC, both in vivo and in vitro (Blackshear, 1993).
The phosphorylation site domain (PSD) of
MARCKS can bind PKC, calmodulin, phosphoinositol 4,5-biphosphate (PIP 2 ) and filamentous actin
(F-actin) in competitive manner. There have been
proposed three hypotheses regarding action mechanism of MARCKS so far; actin hypothesis (Aderem,
1992), calmodulin hypothesis (Blackshear, 1993)
and PIP 2 microdomain hypothesis (Caroni, 2001;
McLaughlin et al., 2002). All of these hypotheses
contribute to the understanding how MARCKS acts
in response to extra- and intracellular stimuli
(Blackshear, 1993; Aderem, 1995; Laux et al., 2000;
Arbuzova et al., 2002).
MARCKS binds to the plasma membrane via both
a myristoylated amino-terminus and a highly basic
region called the effector domain (ED) or PSD, a
region which also binds and crosslinks actin fila-

ments. Electrostatic interactions between the
effector domain and membrane are disrupted by
phosphorylation by PKC. On the other hand,
MARCKS protein and a peptide corresponding to its
effector domain inhibit the phosphoinositide-specific
phospholipase C (PLC)-catalyzed hydrolysis of PIP 2
in phospholipid vesicles by sequestering PIP 2 in
lipid rafts (McLaughlin et al., 1995; Glaser et al.,
1996; Wang et al., 2001; McLaughlin et al., 2002)
due to nonspecific electrostatic interaction (Wang,
2002). Upon PKC phosphorylation or Ca 2+ /calmodulin binding, MARCKS may release PIP 2 at
membrane rafts and couple free PIP 2 to actin cytoskeleton (Caroni, 2001). Based on PIP 2 hypothesis,
MARCKS regulates actin cytoskeleton indirectly
through PIP 2 , rather than direct actin-binding
(Wiederkehr et al., 1997; Laux et al., 2000; Caroni,
2001; Arbuzova et al., 2002). Taken together,
MARCKS might be a potential mediator regulating
actin dynamic through crosstalk with PKC, Ca 2+ /
calmodulin and PIP 2 signaling.
MARCKS-deficient mice exhibited perinatal death
and multiple developmental defects in central
nervous system (CNS) including failure of hemisphere fusion, agenesis of corpus callosum, abnormalities of cerebral cortical and retinal lamination,
and leptomeningeal neuronal ectopia (Blackshear et
al., 1997; Stumpo et al., 1995). Mossy fiber devel-
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Fig. 1. Domain structure of MARCKS. MARCKS contains three major regions of sequence conservation.
These domains are an amino-terminal myristoylation site, an intron-splicing site and a basic effector domain
that contains PKC-catalyzed phosphorylation sites (PSD). The PSD domain can bind actin, Ca 2+ /calmodulin
and phosphoinositol 4,5-biphosphate (PIP 2) in competitive manner.

MARCKS Expression in Mossy Fibers

opment and spatial learning defect were also
detected in these mice (McNamara et al., 1998).
It has been suggested that MARCKS might underlie normal neurite growth (Frey et al., 2000),
neurotransmitter release (Rose et al., 2001; Hartness et al., 2001; Yang et al., 2001) and neural
plasticity (Nelson et al., 1989a; Nelson et al.,
1989b; Lenox et al., 1998; McNamara et al., 1998;
McNamara et al., 2000; Solomonia et al., 2003).
MARCKS has been shown to be rich in growth
cones, presynaptic terminals and synaptosomes in
neurons (Wu et al., 1982; Albert et al., 1986; Wang
et al., 1989; Aigner et al., 1993). MARCKS were
phosphorylated when synaptosomes were depolarized (Wu et al., 1982), and in addition, MARCKS
phosphorylation may be directly linked to persistence of long-term potentiation (LTP) in amplitude
of excitatory postsynaptic potential (EPSP) recorded
in dentate hilus region by using in vivo extracellular
cellular recording (Nelson et al., 1989a; Nelson et
al., 1989b). Mutation or deletion of phosphorylation
site domain inhibited axonal outgrowth and dynamic
alteration of dendritic spines (Laux et al., 2000;
Calabrese B and Halpain S, 2004).
Although there are recently growing body of
evidences to address the physiological function of
MARCKS, its function is not still clear and ambiguous. In addition, the precise expression pattern
was not investigated yet except a few studies
(Ouimet et al., 1990). Therefore, we examined
regional and cellular distribution of MARCKS protein, especially in the hippocampus. We also
investigated the alteration of cellular and subcellular
expression after KA-induced seizures because
seizure activities could induce neural pathologic
plasticity and synaptic reorganization in the hippocampus and therefore seizure model is established
as one of in vivo activity-dependent neural plasticity
models (McNamara et al., 2000).

M A T E R IA L S A N D M E T H O D S
A nim als
Eight to nine week-old old C57BL/6 mice were
administered with kainic acid (KA, 25 mg/kg, i.p.,
ICN) dissolved in sterile saline. Behavioral seizure
activities were observed for one hour after stage Ⅳ
/Ⅴseizure onset (Racine, 1972) and terminated with
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diazepam (8 mg/kg, i.p.). Seventy animals were
sacrificed 4 h, 4 d, 2 weeks and 1 month after seizure termination. Animals which were given saline
alone were sacrificed at the respective time points
as the control group. All experimental procedures
were conducted following National Institutes of
Health Guide for the Care and Use of Laboratory
Animals.
Tissu e p reparation
After experiment, animals were anesthetized with
8% chloral hydrate and then perfused transcardially
with phosphate-buffered saline (PBS), and fixed by
4% paraformaldehyde (PFA) in PBS. Brains were
then removed, post-fixed in 4% PFA in PBS for 6 h
and equilibrated serially in 10%, 20%, 30% sucrose
in PBS at 4 o C. Brains in tissue freezing medium,
OCT compound (Tissue Tek) were quickly frozen in
o
isopentane on dry ice, and stored at -70 C until
use. Some brains were processed for paraffinembedded tissue blocks and kept at room temperature until use.
Im m uno histochem istry
Immunoreactivity of neurons or glia was examined
using either polyclonal or monoclonal antibodies
including anti-MARCKS (1 ：2000, provided by
Blackshear), anti-phospho MARCKS (1 ：500, Chemicon) to recognize Ser 152/156 phosphorylated
MARCKS, anti-PKC epsilon (1 ：1000, Upstate),
anti-extracellular signal-regulated kinase (ERK) (1 ：
1000, Santa Cruz), anti-phospho ERK to recognize
Tyr 204 phosphorylated ERK, (1 ：1000, Santa
Cruz). Primary antibody binding was determined by
biotinylated goat anti-mouse or goat anti-rabbit
antibodies. Vectastatin ABC kit (Vector Laboratories) were used with 0.05% 3,3'-diaminobenzidine
tetrahydrochloride (DAB) solution containing 0.01%
H 2 O 2 (Dako) as the detection system. Counter
staining was accomplished with 0.5% cresyl violet
or hematoxylin. A few sections were also processed
with same diluents as used for primary antibody or
serum preadsorbed with antigen for negative
control.
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Fig. 2. Punta immunoreactivity of
MARCKS at dentate hilus and CA3
stratum lucidum in the hippocampus.
Distribution of MARCKS protein was
examined in 6 μm-thick paraffin- embedded and 30 μm-thick frozen brain
sections. A population of glial cells
were strongly immunoreactive for the
MARCKS protein throughout the
whole hippocampus (arrowheads). In
the neurons, most of the immunoreactivity seemed to be confined to
small puncta structures such as
axon terminal. These MARCKS-IR
puncta were sharply demarcated in
dentate hilus and stratum lucidum
where mossy fibers of dentate gyrus
granule cells are terminated. Arrows
and dotted lines indicate stratum
lucidum between pyramidal cell layer
and stratum radiatum. Brain sections
were counterstained with cresyl violet. DG gr: dentate gyrus granule
cells, CA3 py: CA3 pyramidal cells,
St: stratum. Scale bar: 50 μm.
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Fig. 3. Phosphorylation of MARCKS
at hippocampal CA3 stratum lucidum
following KA-induced seizure. Immunohistochemistry technique using antiphospho
MARCKS
antibody
to
recognize Ser152/156 phosphorylated
MARCKS (p-MARCKS) was accomplished to both measure and localize
MARCKS
phosphorylation
at
the
specific small region in the hippocampus. MARCKS phosphorylation was
markedly increased following KAinduced seizures (B) while MARCKS
protein expression was not altered in
these hippocampal structures (A). Left
lane indicates control group and right
lane indicates animal group which
were sacrificed four hours after KA
injection. Arrows and dotted lines indicate stratum lucidum. Brain sections
(B) were counterstained with hematoxylin. Scale bar: 50 μm.
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RESULTS
M A R C K S expressio n in stratum lu cidum
Distribution of MARCKS protein was examined in
6 μm-thick
paraffin-embedded
and
30 μm-thick
frozen brain sections (Fig. 2). A population of glial
cells were strongly immunoreactive for the MARCKS protein throughout the whole hippocampus.
In the neurons, most of the immunoreactivity
seemed to be confined to small structures such as
axon terminal that appeared somewhat punctate
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(Fig. 2C). Neuronal somata and major dendrites
were not immunoreactive throughout the whole
hippocampus under the conditions employed. These
MARCKS immunoreactive (IR) puncta were sharply
demarcated in dentate hilus and st. lucidum where
mossy fibers of dentate gyrus granule cells are
terminated. Because excitatory synapses between
dentate gyrus granule cells and CA3 pyramidal
cells form at stratum lucidum, the strong puncta
expression of MARCKS suggest that MARCKS
might play an important role in neurotransmitter
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Fig. 4. Expression profiles of protein kinases at hippocampal CA3
stratum lucidum following KA-induced seizure. PKC epsilon alone
was expressed at stratum lucidum
in the hippocampus out of all the
subtypes of PKC based on our
observation. The total expression of
PKC epsilon was not altered following seizure activities at these
structures (A). ERK was specifically expressed in hippocampal stratum lucidum and strongly phosphorylated following seizure activities
(B and C). Left lane indicates control group and right lane indicates
animal group which were sacrificed
for hours after KA injection. Scale
bar: 50 μm.
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release, synaptic reorganization and plasticity at
these synaptic regions in the hippocampus.
M A R C K S ph osph orylation in stratu m lucidu m
We used immunohistochemistry technique using
anti-phospho MARCKS antibody to both measure
and localize MARCKS phosphorylation at the specific small region, stratum lucidum in the hippocampus. These issues may not be resolved with
western blotting analysis. Our immunohistochemistry
results demonstrated that MARCKS phosphorylation
was markedly increased four h after seizure (Fig.
3B) and decreased to basal levels at one day-time
point. On the other hand, MARCKS protein expression was not altered in these hippocampal structures at several time points (Fig. 3A).
P rotein kinases in stratum lu cidum
ERK as well as PKC has been proposed to regulate MARCKS (Schonwasser et al., 1996). Therefore, we examined here regional and cellular
expression of PKC epsilon, ERK, phosphorylated
ERK in the hippocampal stratum lucidum regarding
the issue which protein kinases are associated with
phosphorylation of MARCKS following seizure activities (Fig. 4). PKC epsilon alone was expressed at
stratum lucidum in the hippocampus out of all the
subtypes of PKC based on our observation (data
not shown). The total expression of PKC epsilon
was not altered following KA-induced seizures at
these structures in stratum lucidum (Fig. 4A).
ERK was specifically expressed at hippocampal
stratum lucidum. Phosphorylation of ERK was dramatically upregulated at these structures following
seizure activities (Fig. 4C) while the total protein
expression of ERK was not changed (Fig. 4B).

D IS C U S S IO N
Myristoylated alanine-rich C kinase substrate
(MARCKS) has been implicated in neurotransmitter
release and synaptic plasticity by actin cytoskeletal
rearrangement. Mutation or deletion of PSD domain
inhibited axonal outgrowth and dynamic alteration of
dendritic spines (Laux et al., 2000; Calabrese B
and Halpain S, 2004). However, the precise expression pattern was not investigated yet regarding
these issues. Therefore, we investigated the

expression of regional and cellular distribution of
MARCKS protein in the hippocampus. We also
investigated the alteration of cellular and subcellular
expression after KA-induced seizures to get a clue
to understand the physiological function of MARCKS in the intact brain because seizure activities
could induce neural pathologic plasticity and
synaptic reorganization and seizure model is
established as one of in vivo neural plasticity model
(McNamara et al., 2000).
Immunohistochemistry technique was employed
here to both measure and localize cellular and
subcellular expression and phosphorylation of
MARCKS at the specific small region, stratum
lucidum in the hippocampus. Experimental analysis
with pure neuronal populations alone at these
extremely small regions like stratum lucidum in
intact brain is never successfully accomplished with
western blotting technique.
We found here that neuronal expression of
MARCKS seemed to be only confined to small
structures such as axon terminal in stratum lucidum
where mossy fibers of dentate gyrus granule cells
are terminated (Fig. 2) and MARCKS was markedly
phosphorylated at these regions following KAinduced seizures (Fig. 3B). On the other hand, the
total amount of MARCKS protein was not altered.
MARCKS is constitutively expressed at basal states
and seems to be regulated by phosphorylationcoupled membrane-cytosol trafficking. Therefore,
phosphorylation and translocation between membrane and cytosol fraction might be more important
than total protein expression of MARCKS.
MARCKS is known to be a major substrate of
PKC. Based on our observation, PKC epsilon alone
was localized at puncta structures in stratum
lucidum out of all the subtypes of PKC (data not
shown). Taken these two together, PKC epsilon
might be postulated to regulate MARCKS phosphorylation at these MARCKS-IR punta in stratum
lucidum. However, it should be elucidated more
clearly that MARCKS and PKC epsilon are colocalized under electron microscopy (EM) microscopy.
Although total protein expression of PKC epsilon
was not altered following seizure (Fig. 4A), there
might exist significant alterations in membranecytosol fractions as discussed above.
ERK as well as PKC has been proposed to reg-
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ulate MARCKS (Schonwasser et al., 1996) and
implicated in synaptic reorganization and plasticity
in the hippocampus (Ho et al., 2004). Our results
demonstrated that stratum lucidum was the specific
synaptic region where ERK was the most strongly
expressed within the whole hippocampal area,
suggesting for the role of ERK in mossy fiber
pathways. In addition, we demonstrated here that
ERK was dramatically phosphorylated in mossy
fiber terminals following KA-induced seizures.
Taken together, the strong expression and
regulation of PKC epsilon and ERK at stratum
lucidum may be associated with MARCKS regulation in activity-dependent synaptic plastic alteration
following KA-induced seizures. However, it remains
to be further elucidated which protein kinases are
associated with MARCKS phosphorylation in hippocampal stratum lucidum following seizure activities.
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