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Abstract

The present review describes recent research on the regulatiorkéywords
glutamate and Ca of the phosphorylation state of the intermediate Astrocytes
filament protein of the astrocytic cytoskeleton, glial fibrillary acidic Glial fibrillary acidic protein
protein (GFAP), in immature hippocampal slices. The results of thi§:FAP
research are discussed against a background of modern knowledgé:ﬂ#ta_matﬁ recﬁptolrs _
the functional importance of astrocytes in the brain and of the structinjzéou?'” phosphorylation
. . . . . . - Calcium
and dynamic properties of intermediate filament proteins. Astrocyt_e§n ¢

ermediate filament

are now recognized as partners with neurons in many aspects of br%%pnamiCS

phorylation of intermediate filament proteins, including GFAP, has
been shown to regulate the dynamic equilibrium between the polymer-
ized and depolymerized state of the filaments and to play a fundamen-
tal role in mitosis. Glutamate was found to increase the phosphoryla-
tion state of GFAP in hippocampal slices from rats in the post-natal
age range of 12-16 days in a reaction that was dependent on external
Ce&*. The lack of external Cain the absence of glutamate also
increased GFAP phosphorylation to the same extent. These effects of
glutamate and Cawere absent in adult hippocampal slices, where the
phosphorylation of GFAP was completely?Gdependent. Studies
using specific agonists of glutamate receptors showed that the gluta-
mate response was mediated by a G protein-linked group Il metabotro-
pic glutamate receptor (mGIuR). Since group Il mGIuRs do not act by
liberating C&* from internal stores, it is proposed that activation of the
receptor by glutamate inhibits €aentry into the astrocytes and
consequently down-regulates a2€dependent dephosphorylation
cascade regulating the phosphorylation state of GFAP. The functional
significance of these results may be related to the narrow developmen-
tal window when the glutamate response is present. In the rat brain this
window corresponds to the period of massive synaptogenesis during
which astrocytes are known to proliferate. Possibly, glutamate liber-
ated from developing synapses during this period may signal an
increase in the phosphorylation state of GFAP and a consequent
increase in the number of mitotic astrocytes.
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Introduction also have acute effects of neuronal activity on
the morphology of astrocytes (24) or of
The mammalian brain contains two mainperisynaptic Schwann cells in the frog neuro-
groups of cells: the neurons and the neuroglianuscular junction (25).
Until recently the neuroglia were considered Astrocytes are believed to play a funda-
to play only a minor role in brain function, mental role in the modelling of the nervous
serving merely as a physical framework ofystem during ontogeny (26,27). Experience-
support for neurons (the so-called “nervalependent plasticity of astrocytes has been
glue” of Virchow, see Ref. 1). This conceptstudied in experimental approaches that em-
has changed dramatically in the past decadbrace models involving modification of as-
neuroglia are now recognized as partners wittnocyte structure and function such as dark-
neurons in normal and abnormal brain funcrearing (28), hippocampal kindling (29,30),
tion (2,3). The neuroglia belong to three mairspreading depression (31,32), rearing in com-
subdivisions: the oligodendrocytes, whoselex environments (33), and long-term poten-
main function is to provide the myelin whichtiation (34,35). Astrocytes also exhibit plastic
insulates the neuronal axons; a morphologiehanges in response to cerebral injury (36),
cally and biochemically heterogeneous grouglectroconvulsive seizures (37) and the ad-
known as the astrocytes, and the microgliainistration of psychotropic drugs (38).
which are the immune cells of the brain. OMoreover, transplants of astrocytes alleviate
these 3 groups the astrocytes are the mastemory deficits induced by lesions in cholin-
numerous and interact functionally with neu-ergic pathways in the rat hippocampus (39).
rons. Astrocyte processes envelop synaptic In this review we focus on factors regulat-
structures forming “perineuronal nets” (4,5),ing the phosphorylation state of glial fibril-
while other processes make intimate contadary acidic protein (GFAP) inimmature astro-
with the blood capillaries through specializectytes. This cytoskeletal glial protein is ex-
structures known as “end feet”. Thus, astropressed mainly in astrocytes and is a valuable
cytes provide a conduit for the transport ofnarker for these cells since it is absent in
energy from the blood stream to the nervaeurons (40). GFAP is a class lll intermediate
terminals and recent work has demonstratedfdament (IF) protein which exhibits dynamic
tight coupling between synaptic activity andproperties similar to those of other members
the uptake of glucose by the astrocytic “endf this class of proteins. These dynamic prop-
feet” (6). Interestingly, astrocytes first me-erties of GFAP are modulated by phosphory-
tabolize glucose to lactate before supplying ilation and play a fundamental role in astro-
as energy to neurons. Further astrocytesytic plasticity. We will first discuss briefly
modulate the transmission of synaptic signalhe background to present knowledge of the
by the uptake of Kand neurotransmitters (7- structure and general dynamic properties of
9). Depending on cell type, developmentalF proteins.
stage and brain area, glial cells, and especially
astrocytes, express many receptors (10-15itermediate filament proteins - struc-
and ion channels (16,17) found in neurongure and dynamic properties
These cells also secrete factors which regu-
late the growth of neurons (18). Conversely, The structure of GFAP is schematically
there is evidence that glutamate released froifustrated in Figure 1. Like all class Il IF
synapses regulates glial proliferation and difproteins, GFAP consists of arhelical rod
ferentiation (19). Direct signalling from as- domain flanked by a non-helical N-terminal
trocytes to neurons via glutamate-mediatetiead and a C-terminal tail. The central rod
calcium waves has been described (20-23) a®main is highly invariant in its residues with
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at least 70% homology between class Ill IEharged in type Il IF proteins. In porcine but

proteins (41,42) and consists of four tractsotin rat GFAP this segmentis phosphorylat-
(1A, 1B, 2A and 2B) of repetitive heptads,ed at a single serine residue.

where residues a and d generally have high The assembly of IF proteins involves sev-
hydropathy and form a hydrophobic line alongral steps (Figure 1). First a dimer is formed
the helical structure that allows a fit betweetetween two parallel monomers; next anti-
two helical chains. There are three non-heliparallel dimers interact through residues in
cal segments linking these tracts. All type lltheir coiled-coil 1B segment forming a tet-

IF proteins possess a highly charged N-termiramer or protofilament, and then the

nal segment which, in the case of GFAPprotofilaments interact through residues in
incorporates 5 phosphorylation sites. Betweetihe coiled-coil 2B segments to form an

the N-terminal segment and the rod domainctamer. These structures were identified in
there is a well-conserved segment named Hiélesmin filaments by chemical crosslinking

All'lF proteins possess a well-conserved non43). In the case of GFAP, a study of the self-
helical C-terminal segment which is notassembly of mutants of this protein showed
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Figure 1 - Schematic illustration of the filamentous structure of GFAP. A, Structure of the monomer. Five phosphorylation sites are shown in
segment E1 in the N-terminal domain and one in segment H2 at the C-terminal (see Figure 2). The rod domain comprises four helicoidal
segments (1A, 1B, 2A and 2B) and three linkers (L1, L2 and L12). B, Structure of the dimer. Parallel monomers interact to form coiled-coil
arrangements in the central domain. C, Structure of the tetramer or protofilament. Anti-parallel dimers interact through residues in the coiled
coil. D, Structure of the octamer. Tetramers interact through residues in coiled-coil 2B. Adapted from Refs. 41-43. See text for details.
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that the sequence KLLEGEE in tract 2B asn vitro where six sites were identified by
well as the entire head domain is essentidlapanese workers (47,54). Five of these sites
(44). are located in the N-terminal head domain
Inin vitroexperiments the assembly statgThr7, Ser8, Serl3, Serl7, Ser34) and one in
of purified GFAP is influenced by the ionic the tail domain (Ser389) where they are phos-
strength and pH of the medium, the presengehorylated by cyclic AMP-dependent protein
of Mg?* and Cé&' (45,46) and especially (as kinase (PKA), C&/calmodulin-dependent
discussed below) by the phoshorylation statkinase Il (CaMK II), protein kinase C (PKC)
of the protein (47). Phosphorylation is alsaand the cdc-2 kinase. The phosphorylation
important in the intact cell, particularly in sites in rat GFAP are not known but the se-
preparing the cytoskeleton for cell division.quence homology between porcine and rat
However, the exact mechanism of IF assentsFAP in the N-terminal domain (55) is suffi-
bly/disassemblyn vivois unknown. Simple cient to assume that the corresponding con-
self-assembly is unlikely and it is probablesensus sequences in rat GFAP are potential
that other factors are needed as well as regulphosphorylation sites and targets for PKA,
tory phosphorylation. A chaperone-like ac-PKC, CaMK Il and the cdc-2 kinase (Figure
tivity modulating GFAP and vimentin assem-2). Less is known about the sites and kinases
bly has been described (48). Moreover, S100@)volved in GFAP phosphorylation in intact
a C&+binding protein expressed in astro-cell systems, but a start has been made. Japa-
cytes, may be involved in glial filament for- nese workers used monoclonal antibodies rec-
mation (49). Another interesting fact is that inognizing specific phosphorylation sites and
immature or injured astrocytes GFAP can coimmunofluorescence to demonstrate that one
assemble with vimentin, a process that ithreonine and three serines in the head region
dependent on the KLLEGEE sequence meref GFAP are phosphorylat@alvivoat differ-
tioned above (44). ent stages of the cell cycle (56-58). With
Intermediate filaments, in contrast to mi-regard to the kinases responsible for these
crotubules and actin filaments, have no polarivo phosphorylations, present evidence
ity, and itis not possible to identify a vectorialpoints to the direct or indirect participation of
array of protofilaments. Filaments are asPKA, CaMK lI, the cdc-2 kinase and an un-
sembled or incorporated into preformed filaknown kinase (CF kinase) (58). In our labora-
ments uniformly throughout the cytoplasmtory we have used tryptic phosphopeptide
and an apparent polar or vectorial incorporamapping ofZP-labelled GFAP extracted from
tion (from the perinuclear region to the cellincubated hippocampal slices in attempts to
periphery) may be the consequence of a noidentify the kinases involved. Our results sug-
uniform distribution of these filaments gest that CaMK Il and PKA are the main

(50,51). kinases involved, either directly or indirectly,
in GFAP phosphorylation in this preparation

General and functional aspects of (59 and Leal R, Gongalves CA and Rodnight

GFAP phosphorylation R, unpublished data). Phosphorylation of

GFAP in primary astrocyte cultures by CaMK
It has been known for some years that I has been reported (60).

proteins, including GFAP, undergo cyclic Asmentioned above, the phosphorylation
phosphorylation and dephosphorylation irof IF proteins is an important factor in regu-
intact cell preparations (52,53), but until redating the dynamic equilibrium between poly-
cently information on the sites phosphorylatimerized and depolymerized GFAP. Phospho-
ed was lacking. These sites have now beawglation of disassembled subunits inhibits
described for porcine GFAP phosphorylatedheir assembly into filaments (47,61), with
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Kinase phosphorylating sites in purified porcine GFAP Figure 2 - Phosphorylation sites in
porcine GFAP and putative sites in

rat GFAP. The amino acid sequences

Site Kinase are from Feinstein et al. (55) and the
phosphorylation sites in porcine
T7 PKA GFAP determined with purified
S8 cdc-2 kinase, PKA,PKC GFAP and exogenous kinases from
S13 PKA, CaMK II, PKC gzgjilmurfceit':aAl.P(l54). Ntots tha;serlinf
inra is not phosphorylat-

g;z ICD:E,IZ\A KC!MK Il PKC ed (Leal R, unpublishez datg). !

subunit exchange in the case of GFAP beingy glutamate of the phosphorylation of PKC
suppressed in proportion to the extent of phosubstrates in hippocampal slices from imma-
phorylation(62). Moreover, IF protein phos- ture rats (post-natal days 12-16) labelled with
phorylation plays a crucial role in dividing [3%]phosphate. We observed a weak stimula-
cells, where evidence from cell cultures hation of the PKC substrates and a much stron-
shown that the disassembly of the cytoskeler stimulation of an unknown protein, desig-
eton preceding mitosis in some cells is regurated pp-H47 (69), which was subsequently
lated by a site-specific increase in the phosdentified as GFAP (70).
phorylation state of vimentin and GFAP  Glutamate receptors are classified into
(57,63-65). In interphase cells changes in thenotropic (consisting of ligand-gated ion
phosphorylation state of IF proteins may havehannels) and metabotropic (coupled to sec-
profound effects on the structure of the cytoend-messenger systems) (71) receptors. The
skeleton, as shown by studies in which hypeeeffect of glutamate on GFAP phosphoryla-
phosphorylation of vimentin induced by pro-tion was shown to occur via a metabotropic
tein phosphatase inhibitors (66,67) or the ameceptor since the highly selective metabotro-
titumor drug fostriecin (68) was associategic glutamate agonist, (1S,3R)-1-aminocy-
with intermediate filament reorganization. clopentane-1,3-dicarboxylic acid (1S,3R-
ACPD), stimulated the reaction to the same
Glutamate agonists and external Ca?*- extent as glutamate, while agonists of
lack increase the phosphorylation state  ionotropic glutamate receptors were ineffec-
of GFAP in immature slices from the rat tive (72). This effect was shown to occur viaa
hippocampus G protein since the stimulation was inhibited
by pertussis toxin. Half maximal stimulation
Our interest in this area arose from awas achieved with 20 uM 1S,3R-ACPD. A
chance observation while using two-dimentypical autoradiograph illustrating the effect
sional electrophoresis to study the regulationf glutamate and 1S,3R-ACPD on GFAP
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Figure 3 - Autoradiographs illus-
trating the stimulation of GFAP
phosphorylation by 1 mM gluta-
mate (A and B) and 100 pM
1S,3R-ACPD (C and D), where A
and C are from control incuba-
tions and B and D are from incu-
bations in the presence of the
agonist. Hippocampal slices from
15-day old rats were labelled
with [32P]phosphate and ana-
lyzed by non-equilibrium pH gra-
dient electrophoresis (NEPHGE)
for the first dimension and PAGE
electrophoresis on 8% gels for
the second dimension. To mini-
mize intergel variation two first
dimension rod gels (control and
test) were mounted as mirror
images on a single second di-
mension slab gel. Arrows point
to GFAP. Reproduced, with per-
mission, from Ref. 72.
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phosphorylation is shown in Figure 3. pared with those obtained in the presence of
The glutamate response was only observeglutamate plus Cawere found to be equal

in the presence of €ain the medium and was (Figure 5). Moreover, the effects of &dack

absent in slices prepared from adult hippoand Cé&*lack plus glutamate were also not

campus. At first, this need for €avas not significantly different. These results suggest

surprising since we had previously observethat glutamate was acting through an unknown

that the basal phosphorylation of GFAP inmechanism to reverse the inhibitory effect of

adult slices is completely dependent on exteea* on the phosphorylation reaction.

nal C&*. However, in immature slices we

later found that external €gpartially inhib-  Nature of the astrocytic metabotropic

its the incorporation of*fP]phosphate into glutamate receptor involved in the

GFAP (73). This inhibition starts at a low control of GFAP phosphorylation

Ca2* concentration and reaches a plateau @h immature slices

about 50% inhibition at 1 mM Ga During

the subsequent ontogenetic development the Both ionotropic (iGIuRs) and metabotro-

phosphorylation system gradually becomepic glutamate receptors (mGIluRs) have been

dependent on external €gFigure 4). For demonstrated in astrocytes in culture and in

these contrasting effects of €an GFAP immature and adult glia situ(12,74-76). Of

phosphorylation to occur the cation has tdhe iGluRs only two of the three main sub-

cross the cell membrane. This was shown bgroups, defined by their agonist sensitivity to

the use of Cd channel blockers, which inthe (RS)-a-amino-3-hydroxy-5-methyl-4-

presence of external €aincreased GFAP isoxazolepropionic acid (AMPA) and kainic

phosphorylation in immature slices and in-acid (KA), are expressed in astrocytes. Func-

hibited itin adult slices (73). Furthermore, thetional receptors of the third group, which are

rates of GFAP phosphorylation in immatureactivated by N-methyl-D-aspartic acid

slices in the absence of externabCeom- (NMDA), have not been detected in these

‘d

B
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cells, although they may express non-func
tional subunits of this receptor (77).

The family of mGIluRs comprises 8 sub-
types divided into three groups according t:
the extent of amino acid homology, agonis
sensitivity and associated signal transductio
mechanisms (78). AllmGIuRs are coupled t
G proteins and either regulate the hydrolysi
of phosphoinositides (group |, mGIluRs1,5]
or the synthesis of cyclic AMP (group I,
mGIuRs2,3, and group Ill, mGluRs4,6-8)
(Table 1). Agonists of mGIluRs include the
highly selective 1S,3R-ACPD, and L(+)-2-

Peak height (% control)

300

200

100 f

1215 20-22 25 40 60
amino-4-phosphonobutyric acid (L-AP4) anc IFoSEAEE] CayE
the mixed agonists quisqualate and ibotenate.
Quisqualate exhibits preference for group |
1S,3R-ACPD for group Il and L-AP4 for 400
group lll (Table 1; Refs. 79-81). * W e

Two mGIuR subtypes have been un- -, | i —I— H +Ca?* + glu
equivocally detected in astrocytes. One ¢ £ E @ -Ca+
them is a group | receptor since specific = ? B Ca? + glu
mGIUR agonists release €drom internal £ 2|
stores in astrocyte cultures (82) and in astre §
cytes of hippocampal slicesa situ (23,83) a 100
through the hydrolysis of phosphatidylinosi-
tol and the generation of the Eaeleasing

Immature Adult

agent inositol trisphosphate (IP3). This re
sponse is apparently due to mGIuR5 since
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Figure 4 - Developmental profile
of the sensitivity of GFAP phos-
phorylation in incubated hippo-
campal slices to external Ca?*.
Each bar represents the per-
centage change (x SEM) in
GFAP phosphorylation in media
lacking Ca2* from phosphoryla-
tion in media containing 1 mM
Ca2* (indicated by the dotted
line). *P<0.01 compared to con-
trol (paired t-test). Reproduced,
with permission, from Ref. 73.

Figure 5 - Comparison of the
effect of glutamate (glu) and
Ca?+ on GFAP phosphorylation
in hippocampal slices from im-
mature and adult tissue. In the
immature block the three col-
umns marked by an asterisk are
significantly different from the
100% control, but do not differ
significantly one from another.
Each block is the mean of 6-9
observations. Note that in the
adult hippocampus glutamate
had no effect on GFAP phos-
phorylation, which at this age
was completely dependent on
external Ca2+. *P<0.001 (paired

high immunoreactivity to this receptor wasRodnight R, unpublished data). However, thistest) Modified, with permis-

demonstrated in hippocampal astrocytes result does not exclude the contribution of aon. from Ref. 72.

situ(84). The other receptor belongs to grougroup | receptor since quisqualate was only
Il and has been tentatively identified a22% less effective than 1S,3R-ACPD. We
mGIuR3. Antibody immunocytochemistry therefore tested the effect of an inhibitor of
and in situ hybridization for this mGIuR phosphatidylinositol-specific phospholipase
showed thatitis abundantly expressed in glial, the aminosteroid U73122 (86). This com-
cells (85). pound had no effect on the stimulation of

Our evidence strongly points to mGIUR3GFAP phosphorylation by 1S,3R-ACPD, al-
as the receptor responsible for the control dhough it effectively inhibited the generation
GFAP phosphorylation inimmature slices. Irof inositol phosphates from glutamate-stimu-
a study on the efficacy of a series of mGluRated phosphatidylinositol hydrolysis in as-
agonists we found that 1S,3R-ACPD was sigrocyte cultures. This result makes less likely
nificantly (P<0.01) more effective thanthe contribution of a group | mGIuR to the
guisqualate in stimulating phosphorylationphosphorylation response. Finally, group Il
suggesting agroup Il receptor which, fromthenGluRs were excluded by showing that L-
immunocytochemical evidence cited aboveAP4 did not stimulate GFAP phosphoryla-
is mostlikely to be mGIuR3 (Wofchuk ST andtion.

Braz J Med Biol Res 30(3) 1997
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Primary cultures of astrocytes and astro-
cytesin situ(e.g., in hippocampal slices) ex-

*Several splice variants known. ““In adult brain slices (115) or expressed press neurotransmitter receptors that trigger
in Chinese hamster ovary cells (81). Activation of these receptors inhibits increases in internal @a These receptors
forskolin-stimulated adenylyl cyclase activity, while in immature brain .
slices they increase basal and forskolin-stimulated cyclic AMP synthesis include qutama}te receptors (23’83’88_91)
(116). PI, Phosphatidylinositol; L-SOP, L-serine-O-phosphate. For com- and a,-adrenergic receptors (92). Increases
plete descriptions of mGluRs, see Refs. 71,117-119. in internal Ca* due to glutamate may be due
Receptors Characteristics to the activation of ionotropic receptors and
Ca*entry through a receptor channel or volt-
Group | mGIluR1* Increases Pl hydrolysis _ . . _
Quisqualate>glu>>ibotenate>1S,3R-ACPD age dep_endent channels, or activation of me
Expressed in neurons tabotropic receptors and the release of Ca
mGIURS Increases Pl hydrolysis fr'om mternal stores. In el.ther case the'Ca
Quisqualate>glu>>ibotenate>1S,3R-ACPD signal is propagated to adjacent cells through
Expressed in neurons and glia gap junctions in the form of waves (90,91,93-
Group Il mGIuR2 Regulates”” cyclic AMP synthesis 95). As already mentioned, these glial cal-
1E5'3R'Acg’_D>ibOTe“ate;qUiT_qua'ate cium waves when initiated by glutamate re-
Xpressedin neurons, 1n gl leased from neurons may constitute a mech-
iElE FEgMEies Gl sl siiess anism for glia-to-neuron communication (20-
1S,3R-ACPD>ibotenate>quisqualate 22 96
Expressed in glia and neurons ! ) . .
Groun i GluRa Roaulat i AMP svntheci We initially considered that the &ale-
roup mGliu egulates cyclic syntnesis . .
L-AP4 = L-SOP>ibotenate pendence of the stimulation of GFAP phos-
Expressed in neurons phorylation by glutamate might be due to an
mGIUR6 Regulates cyelic AMP synthesis activating effect of the cation on the receptor.
L-AP4 We viewed the receptor as one that either
B arasEe i reiiie permitted C# entry (i.e., ionotropic) or acti-
mGIuR7 Regulates cyclic AMP synthesis vated the release of €drom internal stores
E‘AP“ y (i.e., metabotropic). The increase in internal
Xpressed In neurons .
Ca** was postulated to stimulate a2Gde-
mGIuR8 Regulates cyclic AMP synthesis

Braz J Med Biol Res 30(3) 1997

L pendent kinase associated with GFAP. This
Expressed in retina hypothesis was discredited when we discov-
ered that 1) external €anhibited the basal
incorporation of $#]phosphate into GFAP
What is the role of external Ca?*? and that 2) the stimulation by glutamate is
mediated by a group Il mGIuR which does not
Membrane exchange of €&n mamma- release internal Ga The mechanism by
lian cells under basal conditions occurs viavhich glutamate reverses the inhibitory ef-
tonically active voltage-dependesttannels, fect of C&* on the reaction is uncertain, butis
a plasma membrane €aATPase and Na probably related to an inhibition of Ea&ntry
C&* exchange (87)/oltage-dependent @a through L-type channels. The inhibition of
channels of the T and L types have beeion channels by G protein activation is a well-
identified in astrocytes (87). Our evidenceestablished phenomenon (97,98) and recent
suggests that inimmature hippocampal slicestudies have demonstrated a G protein-medi-
C&* enters astrocytes through tonically acated inhibition of C& currents through neu-
tive L-type channels, since entry (measureebnal L-type channels by stimulation of group
by a decrease in GFAP phosphorylation) wad mGIuRs (99,100). Channel inhibition of
blocked by the L-type channel antagonist nithis type is generally considered to be mem-
fedipine (73). brane delimited and independent of second
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messenger events involving cyclic AMP or(Vinadé L and Rodnight R, unpublished data).
PKC. Recent evidence suggests a direct effe€his result strongly suggested the presence of
on the channel due to diffusion gfslibunits calcineurin associated with GFAP in astro-
released from the activated G protein heter@ytes, a somewhat surprising conclusion since
trimer (101). several studies had failed to demonstrate the
The exact mechanism of the inhibitoryoccurrence of the enzyme in glia by immuno-
effect of external Ca on basal GFAP phos- cytochemistry (105,106). However, we were
phorylation is unknown, but is unlikely to beable to confirm the FK506 result by immuno-
due to inhibition of a protein kinase; indeedlotting using a monoclonal antibody to the 3-
the main two kinases phosphorylating GFARubunit of calcineurin. Applied to extracts of
in immature slices in the absence of?’Ca primary cultures of astrocytes the antibody
appear to be CaMK and PKA (59 and Leal Rrevealed a low calcineurin content equivalent
Gongalves CA and Rodnight R, unpublishedo one fiftieth of the content in hippocampal
data). A more viable hypothesis proposes théssue (Vinadé L and Rodnight R, unpub-
external C# stimulates a Cadependent lished data). These data strongly suggest that
dephosphorylation event associated witlzalcineurin plays arole inthe dephosphoryla-
GFAP, thus changing the dynamic equilibtion of GFAP. Since we found no evidence for
rium between phosphorylation and dephosa direct Cé&-dependent dephosphorylation
phorylation and reducing the steady-statef GFAP sites, the action of calcineurin prob-
level of phosphate in the protein. These corably occurs via the Cadependent enzyme
siderations led us to conduct a study on theascade which is known to regulate PP1 in
enzymes involved in the dephosphorylatiomany tissues and which is involved in the

of GFAP. phenomenon of long-term depression (107).
This cascade depends on the fact that in many
Dephosphorylation of GFAP cells type 1 phosphatases are inhibited by the

phosphorylated form of the protein inhibitor-

Serine/threonine protein phosphatase$ (108), which in turn is dephosphorylated
(PPs) are classified into four groups desigi@and inactivated) by calcineurin. Thus, down-
natedtypes PP1, PP2A, PP2B and PP2C (102¢gulation of calcineurin through inhibition
The activities of PP1 and PP2A are cationef C&* entry or lack of external Gawould
independent, whereas that of PP2B (geneincrease the inhibition by phospho-inhibitor-
ally known as calcineurin) is dependent ol of the type 1 phosphatase associated with
C&* and calmodulin and that of PP2C onGFAP.
Mg?*. By using the specific inhibitors of PP1
and PP2A, okadaic acid and microcystin-LRDiscussion: hypothesis and
respectively, we showed that in cytoskeletgberspectives
preparations and immature hippocampal
slices the dephosphorylation of GFAP iscata- A hypothetical scheme to explain the ac-
lyzed by PP1 (103). No evidence for a direction of glutamate agonists on the °Gde-
Ca*-dependent dephosphorylation of GFAPpendent phosphorylation of GFAP in imma-
was found in this study. However, a highlyture slices is shown in Figure 6. The scheme
specific inhibitor of calcineurin, the immuno- postulates that the activation of metabotropic
suppressant FK506 (104), increased GFABlutamate receptors of the mGIuR3 subtype
phosphorylation in immature slices and asinhibits L-type C&" channels and conse-
trocyte cultures in the presence ofCae., quently down-regulates the €alependent
the drug reversed the inhibitory effect of exdephosphorylation of a putative inhibitor-1
ternal C&" on the phosphorylation reactionprotein, thus increasing the inhibition of PP1
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Figure 6 - Hypothetical scheme
to explain the CaZ*-dependent
action of glutamate in regulating
the phosphorylation of GFAP in
immature hippocampal slices.
Phosphorylation sites in a fila-
ment of GFAP are represented
by the encircled 'P" and are
shown associated with CaMK
activity, PKA and protein phos-
phatase PP1. The scheme pro-
poses that activation of a metab-
otropic receptor of subtype
mGIuR3 by glutamate inhibits
the entry of CaZ* through Ca2*
channels. The consequent de-
crease in internal Ca2* down-
regulates the protein phos-
phatase calcineurin and thus in-
creases the phosphorylation
state of a putative inhibitor-1 pro-
tein. Since phosho-inhibitor-1, in
contrast to dephospho-inhibitor-
1, inhibits PP1 (108) the phos-
phorylation state of GFAP is in-
creased.
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and the phosphorylation state of GFAP. Notél receptors, C& channels and the enzymes
that even though one of the kinases associatetolved in GFAP phosphorylation, to which
with GFAP is a C#/calmodulin-dependent internal C& modulated by group | glutamate
enzyme, no effect of glutamate stimulation orand other neurotransmitter receptors is inac-
the phosphorylation of GFAP is postulateccessible. Indeed membrane-delimited control
since the activation of mGIuR3 does not inof C&* entry by G protein subunits would
crease internal Ga Basal CaMK activity require the receptors and channels to occurin
might be due to adiscrete pool of interna’Ca close proximity. It is tempting to speculate
ortothe activity of autophosphorylated CaMKthat such compartmentation occurs princi-
Il which does not require €a(109). We are pally in astrocyte processes where the GFAP
inclined to favor the latter interpretation sincdilaments are situated close to the plasma
autophosphorylated CaMK |l has been remembrane. Immature astrocytes in the rat
ported to occur in astrocyte cultures (60). It ihippocampus possess extensive processes
also necessary to point out that the schen{@10) and depolymerization of their filaments
does not take into account the dynamic naturgan be envisaged as a prerequisite to the round-
ofthe turnover of protein phosphate in GFAPing up of the cells prior to mitosis. Localized
While phosphorylation of residues is consid-Ca* signalling has been proposed to explain
ered to occur on the intact filaments, thehe spatially separated phosphorylation of
substrates of the dephosphorylation reactionmentin by CaMK Il in astrocytes (58).
are presumably disassembled subunits Future work in this area will involve at-
(dimers or tetramers). tempts to demonstrate aspects of the scheme
A necessary condition of the mechanisnin Figure 6 which remain uncertain. These
depicted in Figure 6 is the existence of closedre: 1) the proposed inhibition of €&han-
intracellular compartments containing groumels by a group Il mGIluR; and 2) the proposed
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presence of an inhibitor-1 protein in astroblotting (an approach which is more sensitive
cytes. With regard to the first aspect, thehan immunocytochemistry) will provide
inhibition of C&* channel$as been demon- more information.

strated in neurons as cited above, but not yet The functional significance of the regula-
in astrocytes. However, we know that a Gion of GFAP phosphorylation by glutamate
protein is necessary for the glutamate-stimun the immature hippocampus may be related
lated increase in GFAP phosphorylation sinceo the narrow developmental window when
the effect was reversed by the G protein arthe glutamate response is present. In the rat
tagonist, pertussis toxin (72), as was thbrain this window corresponds to the period
inhibition of C&* currents in neurons by groupof massive synaptogenesis during which as-
I mGIuRs (100). It is unlikely that primary trocytes are known to proliferate. We have
astrocyte cultures will prove to be a usefutherefore speculated that glutamate released
model to investigate this problem since thérom developing synapses during this period
expression of CGa channels in these cells ismay signal an increase in the phosphorylation
dependent on a neuronal environment (1113tate of GFAP and a consequent increase in
Astrocytes co-cultured with neurons, confothe number of mitotic astrocytes (72). During
cal microscopy of astrocytessituand elec- subsequent development our evidence sug-
trophysiology of acutely isolated astrocytegests that control by glutamate of GFAP phos-
are possible approaches. In the case of tiphorylation and expression of the ?Gde-
second aspect, we believe that the questionpéndent dephosphorylation mechanism de-
the occurrence of an inhibitor-1-like proteinclines and that this control is absent in the
in hippocampal astrocytes remains open. Thadult hippocampus when astrocytes normally
neuronal form of inhibitor-1 was not detectedemain in interphase. A paper by Evans (114)
by immunocytochemistry in astrocytes (112)reporting a CH-dependent dephosphoryla-
but DARPP-32, a protein partly homologoudion of vimentin by cytosol prepared from
to inhibitor-1 which also inhibits PP1 whenmitotically selected cells, which was absent
phosphorylated, has been found in certaim cytosol from interphase cells, is particu-
glial cells (113). It is possible that immuno-larly relevant to this hypothesis.
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