
sponse of the atmosphere-ocean circula- 
tion during times of low continental ice 
volume is particularly difficult to model. 
During the warm period at 55 Ma, high- 
latitude temperatures increased substan- 
tially (>lO°C), but tropical temperatures 
may have been almost constant or even 
slightly lower than today (19). [This inter- 
pretation has been challenged, however, 
on the grounds of possible diagenetic al- 
teration of the oxygen isotope tempera- 
ture signal (20).]A similar explanation 
could apply to the mid-Mesozoic discrep- 
ancies discussed by Veizer et al. Such al- 
tered zonal gradients are often attributed 
to increased ocean heat transport, but to 
our knowledge, no coupled climate model 
simulations have ever produced the ob- 
served patterns. 

The first-order agreement between the 
C 0 2  record and continental glaciation 
continues to support the conclusion that 
C02  has played an important role in long- 
term climate change. The Veizer et al. da-
ta, if correct ,  could be considered a 
Phanerozoic extension of a possible 

dilemma long known for the early and 
mid-Cenozoic. 

To weigh the meri ts  of the CO, 
paradigm, it may be necessary to expand 
the scope of climate modeling. For factors 
responsible for the presence or absence of 
continental ice, the C 0 2  model works very 
well. In contrast, there are substantial gaps 
in our understanding of how climate mod- 
els distribute heat on the planet in re- 
sponse to CO, changes on tectonic time 
scales. Given the need for better confi- 
dence in some of the paleoclimate data 
and unanticipated complications arising 
from altered tectonic boundary condi- 
tions, it may be hazardous to infer that ex- 
isting discrepancies between models and 
data cloud interpretations of future an- 
thropogenic greenhouse gas projections. 
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Unwrapping Glial Cells from 
the Synapse: What Lies Inside? 

Vittorio Gallo and Ramesh Chittajallu* 

The central nervous system houses 
two main kinds of cells-neurons, 
which move information around the 

brain in the form of electrical signals, and 
glia, which until relatively recently have 
been considered to fulfill only a support- 
ive role. However, an exciting possibility 
is emerging-the major type of glia, the 
astrocyte, seems actually to be required 
for synapse formation and maintenance, 
and for synaptic efficacy (1,2). 

The long, thin processes of astrocytes 
ensheathe the synaptic connections be- 
tween neurons and are therefore well po- 
sitioned anatomically to contribute to 
synaptic transmission. Furthermore, these 
glial cells express a wide variety of neu- 
rotransmitter receptors and voltage-gated 
ion channels, which are important in re- 
ceiving and integrating neuronal signals 
(3). Tmro reports in this issue of Science 
by Iino et al. on page 926 (4) and Oliet et 
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al. on page 923 (5) use two different ani- 
mal models and experimental approaches 
to illuminate astrocytic participation in 
the workings of the synapse. 

Glutamate receptors called AMPA re- 
ceptors, triggered by the neurotransmitter 
glutamate, mediate the majority of fast 
synaptic transmission in the central ner- 
vous system (CNS). These receptors are 
formed by combinations of glutamate re- 
ceptor subunits, GluRl through GluR4 
(6) . The GluR2 subunit is of particular 
functional importance because it confers 
Ca2- impermeability on the AMPA recep- 
tor complex. About a decade ago, soon af- 
ter the AMPA receptor subunits were 
cloned Kettenmann's and Sakmann's lab- 
oratories reported that Bergmann glial 
cells (cerebellar astrocytes) did not ex- 
press GluR2 and hence their AMPA re- 
ceptors are Ca2+-permeable (7 ,  8) .  Since 
this discovery. the physiological function 
of Ca2+-permeable receptors in Bergmann 
glia has remained a mystery. 

The study by Iino e f  al. (4) provides 
the first piece of evidence for a functional 
role of these receptors. They demonstrate 
that AMPA receptor-mediated Ca2- in- 
flux is important in generating and main- 
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taining the appropriate structural and 
functional association between the neu- 
ronal elements of glutamatergic synapses 
in the cerebellum and Bergmann glia. 
They focus on synapses that have been 
well studied both from a neurocentric as 
well as a gliocentric perspective. 

Parallel fiber and climbing fiber termi- 
nals establish synaptic contacts with Purk- 
inje cell dendrites in the cerebellar cortex. 
Bergmann glia become part of these func- 
tional units by extending processes whose 
thin membrane sheets wrap around these 
synapses. Glutamate released at these 
synapses activates both AMPA receptors 
on Purkinje cells and Bergmann glia, and 
glutamate transporters on the glia. These 
thin processes of the Bergmann glia de- 
fine anatomical and functional three-di- 
mensional compartments termed mi- 
crodomains near and around the synapse, 
which define the area of functional inter- 
action of the neurons and glia (9 ) .Stirnu-
lation of cerebellar synapses between par- 
allel fibers and Purkinje cell neurons 
leads to an AMPA receptor-mediated in-
crease in the intracellular Ca2' concentra- 
tion in Bergmann glia. 

Iino et al. (4) modified the molecular 
composition of AMPA receptors in the 
Bergmann glia by infecting Purkinje 
cells with a recombinant adenovirus con- 
taining the coding region of the GluR2 
gene. As expected, the virally induced in-
troduction of GluR2 into Bergman glia 
led to the expression of AMPA receptors 
that display Ca" impermeability. ('onse- 
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quently, unexpected anatomical and mor- 
phological modifications were observed. 
Bergmann glii retracted theii fme, mor- 
phologically complex processes fiom the 
synapses on Purkinje cell dendrites to 
form less-complex structures. In addition, 
the Purkinje cells, now stripped 
of their glial processes, showed - 
increased innervation by the 
climbing fibers. 

The authors hypothesize that 
glutamate released fiom neu- 
rons triggers an AMPA recep- 
tor-mediated Ca2+ signal that is 
necessary to maintain the part- 
nership between Bermarm glia ' 
and the synaptic elements, and 
to regulate innervation of Purk- 
inje cells by climbing fibers. 
This might be a developmental 
neuronal-glial signal (1 I), be- 
cause multiple innervation of 
Purkinje cells by climbing 

Purki 
dendl 

limiting cross talk between synapses. 
Without this transmitter clearance, the 
kinetics of the excitatory postsynaptic 
currents (EPSCs) are slower, because re- 
moval of glutamate from the synaptic 
cleft is delayed. 

enhanced activation of presynaptic in- 
hibitory group I11 metabotropic gluta- 
mate (mGlu) receptors. This increased 
activation is due primarily to a less-effi- 
cient removal of glutamate from the 
synaptic cleft by the uptake protein, 
GLT- 1, found exclusively in astrocytes. 

As discussed above, the clearance of 
glutmate from the synaptic cleft by glia is 
important in influencing the kinetic profide 
of the postsynaptic mxptor~~~ediated cur- 
m t s  (4). Oliet et al. (5) reveal an addi- 
tional role for glutamate uptake by astro- 
cytes in synaptic transmission-fie-tun- 
ing the existing tonic presynqtic mecha- 
nisms that serve to modulate release. To- 
gether, the two studies elegantly demon- 
strate the importance of astrocytic uptake 
in shaping the synaptic transmission be- 
tween neuroaal cells. 

A complex functional integration be- 
tween astrocytes and neurons is emerg- 
ing which suggests that defining signal 

processing in the CNS 
as a purely neuronal 
phenomenon may be 
an oversimplification. 
It is be~oming evident 
that, in response to 
neuronally released 
glutamate, astrocytes 
oan themselves release 
glutamate. Such a 
mechanism causes feed- 
back onto both pre- 
and postsynaptic ele- 
ments to modify trans- 
mission (3). Thus, in 
any given synapse, var- 
ious aspects of the in- 
terplay between neu- 

Glid dls-a tldd &mmt withtn tha synapse. (A) The processes er glia are intimately associated with the neu- rOis and glia 
ronal elements of the synapse (pre- and postsynaptic neuronal structures), where they can easily participate in mu- tribute 
ronal signaling. (BJ The molecular mechanisms that underlie the formation of these tripartite synapses a n  largely un- within the Future 
known, although an AMPA receptor-mediated Ca2+ influx into the gtia is required to maintain the functional connee- studies that further in- 
tion between and the synapse (4). (C) As dexribed in (2). Lactation-induced withdrawal of astroqtic pro- tegrate the functions of 
cesses from supraoptic nuclei in the hypothalamus leads to a i ~  Increase in the p u p  Ill mCluR-mediated inhibition of glial glutamate uptake 
glutamate r e h e ,  and thus an inhibition of the evoked EPSC. and release will lead to . 

a more complete un- 
fibers is detected early in postnatal de- The authors take advantage of a pre- derstanding of the role that these cells 
velopment, but not in the adult (12). viously characterized morphological play in synaptic activity. 

The physiological function of glial plasticity of the supraoptic nuclei of the 
cells in neuronal signaling is further in- hypothalamus, in which the close asso- Refamma 
vestigated by Oliet at al. (9, who exam- ciation between astrocytic processes and i: EE z c i  ~ ~ 5 ~ & ~  (1-3- ine the role of astrocytic glutamate up- synapses is severely compromised in h c . H a y d o n . w I U T R c v . ~ 2 m ( M O t ) .  
take mechanisms in regdating excitato- lactating rats as compared with that a M.finoet&kkncs292.926(2001). 
ry synaptic transmission. A key role of seen in virgin or postlactating rats. By 5- " H. R Mkf. R Pkt. LA -t9f 923 

(2001). astrocytes is the clearance from the exploiting this anatomical modification, - Prog h,,, 116, 153 
synaptic cleft of neurotransmitters that they demonstrate that the absence of as- (1998). 
have been released fmm neurons (10). trocytic glutamate uptake in lactating : ~ , M = a t ~ ~ ~ 1 ( & * f ~ 9 9 2 ) .  This process is central in terminating the rats leads to a reduction of the evoked 9. ,. Crascha rrrl. 139 (1999). 
effects of released neurotransmitters, in- EPSC amplitude in magnocellular la D. E. Bergtes ct s~. curt opin. NWID~~OL 9.293 
creasing the temporal resolution of in- supraoptic neurons. From the results of (lm). 

11. V. G a b  C. A Ghiani, Tmrdr Fhmrd kJ. 21.252 formation transfer, preventing excitotox- a series of pharmacological manipula- (20001. 
icity, and ensuring input specificity by tions, they attribute this decrease to an 1 r  j.~erieni, JrP.--J i , w ( i m ~ ) .  
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