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Glia-Synapse Interaction 

Through ca2+-permeable AMPA 


Receptors in Bergmann Glia 
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Glial cells express a variety of neurotransmitter receptors. Notably, Bergmann 
glial cells in the cerebellum have Ca2+-permeable a-amino-3-hydroxy-5-meth-
yl-4-isoxazolepropionic acid (AMPA)-type glutamate receptors (AMPARs) as- 
sembled without the GluR2 subunit. To elucidate the role of these Ca2+- 
permeable AMPARs, we converted them into Ca2'-impermeable receptors by 
adenoviral-mediated delivery of the CluR2 gene. This conversion retracted the 
glial processes ensheathing synapses on Purkinje cell dendritic spines and 
retarded the removal o f  synaptically released glutamate. Furthermore, it caused 
mult iple innervation of Purkinje cells by  the climbing fibers. Thus, the glial 
Ca2+-permeable AMPARs are indispensable for proper structural and func- 
t ional relations between Bergmann glia and glutamatergic synapses. 

AMPARs are expressed ubiquitously in both 
neurons and glial cells (1-3). Although they 
are known to mediate fast excitatory synaptic 
transmission in most brain neurons, their 
function in glia is uncertain. AMPARs are 
assembled from the four subunits, GluRl 
through GluR4, either alone or in various 
combinations. The functional properties of 
AMPARs depend on their subunit composi- 
tion: AMPARs possessing the GluR2 subunit 
exhibit either a linear or outwardly rectifying 
current-voltage (I-V) relation and little Ca2+ 
permeability, whereas receptors lacking 
GluR2 show strong inward rectification and 
high Ca2+ permeability (4, 5). In Bergmann 
glia, only GluRl and GluR4 mRNAs are 
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expressed; therefore, their AMPARs exhibit 
inward rectification and are highly permeable 
to Ca2+ (6-8).  

To elucidate the functional role of the Ca2+ 
permeability of AMPARs in Bergmann glia, we 
attempted to convert Ca2+-permeable AM- 
PARS into Ca2+-impermeable receptors by ad- 
enoviral-mediated delivery of the GluR2 gene. 
We constructed two recombinant adenoviruses: 
one for expression of Cre recombinase (Ax-
CANCre) and another bearing a switching unit 
that consisted of the CAG promoter, a stuffer 
flanked by a pair of loxP sites, and GluR2 
cDNA (AxCALNLGluR2) (9). We injected 
these two recombinant adenoviruses together 
with the recombinant adenovirus bearing green 
fluorescent vrotein (GFP) cDNA (AxCAGFP) . , 

into the molecular layer of the cerebellar cortex 
of 20- to 24-day-old rats. Because the adenovi- 
rus has much higher affmitv to dial cells than 
neurons, express~onof bo;h Gfp  and 
Ys.detectedqredominantly. in -Bergmm . glia. . 

In the Infected areas days lnoculatlon 
(Fig. 1, A through C) (9). The number of 
plaque-forming units (PFU) of AxCAGFP in 
the viral mixture for iqection was adjusted to 
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114 to 1/40 the number of AxcMrU'L- GluR2 SO expression of of G ~ u R ~PFu was detected in 
almost all Bergmann glial cells emitting GFP 
fluorescence. GFP and GluR2 were detected 
simultaneously, even when they were ex-
pressed in single isolated glia (Fig. 1 ,  D through 
F). In some experiments, we coexpressed 
GluR2 and G F P - ~ ~  aBergmann glia ;sing 
recombinant adenovirus beanng GluR2 cDNA. 
the Internal ribosomal entry slte (IRES) se- 
quence, and GFP cDNA (AxCALALGluR2- 
IRES-GFP) (9) In Bergrnann glia Infected with 
this recombinant virus together with AxCAN- 
Cre, we also detected simultaneous express~on 
of GFP and GluR2. 

We next examined the effects of GluR2 
expression on the electrophysiological proper- 
ties of AMPARs in Bergmann glial cells (9). 
We recorded current responses to the ionto- 
phoretlc applicat~on of AMPA In the presence 
of 50 FM cyclothlazide (CTZ). whch reduces 
desensit~zationof AMPARs (10-12) (Fig 2) ln 
Bergmann glia without expression of GluW In 
sl~ces infected with AxCALNLGluR2 and Ax-
CAGFP but without AxCANCre, the I-C rela-
tion lnwnably exhib~ted strong ~nward rect~fi- 
cat~on The permeability to Ca' of AMPARs 
was examlned by subst~tutmg Na -free, 10 n&l 
Ca2 solution for normal sallne (13) AMPA 
ellc~ted Inward currents at potentials more neg- 
atne than -20 mV In Na+-free. 10 mM Ca" 
solut~on( n = lo), indicating a h~gh pemieab~l~t) 
to Ca2+ (the ratio of the permeab111Q coeffi- 
cients of Ca2+ and Cs+ PC* P, , = 2 7 ,  (I-ig 
2A, left) Two days after mfection w~th  the three 
recombmant \]ruses (AxCALNLGluFQ, Ax-
CAGFP, and AxCANCre), the degree of inwdrd 
rectificat~on was markedly attenuated in Berg- 
mann glia em~tt~ng GFP In 14 of 23 ells 
(61%), the I-L relat~on of AMPARs exhib~ted 
outward rect~fication. and AMPA elicited no 
inward current In Nat-free, 10 mhl Ca' yoiu-
t~onat -80 mV, indicating negligible permeabll-
~ t yto Ca2+ (PC= PC,< 0 17) (Fig 2A, nght) To 
quantify the degree ot rect~ficatlon we Intro-
duced the rect~fication mdex (RI), defined as the 
conductance of the AMPA response measured 
at +40 mV diblded by the conductance at -60 
mV (14) The IUs were < O  25 In all 21 cells 
without GluK2 expresslon (0 13 I0 02). and 
those In 23 cells w~th  GluR2 expresslon ranged 
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fkom 0.64 to 1.44 (1.03 + 0.05; P < 0.0001). 
Infection with AxCALALGluR2-IRES-GFP, 
together with AxCANCre, similarly increased 
the RIs. The RIs ranged from 0.54 to 1.19 
(0.90 + 0.07; n = 11) in Bergmann glial cells 
co-infected with these viruses, whereas those 
infected with AxCALALGluR2-IRES-GFP and 
AxCAGFP, but without AxCANCre, were 
<0.25 in all 11 cells (0.11 + 0.02; n = 11). 
Figure 2B is a histogram showing the distribu- 
tion of the RIs obtained from cells with and 
without GluR2 expression. Because the RI is 
correlated closely with the Ca2+ permeability 
(Is), these results indicated that the Ca2+ per- 
meability of AMPARs in B e r m  glia was 
efficiently reduced by the adenoviral-mediated 
transfer of GluR2 cDNA. 

Bergmann glial cells have processes with 
arborized, irregularly shaped lamellate append- 
ages that wrap synapses on Purkinje cell spines 
and seal the synaptic cleft almost completely 
(16). These characteristic features of the relation 
between Bergmann glial processes and Purkinje 
cell synapses were well preserved 2 to 4 days 
after infection with adenoviral vectors without 
GluR2 expression (Fig. 3, A and C) (9). In 
contrast, 2 days after viral infection for expres- 
sion of GluR2, the morphology of the glial 
processes changed markedly. The arborized fine 
glial processes were retracted to form smooth 
ball-like structures, and the lamellate appendag- 
es were mostly lost (Fig. 3B). The fine lamellate 
structures of the glial processes were also lost 2 
days after GluR2 expression (Fig. 3D). At this 
stage, most synapses on Purkinje cell dendritic 
spines were no longer ensheathed by the glial 
leaflet-like processes, and swellings of presyn- 
aptic nerve terminals were o h  detected in 
synapses without such glial ensheathing (Fig. 
3D, inset) (17). Adenoviral-mediated overex- 
pression of the GluRl subunit induced no such 
morphological changes, indicating that these ef- 
fects of GluR2 expression are not side effects 
related to overexpressing a GluR subunit. 

Bergmann glial processes surrounding exci- 
tatory synapses on Purkinje cells express high 
levels of the glutamate transporter GLAST, 
which limits the duration of synaptic transmis- 
sion by rapidly taking up released glutamate (12, 
18, 19). Agents blocking the action of the glu- 
tamate transporter prolong the excitatory 
postsynaptic currents (EPSCs) in m j e  cells 
(20). We therefore examined whether GluR2 
expression in Bergmann glia affected synaptic 
transmission in parallel fiber (PF) and climbing 
fiber (CF) Purkinje cell synapses. We recorded 
from Purkinje cells surrounded by Bergmann 
glia emitting GFP in cerebellar slices infected 
with either the mixture of AxCALNLGluR2 
plus AxCANCre plus AxCAGFP or that of 
AxCALALGluR2-IRES-GFP plus AxCANCre 
2 days before the experiments. Control record- 
ings were performed in slices infected with Ax- 
CALNLGluR2 (or AxCALALGluR2-IRES- 
GFP) plus AxCAGFP, without AxCANCre. 

Sample records of PF-mediated EPSCs (PF- traces in Fig. 4 4  left and right, respectively. 
EPSCs) in Purkinje cells in slices without and GluR2 expression sigdicantly increasedthe de- 
with GluR2 expression are shown in CTZ(-) cay time constant of the PF-EPSC from 11.8 + 

Fig. 1. Adenoviral-medi- 
ated expression of CFP 
and CluR2 in Bergmann 
glia. (A through C) A con- 
focal section showing ex- 
pression of CFP (A), 
CluR2 (B), and a merged 
image (C) in a 200-pm- 
thick slice that is infected 
with the viral mixture of 
AxCALNLCluR2 plus Ax- 
CANCre, together with 
AxCACFP. (D through F) 
An example of coexpres- 
sion of CFP (D) and CluR2 
(E) in an isolated single 
Bergmann glia and a 
merged image (F). Scale 
bars reDresent 50 u m  for 

A GluR2 (-) GluR2 (+) Fig. 2. Changes in electro- 
physiological properties 

Control ~ a + -  free, 10 mM ca2+ Control Na+- free, 10 mM ca2+ of AMPA receDtors caused 
by GluR2 expression in 
Bergmann glia. (A) Cur- 
rent responses to  AMPA 
without (left) and with 
(right) CluR2 expression. 
AMPA responses were re- 

1200pA corded at membrane po- 
tentials between -60 and 
+60 mV in a control so- 
lution and between -80 
and +40 mV in a Na+- 
free, 10 mM CaZ+ solu- 
tion. In the graphs, the 
amplitude of the current 
response was plotted 
against the membrane 
potential. The external 
solution contained 50 p M  
CTZ. The current traces 

B 30 
on the left [CIuRZ (-)I 
were taken from a glia 
emitting CFP in slices in- 

(D 
fected with AxCALNL- - - CluR2 plus AxCACFP. (B) 

8 20 .- Histogram showing the 
o distribution of the RI. The 
b Rls were obtained from 

0 GIuR2 (-) 
B GluR2 I-) IRES 

GIuR2 (+j 
GIuR2 (+) IRES 

23 cells infected with Ax- 
CALNLCluR2 plus Ax- 
CANCre plus AxCAGFP 
(solid columns) and 
11 cells infected with 
AxCALALCluR2-IRES-CFP 

1 .O plus AxCANCre (double- 
Rectification Index hatched columns). As 

controls, they were ob- 
tained from 21 cells infected with AxCALNLCluR2 plus AxCACFP (open columns) and 11 cells 
infected with AxCALALCluR2-IRES-CFP plus AxCACFP (single-hatched columns). 
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AxCANCre. Higher ;ag- 
nification of the boxed ar- 
eas in (A) and (B) is 
shown on the right of 
each panel. Twenty serial 
optical sections of 3 and 1 
p m  are projected in the 
lower and higher magnifi- 
cation views, respectively. 
Arrowheads in (A) and ar- 
rows in (B) indicate La- 
mellate appendages of 

Fig. 3. Changes in mor- 
phology of glial processes 
caused by CluR2 expres- 
sion. (A) Confocal image 
of a lucifer yellow-inject- 
ed Bergmann glia without 
CluR2 expression. The cell 
was infected with AKA- 
LALCluR2-IRES-CFP, but 
without AxCANCre. A 
minimum amount of Ax- 
CACFP (3.0 X 10' PFU) 
was co-injected to  mark 
inoculated cells. (B) Con- 
focal image of a lucifer 
yellow-injected glia ex- 
pressing CluR2. The cell 
was infected with AxCA- 
LALCluR2-IRES-CFP DLUS 

. . 
' I '  

the glial pioces&s and 
their ball-like retraction, respectively. (C and D) Electron microscopy of the molecular layer of the 
cerebellar cortex infected with AxCAiALCluR2-IRES-CFP plus AxCACFP [CIuRZ (-)I (C) and with 
AxCALALCIuR2-IRES-CFP plus AxCANCre [CluRZ (+)I (D). Processes of Bergmann glia are false- 
colored blue. The insets show higher magnification views of the boxed areas. Scale bars represent 
10 p m  in (A) and (B), 1 p m  in (C) and (D), and 0.5 p m  in the insets of (C) and (D). 

Fig. 4. Prolonged decay of EPSCs A PF-EPSCs 
and multiple CF innervation of GIuR2 (-) GIuR2 (+) 
Purkinje cells after CluR2 expres- CTZ ( -) 
sion in Bergmann glia. (A) PF- 
EPSCs in the absence and ores- 
ence of 100 p M  CTZ, wit'hout 
and with CluR2 expression. Peak 
amolitudes of the EPSCs in the 
pr&ence of CTZ were normal- B CF-EPSCS 
ized to  those in the absence of 
CTZ. Each trace is the average of 
five consecutive EPSCs at -50 
mV. (B) CF-EPSCs in the same 
arrangement as in (A), except 
that the holding potential was 
-10 mV. (C) All-or-none CF- 
EPSCs without CluR2 expression 
(top trace) and representative 
CF-EPSCs with one, two, or three 
discrete steps (lower three trac- 
es) after CluR2 expression. The 
holding potential was -10 mV. 
(D) Histogram showing the num- 
ber of discrete steps of CF-EPSCs 
recorded in Purkinje cells in slices 
without (open column) and with 
(solid columns) CluR2 expres- 
sion. Numbers of cells tested 
without and with CluR2 expres- 
sion were 50 and 63, respectively. 

1 step 

2 steps -IF- 
3 steps v-- Number of steps 

0.9ms(n = 14)to 18.8 t 1.3ms(n = 13)(P< 
0.001). This suggested that the removal of the 
synaptically released glutamate was retarded by 
GluR2 expression. Because the decay kinetics 
of the EPSC are at least partially affected by 
desensitization of the postsynaptic AMPARS 
(20), elimination of this desensitization by CTZ 
should reveal the impaired clearance of gluta- 
mate more clearly. We compared the decay 
kinetics of PF-EPSC with and without GluR2 
expression in the presence of 100 pM CTZ. 
Under these conditions, the decay time constant 
was 30.6 -C 2.5 ms (n = 12) without GluR2 
expression (Fig. 4A, left). After GluR2 expres- 
sion, this value was increased to 478.0 ? 65.4 
ms (n = 10) (Fig. 4A, right). Thus, clearance of 
synaptically released glutamate was retarded se- 
verely in the PF synapse by GluR2 expression in 
Bergmann glia. 

For CF-mediated EPSCs (CF-EPSCs), the 
average decay time constants were 7.9 -C 0.5 ms 
(n = 11) and 8.2 ? 0.6 ms (n = 1 I), without 
and with GluR2 expression, respectively; the 
difference was not significant (P > 0.58). How- 
ever, a clear difference was detected in the 
decay time course of EPSCs in the presence of 
100 pM CTZ (Fig. 4B). Without GluR2 expres- 
sion, application of 100 pM CTZ increased the 
decay time constant to 17.2 t 2.2 ms (n = 12) 
(Fig. 4B, left). With GluR2 expression, CTZ 
prolonged the CF-EPSC more markedly (Fig. 
4B, right). Under these conditions, the decay 
time course was fitted by two exponentials, the 
mean time constants being 21.2 ? 2.6 and 
179.6 + 46.2 ms, with the mean amplitude of 
the slower component making up 36.8 t 5.4% 
of the total when extrapolated to the peak (n = 
12). These results indicated that GluR2 expres- 
sion in Bergmann glia also impaired the remov- 
al of synaptically released glutamate in the CF 
Purkinje cell synapse, although to a lesser extent 
than in the PF synapse. 

The impaired uptake of glutamate in both 
PF and CF synapses is most likely due to the 
increase in the distance from these synapses to 
the glial membranes at which GLAST is locat- 
ed. However, the postsynaptic glutamate trans- 
porter expressed in Purkinje cells at high den- 
sities has been shown to take up glutamate (21). 
Therefore, the possibility is not excluded that 
GluR2 expression in Bergmann glia somehow 
lowers expression of the postsynaptic transport- 
er in Purkinje cells, which would also be re- 
sponsible for the impaired uptake of glutamate. 

Finally, we found that -25% of Purkinje 
cells (16 out of 63 cells) were innervated by two 
(in 13 cells) or three (in 3 cells) CFs after 
expression of GluR2 in Bergmann glia in 22- to 
26-day-old rats (Fig. 4, C and D). The multiple 
innervation of Purkinje cells by CF in the rat 
cerebellum is known to be eliminated complete- 
ly by postnatal day 15 (22) and was not seen in 
cerebellar slices infected with adenoviral vectors 
without GluR2 expression in 22- to 26-day- 
old rats (n = 50). Therefore, Ca2+-permeable 
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AMPARS in Bergmann glia are necessary for 
preventing surplus CFs from producing syn- 
apses onto single Purkinje cells. 

Conversion of Ca2+-permeable AMPARs 
into Ca2+-impermeable receptors in Berg- 
mann glia elicited morphological changes in 
fine glial processes wrapping Purkinje cell 
synapses, prolonged the kinetics of glutama- 
tergic synaptic transmission, and caused mul- 
tiple innervation of Purkinje cells by CFs. 
Thus, the morphology of glial processes and 
the synaptic activities would be interdepen- 
dent. The Ca2+-permeable AMPARs in glial 
cells probably play key roles in such in- 
teractions between glia and glutamatergic 
synapses. 
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approaches are needed which, by integrating 
these diverse data types and assimilating 
them into biological models, can predict cel- 
lular behaviors that can be tested experimen- 
tally. We propose and apply one such strate- 
gy here, consisting of four distinct steps: 

(i) Define all of the genes in the genome 
and the subset of genes, proteins, and other 
small molecules constituting the pathway of 
interest. If possible, define an initial model of 
the molecular interactions governing pathway 
function, drawn from previous genetic and 
biochemical research. 

(11) Perturb each pathway component 
through a series of genehc (e.g ,gene delehons 
or overexpressions) or environmental (e.g., 
changes m growth condtions or temperature) 
manipulations. Detect and quantify the corre- 
spondmg global cellular response to each per- 
turbabon with technologies for large-scale 
rnRNA- and protem-expression measurement. 

(ill) Integrate the observed mRNA and 
protein responses with the current, pathway- 
specific model and with the global network of 
protein-protein, protein-DNA, and other 
known physical interactions. 

(iv) Formulate new hypotheses to explain 
For organisms with fully sequenced ge-
nomes, DNA microarrays are an extremely 
powerful technology for measuring the 
mRNA expression responses of practically 
every gene (I).Technologies for globally and 
quantitatively measunng protein expression 
are also becoming feasible (2), and develop- 
ments such as the two-hybnd system are 
enabling construction of a map of interactions 
among proteins (3). Although such large- 
scale data have proven invaluable for distin- 
guishing cell types and biological states, new 
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GALACTOSE METABOLIC FLOW 

Fig. 1. Model of galactose utilization. Yeast metabolize galactose through a series of steps involving 
the GAL2 transporter and enzymes produced by GAL7, GAL7, GAL70, and GALS. These genes are 
transcriptionally regulated by a mechanism consisting primarily of GAL4, GAL80, and GAL3. GAL6 
produces another regulatory factor thought to repress the GAL enzymes in a manner similar to 
GAL80. Dotted interactions denote model refinements supported by this study. 
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