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The metabotropic glutamate receptors (mGluRs) are widely distributed in the brain and 
play important roles in synaptic plasticity. Here it is shown that some types of mGluRs 
are activated not only by glutamate but also by extracellular Cap+ (Ca2+,). Asingle amino 
acid residue was found to determine the sensitivity of mGluRs to Ca2+,. One of the 
receptors, mGluRla, but not its point mutant with reduced sensitivity to Ca2+,, caused 
morphological changes when transfected into mammalian cells. Thus, the sensing of 
Ca2+, by mGluRs may be important in cells under physiological condition. 

T h e  mGluRs are a family of heterotrimeric 
guanosine triphosphate- binding protein (G 
protein)-coupled receptors (1 , 2) that exist 
in various regions of the brain (3) and are 
known to play an important role in synaptic 
plasticity (4). Because of the structural sim- 
ilarity of mGluRs and the Ca2+, sensor of 
the parathyroid (2,  5, 6 ) ,  we tested whether 
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mGluRs function as Ca2+ sensors. We pre- 
viously showed that a mGluRl homolog 
isolated from the salmon brain can be acti- 
vated not only by glutamate but also by 
Ca2+, (7). Here we investigated whether 
rat mGluRla  and mGluR5 (which couple 
to G,) and mGluR2 and mGluR3 (which 
couple to G,)  are activated by Ca2+,. 

The  resDonses of mGluRs la and 5 to 
Ca2+, were examined by monitoring the 
increase in Ca2'-activated C 1  (Ca2+-C1-) 
current in a Xenopus laevis oocyte expres- 
sion system (8). T h e  oocytes were bathed in 
Ca2+-free saline solution, and then the 
Ca2+, concentration ([Ca2+],) was in- 
creased while depolarizing pulses were ap- 
plied. Oocytes expressing either mGluRla  

or mGluR5 responded to 2 mM Ca2+, 
whereas noninjected oocytes did not (Fig. 
1A).  T h e  response increased steeply in the 
physiological range of [Ca2+], (Fig. l A ) ,  
similarly to the response of the Ca2+ recep- 
tor (CaR) (5, 6 ,  9). When  [Ca2+], was 
raised, we also detected increases of the 
inositol trisphosphate (IP3) concentration 
in oocytes expressing mGluRla  (7) and of 
the intracellular concentration of Ca2+ 
([Ca2+],) in transfected C H O  cells by 
Fluo-3 imaging (10). Because the CaR is 
activated not only by Ca2+ but also by 
various polyvalent cations (5), we exam- 
ined the effects of polyvalent cations on  
mGluRs la and 5. Both were activated by 
polyvalent cations (Fig. 1B). Similar to the 
CaR (5), trivalent cations such as Gd3+ 
(Fig. 1B) were more effective than Ca2+ in 
activating mGluRs l a  and 5. Divalent cat- 
ions other than Ca2+ (Fig. 1B) were less 
effective. Thus, mGluRla  and mGluR5 
sense Ca2+, and polyvalent cations as does 
the CaR. 

The  resDonses of the G.-cou~led 
mGluRs 2 and 3 were monitordd byL an 
increase in inward current of the coex- 
pressed G protein-coupled, inwardly recti- 
fying K' channel, GIRKlI2 (1 1 ), in  Xeno- 
pus oocytes (8). mGluR3 was activated by 
Ca2+ as well as glutamate, whereas mGluR2 
showed no response to 5 mM Ca2+, (Fig. 
1C).  The  response of mGluR3 to Ca2+, 
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Fig. 1. Functional character~zat~on of mGluRs 1 a, 5, 2, and 3 as sensors for 100 150 

Ca2',. The act~vation of mGluRs 1 oi and 5 was monitored by an increase in Time (s) 

Ca2'-CI- current (A and B) and that of mGluRs 2 and 3 was monitored by an 
Increase in GIRK1/2 current (C) or by a decrease In cAMP concentratlon (D). 
(A) (Upper) Current traces of mGluRl a- or mGluR5-expressing oocytes or 
non~njected control oocytes before and after application of 2 mM Ca2+, (8). 
(Lower) The t~me course of the response is shown by plotting the current 
amplitudes at the end of the depolarizing pulses against time. Arrows indicate 
2 mM Ca2+ application. (Inset) The dose-response relation. The n values of 
each polnt were 3 to 7. Noninjected oocytes also showed a small, gradual 000 0 1 0  o Z 0  000 010 020 

increase in Ca2+-CI current when high concentrations of Ca2+, were ap- Time (s) 
plied, which could be due to the leak of Ca2+ into the oocytes. 
(6) Current traces before and after applicat~on of 1 mM Gd3+, Tb3+, or La3+ bars. (D) Effect of gluta&ate or Ca2+, to the cAMP concentration in CHO cell 
or 10 mM Mn2+, Mga, or Ba2+ to oocytes expressing mGluRla or mGluR5. lines stably transfected with vector alone, mGluR2 cDNA, or mGluR3 cDNA 
(C) Current traces recorded at -1 20 mV from oocytes expressing mGluR2 (18). The cAMP concentrations were normalized by the concentration in the 
and GIRK1/2, mGluR3 and GIRK1/2, or GIRK1/2 alone. Either 40 p,M gluta- absence of glutamate or Cawt,. The error bars indicate standard deviation 
mate (glu) or 5 mM Ca2+, was applied at the times indicated by the (n = 3). 
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B Fig. 2. Comparison of the responses of 
25 R1 (N)-RI , R2(N)-RI, and R3(N)-RI 

chimeras to glutamate or Cast,. (A) 
20 

T Examples of responses of RI(N)-R1, 

& 15 R2(N)-Rl, and R3(N)-RI to 10 p.M glu- 
+a tamate (Glu) (left) or to 10 mM Ca2+, 
2 1 0  (right). (B) Comparison of the dose-re- 

2 5  
sponse relations of R I  (N)-RI , R2(N)- 
Rl, and R3(N)-Rl to glutamate (left) or 

o Ca2+,(right). Then values of each point 
loo lo, 102 103 0,1 are 3 to 7. The EC,, values of the fit- 

[ G I 4  (wM) [Ca2+] (mM) 
tings were as follows: glutamate (RI, 
4.6 p.M; R2(N)-RI, 6.4 p.M; R3(N)-RI, 
7.2 p,M) and Ca2+, (RI, 4.7 mM; 

R2(N)-RI, 36.0 mM; R3(N)-RI, 2.2 mM). Three sets of data in each plot were obtained from the 
same batch of oocytes. 

varied between batches of oocytes. A re- 
soonse was detected in three out of nine 
batches, and in the three positive batches, 
the resDonses were observed in three out of 
five, two out of five, and two out of three 
oocytes. These results suggest that the link 
between Ca2+, and activation of GIRK1/2 
current by mGluR3 requires additional en- 
dogenous conditions. Even in the positive 
cells, a n  accurate dose-response analysis was 
not uossible because the amulitude of the 
responses could not be determined accu- 
rately as a result of the decrease in the basal 
current level after the agonist was removed. 
The, possible4ink of Ca2+, stimulation with 
G, was also confirmed as a decrease in  the 
adenosine 3',5'-monophosphate (CAMP) 
concentration by Ca2+, in mGluR3-trans- 
fected CHO cells but not in mGluR2-trans- 

Fig. 3. Identification of the site responsible for the 
Ca2+,-senslng function of mGluRs. (A) Effect of a 
saturating dose of glutamate (or Ca2+,) to the 
response of mGluR1 a to Ca2+, (or glutamate). (B) 
Effect of t-MCPG 'on glutamate- or Ca2+,- 
induced responses in oocytes expressing 
mGluRl a. The two traces on the left and right are 
from the same oocyte. A concentration of 0.5 mM 
t-MCPG, which almost completely blocked the 
response to 5 p.M glutamate, paltially blocked the 
response to an equivalent dose (5 mM) of Ca2+,. 
(C) Alignments of the deduced amino acid se- 
quences of mGluRs 2, 3, l a ,  and 5 in the region 
adjacent to the glutamate-binding sites. The glu- 
tamate-binding sites, S165(R1) and TI 88(R1), are 
boxed, and the site that determines the sensitivity 
to Ca2+, (S166 in R1) is shown by the arrow (19). 
(D) Comparison of the dose-response relations of 
the wild type (wt) (filled circles) and the point mu- 
tants (open triangles) of Rl(N)-RI, R2(N)-RI, and 
R3(N)-RI. Sites shown by the arrow in (C) were 
mutated to D in R1 and R3, and to S in R2. Then 
value of each point was 3 to 7. The EC,, values of 
the fittings were as follows: glutamate (R1 -wt, 22 
p,M; R1 -mut, 32 p,M; R2-wt, 9.6 p,M; R2-mut, 6.9 
uM: R3-wt. 9.1 uM: R3-mut. 8.4 LM) and Ca2+ _ 

fected cells (Fig. ID). 
T o  make a quantitative comparison of 

the Ca2+,-sensing properties of mGluRs 
l a ,  2, and 3, we assayed the activity of the 
same effector. Chimeric molecules were 
constructed in which the entire NH2-termi- 
nal extracellular domain of mGluR2 or 
mGluR3 was substituted for that of 
mGluRla  [R2(N)-R1 and R3(N)-Rl, re- 
spectively] (12). R2(N)-R1 and R3(N)-R1 
chimeras were expected to  link to G, pro- 
teins and activate Ca2+-C1- currents similar 
to mGluRla.  The  sensitivity of these mol- 
ecules to glutamate or Ca2+, was compared 
(Fig. 2)  (8). The  median effective concen- 
tration (ECSo) values of the dose-response 
relation to  glutamate did not differ signifi- 
cantly from each other. In contrast, the 
EC,, value of R2(N)-R1 to Ca2+, (36.0 

mM) was significantly higher than those of 
mGluRla  (4.7 mM) and R3(N)-R1 (2.2 
mM) (Fig. 2B). Thus, mGluRla  and 
mGluR3 appear to be more sensitive to 
Ca2+, than is mGluR2, and the structural 
basis of the Ca2+, sensitivity would be pre- 
dicted to lie in the NH2-terminal extracel- 
lular domain. 

T o  identify the structural determinant of 
Ca2+, sensitivity within the NH2-terminal 
extracellular region, we tested whether the - 
Ca2+,-sensing site overlapped with the glu- 
tamate-binding site (8). After exposure to 
the saturating dose of glutamate (or Ca2+,), 
mGluRla  still responded to Ca2+, (or glu- 
tamate) (Fig. 3A).  Thus, there was n o  
strong cross-desensitization, suggesting that 
Ca2+, and glutamate are not recognized in 
an identical manner by mGluRla.  The  re- 

A g~u 200 pM ca2* 20 mM -- Glutamate - - D 

g 10 
3 
0 0 

40 60 120 160 40 80 1 2 0 1 6 0  0 
Time (sl . . 

B t-MCPG 0 5 mM 

' 
glu 5 pM 

i ~ l l w t ,  2 , 5 ' m ~ ; ' ~ l : m u t ,  3 9 ' m ~ ; ' ~ 2 : w t ,  30 m ~ y  
R2-mut, 2.9 mM; R3-wt, 3.7 mM; R3-mut, 41 mM). Two sets of data in each glutamate response of wild-type mGluRl a and the mutant compared with 
plot are from the same batch of oocytes. The larger EC,, values for the the value in Fig. 28 was due to the difference in the batch of oocytes. 
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sponse of mGluRla to 5 mM Ca2+, was Ca2+, (Fig. 3D). S166D of Rl(N)-R1 and fected with wild-type mGluRla, identified 
partially blocked by 0.5 mM t-MCPG (S-a- S152D of R3(N)-R1 showed much lower by cotransfected green fluorescent protein 
methyl-4-carboxyphenylglycine), which in- sensitivity to Ca2+, than the wild type, and (GFP), changed to a spindle or a bar shape 
hibited the response to glutamate of the D146S of R2(N)-R1 had a high sensitivity (Fig. 4, A and C). The actin filaments of 
equivalent dose (5 pM) almost completely to Ca2+, (Fig. 3D). Thus, this site (S166 of the transfected cells identified by antibody 
(Fig. 3B). Thus, the Ca2+,-interacting site mGluRla) was critical for the determina- to mGluRla (anti-mGluR1) were aligned 
appears to be not identical to but to overlap tion of the sensitivity to Ca2+,. in parallel (Fig. 4, B and C). In contrast, the 
with the glutamate-binding site. The above results were obtained by morphological change of CHO cells trans- 

Structural and mutagenesis analyses pre- monitoring responses when [Ca2+], was fected with the S166D mutant was much 
viously revealed that the glutamate-binding abruptly raised from 0 mM. I t  is important less (Fig. 4). When [Ca2+] in the culture 
sites of mGluRla are located at Ser165 and to know if the continuous stimulation by medium was raised from 2 to 5 mM, the 
Thrlg8 (13). The amino acid sequences of physiological concentrations of Ca2+, morphological change of the cells trans- 
mGluRs l a ,  2, 3, and 5 in the region adja- through mGluRla causes some intracellu- fected with wild-type mGluRla was more 
cent to these sites were compared (Fig. 3C). lar events (that is, if the Ca2+,-sensing prominent, but control cells did not re- 
Although mG1uR.s 2 and 3 exhibit high function of mGluRla plays a role under spond at all (10). Thus, the continuous 
identity in this region, the residue next to physiological conditions). We transfected stimulation of mGluRla by 2 mM Ca2+ in 
the glutamate-binding site differs. The CHO cells with wild-type rnGluR1.a or the medium caused the parallel alignments 
mGluRs l a ,  3, and 5 have a serine (S) at with the S166D mutant transiently (14) of the actin filaments and the morphologi- 
this position whereas mGluR2 has an aspar- and compared the cell morphology (Fig. cal change of the transfected CHO cells, 
tate (D). Thus, we hypothesized that this 4A) and the alignment of actin filaments probably by means of an increase in second 
site determines the Ca2+, sensitivity of (Fig. 4B) (15). To  analyze the cell morphol- messenger activity. Indeed, the basal IP, 
mGluRs and examined the properties of the ogy quantitatively, we classified the cells by concentration in oocytes expressing 
point mutants Rl(N)-R1 (S166D), R2(N)- a morphology index (the ratio of the long mGluRla in the frog saline solution was 
R1 (D146S), and R(3)-R1 (S152D) .(8, 12). axis length to the short axis length). Con- higher than in noninjected oocytes (7), and 
These mutations did not alter sensitivity to trol CHO cells mostly exhibited a square- the cAMP concentration in CHO cells ex- 
glutamate but did change the sensitivity to shaped morphology, but the cells trans- pressing mGluRla was elevated not only by 

glutamate (16) but also by Ca2+, (0 mM 
Ca2+,, 100%; 2 mM, 148%; 10 mM, 

Fig. 4. Comparison of 180%), whereas CAMP in control cells was 
the morphology of con- not elevated (0 mM Ca2+,,100%; 2 mM, 
trol CHO cells and CHO 77%, 10 mM, 96%). 
cells transfected with 
wild-type mGluRl a (R1 What is the significance of the Ca2+- 

wt) or with the S166D sensing function of mGluRs in the brain? 
mutant (R1 S166D). (A) #I 

As demonstrated above, it is possible that 
Obse~ations of the living ' constant stimulation by Ca2+, would cause 
CHO cells transfected an increase in the basal activity of the 
with pEGFP alone (left), second messenger system such as IP,, pro- 
wild type and pEGFP tein kinase C, or CAMP in neurons express- 
(middle), or S166D and ing mGluR1a. This increase might play a 
pEGFP (right). The trans- role, for example, in the maintenance phase 
fected cells were identi- of long-term potentiation. Another possi- fied by the fluorescence 
of GFP (upper panels), bility is that the dynamic fluctuation of 

and the morphology of 
, , 

[Ca2+], in the synaptic cleft might stimu- 
the identified cells was ,.- late mGluRla effectively. The local 
obse~ed  with a phase- : ' .  [Ca2+], in the narrow synaptic cleft is not 
contrast microscope flow- constant but could fluctuate in the range 
er panels). The scale bar , between 0.8 and 1.5 mM (17). A n  increase 
in (B) indicates 100 p n  * of Ca2+, from 0.5 mM (or 1 mM) to 1.5 
for all photographs in (A) :I 

and (B). (B) Morphology I 

of the actin filaments of 1 
CHO cells transfected ca2* 0.5 m~ ca2+ 1.5 m~ 

with vector alone (left), 
wild-type mGluRl a (mid- @:I- 

dle), or S166D (right). The , : 

'W \:''\;&- 
cells transfected with 

2: 
C 

mGluRla were identified f " !i 
by staining with anti- a ca2+ I m~ ca2* 1.5 r n ~  

mGluR1 (upper row, mid- 

1 dle and right panels). The . lo 
actin filaments were 

visualized with FITC-phalloidin by staining (low- . 
, 5iib 20 40 rn Time 80 Ion (s) 120 140 160 lm 

er panels). (C) Quantita- . ' Fig. 5. Effect of [Ca2+,] fluctuation on mGluRla 
tive analysis of the cell expressed in Xenopus oocytes. The [Ca2+ J was 
morphology of the three groups in (B). The cells were classified into nine classes by the morphology changed in the range known to occur physiologi- 
index, and the number of cells of each class are shown. cally at the synaptic cleft (1 7). 
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mM caused responses in oocytes expressing 
mGluRla (Fig. 5). It is possible that the 
activation of mGluRla would be triggered 
by the fluctuation of local [Ca2+], in the 
svnaotic cleft. 
' Thus, mGluRs l a ,  5, and 3 but not 

mGluR2 are activated by Ca2+, at physio- 
logical concentrations, and a single amino 
acid residue determines the sensitivity to 
Ca2+ ,. Also, the Ca2+,-sensing function of 
mGluRla can play a role in generating 
morphological changes in transfected cells. 
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Hyperinnervation of Neuromuscular Junctions 
Caused by GDNF Overexpression in Muscle 

Quyen T. Nguyen,* Alexander Sh. Parsadanian," 
William D. Snider, Jeff W. Lichtman? 

Overexpression of glial cell line-derived neurotrophic factor (GDNF) by muscle greatly 
increased the number of motor axons innervating neuromuscular junctions in neonatal 
mice. The extent of hyperinnervation correlated with the amount of GDNF expressed in 
four transgenic lines. Overexpression of GDNF by glia and overexpression of neurotro- 
phin-3 and neurotrophin-4 in muscle did not cause hyperinnervation. Thus, increased 
amounts of GDNF in postsynaptic target cells can regulate the number of innervating 
axons. 

Experimental application of growth factors 
can alter the density and distribution of 
axon branches (1);  hence, growth factor 
release mav be one means bv which target 
cells regulate the number of synaptic c&- 
nections they receive (2,  3). We sought to 
test this idea in a system where the comple- 
ment of axon branches innervating a target 
cell could be visualized and functionallv 
assessed. We generated mlce in which mus- ' 

cle fibers synthesized excess amounts of a 
specific neurotrophic factor, GDNF, and 
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studied innervation at the neuromuscular 
junction (NMJ). GDNF was chosen be- 
cause it is perhaps the most potent survival 
factor for motor neurons, both in vitro and 
in vivo (4-6). In addition, GDNF is syn- 
thesized by muscle and Schwann cells (4,  7, 
8) and is internalized and specifically trans- 
ported retrogradely by motor neurons 
through a receptor-mediated process (6). 

To  examine the effect of increased tar- 
get-derived GDNF on NMJ development, 
we generated several lines of Myo-GDNF 
mice (9) that overexpress GDNF under a 
muscle-specific (myogenin) promoter (10, 
1 1 ) (Fig. 1A). The myogenin promoter was 
chosen because it drives transgene expres- 
sion in muscle beginning in embryogenesis, 
about the time axons first approach muscle 
fibers, and continues expression into post- 
natal life (10). 
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