
and a lovv-velocity region helow the 'leep 
dlscont~nuity were checkeil 111 FLI wave 
for111 modeling. Processe~l data and FD syn- 
thet~cs  obtalned assuming a sharp increase 
111 P-wave (and S-lvave) veloclty (6.0 to 6.8 
km/s) anil a sharp velocity decrease (6.0 to 
2.7 km/s) at the  10-km d ~ s c o n t ~ n u ~ t y  (Fig. 
3) ~llilicate that a velocity decrease as 
strollg as that assumed 1s needed to generate 
large-amplitude P-to-S converted phases. 
Synthetics p r o d ~ ~ c e ~ l  by t h ~ s  ~llodel repro- 
duce the  amplitude ratios of PS phases and 
other secondary energetic arrivals that In- 
terfere lvith t h k ~ n  111 'the analyzed ~llstance 
and time ~vindolvs. 

T h e  occurrence of such m~d-crustal 
high- to  low-velocity dlscontinuitles a t  
depths of 10 to 20 km has been observed in 
several volcanic areas ( IC)) ,  lvhere it is con- 
sidered an  indicator of large ~ n a g ~ n a t i c  res- 
ervolrs. From our mo~leline.  P-vvave veloc- 

CY, 

~ t y  in the  lolv-velocity zone is lower tha~n  
2.5 to 3 km/s, ~ v h i c h  1s consistent l v ~ t l ~  the  
occurrence of magmatic melt  within a 
high-permeahil~ty host rock. F l u ~ ~ l  inclu- 
s ~ o ~ l s  in  hlount  Vesuvius clinonvroxenes 

L ,  

have heen trapped a t  pressure correspon~l- 
Ing to  depths he t~veen  4 2nd 10 km. Seis- 
mic a c t i v ~ t v  aLTnears to  he shallo~ver than  6 , L L  

to 8 km, ~ n ~ l l c a t i n g  that  the  brittle-ductile 
t r ans i t~on  zone is deeper. These data sug- 
gest that  ,a .me l t~ng  zone can exist at a 
depth of 9 to  11 km,  as inferred from the  
analysis of LALA phase. 
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Presynaptic Calcium Current Modulation by a 
Metabotropic Glutamate Receptor 

Tomoyuki Takahashi," Ian D. Forsythe, Tetsuhiro Tsujimoto, 
Margaret Barnes-Davies, Kayoko Onodera 

Metabotropic glutamate receptors (mGluRs) regulate transmitter release at mammalian 
central synapses. However, because of the difficulty of recording from mammalian 
presynaptic terminals, the mechanism underlying mGluR-mediated presynaptic inhibi- 
tion is not known. Here, simultaneous recordings from a giant presynaptic terminal, the 
calyx of Held, and its postsynaptic target in the medial nucleus of the trapezoid body were 
obtained in rat brainstem slices. Agonists of mGluRs suppressed a high voltage-acti- 
vated P/Q-type calcium conductance in the presynaptic terminal, thereby inhibiting 
transmitter release at this glutamatergic synapse. Because several forms of presynaptic 
modulation and plasticity are mediated by mGluRs, this identification of a target ion 
channel is a first step toward elucidation of their molecular mechanism. 

Presynaptic ~ n h i h i t ~ o n  mediated hy the  talnaterglc synapses ( 2 )  and in lateral inhi- 
mGluR fam~ly ( I )  has heen i ~ n ~ l i c a t e i l  in ITitio11 at dendroilendrit~c synapses ( 3 ) ,  and 
autoreceptor inh lh i t~on  at lna~n~na l i an  glu- nlore generally in reiiuc~ng transmitter ile- 

pletion (4) .  Presynaptic mGluRs are also 
T taka hash^, T Tsujimoto, K Onodera, Department of 
Neurophyslology, for Research, Faculty of cr~lcially i~lvolveil in the iniluction of long- 
Medcne,  Universty of Tokyo Tokyo 11 3. Japan. term ilepressloll a t  hippoc;~mpal lnossy fi- 
I D Forsflhe and M. Barnes-~aves, o n  Channel Group, b e r - c ~  syllapses ( 5 ) .  ~ h ~ r ~ l l a c o l o g i c ~ l  
Department of Cell Physioogv and Pharmacology, Unl- 
,lerslty of Lelcester, Post Office Box 138, Lelcester LEI s t ~ ~ d i e s  lvith type-specific agomsts in~iicate 
9HN. UK that mGluR suhtvpes 2 and 3 ( 3 ,  5) or 

.Towhom correspondenceshoLlld beaddressed E-mail. x ~ h t y p e d ,  6, 7,  8 ( 2 ,  6)  lllay lnediate 
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Fig. 1. (A) Simultaneous whole-cell recording from the calyx of Held and ~ t s  
postsynaptic target, both held at -70 mV under voltage clamp Presynapt~c Ca" 
currents (middle record) that were evoked by a depolar~z~ng command pulse [top) 
produced a susta~ned EPSC (bottom). (B) The Ca' current-voltage relat~on. 
Records [top) are Ca" currents evoked by depolarzaton from 8 0  mVto -45 to 
1 5  mV. [Ca' 1, was 1 mM, [C) Block of the presynaptic C a '  current by 
w-agatox~n IVA [200 nM with cytochrome c (1 mg/ml)]. The resdual current (896) 
was abol~shed by 100 k M  Cd" . Strped and solid bars ind~cate the periods of 

mechanisms have been suggested to ac- 
count for this mGluR effect; these incluile 
suppression of a presynaptlc calcium con- 
~ luc tance  (7);augmentat1on of a potasslum 
conductance (4 ,  8 ,  9 ) ,  or ~ n h i b ~ t l o n  of the  
exocytotic macllinery downstream o t  cal- 
c ~ u m  influx (1 0 ,  1 1 ). Any ~ n v e s t ~ g a t ~ o n  of 
these posslh~lltles recluires ~ l i r ec t  access to 
both the  presynaptic and postsynaptic 
sltes of a n ia~ i l~na l l an  synapse, as has pre- 
viously been con~lucted a t  invertebrate 
synapses (12)  and chick autonomic gan- 
glia (13) .  

W e  l i~ade simultaneous whole-cell re- 
cc~rilings of the presynaptic Ca'+ current 
and the  excitatory postsyn,~ptic current 
(EPSC) using a rat brainstenl slice prepara- 
tion co~ltailling ,I giant synapse called the 
calyx o t  Held (14 ,  15).  This glutamatergic 
synapse forms on the cell hodies of neurolls 
in the  medial nucleus of the  trapezoid body 
(MNTB), and mGluR agonists are knolvn 
to inhibit transmitter release a t  this site 
(10) .  Tra~is~i l i t ter  release was induced I?v 
voltage-dependent Ca'+ currents elicited 
in tlic l~rcsynaptic terlilinal under voltage 
c l a~nn  116). 

L ,  

Whell presynapt~c C a 2 +  currents \yere 
evoked by a long depo1ari:ing pulse, sus- 
taillei1 EPSCs rcsult~ng from asynchronou.; 
transmitter release were recorded horn a 
postsynaptic neuron (Fig. 1A) .  Short Ca'+ 
currents produced fast EPSCs (see helo~v) 
that v\.cre co~nparahle in time course with 
those evoked hv nerve stimulation 110). 

\ ,  

Tlic prcsynaptic Ca2+  current was activated 
o n  depolxi:at~on positive to 4 0  mV and 

Time (min) 

agatoxin and Cd" exposure, respectively. Records (top) show supermposed 
Ca' currents for the different cond~t~ons [a through d). (D) Relation between 
Ca2+ current alnpitude and [Ca"],. Records (top) show Ca2+ currents evoked 
by a 50-ms pulse froln 8 0  to 2 0  mV (C) or a 1 -ms pulse from -70 to +30 mV 
(A). The peak amplitude of Ca" currents was normallzed to that at 1 mM (::.). 
Except for 2 mM [Ca2 '1, (two calyces), data represent means and SEMs (merged 
in symbols) derived froln four calyces each (for both long- and shoTI-p~~lse pro- 
tocols). The sol~d line ndcates a one-to-one near reat~on. 
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Fig. 2. L-AP4 suppressed the presynaptic Ca2 current but had no effect on the potassiuln current (A) 
Suppression of the presynaptc Ca' ' current by L-AP4 (100 kM, applied from a local puffer pipette) Upper 
panel: Ca" currents before and after L-AP4 appl~cation, supermposed Lower panel: The Ca' current- 
voltage relat~on before and after L-AP4 applicat~on. [Ca"], was 1 mM (B) L-AP4 had no effect on the 
presynaptic potassum current. Upper panel. The outward potassium currents were evoked by 20-mV 
incremental depolarlzng steps from -80 mV hodng potentla In the presence of TTX (I kM) Potassum 
currents before (left) and after L-AP4 application (50 kM, center) were completely super~mposed when 
overad (r~ght). Lower panel The potassum current-voltage reatons before (3) and after L-AP4 appicaton 
(A) were indistinguishable. Means and SEMs derved from four calyces are normalized to those at 0 niV. Ine 
drawn by eye 

Control L-AP4 Control + L-AP4 

reached a peak a t  2 0  to -10 liiV (Fig. IB) ,  \vas largely hlockcd by tlic P-type C a 2 +  
which indicated that it 1s a hi$ v o l t a g e  cliall~lel blocker w-agatoxin IVA (200 nM, 
activated ( H V A )  type. T h e  C a 2 +  current Fig. LC); it  as depressed by 96 i- 1.7O/i 

-80 mV 

-Y 

\ b L-AP4 



(mean i- SEbl,  n = 7).  A slnall residual 
component \\-as abolished by 100 p M  C d 2 + .  
As at other central synapses (17) ,  the L- 
type Ca2+  cha1111e1 blocker ~licarilipinc (or 
n~l l lodip~ne;  10 p b l )  had no effect (11 = 3).  
Unexpecteilly, however, the K-type C a 2 +  
channel blocker o-conotoxin G V I A  ( 2  
p,M) also had little or n o  effect o n  the C a 2 +  
current at this synapse (n  = 5)  (18).  As at 
the squici glallt synapse (19) ,  the amplit~lde 
of the presynaptic Cn'+ current decreased 
~ v i t h  reduceii cxter~lal C a 2 +  collce11tratio1l 
([Ca2+],,) (Fig. I D )  or \v~tll   creased 
[A!lg2+],> (18) .  T h e  relat1o11 herwee11 the 
peak ampl~tude of the Ca2+  current anii 
[Ca2+],, \vas approuimately linear helo~v 1 
111hl (Fig. I D ) .  

T o  clarify the mechanism hy \\.hich 
mGluR agonists depress tra~lslnitter release, 
\Ire first examined \\.hether they might mc~~1- 
ulatc the presynaptic Ca2+ current. Wlle11 
1-2-a1nino-4-pl1osp11~~1~~~1~~1ty1-atc (L-AP4, 50 
to 100 (nM), an  agonist of mGluR subtypes 
4, 6, 7, and 8, \\,as added to the bathing 
solution, the presynaptic Ca2+ current \\,as 
clearly suppressed, partic~~larly at an  early 
phase aro~ulld the peak (Figs. 2A and 3 A )  hy 
25.2 i- 4.2'5, (n  = 21 calyces, evoked hy step 
ilepolarirations 1 to 50 111s). This effect was 
rc~~ersihle after \vashout o t  the agonist (Fig. 
3R). A silnilar effect \\-as observed for a 
broader-spectr~u~n ~ G I L I R  agonist, ( 1S,3S)-1- 
aminocyclopentane-1,3-d1car1>i1x~~ls acid 

(ISJS-ACPD, 100 p,M), v\hereas 
(25, l'R,2'R,3'R)-2-(2,3-dicarh~~u~~c~cli~~~ro- 
py1)glycine (DCG-IV, 3 p M )  (31, a specific 
agonist of mGluR subtypes 2 and 3, had no 
ettect (n = 3).  Thus, one or Inore of mGluR 
subtypes 4, 6, 7, and 8 may he involvcJ in 
this eftect. This mGluR-mediatecl depressloll 
v\as nc~ t  accornpa~lied by a sllitt 111 the volt- 
age deL~cndence o t  the Ca2+ c ~ ~ r r e n t ,  as 
shov\n hy a constant current-voltage r e l a t ~ o ~ l  
hefore and after L-AP4 application (Flg. 
2A).  

W e  nes t  e x a m ~ n c ~ i  ~vhether  L-AP4 
~nigllt  act hy p o t e ~ l t i a t i o ~ ~  of a presynirptic 
potassium current. A n  outward potasslum 
current \vas evoked hy  dcpolariration of a 
calyx voltage-clampeJ a t  -80 I ~ V  in the 
presence of tctrodotosin (TTX, 1 (nhl) 
(14) .  T h e  potassium current was activated 
on depolarization positive to -60 IIIV and 
its magnitude increaseil steeply o n  f ~ ~ r t l l c r  
dcpolarizntion (Fig. 2B). In all four calyces 
examined, L-AP4 (59 p M )  had no  cttect o n  
the potassium current (Fig. 2R). 

Paired recordings trom a prcsynaptic ter- 
lninal anc1 its postsynaptic target sho\\~ccl a 
concurrent suppression of presy~laptic Ca'+ 
current and EPSC during L-AP4 applica- 
tion (Fig. 3 A ) .  T h e  inhihition a7as 24.3 -t 
6.2% for the Cn2+  currents (evoked hy a 
1-111s pulse) and 40.0 C 4.7% tor the EPSCs 
(n  = 9 pairs). T o  determine whether the 
suppression o t  Ca'+ current could a c c o ~ ~ n t  

u I -  
0 0  -?___- 7- I - -- 0 4 

0 100 200 300 400 500 600 
Time (s) 1ca (nA) 

Fig. 3. Suppression of presynaptic Ca" currents and EPSCs by L-AP4 and reduced [Cam], n a paired 
recordngfrom acayx-MNTB synapse. (A) Presynaptc Ca2+ currents (evoked by a 1 -ms pulsefrom-70 
to +30 mV) and the resultant EPSCs (at -70 mV) after 2 mM [Ca2-1, was replaced by 5 mM M g '  (left) 
or after L-AP4 appcation (50 &M. right), superimposed. (B) T~me plots of presynaptc Ca2+ currents and 
EPSCs. Open bars indcate the period of [Ca"], reducton and L-AP4 application, respectvey. (C) 
Peak amplitude of the presynaptic Ca2+ current plotted against the arnpl~tude of EPSCs in double 
logarithmic coord~nates. 3, Data points obtaned from the period of [Ca2 'I, reducton; 0 ,  data points 
frorn the period of I -AP4 application. Data points include those at both onset and recovery but excc~de 
those at the basel~ne (>I 0% change of EPSC amptude) and peak (>9096). The Inear regression slopes 
for [Ca2-1, reduction and L-AP4 applicaton were 2.06 and 1.82, respect~vey, In ths  exper~ment. 

for the reduct~on in the  EPSC, we exam- 
ineii the relatio11 13etv\.ecn the Ca2+  current 
amplitude and the respective EPSCs in the 
same rccord~ng, f ~ r s t  during reduction o t  
[CaL+],, and subsequently during applica- 
t1o11 o t  L-AP4. W h e ~ l  [Ca2+],> waq reduced 
hy replacement with Mg'+, the prcsynaptic 
Ca'+ currents and EPSCs \\,ere d~~ninislleii  
in parallel (Fig. 3B). W h e n  the  Ca'+ cur- 
r e~~ t -EPSC rclatlons \\rere plotted from data 
polnts derived t;-c,m the r e i i ~ ~ c t ~ o n  of 
[Ca'+],> ancl application of L-AP4, a s ~ l n ~ l a r  
slope \\,as observed (Fig. 3C) .  T h e  llleall 
slopes of the regresslo11 lines v\crc 2.10 i- 
0.37 and 1.93 -t 0.30, respectively, tor the  
[Ca"],, r e i l~~c t ion  data and the L-AP4 ay- 
pl icat~on data (n  = 6 palrs, not signit~cantly 
different hy Student's t test). Thus, presyn- 
aptic inhibition by mGluR is mediated hy 
suppression of the presynaptic Ca'+ con- 
ductance a t  the rat calyx-MKTR synapse. 

W e  investigateil the ionic hasis of 
mGluR-mcdiatecl presynaptic inhibition hy 
making patch-clalllp recordi~lgs from both 
the presynaptlc anii postsynaptic sites of an  
icie~ltiiied synapse. T h e  presynaptic Ca2+  
current a t  the calyx of Held \vas of the 
H V A  type and v\as meiliatcd predominant- 
ly hy the P/Q-type Ca2+  channels. This 
presynaptic C a 2 +  current was clearly sup- 
pressed by the IIIGILIR agonists. T~ILIS, OLIS 

tinding corresponds to pre\.ious results con- 
cerning somatic Ca'+ currents that are sup- 
pressed hy a variety of receptor agonists 
(201, ~ncluiling those o t  mGluRs (7). Re- 
cent studies using Ca2+-sensitive dyes indi- 
cate that presy~laptic C a 2 +  entry into a 
population o t  11er1.e t c r~n i~ la l s  can he sup- 
pressed by agonists o t  mGluRs (9)  and other 
reccptors(2  1 ). Suppression of yresynnptic 
C a 2 +  entry can he the result of e ~ t h e r  s u p  
pression of presynapt~c Ca2+  c l l a ~ ~ ~ ~ e l s  or 
augmentation of po tass i~~m c h a ~ l ~ l e l s  ( 4 ,  8. 
9 .  22).  A t  the calyx-MNTB synapse, L-AP4 
had no etfect on the voltage-dependent po- 
tasslulll currents in the prctcrminal. Thus, 
potassium c h a ~ ~ ~ l e l s  do not appear to be 
involved in the presynaptic mCluR modu- 
lation at this synapse. Our  results also em- 
pllasize the need for cautious interpretation 
of the  results from indirect methods when 
stuiiying presynaptlc mechanisms slllce pre- 
vious \vork 011 the EPSCs at the cnlyx- 
MKTB synapse s~~ggested that,  on the  hasis 
of l~a~rcd-pulse  experiments, mGluRs llad 
no  effect on the  presynaptic Ca'+ current 
(10). 

T o  exanline \ \~hether I ~ G I L I R S  may addi- 
t i o ~ l a l l ~  m o d ~ ~ l a t e  the exocytotic lllachi~lery 
downstream of Ca'+ entry, Ive compared 
the C a 2 +  current-EPSC relat1011~1llder two 
co~lil i t io~ls:  r e c i ~ c t i ~ l l  of [Ca2L]L-  a1li1 appli- 
catloll of L-AP4. T h e  close agreclnent o t  
these input-output relatiolls suggests that 
presynaptic inllihition hy I~CLLIRS is largely 
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caused by the suppress~on of presynaptic 
Ca2+  current at the calyx-MNTB synapse. 
D ~ r c c t  moilulat~on of the cxocytot~c ma- 
c h ~ n e r y  by mGluRs has hecn suggested fi-om 
the reduced frequency of spclntalleo~~s mln- 
iature synaptic current by rnCluR agonists 
( 1  1 ) ;  however, m ~ n ~ a t ~ ~ r e  f~-ecluenc~ does 
not always display a Jirect relation to 
evoked trans~nitter release iluring presynap 
tic moclulation (23). Although the possibil- 
~ t y  that \vasllout may influence mechanisms 
downstream of C a 2 +  currents c,innot he 
excluded from t l l~s  v\hole-cell study, our 
r c s ~ ~ l t s  strongly suggest that presynaptic 
Ca'+ channels are the lllaln target for the  
mGluR-mediated presynaptic inhibition at 
the calyx of Held. Reca~lse P/Q-type C a 2 +  
clla111lels ~ n e d ~ a t e  fast synapt~c transmiss~on 
a t  a variety of central svnaL3ses 117) and 
mCluRs ar; \\.lciely di5tribu;ed in ce~l t ra l  
prcsynaptlc t c r ~ n ~ ~ l a l s  (24) ,  modif~cation of 
the P/Q-type ca lc~um channel lnay he a 
general mech;~nism under ly iq  presynaptic 
modulat~on hv mGluRs. 
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Identification of an Asymmetrically Localized 
Sensor Histidine Kinase Responsible for 

Temporally and Spatially Regulated Transcription 
James A. Wingrove and James W. Gober* 

Caulobacter crescentus undergoes asymmetric cell division, resulting in a stalked cell 
and a motile swarmer cell. The genes encoding external components of the flagellum are 
expressed in the swarmer compartment of the predivisional cell through the localized 
activation of the transcription factor FlbD. The mechanisms responsible for the temporal 
and spatial activation of FlbD were determined through identification of FlbE, a histidine 
kinase required for FlbD activity. FlbE is asymmetrically distributed in the predivisional 
cell. It is located at the pole of the stalked compartment and at the site of cell division 
in the swarmer compartment. These findings suggest that FlbE and FlbD are activated 
in response to a morphological change in the cell resulting from cell division events. 

T h e  gener,~tion o i  asymmetry is a critical 
everit in the  iieveloplnental lrrograllls oi 
many organisnls, inch~cii~lg bacteria, yeast, 
anii ~ili~lticelll~lar org,inisms ( 1  ). Asymmet- 
rical cell divisicx~s call arise either as a 
consequence of e x t e r ~ ~ a l  i~l f lue~lces  011 the 
cell or as a result of intrinsic signals h i~i l t  
illto the  architecti~re oi tlie cell. A n  intrin- 
sically go\-erneii asymmetric cell d i v i s i o ~ ~  in 
the bacterillrn Ccti~lobcicter criisccntzts pro- 
duces two 1norplio1opically ciisti~ict prilgeny 
cells: a stalkeii cell and a motile ~ \ \~a rmer  
cell \\,it11 a single pol,~r flagellum (2) .  Sev- 
eral genes encoiling external f lagel l~r  com- 
pc>nents are prefere~i t i~~l ly  tra~iscrihecl in the 
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sivarmer comnartment of the late 13reciiv1- 
sional cell (3) .  Compartme~ltalixxl espres- 
sion of late flagellar genes is attributable to 
the  snrarmer pole-specific activation o i  the 
tr,~nscriptional regulator protein FlhD (4 ) .  
Activated FlbD also f ~ ~ n c t i o n s  as a 
s\v\;,lrmer pole-specific repressor of the ear- 
ly j7iF promoter (5,  6 ) .  FlhL3 is homolo- 
gous to  a large family of tn70-component 
response regulators (6), ~ n e ~ n h e r s  of n,hich 
are active  hen phosphoryl,~ted o n  a con- 
served ,Ispartate residue ( 7 ) .  T h e  activat- 
ing phospliate is typic,~lly ohtained from 
sensor liistiiii~le kin,rses that  are cavahle of 
uniiergoing autophospl~or).lation, often in  
responsc to a n  external en\-ironmental 
cue. O n c e  phi~spliorylated, histidine ki- 
llases serve as p l ~ o s ~ h o i i o n o r s  for their 
cognate response reg1llators. 

A potential ca~ldidate histidine ki~lase 
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