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Abstract--The role of excitatory amino acid metabotropic receptors in the regulation of excitability of 
sympathetic preganglionic neurons was investigated. This study used both conventional intracellular and 
whole-cell patch clamp techniques to record from sympathetic preganglionic neurons in transverse spinal 
cord slices of the rat (9 21 days old). 

The metabotropic receptor agonists (1 S,3 R)- 1-aminocyclopentane- 1,3-dicarboxylic acid (1S,3R-ACPD) 
(10-200/~M, superfused for 2q50 s) and quisqualate (1-50/t M, superfused for 2-60 s) induced concen- 
tration-dependent depolarizing responses which did not desensitize. These responses were unaffected by 
the glutamate ionotropic receptor antagonists 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, I0 50/~M), 
6,7-dinitroquinoxaline-2,3-dione (DNQX, 10 #M), dizocilpine (MK-801, 10-40/IM), 3-[(R)-2-carboxy- 
piperazin-4-yl]-propyl-l-phosphonic acid (D-CPP, 10-50 #M) and DL-2-amino-5-phosphonovaleric acid 
(DL-AP5, 20 100pM). Depolarizing responses to 1S,3R-ACPD and quisqualate were unaffected by 
L-2-amino-3-phosphonopropionic acid (L-AP3, 30 # M-I mM) and L-2-amino-4-phosphonobutanoic acid 
(L-AP4, 100 #M 1 mM)). The responses to IS,3R-ACPD and quisqualate were reduced by including the 
G-protein blocker GDP-fl-S (400/~M) in the patch pipette solution by 77 + 2% (mean + S.E) of control 
(n = 3), suggesting that these agonists activate a G-protein-coupled receptor. Metabotropic receptor- 
mediated responses were maintained in the presence of tetrodotoxin (500 nM), progressively reduced with 
increased membrane hyperpolarization to around - 9 5  mV and associated with either an increase of 
16.5 ± 2.8% (data from four neurons) in the majority of neurons (n = 22 of 34) or no measurable change 
(n = 12) in neuronal input resistance. These data suggest that the agonists exert a direct action on 
sympathetic preganglionic neurons involving a reduction in one or more membrane conductances. 
1S,3R-ACPD and quisqualate had several effects on sympathetic preganglionic neuron membrane 
properties including: inhibition of a slow apamin-insensitive component of the afterhyperpolarization; a 
reduction in spike frequency adaptation leading to increases in firing frequency from 6.4 + 2.8 Hz in 
control experiments up to 14.7 ___ 3.0 Hz (n = 6 neurons) in the presence of a metabotropic receptor 
agonist; a broadening of the action potential by 37.5 + 6.4% (n = 6 neurons) of control. These 
observations suggest that the metabotropic receptor-mediated depolarization is due, at least in part, to 
the reduction of potassium conductances involved in the spike afterhyperpolarisation potential. In 
quiescent sympathetic preganglionic neurons, 1S,3R-ACPD and quisqualate induced rhythmic oscillations 
in membrane potential. This effect could be irreversible with oscillations persisting for several hours 
post-induction. These oscillations could give rise to sustained, rhythmic activity characterized by burst 
firing or regular single spike discharge. The oscillations were similar to those observed by us to occur 
spontaneously in some sympathetic preganglionic neurons. The amplitude and frequency of oscillations 
varied considerably in the same neuron, due to different rhythms being superimposed on top of one 
another, and between different sympathetic preganglionic neurons. The mean peak amplitude and 
frequency of oscillations observed with patch electrodes at room temperature was 9.6 q-2.3 mV and 
0.31 _+ 0.05 Hz (data pooled from six sympathetic preganglionic neurons) respectively. These effects were 
not sensitive to ionotropic receptor antagonists and were not mimicked by the ionotropic receptor agonists 
AMPA or kainate, suggesting selective activation of metabotropic receptors is required to induce 
oscillatory activity in some previously silent sympathetic preganglionic neurons. As oscillations are 
thought to reflect electrotonic coupling between sympathetic preganglionic neurons these observations 
suggest metabotropic receptors may have an important role to play in synchronizing the electrical activity 
of groups of sympathetic preganglionic neurons. 

The results suggest that sympathetic preganglionic neurons possess functional metabotropic excitatory 
amino acids receptors whose activation increases the excitability of these neurons by reducing potassium 
conductances. In addition, activation of metabotropic receptors can lead to the induction of rhythmic 
oscillations in membrane potential and long-term changes in the excitability of these neurons. 

:~To whom correspondence should be addressed. 

1247 



1248 D. Spanswick et al. 

Sympathetic preganglionic neurons (SPN) are pri- 
marily located in the intermediolateral  cell column of  
the thoracolumbar  spinal cord. In receiving inputs 
from both supraspinal structures and from somatic 
and visceral afferents, SPN constitute an impor tant  
site for integration of  sympathetic activity and rep- 
resent the final pathway for passage of  sympathetic 
output  from the CNS to the periphery (for review 
see Ref. 4). 

Several recent investigations have implicated excit- 
atory amino acids (EAA) as putative neurotrans-  
mitters to SPN. t1'21'22 Both N-methyl-D-aspartate 

( N M D A )  and n o n - N M D A  (AMPA,  kainate) 
ionotropic subtypes of  EAA receptor have been 
suggested to be involved in synaptic transmission 
to SPN. 13'26'40"44 

In addit ion to ligand-gated ion channels, recent 
studies have shown EAA to activate a family of  
metabotropic  receptors linked to second messenger 
systems via G-proteins.  There are now at least seven 
known EAA metabotropic  receptors 24'29'36 which are 

linked to a variety of  second messenger systems such 
as phosphoinosi t ide  hydrolysis through stimulation 
of  phosphol ipase C or through the inhibition of  
c A M P  format ion (for review see Ref. 38). Studies in 
SPN have focussed on a presynaptic role for these 
receptors in synaptic transmission onto SPN. 5° We 
have utilized a spinal cord slice preparat ion to inves- 
tigate the role of  postsynaptic  metabotropic  recep- 
tors in the control  of  SPN excitability. Some of  the 
results presented here have been published in abstract  
form ,45,46 

EXPERIMENTAL PROCEDURES 

Sprague Dawley rats (9 22 days old) were used in this 
study. The procedures used to obtain transverse thora- 
columbar spinal cord slices were as previously described. 32,~3 
Briefly, animals were anaesthetized with ether or enflurane, 
the spinal cord removed and a section of thoracolumbar 
spinal cord cut into 350 500-/1m-thick slices with a Vibra- 
tome (Series 1000, Oxford Instruments). Slices were trans- 
ferred to a recording chamber and perfused with an artificial 
cerebrospinal fluid (ACSF) of the following composition 

Abbreviations: ACSF, artificial cerebrospinal fluid; AHP, 
afterhyperpolarisation potential; AMPA, (S)-e-amino- 
3-hydroxy-5-methyl-4-isoxazolepropionic acid; 1S,3R- 
ACPD, 1S,3R- l - aminocyclopentane- 1,3-dicarboxylic 
acid; L-AP4, L-2-amino-4-phosphonobutanoic acid; L- 
AP3, L-2-amino-3-phosphonopropionic acid; DL-APV, 
DL-2-amino-5-phosphonovaleric acid; CNQX, 6-cyano-7- 
nitroquinoxaline-2,3-dione; D-CPP, 3-[(R)-2-carboxy- 
piperazin-4-yl)]-propyl- 1-phosphonic acid; DNQX, 
6,7-dinitroquinoxaline-2,3-dione; EAA, excitatory amino 
acids; EGTA, ethyleneglycolbis-(fl-aminoethyl)-tetra- 
acetate; GDP-fl-S, Guanosine 5'-O-(2-thiodiphosphate) 
trilithium salt; HEPES, N-2-hydroxyethylpiperazine- 
N'-2-ethanesulphonic acid; MCPG,:~-methyl-4-carboxy- 
phenylglycine; mGluR, metabotropic glutamate receptor: 
MK-801, dizocilpine mateatc: NMDA, N-methyl-D- 
aspartate; QX-314, N-(2,6-dimethyl-phenylcarbamoyl- 
methyl)triethylammonium bromide; SPN, sympathetic 
preganglionic neuron; T T X ,  tetrodotoxin. 

(mM): NaCI 127, KC1 1.9, KH2PO 4 1.2, CaC12 2.4, MgC12 
1.3, NaHCO 3 26, D-glucose 10; gassed with 95% 02, 5% 
CO 2 pH 7.4. 

lntracellular recordings were obtained at 3 4 +0 .5 C  
from neurons located in the lateral horn with 3 M potassium 
acetate-filled glass microelectrodes with tip resistances 
ranging from 50 to 120 MfL Simultaneous measurement of 
membrane potential and intracellular current injection was 
achieved using a high impedance bridge amplifier (WPI SVC 
2000, or Axoclamp 2A). 

Whole-cell recordings were obtained at room tempera- 
ture in current clamp mode from lateral horn neurons using 
patch pipettes with tip resistances ranging from 3 7 MO. 
Pipettes were filled with the following solution (in mM): 
potassium gluconate 130, KC1 10, MgC12 2, CaC12 1, 
EGTA-Na 11, HEPES 10, Na2ATP 2; pH 7.4 with NaOH. 
Recordings were obtained with a patch-clamp amplifier 
(EPC-7, List Electronic, Germany). Both intracellular and 
whole-cell recordings were monitored on an oscilloscope 
(Gould 1602) and displayed on a pressure ink pen recorder 
(Gould RS3200 or 2400S) and were also stored on videotape 
for later analysis. With both recording techniques the input 
resistance of the neuron was monitored by injecting current 
pulses to generate small electrotonic potentials (typically 
less than 10 mV). These potentials were monitored to detect 
any changes in neuronal input resistance during the appli- 
cation of agonists. In addition, by the injection of constant 
currents through the recording electrode, it was possible to 
manipulate the membrane potential of the neuron. Neurons 
in the lateral horn were identified as SPN on the basis of 
criteria described in detail previously. ~1"43 

Drugs were dissolved in the ACSF at known concen- 
trations and applied to the slice by superfusion. The follow- 
ing agents were used: N-methyl-D-aspartate (NMDA), 
kainate, quisqualate, IS,3R-ACPD, (S)-alpha-amino-3- 
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), 
CNQX, DNQX, D-CPP, DL-APV, L-AP3, L-AP4 (Tocris 
Neuramin, Bristol, U.K.); L-glutamate, tetrodotoxin (TTX, 
Sigma, U.K.). MK-801 was a gift from Dr C. I. Regan 
(Merke, Sharp and Dohme, Terlings Park, U.K.). 
Guanosine 5'-O-(2-thiodiphosphate) trilithium salt (GDP- 
fl-S, Sigma) was added to the patch pipette solution at a 
final concentration of 400/~M. Similarly N-(2,6-dimethyl- 
phenylcarbamoylmethyl)triethylammonium bromide (QX- 
314, Research Biochemicals Inc. Semat, St Albans, U.K.), 
an internal sodium channel blocker used to prevent neur- 
onal firing in some experiments, was added to the pipette 
solution at a concentration of 2 4 mM. 

In order to prevent activation of ionotropic receptors by 
EAA agonists, mixtures of NMDA and non-NMDA recep- 
tor antagonists were used. These mixtures used the following 
antagonists at the concentrations shown in brackets: 
CNQX (10 50/~M), DNQX (10 50/~M). I)L-AP5 (20 
1001tM), D-CPP (10 50pM) and MK-801 (10 40#M). 
The agonists were applied as boluses for time periods of 
between 2 s and 3 rain from syringes arranged in series in the 
main flow line connected by three-way manually operated 
valves. The rate of superfusion of bathing medium was 
varied between 3 and 12ml/min 1. The concentrations 
indicated for agonists are the concentration at the time of 
release into the perfusion system and make no allowance for 
dilution before arrival in the bath. Agonists applied in this 
way could be washed in and out within 20 90 s, and subject 
to as much as a 100x dilution. This is not so with the 
antagonists which were released into the perfusion system 
for at least 10 min prior to agonist administration, to allow 
time for equilibration. Results unless otherwise stated are 
expressed as mean + S.E. 

RESUI,TS 

Intracellular and whole-cell recordings were ob- 
tained from 106 SPN. Neurons recorded with 
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convent iona l  intracel lular  microelectrodes (n = 55) 
had  mean  resting m e m b r a n e  potent ia l  and  input  
resistance of  - 5 9  + 4 m V  and  132 ___ 9 Mr2 (mean + 
S.E.) respectively. Neurons  recorded in the whole-cell 
conf igura t ion of  the pa tch-c lamp technique (n = 51) 
had  mean  resting m e m b r a n e  potent ia l  and  input  
resistance of  - 57 _ 1 mV and  992 + 57 Mr2 respect- 

ively. Of  the total  n u m b e r  of  neurons  the major i ty  
(54%) were quiescent in tha t  they did not  spon- 
taneously  discharge act ion potentials.  A fur ther  19% 
were spontaneous ly  active, firing act ion potent ia ls  
in response to on-going synaptic input.  The remain-  
ing 27% showed spon taneous  oscillatory activity as 
described by us previously?  2 

A control 

Kainate (10gM, 4s) 

B 
(i) 

+CNQX (20jaM) + MK-801 (20/aM) 

Kainate (10~JM, 4s) 

'"' li' J" 

AMPA (10pM, 4s) 

+ CNQX (201aM) + D-CPP (20~M) 

(ii) 

AMPA (10~M, 4s) 

• • / I  
Quis (10taM, 2s) Quis (10~IM, 2s) 

ACPD (2001aM, 4s) AC PD~'2001JM, 4s) 

Fig. 1. Effects of ionotropic antagonists on responses to ionotropic and metabotropic receptor agonists 
in SPN. Whole-cell current clamp recordings showing the effects of antagonists on responses to ionotropic 
and metabotropic receptor agonists. Arrowheads mark application of agonist. Concentration and 
duration of perfusion of ACSF containing agonist are given in brackets. A. Perfusion of the selective 
EAA receptor agonists kainate to one (i), and AMPA, quisqualate and IS,3R-ACPD to another SPN 
(ii) induced depolarizing responses. These responses were rapid in onset and gave rise to action potentials. 
B. Inclusion of a mixture of both NMDA receptor antagonists [MK-801 (i) or D-CPP (ii)] and 
non-NMDA receptor antagonists (CNQX) reduced the responses to both AMPA and kainate. However, 
the responses to quisqualate and 1S,3R-ACPD were relatively unaffected by the presence of both NMDA 

and non-NMDA ionotropic receptor antagonists. 
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Pharmacological evidence for metabotropic excitatory 
amino acids receptors on sympathetic preganglionic 
neuron 

The effects of  selective EAA receptor agonists 
and antagonists were tested on SPN to determine 
whether these neurons possess functional metabo- 
tropic receptors. Four  agonists were employed: the 
selective metabotropic  receptor agonist 1S,3R-ACPD 
and the mixed metabotropic/ ionotropic  agonist 
quisqualate, and for comparison the selective non- 
N M D A  ionotropic receptor agonists A M P A  and 
kainate. Perfusion of  IS ,3R-ACPD (10-200 kt M), 
and quisqualate (1-50/~M) induced an excitatory 
depolarizing response in all neurons tested (n = 36 
and 42 respectively). Similarly, the ionotropic recep- 
tor agonists A M P A  (n = 28) and kainate (n = 15) 
induced excitatory depolarizing responses in all neur- 
ons tested when perfused at concentrations ranging 
between 1 and 50 p M  (for 2-60 s). The response to 
all of  these agonists was concentrat ion-dependent 

and at the upper ranges of  the concentrations used 
often gave rise to action potential firing (Fig. 1). The 
response to IS ,3R-ACPD in particular was slower in 
onset than the responses to A M P A  and kainate and 
often took in excess of  40 s to peak. 

The effects of  selective EAA ionotropic receptor 
antagonists were tested on the depolarizing responses 
induced by both metabotropic and ionotropic 
EAA receptor agonists. Inclusion of  a combination 
of  both N M D A  [D-CPP (n = 24), DL-AP5 (n = 5) 
or MK-801 (n = 10)] and n o n - N M D A  [CNQX 
(n = 37) or D N Q X  (n = 2)] receptor antagonists in 
the A C S F  for 10 20 min reduced markedly the re- 
sponses to AMPA,  kainate (Fig. 1) and N M D A  
(not shown). However,  the excitatory depolarizing 
responses to 1S,3R-ACPD (n = 39) and quisqualate 
(n = 18) persisted (Fig. 1). The responses to 1S,3R- 
A C P D  and quisqualate in the presence of  ionotropic 
receptor antagonists were concentrat ion-dependent 
and could give rise to action potential discharge 

A 

ACPD (25~tM, 20s) 

ACPD (75~M, 20s) 

ACPD (125gM, 20s) 

B lll  Control ! 

• W 

ACPD (125pM, 2s) 

Quis (5FM, 2s) 

Quis (5FM, 4s) 

• 
Quis (5~M, 6s) 

Control 

Quis (10~tM, 2s) lon~ 

ACPD (125rtM, 2s) Quis (10~M, 2s) 

Fig. 2. 1S,3R-ACPD and quisqualate depolarize SPN. Whole-cell current clamp recordings showing 
the effects of IS,3R-ACPD and quisqualate. A. Perfusion of progressively higher concentrations 
of IS,3R-ACPD (25-125/~M, 20 s) and a range of bolus durations (2~  s) of 5/~M quisqualate induced 
concentration-dependent depolarizing responses in this neuron. The responses were relatively slow in 
onset taking 30-40 s to peak where threshold for action of potential discharge was reached. These 
responses were obtained in the presence of NMDA (D-CPP, 20/~M) and non-NMDA (CNQX, 20 #M) 
receptor antagonists to block responses to those EAA receptors. B. Same neuron as A showing the lack 
of effect of the putative selective metabotropic receptor antagonist L-AP3 on responses to 1S,3R-ACPD 
(125/iM) and quisqualate (10,uM). Both agonists evoked depolarizing responses in the presence of 
ionotropic receptor antagonists. Subsequent addition of L-AP3 (500/tM) in the ACSF, along with the 
ionotropic receptor antagonists, failed to have any effect on the depolarizing responses to 1S,3R-ACPD 

or quisqualate. 
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"(Fig. 2A). Metabotropic  receptor agonist-induced 
responses were also reproducible over several 
hours of  recording without any obvious rundown of  
effect. 

The effects of  some proposed selective metabo- 
tropic receptor antagonists were investigated on 
quisqualate and 1S,3R-ACPD-induced depolarizing 
responses. Selective n o n - N M D A  (CNQX) and 
N M D A  (DL-APV, D-CPP or MK-801) receptor an- 
tagonists were included in the bathing solution to 
eliminate the effects of  E A A  ionotropic receptors. 
L-AP3 (30 # M - 1  mM, n = 4), DL-AP3 (30--500/~M, 
n = 2 )  and L-AP4 ( 1 0 0 # M - l m M ,  n = 3) had no 
effect on IS ,3R-ACPD-  (n = 6 )  or  quisqualate- 
induced (n = 3) depolarizing responses (see Fig. 2B). 
In most cases it was observed that application of  
L-AP3 or L-AP4 alone at concentrations in excess of  

100#M depolarized SPN. The effects of  TTX 
(500 nM, Fig. 3) were investigated on tS,3R A C P D -  
and quisqualate-induced excitatory responses 
(n = 11). T T X  prevented spike firing during the 
metabotropic responses although the 1S,3R-ACPD 
(10-200 #M,  perfused for 2-60 s) and quisqualate- 
induced (1-10 # M ,  perfused for 2-60 s) depolarizing 
responses remained. 

Whole-cell current clamp recording techniques 
were employed to investigate the effects of  changes 
in membrane potential on metabotropic  receptor- 
mediated depolarizing responses in seven SPN. The 
membrane potential was changed to more hyper- 
polarized levels from rest by passing constant 
negative current down the electrode. IS ,3R-ACPD-  
induced responses were progressively decreased with 
increased membrane hyperpolarization (see Fig. 3). 

A 

B (500nM) 

-=°  liilllllliillllllilillllllllilnlllnllllU Illllil IIIIIiiiIIillllHml 

,8  llHIIIIIiilllllilllll lillilllU llllllinm 

-68 

"'  IIIIIIIIilmMiiHimliUilmWIHiiillUillllH 
• ]lornv ACPD (2001,M, 4s) 

20s 

Fig. 3. 1S,3R-ACPD acts directly on SPN and the depolarizing response is voltage-sensitive. Whole-cell 
current clamp records showing the effects of TTX and changes in membrane potential on 1S,3R-ACPD- 
induced responses. A. 1S,3R-ACPD (200 F M for 4 s at arrowheads) in the presence of ionotropic receptor 
antagonists (CNQX 20 #M and D-CPP 20 #M) induced a depolarizing response that gave rise to action 
potentials. B. The depolarizing response to 1S,3R-ACPD was maintained in the same cell in the presence 
of TTX (500 nM). The effects of changes in membrane potential were investigated on 1S,3R-ACPD- 
induced depolarizing responses. The membrane potential was manipulated to the potentials indicated by 
passing constant current through the electrode. The amplitude of the 1S,3R-ACPD-induced depolarizing 
response was progressively reduced with increased membrane hyperpolarization. Note that downward 
deflections of the record shown here, and other figures, represent electrotonic potentials evoked in response 

to hyperpolarizing rectangular-wave current pulses. 
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When  T T X  (500 nM)  was included in the ACSF,  to 
el iminate any indirect  effects of  this agonist  on neur-  
ons presynapt ic  to SPN, responses to 1S ,3R-ACPD 
(Fig. 3B) were again  progressively reduced at more  
negative potentials .  The response was abol ished but  
never  reversed by hyperpolar iza t ion  to potent ia ls  
as negative as - 1 3 0 i n V .  The mean  ext rapola ted  
reversal potent ia l  for 1S ,3R-ACPD-induced  depo- 
larizing responses was es t imated to be - 114 _+ 11 mV 
(n  = 7).  

To test whe ther  I S , 3 R - A C P D  act ivated a G- 
pro te in  coupled-receptor ,  the effect of  the G-pro te in  
l igand GDP-/~-S was invest igated on  1S,3R-ACPD- 
induced responses (n = 3). To achieve this, whole-cell 
recording techniques  were employed with 4 0 0 # M  
GDP-/~-S included in the pa tch  pipette solution. 
After  ob ta in ing  a whole-cell recording with GDP-f l -S  
in the pipette, the effects of  I S , 3 R - A C P D  on SPN 
were invest igated within the first 10min  of  obta in-  
ing a whole-cell recording and  then at subsequent  

10min  intervals. After  an  initial depolarizing re- 
sponse induced by IS ,3R-ACPD,  subsequent  appli- 
cat ion of  the same dose (10-200 # M )  perfused for the 
same period of  t ime produced progressively reduced 
responses to 1S ,3R-ACPD (Fig. 4A) such tha t  30 min 
after ob ta in ing  a whole-cell recording, the responses 
to 1S ,3R-ACPD were reduced by more  than  80% 
(n = 2, Fig. 4A), or completely abol ished (n = 1). 
Similar responses to 1S ,3R-ACPD over  the same 
t ime-course in the absence of  the G D P  analogue were 
main ta ined  and  showed no indicat ion of  r undown  
(n = 8 neurons) .  In compar ison ,  the effects of  this 
G-pro te in  blocker were also tested on  responses to 
the ionotropic  receptor agonist  A M P A  (1 1 0 # M ,  
perfused for 2 -60  s) repeatedly applied at  intervals 
similar to those for 1S,3R-ACPD. A M P A - i n d u c e d  
depolarizing responses were either unchanged  (n = 1) 
or enhanced  (n = 2 neurons)  after 30 min of  whole- 
cell recording with GDP-/3-S in the pipette solution 
(Fig. 4B). As GDP-/3-S is a t r i l i thium salt we tested 

2 ,F,~__._.~_~.~,~ 

4 

i1flIitFim11 ,wmm  mmmllam ,mllpl lw, ,,,,pmll  - -  

ACPD (100~tM) + GDP[3S (400iaM) 

A 

~ 5mV 

100ms 

J 20mV 

80s 

AMPA (10#M) + GDPIBS (400~M) 

__120mV 

80s 

Fig. 4. IS,3R-ACPD activates a G-protein-coupled receptor. Continuous whole-cell current clamp 
record showing the effects of including the G-protein blocker GDP-/Y-S (400 #M) in the patch-pipette 
solution on responses to (S,3R-ACPD and AMPA). A. 1S,3R-ACPD (100/iM for 60 s at arrowheads) 
induced a depolarizing response (in the presence of 25#M CNQX and 25/~M D-CPP) which was 
sufficient to reach threshold for action potential discharge. Subsequent applications of 1S,3R-ACPD at 
approximately I0 min intervals after the initial response were less effective at inducing a depolarizing 
response. After about 30 min the depolarization was reduced to less than 10% of the original control 
response. In addition 1S,3R-ACPD induced oscillations in membrane potential indicated in the inset on 
a faster time-base. In the presence of GDP-//-S (400/~ M) the ability of 1S,3R-ACPD to induce oscillations 
was also progressively reduced over time. B. For comparison, the effects of the selective ionotropic 
receptor agonist AMPA in the presence of GDP-//-S were tested on the same cell as A. AMPA (10 #M 
for 5 s at arrowheads) induced a depolarizing response and action potential discharge which was readily 
repeatable on subsequent applications even after over 45 min of whole-cell access. The second response 

to AMPA shown here was obtained approximately 10 min after the initial application. 
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the effects of  including 1.2 m M  l i thium in the pipet te  
solut ion as a control .  L i th ium had  no effect on  
1S ,3R-ACPD-induced  depolar izing responses 
(n = 3). 

Effects o f  metabotropic receptor activation on 
membrane conductances 

Perfusion of  1S ,3R-ACPD (10-200 /~ M) or 
quisquala te  (1 -20 /~M)  induced concent ra t ion-  
dependen t  depolar izing responses  which were associ- 
a ted with an increase in neurona l  input  resistance 

in 65% of  neurons  (n = 22 of  34). In the remain ing  
neurons,  there was no detectable change in input  
resistance associated with the me tabo t rop ic  receptor-  
media ted responses. The  effects of  these agonists  were 
reversible on  washout .  

We invest igated the effects of  me tabo t rop ic  recep- 
tor  agonists  on some active m e m b r a n e  propert ies  of  
SPN including the act ion potential ,  the af terhyperpo-  
lar izat ion and  on  the t rans ient  ou tward  rectifying 
conduc tance  (A-current) .  In the presence of  1S,3R- 
A C P D  (n = 4) or  quisquala te  (n = 9) the act ion 

A( 

con S  i 20mV 

4ms 

(ii) 

J \ .~~Control i 20mV 

1ms 

B 
C o n t r o l ~  

..... \ /  I ooms OmV 
Quis (21xM) 

Fig. 5. The effects of metabotropic receptor activation on SPN firing properties. A. In the presence 
of (i) quisqualate (10/~M) and (ii) 1S,3R-ACPD (100/~M) the action potential evoked in SPN was 
prolonged in duration. In (ii) the average of four evoked action potentials is shown. Note in both 
cases, ionotropic receptors were blocked by including (i) CNQX (40/~M) and MK-801 (40#M), and 
(ii) CNQX (40/aM) and D-CPP (40/~M) in the ACSF. B. Metabotropic receptor agonists had no effect 
on the transient outward rectification seen in SPN. Hyperpolarizing current pulses (--50 pA, 1.I s, not 
shown) were injected to generate electrotonic potentials, the transient rectification was seen as a delay 
in the return to rest at the termination of the pulse. Perfusion of quisqualate (2 #M) had no effect on 

this conductance. 
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potent ia l  was observed to be markedly  increased in 
du ra t ion  (Fig. 5A) by 37.5 + 6.4% of  cont ro l  (data  
t aken  f rom six neurons) .  The  AHP,  following bo th  a 
single or a t ra in  of  act ion-potent ia ls ,  was reduced in 
the presence of  1S ,3R-ACPD (n = 5) or quisqualate  
(n = 7) (Fig. 6A). The peak ampl i tude  of  the A H P  
was ei ther  not  significantly affected or enhanced.  
Both  1S ,3R-ACPD ( n - - 9 )  and  quisquala te  (n = 3) 
reduced spike frequency adap ta t ion  in all neurons  
tested. Spikes evoked in response to a supra threshold  
depolar izing current  pulse increased f rom 6.4 + 
2.8 Hz (data  f rom six neurons)  with a range of  0.7 to 
20 Hz in cont ro l  experiments  to 14.7 + 3.0 Hz, with a 
range of  7 to 30 Hz, in the presence of  a me tabo t rop ic  
receptor  agonist  (Fig. 6B). 

We also tested the effects of  I S , 3 R - A C P D  and 

quisquala te  on  the t ransient  ou tward  rectification 
observed in SPN, which is t hough t  to be involved in 
regulat ing SPN excitability. 3~ This rectifying conduc-  
tance was observed as a delayed recovery of  the 
m e m b r a n e  potent ia l  to rest at  the break  of electro- 
tonic potent ia ls  produced by hyperpolar iz ing current  
pulses (Fig. 5B). Nei ther  1S ,3R-ACPD (n = 4) nor  
quisquala te  (n = 6) had  any significant effect on  the 
t ransient  ou tward  rectification. 

1S,3R-ACPD- and quisqualate-induced oscillatory 
activity 

Approximate ly  27% of  all SPN displayed spon- 
taneous  rhythmic  activity character ized by burs t  
firing, a regular spike discharge activity (beating) or 
oscillatory activity. The c o m m o n  feature of  all of  

A. 

Quis 2~JM 

\ 
I 10mV 
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Fig. 6. Metabotropic receptor-mediated reduction in the slow AHP and spike-frequency adaptation. A1. 
Intracellular recordings showing quisqualate (2 #M) reduced the slow AHP evoked at the termination 
of a single action potential in SPN. Control represents the action potential evoked before and after 
(superimposed) addition of quisqualate. In the presence of quisqualate, the AHP was reduced. Each 
record is the average of four action potentials. Note the presence of ionotropic receptor antagonists 
(CNQX 20/tM and APV 50#M) throughout the experiment. A2. Same neuron as 1 showing 
quisqualate-induced reduction of the slow AHP observed to follow a train of action potentials. Three 
superimposed records are shown of the response of an SPN to depolarizing current pulses (100 pA, 
200 ms): One record represents control and two records illustrate the actions of quisqualate. Note 
that in addition to reducing the decay phase of the slow AHP, an increase in the peak amplitude of the 
early AHP was also observed. B. In the same neuron as A, an increase in the number of action potentials 
evoked in response to depolarizing current pulses and a reduction in spike-frequency adaptation was 
observed in the presence of quisqualate (2) compared to control (1). The effects of all of these 

substances were reversible on washout of the drugs. 
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these neurons is that membrane  potential oscillations 
underlie all of  these patterns of  activity. The oscil- 
lations characteristically show a fast depolarizing 
transient followed by a large hyperpolarization. This 
phenomenon has been described previously 42 and is 
due to electrotonic coupling between SPN, the oscil- 
lation in membrane  potential reflecting spike dis- 
charge in a neighbour~ng coupled cell.17 In some silent 
SPN, oscillations can also be induced in response to 
depolarizing current pulses, subthreshold for action 
potential  discharge (n = 4 of  9), or  when the sodium 
channel blocker QX-314 ( 2 - 4 m M )  was included in 
the patch pipette solution (n = 3 of  8) to block spike 
discharge in the recorded cell, suggesting a pro- 
port ion of  these silent SPN are also electrotonically 
coupled (unpublished observations). In many of  these 

previously quiescent SPN, oscillations were induced 
following the application of  E A A  receptor agonists. 
Comparisons of  the effects of  some selective E A A  
receptor agonists were performed to determine the 
nature of  the receptor mediating the induction of  
oscillatory activity (Fig. 7). To test whether mem- 
brane potential oscillations underlie the depolarizing 
responses to E A A  receptor agonists, the membrane 
potential was manipulated from the peak of  the 
depolarizing response to at least subthreshold for 
firing by passage of  constant negative current down 
the electrode. Perfusion of  1S,3R-ACPD and 
quisqualate induced oscillations in membrane poten- 
tial (n = 2 3  of  33, and 8 of  15, respectively) in 
addition to inducing concentrat ion-dependent 
depolarizing responses (Fig. 7). The induction of  
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Fig. 7. Metabotropic receptor-mediated induction of oscillations in membrane potential. A. Perfusion of 
the EAA receptor agonists AMPA (10 #M for 2 s) and quisqualate (10/aM for 2 s) to the same SPN 
induced depolarizing responses which reached threshold for firing. B. Subsequent inclusion of the 
ionotropic receptor antagonists CNQX (20 p M) and MK-801 (20 # M) reduced the depolarizing response 
to AMPA. However the response to quisqualate persisted and was characterized by depolarization and 
increased firing rate followed by a silent period and oscillations in membrane potential (indicated by the 
arrow). C. The oscillations in membrane potential seen in response to quisqualate (B) are shown on a 
faster time base here (i) These are characterized by a fast depolarizing phase followed by a slower 
hyperpolarization. Spontaneous oscillations from a different SPN are shown below (ii) to emphasize the 
similarity between spontaneous and agonist-evoked oscillations. D. Induction of oscillations requires 
selective activation of metabotropic receptors. (i) Whole-cell recordings from an SPN showing the 
ionotropic receptor agonist AMPA induced a depolarizing response and action potential discharge. 
Hyperpolarization of the neuron at the peak of the response by injection of constant, negative current 
revealed no underlying oscillations, shown below on a faster time-base in this and corresponding figures. 
Lower traces throughout this figure are shown in brackets to indicate the approximate positions where 
the upper traces were sampled for display on a faster time-base. (ii) Same neuron as A showing the mixed 
iono/metabotropic receptor agonist quisqualate, induced a depolarizing response and small underlying 
oscillations, revealed by membrane hyperpolarization. (iii) Following blockade of ionotropic receptors 
with the antagonists CNQX and MK-801, quisqualate induced an excitatory response and membrane 

potential oscillations. 
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oscillations was concentrat ion-dependent in that the 
number and frequency of  oscillations increased with 
progressively higher concentration or time of  ex- 
posure to the agonist. The patterns of  oscillations 
observed in the presence of  these agonists were often 
complex with smaller, faster oscillations being super- 
imposed on larger amplitude slower oscillations. This 
complexity is also a feature of  spontaneously occur- 
ring oscillations. The amplitude of  oscillations in- 
duced by metabotropic  receptor agonists recorded 
with patch electrodes, measured from the peak of  the 
depolarizing transient to the peak of  the hyperpolar- 
ization, was 9.6 4-_ 2.3 mV (data from nine neurons). 
The frequency of  these oscillations was 0.31 4- 
0.05 Hz. These values are given for the largest and, as 
a general rule, slowest rhythm observed. In the same 
neurons, faster and smaller oscillations were often 
observed, the occurrence of  these oscillations being 
regulated by the larger oscillation (data not shown). 
The depolarizing responses to quisqualate in the 
absence of  ionotropic receptor antagonists, did not 
always display underlying oscillations. However,  on 

inclusion of  ionotropic receptor antagonists in the 
ACSF,  quisqualate induced oscillations in all neurons 
included in this study. In 38% (n = 18 of  48) of 
neurons in which IS ,3R-ACPD or quisqualate in- 
duced oscillations, those oscillations persisted for up 
to at least 40 min post-induction and in seven neurons 
was not reversed in the time-course of  the exper- 
iments (up to 7 h). Inclusion of  GDP-/:t-S (400/~M, 
n = 3) in the patch-pipette solution induced a pro- 
gressive reduction and eventually a complete block of  
the oscillations induced by 1S,3R-ACPD (see Fig. 4). 
Perfusion of  the n o n - N M D A  ionotropic receptor 
agonists A M P A  (n = 14) or kainate (n = 3) induced 
in only five and one neurons respectively oscillations 
in membrane potential. In the remaining neurons 
in which these ionotropic receptor agonists failed 
to induce oscillations, either or both quisqualate 
and 1S,3R-ACPD did induce oscillations (Fig. 8). 
As these oscillations are thought to reflect electro- 
tonic coupling between SPN, the oscillation repre- 
senting spike discharge in a neighbouring neuron, 
we investigated the possibility that metabotropic 
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Fig. 8. Oscillations can be driven in silent SPN in response to injected depolarizing pulses in the presence 
of metabotropic receptor agonists. A. Intracellular recordings showing injection of depolarizing and 
hyperpolarizing rectangular-wave current pulses ( -700  to +400pA, 1 s) revealed no oscillations in 
membrane potential in this SPN in the absence of a metabotropic receptor agonist [control, (i)]. However, 
in the presence of 1S,3R-ACPD, oscillations (arrowed) were induced in response to depolarizing current 
pulses which were subthreshold for action-potential discharge (ii). This response was also associated 
with an increase in neuronal input resistance. B. Comparison of the voltage responses to identical current 
pulses (200 pA, 1 s) in the absence (control) and presence of 1S,3R-ACPD showing that in the presence 
of this agonist oscillations in membrane potential were induced in response to the depolarizing current 
pulse. C. Four superimposed records of the voltage-response to progressively longer duration current 
pulses of constant amplitude (300 pA). Oscillations induced at the peak of the voltage response, in the 

presence of IS,3R-ACPD, showed a constant latency, rise-time and no failures. 



mGluR excitation of SPN 1257 

receptor activation modulates coupling. To do this 
we attempted to induce oscillations in silent SPN by 
injecting depolarizing current pulses in the presence 
and absence of metabotropic receptor agonists. The 
presence of an oscillation was taken to indicate that 
neighbouring SPN had been driven to fire in re- 
sponse to current injection in the recorded neuron, 
and that coupling was established. In these exper- 
iments neurons were either held at hyperpolarized 
potentials ( - 7 0  to - 9 0 m V ,  n = 3 )  or QX-314- 
loaded (2-4 mM, n = 5) to prevent the cell impaled 
or patch-clamped from discharging action potentials. 
In four of these neurons, oscillations were induced in 
the absence of any agonist. In the remaining neurons 
no oscillations were apparent under control con- 
ditions but could be induced following perfusion of 
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1 
-66mV 

. 7 2 m V ~  

04mV   10mV 
• 20s 
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Fig. 9. Whole-cell recordings from SPN showing the 
effects of changes in membrane potential on metabo- 
tropic receptor agonist-induced oscillations. Perfusion of 
quisqualate induced an excitatory depolarizing response 
and oscillations in membrane potential. The membrane 
potential was manipulated to the levels indicated on the 
figure by passage of constant negative current down the 
electrode. Subsequent applications of the agonists at 
the membrane potentials indicated, induced a depolarizing 
response and oscillations which persisted even at potentials 

as negative as -95 inV. 

1S,3R-ACPD (50-200 /~ M, 10-60 s) (Fig. 8A, B). 
The oscillations were evoked at the peak of depolar- 
izing current pulses of identical magnitude to those 
which failed to induce oscillations in the absence of 
metabotropic agonists (Fig. 8B). These oscillations 
when evoked at the peak of the depolarizing current 
pulse showed a constant threshold, latency to onset 
and no failures (Fig. 8C). 

To further investigate whether the metabotropic 
receptor agonist-induced oscillations were the same 
as those observed to occur spontaneously in SPN, 
we tested the effects of changes in membrane poten- 
tial on the agonist-induced oscillations. Spontaneous 
oscillations have previously been demonstrated to 
occur at recorded membrane potentials as negative as 
-140mV.  42 The membrane potential of SPN was 
manipulated to progressively more negative levels 
(between - 50 and - 110 mV) from rest by passage of 
constant negative current down the electrode. 1S,3R- 
ACPD (n = 4) and quisqualate (n = 3)-induced de- 
polarizing responses and the associated induction of 
oscillations persisted in five SPN even at potentials 
as negative as - l l 0  mV (Fig. 9). In two neurons 
oscillations were blocked at potentials indicated 
around - 9 0  mV. 

DISCUSSION 

In this investigation we have utilized both conven- 
tional intracellular and whole-cell recording tech- 
niques to investigate the actions of metabotropic 
EAA receptor agonists on SPN. It has previously 
been demonstrated that SPN possess both func- 
tional NMDA and non-NMDA (AMPA/kainate) 
ionotropic subtypes of EAA receptor 13'2°'26'43 both of 
which are thought to be involved in fast synaptic 
transmission in these neurons. 13,26,4°'44 A recent study 
has shown that excitatory synaptic transmission onto 
SPN is depressed via activation of a presynaptic 
EAA metabotropic receptor. 5° However, none of 
these studies have previously demonstrated a role 
for postsynaptic metabotropic EAA receptor on 
SPN. 

Here we show that activation of a 1S,3R-ACPD 
and quisqualate-sensitive receptor produces an exci- 
tation of SPN. At least seven metabotropic receptors 
have been cloned and these fall into three groups 
depending on whether they are coupled to phos- 
phatidylinositol turnover or to inhibition of cAMP 
production and also their agonist profile. 2a'29'36 It is 
worth noting that in our study quisqualate was 
approximately tenfold more potent than IS,3R- 
ACPD and that L-AP4 was ineffective. This suggests 
that on SPN the metabotropic receptor is coupled to 
phosphatidylinositol turnover and is likely to be of 
the mGluRl  or mGluR5 type. The pharmacological 
profile of the receptor described here is similar to that 
observed in other central neurons. 6,25'3°'4j The presyn- 
aptic inhibition of excitatory postsynaptic potentials 
in SPN showed IS,3R-ACPD and L-AP4 to be 
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effective agonists. 5° This perhaps indicates that these 
presynaptic metabotropic receptors are of a different 
type to those found postsynaptically on SPN as 
cloning studies have indicated that L-AP4 is only 
effective as an agonist at mGluR4 or mGluR7 which 
is coupled to inhibition of adenylate cyclase. 24'29 

Antagonists of the ionotropic EAA receptors have 
failed to block responses mediated by metabotropic 
receptors in both biochemical 18'25'4~ and electro- 
physiological studies. 23'47'49'52 Consistent with this we 
have failed to block responses to both 1S,3R-ACPD 
and quisqualate with combinations of large doses of 
NMDA and non-NMDA ionotropic receptor antag- 
onists. It was noted that responses to the mixed 
agonist quisqualate were often changed in character 
in the presence of the antagonist mixtures becoming 
slower in onset and more prolonged as might be 
expected if the non-NMDA ionotropic component of 
the response was blocked. 

Several studies have indicated that L-AP3 and 
L-AP4 may be antagonists of the metabotropic EAA 
receptors. 14'39 However, there appears to be consider- 
able variation in the efficacy of these antagonists in 
different preparations. Of particular relevance is the 
fact that I.-AP4 is less effective in antagonizing 
metabotropic receptor activated increases in phos- 
phatidylinositol hydrolysis in immature prep- 
arations. 38 In studies carried out here in young rat 
spinal cord slices, L-AP3 and L-AP4 at concentrations 
up to 500pM failed to angatonize IS,3R-ACPD- or 
quisqualate-induced responses. Perfusion of these an- 
tagonists at concentrations in excess of 100 #M pro- 
duced prolonged slow depolarizations. This failure of 
L-AP3 and L-AP4 to block depolarizing responses 
induced by metabotropic agonists is similar to that 
described in other preparations. 7 Furthermore, recent 
studies by us suggest that e-methyl-4-carboxyphenyl- 
glycine (MCPG) may be an effective antagonist at 
postsynaptic metabotropic receptors on SPN. 28 

The inclusion of GDP-fl-S in the patch pipette 
solution has been shown to reduce responses to 
IS,3R-ACPD. 19 We have reproduced this result here 
which is consistent with the idea that SPN have a 
G-protein coupled metabotropic receptor. The de- 
polarizing responses to metabotropic receptor ago- 
nists were maintained in the presence of TTX, 
suggesting a direct postsynaptic site of action. The 
depolarization was primarily associated with an in- 
crease in neuronal input resistance indicating the 
closure of a membrane conductance. Several obser- 
vations support the conclusion that this may be a 
potassium conductance. Firstly, the depolarizing 
responses to metabotropic receptor agonists were 
progressively reduced with increased membrane 
hyperpolarization. However, the response was never 
reversed in polarity even following hyperpolarization 
to potentials of -130 inV.  The extrapolated mean 
reversal potential for these responses was estimated 
to be - l l 4 m V .  We have previously observed a 
similar lack of reversal for both 5-hydroxytrypta- 

mine233 and ~l-adrenoceptor-mediated (unpublished 
observations) responses in SPNs. Both of these 
responses are mediated through G-protein-coupled 
receptors whose activation closes membrane conduc- 
tances. One possible explanation for the lack of 
reversal is that the conductance regulated by metabo- 
tropic receptors is inactivated by membrane hyper- 
polarization. In this study we have shown 
that 1S,3R-ACPD reduces Ca2+-activated K ÷ con- 
ductances that are unlikely to be active at hyper- 
polarized potentials as there would be little 
transmembrane calcium flux through voltage gated 
Ca 2+ channels. 

That a reduction in potassium conductance 
underlies these responses is supported by the obser- 
vation that the AHP which follows one or more 
action potentials in these neurons, is reduced follow- 
ing activation of metabotropic receptors. At least 
two types of slow AHP are observed in SPN, both 
being mediated by Ca2+-activated K ÷ conductances. 
They are distinguishable on the basis that one is 
prolonged, lasting seconds and shows a long latency 
to onset of tens of milliseconds, 43"5t a similar conduc- 
tance being observed in myenteric neurons. 27 The 
other is shorter, lasting hundreds of milliseconds and 
has a shorter latency to onset. In addition, these 
AHPs show a differential sensitivity to the potassium 
channel blockers tetraethylammonium and apamin, 
the prolonged slow AHP being less sensitive to both 
of these substances (unpublished observations). 

Metabotropic receptor agonists reduced the 
apamin-insensitive Ca2+-activated K + conductance 
leading to a reduction in spike frequency adaptation. 
The response appears to target specifically the Ca 2+- 
activated K + conductance, as metabotropic receptor 
activation had no effect on the prominent transient 
rectifying conductance observed in SPN, 31 also seen 
in rat vagal neurons, 34 which is thought to have a role 
in regulating neuronal firing frequency. A similar 
modulation of potassium channels following metabo- 
tropic receptors activation has been reported for 
other central neurons. 2'3'6'7 

In addition to the reduction in the AHP, a broad- 
ening of the action potential was observed in response 
to metabotropic receptor activation. A similar effect 
has been observed in hippocampal neurons. 12 This 
may be due to a reduction in a potassium conduc- 
tance similar to the delayed rectifier responsible for 
spike repolarization, or a CaZ+-activated K + conduc- 
tance involved in spike repolarization. A third possi- 
bility could be that calcium conductances which, in 
part, mediate the action potential seen in SPN 5~ are 
enhanced as a result of metabotropic receptor acti- 
vation. This latter point is unlikely in view of the fact 
that these receptors are thought to mediate a re- 
duction in calcium conductance. 16,35'37,48 At present 
the precise mechanism underlying this enhancement 
of the action potential is unknown. 

We have described how quiescent SPN can 
be induced to oscillate following activation of 
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metabotropic receptors. The oscillations can persist 
for several hours after washing out the agonist. The 
oscillations observed in the presence of EAA metabo- 
tropic receptor agonists are indistinguishable from 
those seen to occur spontaneously in about 25% of 
SPN 42 and also from those induced by other agonists 
acting at 5-hydroxytryptamine 2 receptors, 33 and cq- 
adrenoceptors (unpublished observations). We have 
shown this oscillatory activity to reflect firing in 
neighbouring SPN, the neurons being electrically 
coupled via gap junctions, with the gap junctions 
acting as low-pass filters. ~7 

It is interesting that in SPN, activation of metabo- 
tropic receptors can result in synchronized sub- 
threshold and threshold activity and hence these 
receptors may be important in the switching of SPN 
from a quiescent, to a spontaneous, rhythmically-ac- 
tive synchronized population of neurons, One poss- 
ible mechanism for this could be that activation of 
metabotropic receptors results in a modulation of 
gap junctions, i.e. shifting of the gap junction from a 
relatively closed state to an open state. This sugges- 
tion is supported by the fact that in some SPN which 
were previously quiescent, depolarizing pulses in- 
jected down the electrode induced oscillations in 
membrane potential in the presence of a metabo- 
tropic receptor agonist, i.e. neighbouring SPN were 
driven to discharge action potentials. This occurred 
in SPN which under control conditions showed no 
such oscillations although in some silent SPN oscil- 
lations were evoked in response to depolarizing cur- 
rent pulses. We take this data to indicate that 
metabotropic receptor activation resulted in en- 
hanced electrotonic coupling in some SPN, and that 
this in turn could lead to prolonged synchronized 
rhythmic activity. This coupling between SPN was 
electrotonically tight as oscillations driven with intra- 
cellular depolarizing current injection showed rela- 
tively constant latencies and no failures. A similar 
mechanism has been shown to operate in the retina 
where application of dopamine regulates the gap 
junctional coupling between horizontal cells. ~° It 
should be pointed out here that in some silent SPN 
oscillations could be induced in the presence of an 
ionotropic receptor agonist, and in response to de- 
polarizing current injection suggesting these neurons 
are already tightly coupled. Nevertheless the fact that 
selective activation of metabotropic receptors can 
lead to prolonged rhythmic activity in SPN suggests 
these receptors may have an important role in syn- 
chronizing these neurons and modulating coupling. 
The physiological relevance and importance of these 
observations is obvious when the way SPN innervate 
their target ganglia is taken into consideration. SPN 

are known to make numerous weak contacts with 
their target ganglia such that several SPN acting in 
synchrony are thought to be required to drive the 
postsynaptic neuron. An alternative explanation for 
these observations is that the increased input resist- 
ance associated with closure of potassium channels 
following metabotropic EAA receptor activation 
may enhance current flow between cells via the gap 
junctions as an indirect consequence of limiting 
"shunting". Nevertheless, even if this were the case 
enhanced electrical transmission between SPN would 
be the result. 

CONCLUSION 

One final point in relation to the induction of 
oscillations in SPN by metabotropic agonists relates 
to the ability of metabotropic receptors to mobilize 
intracellular calcium via phosphatidylinositol hy- 
drolysis. 9 In glial cells, activation of metabotropic 
receptors, results in oscillations in internal 
calcium. ~'~5 Calcium waves are propagated into adja- 
cent cells by generation of second messengers, per- 
haps calcium itself, which pass through the gap 
junctions. A similar mechanism may propagate cal- 
cium waves through a population of coupled SPN, 
culminating in the synchronization of activity. To 
date, few clear physiological roles for metabotropic 
receptors have been demonstrated, This has stemmed 
largely from the absence of a selective metabotropic 
receptor antagonist. This situation has changed re- 
cently with the description of MCPG 8 a selective 
metabotropic receptor antagonist. Using this antag- 
onist it has recently been shown that metabotropic 
receptors may have an important role in synaptic 
plasticity in the hippocampus ~ and our preliminary 
data indicate that MCPG can antagonize 1S,3R- 
ACPD-induced depolarizations in SPN. 28 Obviously 
further studies are needed with such antagonists to 
uncover and define the role of metabotropic receptors 
on SPN. However, we have shown that activation 
of these receptors evokes a powerful excitation of 
SPN that is mediated through a G-protein-linked 
closure of potassium conductances. In addition the 
ability of SPN to discharge in a sustained syn- 
chronous rhythmic fashion following metabotropic 
activation suggests that these receptors may have an 
important role in the .generation of the sympathetic 
tone. 
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