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Abstract-Intracellular
and whole-cell patch-clamp recordings were obtained from sympathetic preganglionic neurons in rat spinal cord slices. Perfusion of selective ionotropic and metabotropic excitatory
amino acid agonists induced depolarizing responses in all neurons. In approximately 20% of neurons the
application of these agonists also evoked inhibitory postsynaptic potentials. The application of the
ionotropic receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione
(540 PM) blocked the inhibitory
postsynaptic potential discharges induced by (S)- a -amino-3-hydroxy-5-methyl-4Gsoxazolepropionic
acid
(0.5-50 FM) and A’-methyl-u-aspartate
(0.5-50 PM), but failed to block the inhibitory postsynaptic
potentials induced by quisqualate (0.5-50 PM) and (lS,3R)-1-aminocyclopentane-1,3-dicarboxylic
acid
(l&200 PM).
Similar inhibitory postsynaptic potentials were seen to occur spontaneously or could be evoked by
electrical stimulation of the dorsal horn. The application of tetrodotoxin blocked the spontaneous and
evoked inhibitory postsynaptic potential, indicating that they result from activity-dependent release of
neurotransmitter. Strychnine antagonized all inhibitory postsynaptic potentials suggesting that they were
mediated via glycine receptors. The reversal potential of the inhibitory postsynaptic potentials was
- 65 mV for intracellular and -55 mV for whole-cell recordings. This latter value is close to the reversal
potential for chloride, suggestmg that the inhibitory postsynaptic potentials were mediated by a chloride
conductance.
Perfusion of glycine (0.1&l mM) induced inhibitory hyperpolarizing responses in the majority of
neurons. This hyperpolarizing response was associated with a reduction in neuronal input resistance,
persisted in the presence of tetrodotoxin, was blocked by strychnine and reversed at - 55 mV. In some
neurons, glycine induced a membrane depolarization and increased the rate of spontaneous action
potential firing. This excitatory effect of glycine was blocked by tetrodotoxin, showed voltage dependency
and was less sensitive to strychnine than the glycine-induced inhibitory response.
We conclude from these data that spinal interneurons which synapse with sympathetic preganglionic
neurons can be activated through multiple subtypes of excitatory amino acid receptor, including both
ionotropic and metabotropic receptors. These interneurons release glycine to evoke inhibitory postsynaptic potentials which are mediated via a strychnine-sensitive glycine receptor coupled to a chloride
conductance.

Previous studies have provided evidence to support
glycine as an inhibitory neurotransmitter substance
on sympathetic preganglionic neurons (SPNs). Glytine-containing
neurons and terminals have been
shown to be present throughout the spinal cord,
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particularly in the ventral horn.2.“,‘9 Neurochemical
studies have shown that the intermediate gray region,
including much of the SPN neuropil, contains high
concentrations of glycine, similar to the ventral horn
and higher than in the dorsal horn.j5 Strychnine
binding is high in dorsal lamina VII (including the
SPN neuropil) compared with other spinal regions.2’
Recent light microscopy studies have shown glycinelike immunoreactive inputs to SPNs.’
Ionophoretic studies in vivo have demonstrated
glycine to evoke a strychnine-sensitive inhibition of
SPNs3 More recent in vitro studies have shown
glycine-induced inhibitionI and inhibitory postsynaptic potentials (IPSPs)“*‘* which are both strychnine-sensitive. Further preliminary reports have
indicated that strychnine-sensitive IPSPs can be induced in SPNs by the application of excitatory amino
acid (EAA) receptor agonists.‘0~21These data suggest
that inhibitory interneurons may be activated by
EEAs such as glutamate. We have utilized the in vitro
spinal cord slice preparation from neonate rat to
investigate the role of glycine as putative neurotrans-
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mitter on SPNs, and attempted to determine the
subtypes of EAA receptor which are involved in
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valeric acid (IJL-APV) (all from Tocris
Ncuramin).
L-Glutamate, tetrodotoxin (TTX), glycine. strychnine hydrochloride, bicuculline and picrotoxin were from Sigma. The
selective NMD.4 receptor antagonist
MKXOl was a gift
from Dr C. I. Regan (Merck Sharp & Dohme Laboratories,
U.K.).

EXPERIMENTAL PROCEDURES

Experiments
were carried out on transverse slices of
thoracolumbar
spinal cord using methods described in detail
previously.‘“~“.” Briefly, Sprague-Dawley
rats (nine to 22
days old), Biomedical Services Unit, University of Birmingham, were anaesthetized with ether or enflurane. The spinal
cord was excised and a thoracolumbar
segment cut into
slices (350-500pm)
using a Vibratome
(Oxford Instruments). Slices were transferred to a recording chamber and
perfused with a bathing medium of the following composition (mM): NaCl 127, KC1 1.9, KH,PO,
1.2, CaCl, 2.4,
MgClz 1.3, NaHCO, 26, Glucose 10; equilibrated with 95%
02, 5% CO, Drugs were dissolved in bathing medium and
perfused to the slice at known concentrations.
Antagonists
were applied for at least 10 min to ensure equilibration in the
recording chamber. Agonists were applied by superfusion
of a known concentration
for a short time period indicated
in the figures. Intracellular
recordings
were made at
35 + 0.5”C. whereas whole-cell recordings were performed
at room temperature.

Intracellular
recordings
were obtained
from neurons
located in the lateral horn with 3 M potassium acetate-filled
microelectrodes of resistance 60-120 MR. A high impedance
bridge amplifier (WPI SVC2000) was employed to enable
simultaneous measurement of membrane potential and intracellular current injection. The membrane potential of the
neurons was altered by the injection of constant current
through the recording electrode. The input resistance of the
neurons was estimated by passing small hyperpolarizing
current pulses, The noise levels with intracellular electrodes
prevented the accurate analysis of IPSPs with amplitudes of
less than 0.5 mV.
Whole-cell recordings were obtained from neurons in the
lateral horn using patch pipettes of resistance 3-7 MD.
Pipettes were filled with the following solution (mM):
potassium
gluconate
130, KC1 IO, MgCl, 2, CaClz 1,
EGTA-Na 11, HEPES 10, Na,ATP 2, Lucifer Yellow 2; pH
7.4 with NaOH. Using this patch-pipette solution the reversal potential for chloride predicted from the Nernst equation
was - 54 mV. Recordings were made using a patch-clamp
amplifier (EPC-7, List Electronic) which also allowed current injection via the recording electrode.
The slices were electrically stimulated
with a bipolar
concentric
electrode (Clarke Electromedical)
at stimulus
intensities of between 1 and I2 V. Synaptic potentials were
elicited by stimulation of the dorsal horn or lateral funiculus
and antidromic spikes were evoked by stimulation of the
ventral root. Neurons were identified in intracellular recordings by the appearance
of the antidromic spike following
ventral root stimulation. The inclusion of Lucifer Yellow in
the patch solution during whole-cell recordings allowed the
neurons to be morphologically
identified after recording (see
Refs 16 and 17).
Materials
The following agents were used: the ionotropic receptor
agonists N-methyl-o-aspartate
(NMDA), kainate, (S)-aamino-3-hydroxy-5-methyl-4-isoxazole
propionic
acid
(AMPA), metabotropic
agonist (lS,3R)-l-aminocyclopentane- 1,3-dicarboxylic
acid [( lS,3R ) tram-ACPD],
mixed
ionotropic/metabotropic
receptor
agonist
quisqualate,
ionotropic receptor antagonists 6-cyano-7-nitroquinoxaline2,3-dione (CNQX), 3-[(R)-2-carboxypiperazin-4-yll-propyl1-phosphonic acid (D-CPP) and or-2-amino-5-phosphono-

RESULTS
Recordings
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from
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cellular electrodes and 40 SPNs with patch electrodes.
Neurons recorded intracellularly had mean resting
membrane potential, input resistance and time constantof
-6lJr7mV.
118f26MQand23fl3ms,
respectively (all results expressed as mean & S.D.).
The same parameters with whole-cell recording were
-57+8mV,
992+565MR
and llO+79ms,
respectively.
E.xcitatory amino acid receptor
tory postsynaptic

agonist-evoked

inhibi-

potentials

The effects of selective EAA receptor agonists were
tested on SPNs. Both the non-NMDA receptor agonists
AMPA
(n = 25). kainate
(n = 15) and
quisqualate
(n = 40) and the selective agonist
NMDA (n = 18) induced concentration-dependent
(0.5-50 p M) depolarizing
responses (Fig. 1A). In
addition
to the depolarizing
responses,
AMPA
(n = 4) kainate (n = 5) quisqualate
(n = 7) and
NMDA (n = 4) induced IPSPs (Fig. IB) similar to
those observed to occur spontaneously
in SPNs
(n = 12).
The actions of selective ionotropic receptor antagonists were tested on EAA receptor agonist induced
responses.
The non-NMDA
receptor
antagonist
CNQX (5540~M) reversibly blocked both the depolarizing response and IPSP discharge induced by
AMPA (M = 4; data not shown), but failed to block
the induction of IPSPs by quisqualate (Fig. IA). In
addition, the responses induced by NMDA were
completely
and reversibly
blocked
by CNQX
of strychnine
(540 /J M, n = 4). The inclusion
(l-2 p M) in the bathing medium caused an enhancement of NMDA-mediated
depolarizing responses in
three of five neurons tested (unpublished
observations).
The effects of the selective metabotropic
EAA
receptor agonist (1 S,3R )trans-ACPD was also investigated. (lS,3R )trans-ACPD
(lo-200 p M) induced
concentration-dependent
depolarizations
in all neurons tested (n = 24) and in four neurons induced the
discharge of IPSPs (Fig. 2.). The (lS,3R)transACPD induced depolarizing response and IPSPs were
maintained in the presence of CNQX (Fig. 2). This
response was also unaffected by a cocktail of both
non-NMDA
(CNQX)
and
NMDA
(D-CPP,
1040pM,
n = 10; DL-APV, 50-lOOpM,
n = 5; or
MK-801, lo-40 PM, n = 5 ionotropic receptor antagonists (Fig. 2), whereas responses to NMDA and
AMPA were blocked.
The IPSPs evoked in the presence of EAA receptor
agonists had mean peak amplitude and duration of
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Fig. 1. Intracellular recordings of EAA agonist-induced depolarizing responses and IPSPs. (A 1) Perfusion
of AMPA (1 #M) for 30 s induced a small depolarization and the discharge of IPSPs (see B1). Note the
large downward deflections on these recordings represent hyperpolarizing responses to injected current
pulses used to monitor the input resistance. The arrows in A1-A4 point to the increase in the baseline
noise, which was due to IPSP discharge. The arrows also indicate the approximate point at which the
response was sampled to display the IPSPs on a faster time base shown in B. (A2) Quisqualate (10/~M)
perfused on a different neuron for 30 s induced a depolarizing response and the discharge of IPSPs (B2).
This concentration of quisqualate was sufficient to produce action potential firing (spike amplitude was
truncated by the pen recorder). (A3) In the presence of CNQX (5#M), the quisqualate-induced
depolarization was blocked and a hyperpolarizing response uncovered. The quisqnalate-induced IPSPs
persisted in the presence of CNQX. (A4) In the same neuron as A2 and A3 above, perfnsion of NMDA
(10 ~tM) for 30 s also induced a depolarizing response and the discharge of IPSPs. (A5) Both the
depolarizing response and the IPSPs induced by NMDA were blocked by superfnsing CNQX (5/~M) for
15 min. The effects of CNQX on both NMDA- and quisqualate-induced responses were reversible
following washout of the drug for 30 60 min. (B) EAA agonist-evoked IPSPs shown on an expanded time
scale. (C) The effects of changes in membrane potential on EAA agonist-evoked IPSPs (quisqualate,
30 ktM for 30 s). IPSPs were enhanced in amplitude at more depolarized potentials and reduced following
membrane hyperpolarization. (D) Graph illustrating the relationship between the amplitude of IPSPs and
membrane potential shown in C. The reversal potential of the IPSPs was - 6 4 mV.
3 +_ 0.5 mV and 16 -I- 2 ms, respectively, at membrane
potentials between - 50 and - 60 inV. Manipulation
of the membrane potential revealed that EAA agonist-evoked IPSPs were enhanced in amplitude by
depolarisation and reduced by hyperpolarization
(Fig. 1C,D). The reversal potential for these IPSPs
was - 6 4 + 2 mV when recorded with intracellular
electrodes (n = 3). EAA agonist-evoked IPSPs were
blocked by strychnine ( 1 - 2 # M , n = 4) but not by
bicuculline ( I - 2 # M , n - 4) or picrotoxin (1-5 #M,
n =4). EAA receptor agonist-evoked IPSPs were
reversibly abolished by TTX (500 raM, n = 3; for
example see Fig. 2).

Spontaneous inhibitory postsynaptic potentials
Spontaneously occurring IPSPs (Fig. 3A) were
recorded in approximately 20% of neurons, and had

similar characteristics to those evoked in the presence
of EAA receptor agonists. The IPSPs recorded with
intracellular electrodes were of small amplitude
(3 _+ 0.5 mV) and duration (14_+ 2ms) at resting
membrane potentials between - 49 and - 60 mV.
The spontaneous IPSPs tended to occur intermittently in bursts; the duration and intensity of IPSP
discharges varied considerably in the same neuron
and from one neuron to another. The frequency of
IPSP discharge varied from less than 1 Hz to more
than 30 Hz. The amplitude of IPSPs was increased by
membrane depolarization and decreased by hyperpolarization (Fig. 3B). The mean reversal potential of
spontaneous IPSPs was - 6 4 _ + 2 m V . The spontaneous IPSPs were blocked following perfusion of
strychnine ( 1 - 2 # M ) for 1 0 ~ 0 m i n (Fig. 5A). The
effects of strychnine were reversible following
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washout of the drug for 20-60 rain. The IPSPs were
insensitive to both bicuculline (1-5/~ M , Fig. 5A) and
picrotoxin (1 5/iM).

Electrically evoked inhibitory postsynaptic potentials
Both intracellular and whole-cell recording techniques were employed to examine synaptic responses

evoked by focal electrical stimulation of the dorsal
horn of the spinal cord. Postsynaptic responses to
electrical stimulation were recorded in 70 SPNs. The
postsynaptic responses of an IPSP alone observed in
12 neurons (Fig. 4), an IPSP followed by an excitatory postsynaptic potential (EPSP) in three neurons,
an EPSP followed by an IPSP in 31 neurons and an
EPSP alone in 24 neurons. In many SPNs, slow
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Fig. 2. Whole-cell recordings showing metabotropic receptor-mediated responses. (A) Perfusion of
(1S,3R)trans-ACPD (200#M) for 4s induced a depolarizing response and the discharge of action
potentials at the peak of the response. This agonist also induced the discharge of IPSPs, which are shown
on a faster time base below (sampled just after cessation of spike firing). (B) Inclusion of large doses of
the ionotropic receptor antagonists CNQX (20 #M) and D-CPP (20 #M) did not completely block the
(1S,3R)trans-ACPD-induced depolarizing response or IPSP discharge. (C) Inclusion of TTX (500 nM)
in the same ionotropic antagonist cocktail did not block the depolarizing response to (I S,3R )trans-ACPD
but did block the evoked IPSPs. The peak of the response is displayed below, showing the failure of the
agonist to induce IPSPs in the presence of TTX.
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IPSP amplitude (mV)

l1OmV
Fig. 3. (A) Intracellular recordings of spontaneous IPSPs. (B) The effect of changing the membrane
potential on spontaneous IPSPs. The membrane was held at the potentials indicated by injection of
constant current. The resting membrane potential was -58 mV. The amplitude of spontaneous IPSPs was
increased when the membrane was depolarized and reduced following hyperpolarization. The IPSPs
reversed in polarity at potentials more negative than -65mV. (C) &a& &owing the relationship
between the peak amplitude of the IPSPs and membrane potential. The resting membrane potential (RMP)
of this neuron was - 58 mV.
EPSPs and IPSPs lasing several seconds were also
evoked, but are not included in this study.
The solitary evoked IPSPs had a mean peak amplitude and duration of 6.5 & 0.5 mV and 46 + 7 ms,
respectively, at resting membrane potentials between
- 50 and - 60 mV, when recorded with intracellular
electrodes (n = 9). Solitary IPSPs recorded with
patch electrodes (n = 3) had a mean peak amplitude
and duration of 5.7 & 1 mV and 280 f 70 ms, respectively, at resting membrane potentials ranging from
-40 to - 50 mV. Stimuli applied when the neuron
was whole-cell voltage-clam~d at holding potentials
ranging from -40 to -5OmV evoked inhibitory
postsynaptic currents of peak amplitude from 8 to
20 pA (Fig. 4D). The evoked IPSPs were augmented
by depolarization and reduced in amplitude by hyperpolarization (Fig. 4A,B). The mean reversal potential
for electrically evoked IPSPs recorded with intracellular electrodes was - 65 _t 2 mV and with whole-cell
recording it was - 54 f 2 mV.
The effects of some pharmacological agents was
investigated on IPSPs evoked electrically in SPNs.
Strychnine (l-2 FM) reversibly blocked all of the fast

IPSPs on which it was tested (n = 16), including the
isolated IPSPs (Fig. 5B), the IPSP-EPSP
and
EPSP-IPSP combinations. Strychnine had no effect
upon the slow IPSPs seen in some SPNs (data not
shown}. The fast IPSPs included in this study were
insensitive to the GABA antagonists bicuculline
(l-10pM) and picrotoxin (l-5 PM).
Effects

of glycine

Whole-cell recording techniques were employed to
investigate the effects of glycine on SPNs. Glycine
(0.1-l mM) perfused for between 10s and 3min
caused concentration-dependent
responses in all
neurons tested (n = 37). Glycine induced an inhibitory hyperpolarizing response in the majority of
neurons (n = 22; Fig. 6A). This response was associated with a marked reduction in input resistance of
between 20 and 90% (Fig. 7Al). Glycine suppressed
both spon~neous action potentials (Figs 6,K) and
synaptic potentials (Fig. 7B). Glycine also inhibited
the rhythmic potential oscillations which are seen in
a subpopulation of SPNs** (Fig. 6D). In voltageclamp, at holding potentials of between -40 and
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resting potential
(Fig. 6B). Both the hyperpolarization and depolarization
were associated
with
marked reductions in neuronal input resistance. The
depolarizing response to glycine was observed alone
in nine SPNs (Figs KY&. During the depolarization.
both spontaneous firing and synaptic activity were
inhibited. As before, the depolarizing response to
glycine terminated rapidly with vigorous firing and

- 50 mV, glycine induced concentration-dependent
outward currents of peak amplitude IO-30 pA (Fig.
7A2).
A biphasic response to glycine was observed in six
neurons comprising an initial hyperpolarization
followed by a slow progressive depolarization
of the
membrane,
which terminated rapidly with vigorous
firing and repolarization of the membrane back to the
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Fig. 4. Electrically evoked IPSPs. (A) Intracellular records showing the effects of changes in membrane
potential on IPSPs evoked by focal electrical stimulation of the dorsal horn. The evoked IPSPs were
enhanced following membrane depolarization
(resting membrane potential = - 55 mV), reduced on
h~rpolari~tion
and reversed in polarity at around -65 mV. (B) Whole-cell current-clamp
recordings
of IPSPs evoked by dorsal horn stimulation showing their sensitivity to membrane potential. The IPSPs
were reduced in amplitude with increased membrane hyperpolarization
and reversed polarity at - 55 mV.
(C) Graph illustrating the relationship
between the amplitude of IPSPs recorded with intracellular
electrodes (squares) and in whole-cell current-clamp mode (circles) and membrane potential (taken from
results shown in A and B). (D) Whole-cell voltage-clamp recordings from the same neuron as in B, showing
the effects of changes in holding potential on dorsal horn-evoked postsynaptic currents. The inhibitory
postsynaptic currents reversed in polarity near - 55 mV.
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dorsal horn stimulation
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Fig. 5. Pharmacological
properties of IPSPs. (Al-A3) Spontaneous
IPSPs were reduced by the
superperfusion of strychnine for 10 min This antagonism was reversed following washout for 3040 min.
(A4A6) Spontaneous IPSPs in another neuron were insensitive to the GABA antagonist bicuculline
superperfused for 15 min. (B) IPSPs evoked in another SPN by focal electrical stimulation of the dorsal
horn (1) were blocked when strychnine was superfused for 5-l 5 min (2). This effect was also reversible
on washout of the drug for 2040 min (3).

repolarization to rest on washout of glycine. The
depolarizing responses to glycine were eliminated in
the presence of TTX, revealing purely inhibitory
hyperpolarizing responses (n = 5; Fig. 8).
Glycine-induced inhibitory responses were antagonized by strychnine (0.5-2 PM, n = 6; Fig. 9A), but
were unaffected by bicuculline (l-5 PM) or picrotoxin (l-5 PM). Strychnine reduced the shunting
effect of glycine on spontaneous action potentials, but
was less effective at antagonizing the excitatory responses. In the presence of strychnine (2 PM), glycine
could still induce an increase in the rate of spontaneous firing (Fig. 9B). In some SPNs, strychnine
alone at concentrations of l-2pM induced an increase in spontaneous firing.
The effects of changes in membrane potential on
glycine-induced responses were investigated. Glycineinduced hyperpolarizing responses were enhanced
when the membrane potential was depolarized. Conversely, hyperpolarization of the membrane progressively reduced the amplitude of the response to
glycine, and at potentials more negative than near
- 55 mV, the response reversed in polarity, giving rise
to a depolarization (Fig. 8). The mean reversal potential for glycine-induced inhibitory responses was
- 54 f 2 mV (n = 3). Glycine-induced depolarizing
responses were enhanced by membrane depolariz-

ation in that the rate and amplitude of depolarization
were increased at more positive potentials (Fig. 10).
Hyperpolarization below rest reduced the depolarizing response to glycine. Further hyperpolarization
of the membrane to potentials more negative than the
reversal potential predicted for chloride ions near
-55 mV resulted in membrane depolarization (n = 4;
Fig. 10).
DISCUSSION

Previous studies have demonstrated the presence of
a glycinergic synaptic input to SPNs both morphologically’ and electrophysiogically.“‘~‘~ However, little
is known about the spinal glycinergic interneurons
themselves and their receptor phenotype, although
some preliminary data have suggested that these
neurons may possess EAA.‘0.2’ The observations presented in this paper indicate that EAAs such as
L-glutamate, acting through a diversity of receptor
subtypes, can indirectly inhibit SPNs by activating
glycinergic spinal interneurons. This conclusion is
based upon the fact that IPSPs were induced in the
presence of the EAA receptor agonists NMDA,
AMPA, quisqualate, kainate and (lS,3R )transACPD.
The ability of the selective agonist NMDA to
induce IPSP discharge suggests that this receptor
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subtype is involved in the activation of interneurons
presynaptic to SPNs, in agreement with previous
studiesJ °'2~ This response was blocked by NMDA
receptor antagonists such as DL-APV and MK-801.
An interesting feature of NMDA-induced responses
was that they could be blocked by the reportedly
selective non-NMDA receptor antagonist CNQX.
There are two possible explanations for this observation. The NMDA receptors could be located at a
site distal to the inhibitory interneuron and their
activation could be indirectly exciting the interneurons via CNQX-sensitive non-NMDA receptors
located on or at least more proximal to the interneuron. A second and more plausible explanation is
that CNQX antagonizes NMDA receptors by binding to the allosteric glycine recognition site on the
NMDA receptor, as has been described previously.5'~3
In relation to this, the CNQX blockade of NMDAinduced depolarizing responses seen in SPNs can be
partly reversed by including strychnine and glycine in
the bathing medium (unpublished observations).
The selective non-NMDA ionotropic receptor agonist AMPA induced both g depolarizing response and
the discharge of IPSPs, suggesting that non-NMDA
ionotropic receptors may be located on inhibitory
interneurons presynaptic to SPNs. The response to
AMPA was reversibly blocked by CNQX. The ability

Glycine250gM 10s

•

Glycine250gM60s

•

al.

of both quisqualate and the selective metabotropic
receptor agonist (1S,3R)trans-ACPD to evoke IPSPs, even when ionotropic EAA receptors were
blocked with CNQX, suggests that the interneurons
possess EAA metabotropic receptors.
The agonist-evoked IPSPs were similar to spontaneously occurring !PSPs seen in about 20% of
SPNs. All of the IPSPs were blocked by TTX,
suggesting that they were the product of activitydependent release of inhibitory neurotransmitters
from spinal interneurons presynaptic to SPNs.
Several observations support the conclusion that all
observed IPSPs are mediated by glycine or a similar
substance. Firstly, all IPSPs shared a common sensitivity to the selective glycine receptor antagonist
strychnine, but not to the GABA antagonists bicuculline or picrotoxin. Secondly, all IPSPs shared a
common reversal potential of about - 65 mV when
recorded with intracellular electrodes and about
- 5 5 mV for whole-cell recordings, suggesting that
they share a common ionic mechanism. These results
therefore suggest that EAA receptors are present in
a spinal glycinergic pathway like that described previously in neonate rat, 1° rather than a GABAergic
pathway like that reported in adult catJ 2
Focal electrical stimulation of the dorsal horn
produced IPSPs either in isolation or in combination

B

I
Glyclne400~t 30s

Glycine500gM30s
20s
Fig. 6. Whole-call current-clamp recordings showing four different responsesto glycine. (A) A hyperpo]arizing response and inhibition of spontaneous firing. (B) A biphasic response comprising of an initial
hyperpolarization followed by a slow depolarization which leads to an increased firing frequency towards
the offset of the response. (C) A depolarizing response without a preceding hyperpolarization. Note the
rapid discharge of action potentials at the offset of the response to glycine. (D) Inhibition of membrane
potential oscillations, which are characteristic of a subpopulation of SPNs.

213

Inhibition of SPNs by glycinergic interneurons

C

(i)

(ii)

(iii)

•l8sl0mV

•110pA
8s

2

Glycine 500pM 60s

Glycine 500pM 10s

~120mV
40s

B

•20s120mY
Glycine 250/aM 30s

2

~

._J5mV
200ms
Fig. 7. Properties of glycine responses. (A1) Whole-cell current-clamp recordings showing an inhibitory
response characterized by a small hyperpolarization and cessation of firing. The response was associated
with a marked reduction in neuronal input resistance, as indicated by the fall in amplitude of electronic
potentials (downward deflections on the record). (A2) Same neuron in voltage-clamp showing glycine to
induce an outward current at a holding potential of -50 inV. (B) Glycine induced a hyperpolarizing
response in another neuron and inhibited both spontaneous action potentials and synaptic activity. The
suppression of spontaneous synaptic activity is shown on a faster time base below. The numbers 1,2 and
3 above correspond to the points at which the records were taken. (C) A glycine-indnced depolarizing
response. The depolarization was accompanied by a reduction in spontaneous firing. The action potentials
from this neuron are shown below on an expanded time base. (i) and (iii) show four superimposed action
potentials evoked prior to and following the response to glycine. In the presence of glycine (ii), the action
potentials were reduced in amplitude and broadened. (i), (ii) and (iii) in C I correspond to the approximate
points at which the action potentials were sampled.

with EPSPs in over 65% of SPNs. These electrically
evoked IPSPs were blocked by strychnine but not by
bicuculline or picrotoxin and reversed at the chloride
reversal potential, suggesting that they were also
mediated by glycine. The IPSP which resulted from
dorsal horn stimulation was relatively larger and
more prolonged than those seen to occur spontaneously or in the presence of EAA agonists. The
electrically evoked IPSP probably represents the
product of a summation of the smaller IPSPs. Similar
findings have been reported preciously following dorsal horn stimulation (see Ref. 10) The dorsal hornstimulated IPSPs recorded during whole-cell
recordings had longer durations than those observed
with intracellular recordings. This is presumably due
to the larger membrane time constants observed
during whole-cell recordings, 17 which would tend to
prolong the decay phase of the synaptic potentials.
These data also suggest that intracellular recordings
may have underestimated the potential for temporal
summation of glycine-mediated IPSPs.
The actions of glycine upon SPNs were examined
to further test whether it could be the neurotransmitter mediating the IPSPs. Glycine, in the presence of

TTX, induced inhibitory hyperpolarizing responses
in all neurons tested, suggesting a direct action on
SPNs. With whole-cell recordings, glycine-induced
responses reversed in polarity near - 55 mV, similar
to that observed for IPSPs. The glycine-mediated
hyperpolarizing responses were sensitive to strychnine but were unaffected by bicuculline or picrotoxin.
The superfusion of glycine was observed to inhibit
spontaneous firing, EPSPs and membrane potential
oscillations. These results demonstrate that glycine
receptor activation can exert powerful inhibitory or
"shunting" influence on SPNs. This lends further
support to the suggestion that glycine or a similar
substance plays an important role in regulating the
excitability of SPNs. 3'7-1°'12'14'1s'24'~5
The glycinergic inhibition appears to be mediated
via the opening of a chloride conductance. That
glycine opens an ion channel is indicated by the
pronounced fall in neuronal input resistance seen
during the hyperpolarizing response. One of the
advantages of whole-cell recording is that the intracellular ionic composition rapidly approximates that
of the pipette solution, ~8 making it possible to make
reliable estimates of reversal potentials. The per-
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Fig. 8. (A) Whole-cell current-clamp recordings showing a depolarizing glycine response associated with
initial inhibition of firing followed by a rapid phase of firing. In the presence of TTX (500 nM), glycine
only evoked an inhibitory hyperpolarizing response at the resting potential (-47 mV). Glycine-indnced
inhibition was associated with a marked reduction in neuronal input resistance. When the membrane
potential was depolarized (-37 mV), the glycine-induced hyperpolarizing responses were enhanced and
reversed in polarity at potentials more negative than -54 inV. (B) The relationship between the peak
amplitude of the response to glycine and membrane potential.
meability of the glycine conductance to chloride is
suggested by the reversal potential near - 5 5 m V
observed with whole-cell recording. This is very close
to the estimate reversal potential for chloride calcu-

A

lated from the Nernst equation. That the observed
glycine receptor-mediated hyperpolarization involves
primarily chloride permeable channels is in agreement with results from intracellular recording studies
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Fig. 9. Whole-cell current-clamp recordings showing the effects of strychnine on responses to glycine. (A)
Glycine-induced inhibitory response characterized by membrane hyperpolarization and suppression of
firing. The response was reversibly abolished by strychnine (2/IM). (B) A glycine-induced slow
depoIarization associated with an inhibition of firing which terminated with a rapid discharge of action
potentials. In the presence of firstly 500nM and then 1/~M strychnine, the inhibition of firing was
reversibly reduced, whereas the increased firing observed at the offset of the response to glycine persisted.
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Fig. 10. Whole-cell current-clamp recordings showing the
effects of changes in membrane potential on glycine-induced
depolarizations. (A) At rest (resting membrane potential
-46 mV) glycine induced a response characterized by depolarization and inhibition of firing. The response was
associated with a reduction in neuronal input resistance.
When the membrane was moved to more positive potentials,
-41 mV here, the rate of depolarization elicited by glycine
was enhanced. At more negative potentials, 56mV here,
the rate of depolarization induced by glycine was reduced,
such that little or no net shift in membrane potential was
observed. At still more hyperpolarized membrane potentials, glycine induced a depolarizing response.
on SPNs by others) °'14 These studies have demonstrated that the IPSPs were sensitive to changes in the
extracellular chloride concentration, but not to
changes in the extracelluar potassium concentration.
Similar results have been reported in studies on other
central neurons where glycine may be a putative
neurotransmitter. 6,23
An interesting feature of the actions of glycine was
that in some spontaneously firing SPNs, a biphasic
response was observed. This comprised an inhibition
characterized by depression of spontaneous firing,
shunting of both action potentials and on going
synaptic activity, accompanied by a slow progressive
depolarization of the membrane potential. This
period of inhibition was followed by a burst of action
potentials. This excitatory phase of the response was
relatively insensitive to strychnine, whereas the initial
phase of inhibition was blocked. The application of
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TTX turned the biphasic response into a typical
glycine hyperpolarizing response, perhaps indicating
that the depolarizing component is indirectly mediated via other neurons synapsing on SPNs. The
biphasic response exhibited an unusual voltage sensitivity. The depolarizing component was increased by
depolarization and decreased by hyperpolarization,
but was not observed to reverse in sign, unlike the
initial inhibitory phase which reversed in sign at the
chloride equilibrium potential. We are currently unable to explain the mechanism through which glycine
exerts this excitatory action.
A depolarizing response to glycine has been reported in lateral horn cells. 14 However, for several
reasons the depolarizing action described in our study
is unlikely to be the same as that described by Mo and
Dun) 4 Firstly, the response observed by Mo and Dun
was maintained in the presence of TTX, suggesting a
direct action on the ceil. Secondly, the depolarization
observed by these authors reversed near - 4 0 m V .
Thirdly, their response was strychnine sensitive. Their
data suggest that the depolarizing glycine responses
were caused by increased levels of intracellular chloride which moved the equilibrium potential for chloride near - 4 0 m V . Similar depolarizing responses
mediated via chloride conductances have been reported in other central neurons? For example, in the
dendrites of hippocampal pyramidal neurons, GABA
has been observed to produce depolarizing postsynaptic potentials. 1
CONCLUSIONS
Taken together, the results presented here suggest
that muItiple subtypes of EAA receptors, including
N M D A and non-NMDA ionotropic receptors and
metabotropic receptors, are involved in the control of
spinal glycinergic pathways to SPNs. Glycinergic
interneurons can exert an inhibitory action upon
SPNs by opening a chloride conductance and so
generating fast IPSPs. In view of the dramatic and
powerful inhibition that can be exerted upon SPNs by
glycinergic synapses, further work is needed to identify these interneurons and to define their role in
neuronal circuits. Clearly, these interneurons are
capable of playing an important role in sculpting and
shaping the output from the sympathetic nervous
system. We have also presented some data that
suggest glycine to have additional TTX-sensitive excitatory action on some SPNs.
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