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Responses of substantia gelatinosa neurons to putative neurotransmitters in anin
vitro preparation of the adult rat spinal cord*
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Extracellular recordings were performed from neurons of the substantia gelatinosa (SG) in an in vitro preparation obtained from
the spinal cord of adult rats. About 40% of neurons were spontaneously active. They could be synaptically influenced by low and high
threshold fiber input entering the spinal cord through dorsal and ventral roots. Repetitive low threshold stimulation led to a transient
increase in activity of a number of these neurons, whereas high intensity stimulation predominantly reduced excitability. The majority
of non-spontaneously active neurons responded to an increase of stimulus intensity covariantly with an increase in firing rate. The ex-
citatory effect of phoretically administered L-glutamate as well as synaptically induced and spontaneous activity was reduced or abol-
ished by phoretically administered GABA, glycine or the enkephalin-analogue p-Ala?-p-Leu’-enkephalin. The actions of the enkeph-
alin analogue were blocked by phoretically applied naloxone. The findings are consistent with the notion from in vivo investigations of
a structurally and functionally heterogeneous population of neurons which display a responsiveness to microtopically applied putative

neurotransmitters resembling dorsal horn neurons in deeper layers.

The dense axonal and dendritic arborization and
the small size of cell bodies of the substantia gelatino-
sa (SG) have impeded extensive electrophysiological
analysis of this site until recently!-3.10.12,15-17.2024  for
review see’23, From those studies as yet undertaken,
certain common features emerge: most cells in the
SG are influenced by cutaneous afferents, including
C-fibers, triggering complex tonic and phasic excita-
tory/inhibitory interactions. Very little is known
about the descending influences affecting their dis-
charge activity. Since most of the recently character-
ized neuropeptides have been found preferentially in
cell bodies and terminals of the SG (for review see
refs. 13 and 14) peptidergic, in particular endorphin-
ergic, mechanisms have been implicated in the con-
trol of SG neurons over cells giving rise to spino-fugal
systems (see refs. 27).

The present study shows that in vitro recordings
can be obtained from spinal cord slices of adult rats in
which the profuse interconnections between SG cells
and their connections with other neurons of the dor-
sal horn are fully developed. Male rats (Wistar,

180-200 g) were anesthetized with urethane (1.3
g/kg, i.p.). A laminectomy was performed from sac-
ral (S1) to low thoracic segments (T 10/11). The dura
was dissected and the spinal cord was removed with
about 0.5 cm of the attached dorsal and ventral roots.
The tissue was transferred to oxygenated artificial
CSF (mM): NaCl 124; KC! 5.0; NaH,PO, 1.25;
CaCl, 2.0; MgSO, 2.0; Glucose 10.0; NaHCO; 26;
saturated with 95% O, and 5% CO,, pH 7.3-7.5 at
4 °C and rinsed for 30 s. Six to 8 transverse slices
(400600 um thick) were then cut from lumbar seg-
ments89 with a tissue chopper and placed in the re-
cording chamber and perfused with warm (35 °C) oxy-
genated artificial CSF (flow rate: 1-2 ml/min). The
dorsal and ventral roots were placed on bipolar stim-
ulating electrodes. Recording was commenced after
1 h of incubation. Both, recording and application
electrodes were aimed at the clearly visible translu-
cent band in the dorsal horn corresponding to lam-
inaZ.

For recording the electrodes were filled with a mix-
ture of 1.6 M potassium-citrate and 1.0 M KCl (10:1)

* A preliminary report was presented at the Joint Meeting of the German Physiological and Pharmacological Societies.



or with 0.2 M KCl in 0.05 M potassium-phosphate-
buffer at pH 6.2 (ohmic resistances, 60-90 MQ; tip
size, < 1 um). The electrode assemblies consisted of
a 4-barrelled micropipette (overall tip diameter 4-5
4m) containing fiber inserts for rapid filling. The mul-
tibarrelled electrode was glued in parallel with the re-
cording electrode at a horizontal distance of 30-100
um. Solutions used for phoretic administration were:
L-glutamate (GLU), 0.5 M, pH 8.0; y-amino-butyric
acid (GABA), 0.5 M, pH 4.0; D-Ala2-D-Leu’-en-
kephalin (DADL), 0.1 mM, pH 5.0; naloxone, 0.1
mM, pH 5.0. Except for GLU, all compounds were
administered as cations. Current neutralization was
routinely employed. Backing currents of 10-20 nA
were used. The neuronal activity was fed into a volt-
age-gating device, integrated (1 s) and either dis-
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played on a chartwriter or the unit spike was used to
modulate the z-axis of the oscilloscope (dot-display).
Stimulus intensities (0.1-100 #A) are given in mul-
tiples of threshold. Stimulus duration varied from
0.05 to 0.5 ms and stimulus frequency between 0.5 to
1sL

Stable extracellular recordings of up to several
hours in duration, were obtained from 120 SG units
preferentially located in the dorsal half of the translu-
cent zone (corresponding to lamina 2). Small
movements of the manipulator dramatically lowered
spike size suggesting recordings from small neuronal
elements. The recorded action potentials displayed
amplitudes in the range of 1-20 mV and duration of
1.2-2.0 ms. To exclude recordings from axons or pri-
mary afferents only units responding to phoretically
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Fig. 1. Responses of SG neurons to dorsal root stimulation. A: dot-display of a ‘wind-up’ in a non-spontaneously active neuron follow-
ing dorsal root stimulation (1 s-!) at 3 times threshold intensity (DR Tj; pulse duration 0.05 ms) the ‘wind-up’ occurred within 0.5 min.
Note, decrease in response latency with ongoing stimulation. The neuron remained spontaneously active after termination of stimula-
tion. B: ‘wind-up’ of a spontaneously active neuron during dorsal root stimulation (0.5 s~') at 4 times threshold intensity (DR T,; pulse
duration 0.05 ms). Continuous ratemeter recording integration times 10 s. Note that the ‘build-up’ of activity did not end with stimula-
tion. C: depression of a spontaneously active neuron by dorsal root stimulation (0.5 s~!) at 7-9 times threshold intensity (DR T,, Ty, Ty;
pulse duration 0.05 ms). Continuous ratemeter recording (integration time 1 s). D: extracellular (AC-coupled) recordings of a non-
spontaneously active neuron at 3 different stimulus intensities (DR T;, T, ,, T, 5 pulse duration 0.05 ms; 5 traces superimposed). In-
crease of stimulus intensity led to an increase in discharge frequency. The latency of the first spike decreased, whereas its amplitude
increased. At the same time the amplitude of the spikes immediately following the first one (elicited on top of the EPSP) was reduced.
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administered GLU were sampled. Recordings from
dendrites of deeper cells penetrating into these lami-
nae are rather unlikely since they are most probably
too small when they branch in the recording area.
Also the shape of the action potentials indicated re-
cordings from primarily somatic sites. Clear postsyn-
aptic potentials recorded after successful intracellu-
lar impalements following the extracellular analysis
also support the notion of a somatic recording site.
Occasional recording from ectopically situated neu-
rons of the marginal layer cannot be excluded al-
though the electrodes were always clearly aimed at re-
gions below the marginal zone.

Prior to drug application, all neurons were tested
for their responsiveness to dorsal and ventral root
stimulation. Forty-eight (40%) of the neurons re-
corded were spontaneously active (firing rate:
5-15/s). They could all be synaptically influenced by
dorsal root stimulation (DR). In 60% of cases repeti-
tive stimulation with low intensities (24 times
threshold) led to a progressive increase in the re-
sponse (‘wind up’) (Fig. 1A, B). This ‘wind-up’ phe-
nomenon developed within 0.5-10 min of stimulation
and lasted in some neurons up to 30 min. High inten-
sity stimulation (7-10 times threshold) caused a pro-
gressively increasing inhibition in 21 out of 48 neu-
rons tested (Fig. 1C). After a resetting of the stimu-
lus to threshold intensities the response was found to
be reduced or abolished for up to 20 min. This inhibi-
tory action of high intensity dorsal root stimulation
could be reduced or blocked by bicuculline metho-
chloride (2 uM) added to the perfusion medium in 4 out
of 5 cells tested. Ten cells out of 26 responded to ven-
tral root stimulation at high intensities. Two cells in
this sample were inhibited whereas 8 were activated.
In the non-spontaneously discharging neurons the
stimulus response consisted out of 2-5 spikes at
threshold and increased monotonously with stimu-
lus intensity. The latency of the first spike shifted to-
wards shorter latencies. At higher stimulus inten-
sities (2-3 times threshold) the action potentials (ex-
cept for the first) immediately following the stimulus,
were reduced in amplitude (Fig. 1D). Several neu-
rons {n = 6) showed ‘wind-up’ and two of these cells
remained spontaneously active after termination of
the stimulation for the entire recording period (2 h).

Iontophoretic application of GLU with short
pulses (10-150 nA/10-20 s) caused excitation after

differing delays (500 ms to 15 s) depending from the
electrode configuration (horizontal tip separations:
30-100 um) and the phoretic currents employed. The
excitatory action was commonly reversible in 1-3 s
and was followed by a decreased excitability, proba-
bly due to the hyperpolarization entailing GLU ad-
ministration?® (see Fig. 2A). The spontaneous
and/or induced neuronal activity of all cells encoun-
tered were inhibited by phoretically administered
GABA (10-100 nA) (Fig. 2B) and glycine (5-80 nA)
within 1-10 s. The action was reversible within 2-8 s
depending on the duration of application and the
phoretic currents employed. Application of the enzy-
matically stable enkephalin-analogue D-Ala2-D-
Leu’-enkephalin (DADL, d-receptor preferring ag-
onist) at a dose range of 20-140 nA caused within
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Fig. 2. Responses of SG neurons to microiontophoretically ap-
plied putative neurotransmitters. A: ratemeter recording (inte-
gration rate 1/s). Inhibitory action of DADL (80 nA) on spon-
taneous and GLU-evoked activity (40 nA/20 s). Naloxone
(Nal, 80 nA) antagonized the depressant effect of DADL.
Note, the postexcitatory depression after applications of GLU.
In this and the following traces the recordings are continuous;
drug applications are indicated by horizontal bars, except GLU
(black triangles); ejection currents (subscripts) are given in nA.
B: ratemeter recording (integration rate 1 s). Depressant ef-
fect of GABA (100 nA) on GLU (140 nA/20 s) discharge activ-
ity. C: ratemeter recording (integration rate 1 s). Development
of acute tolerance during prolonged application of DADL (135
nA). The non-spontaneously active neuron was driven by brief
application of GLU (140 nA, 20 s). The inhibitory action of
DADL decreased and almost reached control levels despite
continuous application (see also refs. 11 and 25).



10-30 s a depression (50% reduction of discharge ac-
tivity) of spontaneous (10 out of 12) and/or GLU-in-
duced activity (12 out of 15) (Fig. 1A). After termi-
nation of application the inhibitory effect persisted
for 0.5-5 min. The inhibitory action of DADL was
antagonized by phoretically applied naloxone (50-100
nA/1-2 min) (Fig. 2A). Naloxone alone caused a
slight increase in firing rate in several neurons. Pro-
longed application of opioid peptides was associated
with a progressive decrease in the inhibitory action
(Fig. 2C). The neurons (n = 3) reached control level
firing rates within 5-30 min despite ongoing applica-
tion and transiently increased their firing rate above
control levels after termination of application (see
refs. 11 and 25) indicating the development of acute
tolerance and dependence on these cells.

The present in vitro investigations are in
agreement with previous in vivo studies which sug-
gest that most SG cells are under the influence of af-
ferent inputs, some of which exert opposite func-
tional effects, carried in large and small diameter fi-
bers (for review see ref. 5). Since descending influ-
ences are effectively interrupted the observed tran-
sient changes of neuronal excitability following repe-
titive afferent stimulation which are also seen in
vivo24 have to be explained by segmental mech-
anisms. The bicuculline-sensitive inhibition induced
by dorsal root (in a few neurons, also ventral root)
high intensity stimulation suggests a GABAergic
(pre- and/or postsynaptic) link in this segmental cir-
cuitry. All the afferents to SG entering the spinal
cord through the ventral root were high threshold fi-
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bers and may belong to the Ad or C-fiber group.
These findings are in good agreement with data re-
ported from lumbosacral ventral roots of the cat
where unmyelinated afferent axons have been dem-
onstrated®”.

The responsiveness to phoretically-applied amino
acid transmitters was found to be similar to that de-
scribed for other dorsal horn neurons in deeper lay-
ers in vivo (for review see ref. 27) and in adult26 and
neonatal in vitro preparations!8.19. A consistent find-
ing was that SG-neurons responded to DADL with
an inhibition of their spontaneous, synaptically or
chemically induced discharge. This action was antag-
onized by naloxone suggesting an action mediated
via opiate receptors. Both histochemical (refs. 21
and 22 and citations therein) and the present electro-
physiological data (see also ref. 27) favor a postsyn-
aptic localization of these receptors on cells in lamina
2. Intrathecal applications of opiates, therefore, may
affect both projecting and intrinsic neurons in a com-
mon fashion and behavioral testing might reveal the
net effect of this interaction. In the present study the
site of action and the potential shifts in these neurons
following opioids can only be indirectly assessed. In-
vestigations employing intracellular recording tech-
niques are in progress to analyze the ionic mech-
anisms underlying these actions in more detail.
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