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Abstract

Spinal 5-HT,, receptor subtypes are involved in regulation of nociception. This study was performed to investigate the effect of
stimulation of these receptors on wide dynamic range neurones in the spinal cord. Extracellufar single unit recordings of dorsal horn
neurones were performed in intact urethane-anaesthetized female Sprague-Dawley rats. The receptive field distally on one hind paw was
electrically stimulated with needle electrodes applied to the skin. The 5-HT,, receptor agonist, 8-OH-DPAT (8-hydroxy-2-(di-n-pro-
pylamino)tetralin). and the 5-HT,, receptor antagonist, WAY100635 (N-[2-[4-(2-methoxyphenyl)-1-piperazinyllethyl]-N-(2-
pyridinylcyclohexanecarboxamide trihydrochloride). were applied directly onto the spinal cord. and single unit responses were counted
separately for AB-, Ad-, C-fibre responses and post-discharge according to the latencies. Only 500 nmol 8-OH-DPAT caused a
significant inhibition of all the neuronal responses. Cells with a pronounced wind-up, limited C-fibre response before drug application and
relatively large receptive field for pinch in laminae III-1V were most powerfully inhibited by 500 nmol 8-OH-DPAT. 50 nmol
WAY 100635 alone did not affect the neuronal responses but blocked the effect of 500 nmol 8-OH-DPAT. These results suggest that
stimulation of 5-HT, , receptors inhibits the activity in spinal wide dynamic range neurones after repeated electrical stimulation.

Kevwords: Spinal cord: Pain: Nociception: 53-HT (5-hydroxytryptamine. serotonin); 5-HT,, receptor: 8-OH-DPAT (8-hydroxy-2-(di-n-propylamino)tetra-

lin); WAY 100635

1. Introduction

Nociceptive transmission in the spinal dorsal horn has
been considered to be under both segmental and supraspinal
control. Descending 5-HT (5-hydroxytryptamine, sero-
tonin) pathways from the raphe nuclei in the brainstem to
the spinal cord are important in this system (Oliveras et al..
1979; Bowker et al.. 1983).

The terminals of the descending serotonergic fibres are
concentrated in both superficial and deeper laminae
(Johansson et al., 1981; Miletic et al., 1984; Marlier et al.,
1991a). An inhibitory effect of serotonin on spinal neu-
ronal responses to noxious stimuli has been described
(Yaksh and Wilson, 1979; Zemlan et al.. 1980).

During the last decade many different binding sites for
5-HT have been identified. and selective ligands for some
of these 5-HT receptor subtypes are now available (Hoyer
et al., 1994). Recent studies have suggested that different
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5-HT receptor subtypes have different roles in the modula-
tion of nociception: even opposite effects have been de-
scribed (Eide and Hole, 1993).

The 5-HT receptors can be classified according to phar-
macological criteria into four receptor subtypes. They
comprise the 5-HT,, 5-HT, and 5-HT, receptors, whose
genes have been cloned, as well as the uncloned 5-HT,
receptor. Recently, genes for several additional receptors
have been cloned (i.e.. the 5-hts, 5-ht, and 5-ht,). but
these receptors have yet to be characterised in intact
tissues (Hoyer et al., 1994). In mammals, the 5-HT, sub-
type is further divided into 5-HT,,, 5-HT,; and 5-HT,,.
The 5-HT,, receptor exists predominantly in rodents (rats
and mice) while the 5-HT,, receptor exists in many
non-rodents (guinea pig, dog, pig, human). Nevertheless,
although their concentration is very low, there is evidence
that the 5-HT,;, receptor also exists in the rat (Hoyer et al..
1994).

In rats. 5-HT,, and 5-HT,,; receptor subtypes represent
approximately 27 and 18%, respectively. of all 5-HT,
binding sites in the spinal cord (Huang and Peroutka,
1987). Within the spinal cord, both the 5-HT,, and the
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5-HT,; receptors arc distributed along a rostro-caudal
gradient with higher concentrations occurring caudally.
5-HT,, receptors are mainly present in the dorsal horn,
whereas 5-HT,; receptors are present throughout all lami-
nae (Marlier et al., 1991b).

Despite receiving a great deal of attention, the role of
the 5-HT,, reccptor subtype in spinal nociceptive modula-
tion is unclear. Some studies indicate that stimulation of
the 5-HT,, receptors reduces nociceptive responsiveness
(Archer et al.. 1987; Eide et al., 1988), while other studies
show the opposite effect of 5-HT,, receptor stimulation
(Solomon and Gebhart, 1988; Ali et al., 1994),

In this study the modulatory role of the 5-HT, , receptor
subtype in nociceptive transmission in the spinal cord was
investigated using the selective 5-HT,, receptor agonist,
8-hydroxy-2-(di-n-propylamino)tetralin  (8-OH-DPAT:
Middlemiss and Fozard, 1983; Van-Wijngaarden et al.,
1990), and the selective 5-HT,, receptor antagonist,
WAY 100635 (Fletcher et al.. 1994; Forster et al., 1995).
Single cell recordings were made from dorsal horn neu-
rones in the lumbar region where this receptor subtype is
abundantly present. The effects of the agonist and the
antagonist on electrically evoked single unit activity were
studied.

2. Materials and methods
2.1. Animals and surgery

Female Sprague-Dawley rats (Mol:SPD, Mgllegaard.
Denmark) weighing 200-300 g were anaesthetized with
urethane (1.4-1.8 g/kg body weight i.p.), placed on a
heating pad and mounted in a rigid frame. The core
temperature was kept constant at 36-37°C by means of an
electronic feedback control unit. A laminectomy was made
between vertebrae T13 and L2, and the dura mater and
arachnoidea were removed so that a rostro-caudally orien-
tated rectangular area (1 X 2 mm) of the spinal cord sur-
face (segment 1.5-S1) was exposed. A tungsten electrode
(2-5 MQ, Frederick Haer, model 26-05-3) was inserted
into the medial part of the dorsal horn by means of an
electronic stepper with depth control (Significat Computer
Controlled Stepper, model Scat-01, Digitimer).

2.2, In vivo electrophysiology

The receptive fields of the dorsal horn neurones were
stimulated electrically with a pair of steel needle electrodes
applied to the skin centrally in the receptive field. Because
repetitive C-fibre stimulation with frequencies above 0.2—
0.3 Hz is known to potentiate the neuronal C-fibre-media-
ted nociceptive response in the process called wind-up
(Mendell, 1966). and the maximal potentiation occurs after
stimulation at frequencies of 1-2 Hz (Schouenborg, 1984),
a train consisting of 16 rectangular 2-ms-wide pulses, with

a frequency of 0.5 Hz was given every 5 min. In order to
study the neuronal responses, particularly the Ad- and
C-fibre-mediated responses, a stimulus strength sufficient
to induce responses in these primary afferents was neces-
sary. A stimulus strength of 1.5 X threshold for the C-
fibre-mediated response (1.9-4.50 mA) that gives submax-
imal activation of the NMDA receptor (Chapman et al..
1994), was used.

Extracellular recordings were made from neurones that
responded to both A-fibre and C-fibre input. The recorded
signals were amplified and band-pass filtered with 1/2
amplitude cutoff values of approximately 1000 and 1250
Hz corresponding to the duration of the action potentials
(0.8—1 ms). Action potentials were accumulated separately
for AB-, Ad-, C-fibre response and post-discharge accord-
ing to latencies. As in previous studies (Chapman et al.,
1994: Dickenson and Sullivan, 1987 Stanfa et al.. 1992)
the discharge 0-20 ms, 20-90 ms and 90-300 ms after
stimulation was characterised as ABR-. A3- and C-fibre
response. respectively, and the discharge 300-800 ms after
stimulation was considered a post-discharge.

The data were captured using a CED 1401 interface
connected to an {BM compatible PC. Purposc-made soft-
ware was used for control of stimulation, recording, accu-
mulation of unit responses and data storage.

2.3. Drugs

The 5-HT,, receptor agonist, 8-OH-DPAT (8-hydroxy-
2-(di-n-propylamino)tetralin; Middlemiss and Fozard.
1983: Van-Wijngaarden ¢t al.. 1990), was obtained from
Research Biochemicals International. and the 5-HT,, re-
ceptor antagonist, WAY 100635 (N-[2-[4-(2-metho-
xypheny)- 1-piperazinyllethyl]-N-(2-pyridinyDcyclohexane-
carboxamide trihydrochloride; Fletcher et al., 1994; Forster
et al., 1995) was a gift from Wyeth Rescarch (UK). The
drugs were dissolved at room temperature in 0.9% NaCl.
All doses of the drugs were dripped directly onto the
exposed area of the spinal cord in a volume ot 50 wl.

2.4. Experimental procedure

Using techniques that have been described previously
(Schouenborg, 1984; Dickenson and Sullivan, 1987; Stanfa
et al., 1992; Chapman et al., 1994), single cell activity was
recorded in the dorsal horn at depths of 400-1000 pm,
corresponding to laminae III- V1. Only wide dynamic range
neurones (one in each animal), i.e.. cells responding to
non-noxious touch and a noxious forceps pinch painful
when applied to human skin, were studicd. Receptive
fields for pinch were mapped. and their sizes were esti-
mated.

Every S min a train of stimuli was delivered and the
responses were recorded. Following three stable train re-
sponses, i.c.. the responses of each train of 16 stimuli
varying by less than 8%. the drug was applied and the
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neuronal responses were studied for 60 min. The number
of spikes per 16 stimuli after the last three stimuli trains
before application of the drug served as the control re-
sponse for subsequent drug experiments on the cell.

In each train of 16 stimuli the degree of wind-up was
calculated according to the formula:

Wind-up = 100% X (3R, — (16 X R,)) /(16 X R,)

where R, = C-fibre response + post-discharge after stimu-
lus n (Stanfa et al., 1992). The wind-up in the three
control trains was used for calculating the average wind-up
in the control for each cell.

The effects of the 5-HT,, receptor agonist, 8-OH-
DPAT, and the 5-HT,, receptor antagonist, WAY 100635,
were calculated as the number of spikes per 16 stimuli
15-30 min after drug application as percentage of the
control response. Furthermore. 30 min after the application
of the antagonist, a mixture of the agonist and the antago-
nist was applied, and the effect was calculated as the
number of spikes per 16 stimuli 15-30 min after the
application of the mixture, again as percentage of the
control response. The rat was killed immediately after the
experiment.

2.5. Statistics

The results are shown as means = S.E.M. Mean re-
sponses were compared with the controls using Student’s
r-test, a paired two-sample test for means. The effect of the
highest dose of 8-OH-DPAT on C-fibre response as a
function of other parameters was expressed in dot-plots,
and regression analyses and multiple regression analyses
were performed. The interaction between the agonist and
the antagonist was analysed using an univariate two-way
analysis of variance (ANOVA). Significance was accepted
at the 5% level.

3. Results
3.1. Effects of the 5-HT, , receptor agonist 8-OH-DPAT

8-OH-DPAT was applied in doses of 5—-500 nmol. Only
500 nmol 8-OH-DPAT caused a significant inhibition of
all the neuronal responses. This dose of 8-OH-DPAT
caused a pronounced inhibition of the A%-, C-fibre re-
sponse and post-discharge, whereas the AR-fibre response
was less inhibited (Fig. 1).

After application of 500 nmol 8-OH-DPAT the AR-,
Ad-, C-fibre responses and post-discharge in most wide
dynamic range neurones (25 /35) were decreased. In these
cells, a progressive and pronounced decrease in the re-
sponse was observed during the first 15 min. In the test
period 15-30 min after application, the responses became
stabilized. In neurones whose activity was inhibited, the
effect was partly reversed when 8-OH-DPAT was replaced
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Fig. 1. The effect of 8-OH-DPAT on activity evoked in dorsal horn
neurones. Neuronal responses following different doses of 8-OH-DPAT
are shown as percentage of control responses before drug application.
Mean+S.EM.. n=5-35. " P <0.05 "~ P<00l. "~ " P<0001
paired Student’s r-test between the neuronal control responses and re-
sponses with 8-OH-DPAT.

by saline (washout). An example of the C-fibre response of
a single neurone after application of 8-OH-DPAT and
washout is shown (Fig. 2).

The neurones whose activity was decreased after 500
nmol 8-OH-DPAT were studied further according to each
single neurone’s characteristics. A linear regression analy-
sis was performed for the C-fibre response against each of
the other parameters: wind-up in control, C-fibre response
in control, depth in dorsal horn and size of the receptive
field for pinch.

Most cells showed a positive wind-up before drug was
applied. The Ad-, C-fibre response and post-discharge
were inhibited most strongly in cells with a pronounced
wind-up in the control. The highly significant relationship
between the C-fibre response and wind-up is shown (Fig.
3A).

500 nmol 0.9%
350 8-OH-DPAT NaCl
300 \l/ \l/
= G-0--¢
g2 250 B
> i N
© 200 4 Q L0009
2 450
» Q o
& 100 - . -
50 O“- «d
O"O- 'O"
0 | N D s S S E A e L HSAE S S s |

-10-5 0 5 10 15 20 25 30 35 40 45 50 55 60

Control Test period Time (min)

Fig. 2. Time-course of the C-fibre response evoked in a single dorsal horn
neurone after 500 nmol 8-OH-DPAT and 0.9% NaCl (washout). Neuronal
responses, i.e.. spikes per 16 stimuli, are shown.
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Fig. 3. The effect of 500 nmol of 8-OH-DPAT related to wind-up in
contro}, C-fibre response in control, depth in the dorsal horn and recep-
tive field for pinch. Single cell responses following 8-OH-DPAT are
shown as percentages of the control responses. (A) Wind-up in control.
Linear regression P < 0.0001. (B) C-fibre response in control. Linear
regression P < 0.0001. (C) Depth in the dorsal horn, Linear regression
P =0.0028. (D) Receptive field for pinch. Linear regression P = 0.022.

Only for the C-fibre mediated response was there a
significant relationship between the control value and the
effect of 8-OH-DPAT. The C-fibre responses in cells with
a limited C-fibre response before application of the drug
were most strongly inhibited (Fig. 3B). No significant
relationship was found between wind-up and the control
value.

The cells studied were located in deeper laminae (I1-
VI) in the dorsal horn. The cells were evenly distributed
within this depth interval. A significant relationship be-
tween the effect of 8-OH-DPAT on the C-fibre response
and depth was discovered. The C-fibre responses of cells
in laminae II-1V seemed to be more strongly inhibited
than the same responses of cells in deeper laminae (Fig.
3C). Interestingly. no such relationships were found for the
A-fibre-mediated responses and the post-discharge.

The size of the receptive field for pinch varied from the
plantar side of just one toe to the entire plantar aspect of
the paw. The C-fibre response was inhibited most strongly
in cells with a relatively large receptive field for pinch
(Fig. 3D). No relationship was found between depth and
the size of the receptive field.

A multiple regression analysis was performed with
C-fibre response as the dependent parameter and the wind-
up in the control, C-fibre response in the control. depth

and size of the receptive field as independent parameters.
The first two parameters significantly affected the C-fibre
response inhibition (wind-up in control: P =0.0019, C-
tibre response in control: P = 0.036) in this analysis also,
whereas the other two parameters did not (depth: P = 0.43,
size of the receptive field: P = 0.40). Since depth and size
of receptive field did not significantly add to the equation
of the predicted C-fibre response they were excluded from
the final multiple regression analysis (wind-up in control:
P = 0.0014. C-fibre response in control: P = 0.0011).

3.2, The effect of the 5-HT,, receptor antagonist,
WAY100635, and 8-OH-DPAT

According to the results of the present study. 5-HT|,
receptor stimulation has a powerful inhibitory effect on
cells with a wind-up in the control > 50% and C-fibre
response in the control < 400 spikes /16 stimuli (Fig. 3A
and B). WAY100635. 50 nmol, and a mixture of 50 nmol
WAY 100635 + 500 nmol 8-OH-DPAT were tested on 8
cells with these characteristics, and the responses were
compared to the responses of a new group of 5 cells
exposed to 0.9% NaCl with the same characteristics and to
those cells with wind-up in the control > 50% and C-fibre
response in the control <400 spikes /16 stimuli already
exposed to 8-OH-DPAT alone. ie., 15 of the 35 cells
exposed to 500 nmol 8-OH-DPAT in the first place (Fig.
4).

A univariate two-way analysis of variance (ANOVA)
was performed. The effect of 50 nmol WAY 100635 and
500 nmol 8-OH-DPAT on AS8-, C-fibre response and
post-discharge compared to the effect on the same re-
sponses after coadministration showed a clear interaction
between the two drugs (AS: P =0.0004, C: P =0.0065.
post-discharge P = 0.031. WAY 100635 and 8-OH-DPAT
interaction. ANOVA). Whereas 50 nmol WAY 100635
alone affected neither the A- nor the C-fibre responses. the
same dosc significantly blocked the inhibition of the A%-,

’_9\ 140 q n=5 n=15 n=8 n=8

g 120 - ]

S 100 & L

< 9K f

5 60 # NHER

@ L

2 20 AN

= ) BNER il

o AR A8 C PD A3 A5 C PD AB AG C PD Al A5 C PD
NaCl0.9%  8-OH-DPAT WAY100635 8-OH-DPAT+

WAY 100635

Fig. 4. The effect of application of 0.9% NaCl. 500 nmol 8§-OH-DPAT.
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sponse (A3). the C-fibre responses (C) and the post-discharge (PD) are
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C-fibre response and post-discharge caused by 500 nmol
8-OH-DPAT alone (Fig. 4).

4. Discussion

This study demonstrated that the 5-HT,, receptor ago-
nist, 8-OH-DPAT, decreased the evoked response in most
wide dynamic range neurones in the dorsal horn. The
strong inhibition of the A®- and C-fibre responses could be
mediated through presynaptic 5-HT,, receptors located on
primary afferent Ad- and C-fibres (Dunlap and Fischbach,
1978) or by a postsynaptic mode of action on spinal
neurones. Some anatomical studies (Hoffert et al.. 1983;
Miletic et al., 1984) indicate that, in the superficial dorsal
horn of the cat. descending serotonergic projections make
contact predominantly on dendritic shafts and somata rather
than on axons. providing evidence for postsynaptic 5-HT
sites. However, in the rat, only some of the serotonergic
vesicular profiles establish synapses (Maxwell et al.. 1983:
Marlier et al.. 1991a), and the receptors are likely to be
located at some distance from the serotonergic terminals.
Other reports have shown that approximately 20-30% of
the 5-HT, and 5-HT,, receptors in rats are located presy-
naptically on primary afferent fibres {Daval et al.. 1987).

Our results confirm the earlier findings from electro-
physiological studies that the effect of 5-HT, and 5-HT,
receptor agonists is predominantly inhibition of wide dy-
namic range neurones (El-Yassir et al., 1988: Zemlan et
al.. 1994). The antinociceptive effect of serotonin is also
consistent with the results of studies of isolated rat cap-
saicin-sensitive dorsal root ganglion neurones with long
duration action potentials (C-type primary sensory neu-
rones). The effect of 5-HT and 5-HT,, receptor stimula-
tion is inhibition of a high-threshold Ca®~ channel current
in these cells (Del Mar et al., 1994). This suggests that
5-HT. released in the spinal cord from descending fibres.
may have an antinociceptive effect by inhibiting Ca?’
entry into primary afferent terminals of nociceptors via
activation of 5-HT,, receptors.

Behavioural studies have yielded far more conflicting
results. Some authors have reported a reduced nociceptive
response (Archer et al.. 1987: Eide et al., 1988), while
others have described the opposite effect for the same
5-HT, and 5-HT,, receptor agonists (Solomon and Geb-
hart, 1988: Ali et al., 1994). The conflicting results may be
rclated to different sources of error in experimental mod-
els. differences in skin temperatures in hot plate and
tail-flick tests (Tjolsen et al.. 1989). differences in the
subjective behavioural scoring of nociceptive responses,
different administration routes of drug and species differ-
ences.

Although the 5-HT,, receptor agonist, 8-OH-DPAT,
decreased the activity evoked in most wide dynamic range
neurones. the responses were difficult to explain without
considering the characteristics of each single neurone. This

is the first report demonstrating the importance of wind-up
properties, control responses. depth, and size of the recep-
tive field of the neurones for the effect of 5-HT,, receptor
stimulation. Multiple regression analysis showed that only
cells with a pronounced wind-up and limited control re-
sponse were powerfully inhibited.

The powerful inhibition of both Ad-, C-fibre response
and post-discharge of cells with a pronounced wind-up
may have at least two explanations: first, the 5-HT,,
receptors are located postsynaptically on neurones which
also have receptors that are involved in the mechanism of
the wind-up process, e.g.. the NMDA receptors (Davies
and Lodge, 1987; Dickenson and Sullivan, 1987) and the
NK-1! receptors (Budai and Larson. 1996), or second. the
5-HT,, receptors might be located presynaptically on pri-
mary afferent fibres that terminate on these neurones. In
any case, it is interesting that 5-HT seems to modulate the
activity preferentially in cells with a pronounced wind-up.

Furthermore the results of these studies showed that
only wide dynamic range neurones with a relatively small
response to electrical stimulation were powerfully inhib-
ited by 5-HT,, receptor stimulation. Probably, in cells
with a pronounced C-fibre response. an intense C-fibre
input causes a pronounced temporal summation of excita-
tory postsynaptic potentials and a postsynaptic depolarisa-
tion that considerably exceeds the spike threshold. There-
fore, a large C-fibre response may be relatively resistant to
inhibition. In contrast, a small C-fibre input will generate a
postsynaptic depolarisation that only just exceeds the spike
threshold, making cells with a small C-fibre input and thus
a small C-fibre response more susceptible to inhibition.
For this reason the C-fibre responses in the control also
should be taken into account when one compares the
response change of one group of wide dynamic range
neurones with another.

The 5-HT,, receptors within the spinal cord are dis-
tributed according to a dorsoventral gradient, with the
highest density of these receptors in the superficial laminae
of the dorsal horn. In the lumbar region the gradient
throughout the spinal cord is conspicuous: the density in
laminae [-II is 8 times the density in laminae II-VI
(Marlier et al.. 1991b). In the present study, the C-fibre-
mediated responses of neurones in laminae IIT and 1V
seemed to be more inhibited than the same responses in
more deeply located neurones. These results may be ex-
plained by the distribution of the 5-HT,, receptors in the
dorsal horn described in earlier studies, or by the ability of
penetration of 8-OH-DPAT from the surface of the spinal
cord to the receptor sites in the tissue. The fact that no
relationship was found between the inhibition of the A8S-
fibre response and depth may indicate that the effect of
8-OH-DPAT on the C-fibre response is caused by a rela-
tively higher density of these receptors in laminae 111V
than in deeper laminae on primary afferent C-fibres or
dendrites that receive these fibres, rather than by a concen-
tration gradient of the drug in the spinal cord.
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All neurones that were studied had a specific receptive
field for pinch. The size of these fields is dependent on the
size of the area where the receptors of the primary afferent
fibres are located and on the convergence of these fibres
on the spinal neurone. A great number of primary afferent
fibres may therefore terminate on dorsal horn neurones
with large receptive fields. The modulation of transmitter
release from all these terminals by 5-HT acting on the
presynaptically located 5-HT,, sites is probably an impor-
tant supplement to the postsynaptic mode of action (Daval
et al., 1987).

Because the 5-HT,, receptors in rats are present in
abundance in the spinal cord (Huang and Peroutka, 1987),
and because stimulation of these receptors mainly seems to
decrease the neuronal evoked activity, this activity would
increase after blocking of these receptors if there were a
tonic inhibitory serotonergic activity on the 5-HT,, recep-
tors. The fact that the 5-HT,, receptor antagonist,
WAY 100635, did not alter neuronal activity argues against
any tonic activity on 5-HT,, receptors in these experi-
ments. In any event, WAY 100635 completely blocked the
effect of 8-OH-DPAT on a subpopulation of neurones
whose activity was powerfully inhibited by 8-OH-DPAT
alone, indicating that the effect of 8-OH-DPAT is medi-
ated by activation of specific 5-HT,, receptor sites.

In conclusion, the 5-HT,, receptor agonist, 8-OH-
DPAT, seems to inhibit the Ad-fibre response, C-fibre
response and post-discharge of many wide dynamic range
neurones in the dorsal horn. Powerful inhibition was ob-
served in cells with a pronounced wind-up, limited C-fibre
response in the control, limited depth in the dorsal horn
and a relatively large receptive field. No tonic inhibitory
serotonergic activity on the 5-HT,, receptors was detected
in these experiments.

These results suggest that stimulation of the 5-HT,,
receptors inhibits the activity in highly convergent wide
dynamic range cells, preferentially in laminae IHI-IV, in-
volved in the enhancement of nociceptive responses after
repeated electrical stimulation. Stimulation of 5-HT,, re-
ceptors may therefore inhibit the first step of the central
nervous system changes after peripheral stimulation and
activity in primary afferent fibres that could be relevant for
the development of pathological pain states.
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