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Pharmacological characterization of serotonin receptor subtypes
modulating primary afferent input to deep dorsal horn neurons in

the neonatal rat
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1 Spinal cord slices and whole-cell patch clamp recordings were used to investigate the effects of
serotonergic receptor ligands on dorsal root-evoked synaptic responses in deep dorsal horn (DDH)
neurons of the neonatal rat at postnatal days (P) 3—6 and P10—14.

2 Bath applied 5-hydroxytryptamine (5-HT) potently depressed synaptic responses in most
neurons. Similarly, the 5-HT;; receptor agonist, 5-carboxamidotryptamine (5-CT) depressed
synaptic responses. This action was probably mediated by 5-HT;o receptor activation, since it
occurred in the presence of the 5-HT; receptor antagonist clozapine and was not observed in the
presence of NAN-190, a 5-HT 5 receptor antagonist. In the absence of any agonist, 5-HT ;5 receptor
antagonists often facilitated synaptic responses, suggesting that there is sufficient endogenous 5-HT
to tonically activate 5-HT;5 receptors.

3 8-hydroxy-2-(di-n-propylamino) tetralin (8-OH-DPAT), the 5-HT 4,7 receptor agonist, facilitated
synaptic responses, an action probably mediated by 5-HT; receptors, since the facilitation could be
reversed by subsequent application of the 5-HT; receptor antagonist clozapine.

4 Agonists for the 5-HT;g, 5-HT, and 5-HT; receptors exerted only modest modulatory actions.
5 A pharmacological analysis of the depression evoked by 5-HT suggested an action partly
mediated by 5-HT;4 receptor activation, since antagonism of the 5-HT ;A receptor with NAN-190 or
WAY-100635 partly reversed 5-HT-evoked depression. In comparison, 5-HT, receptor activation
could account for much of the 5-HT-evoked facilitation.

6 We conclude that 5-HT is capable of modulating sensory input onto DDH neurons via several
receptor subtypes, producing both facilitatory and depressant actions. Also, the actions of most

receptor ligands on the evoked responses were similar within the first 2 postnatal weeks.
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Introduction

The deep dorsal horn (DDH) region of the spinal cord is a
primary site for the integration of somatosensory informa-
tion, including nociception. Several endogenous systems
within the CNS modulate the synaptic and cellular properties
of DDH neurons (e.g. Basbaum & Fields, 1984; Hammond,
1986). One family of transmitters known to exert such actions
comprises the brainstem monoamines that include several
distinct descending serotonergic pathways. For example,
serotonergic neurons of the raphe nuclei project widely to
modulate spinal cord function via the dorsolateral and
ventrolateral funiculi (Dahlstrém & Fuxe, 1965; for review
see Basbaum & Fields, 1984; Fitzgerald, 1986; Hammond,
1986; Millan, 1995).
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S-hydroxytryptamine (5-HT; serotonin) is released in the
spinal cord following noxious input (e.g. Omote et al., 1998)
and has been demonstrated to exert spinal antinociceptive
actions (for review see Fitzgerald, 1986; Eide & Hole, 1993;
Millan, 1995), implicating brainstem serotonergic systems in
the control of spinal nociception. Exogenously applied 5-HT
generally depresses, but can also facilitate primary afferent-
evoked synaptic responses onto dorsal horn neurons (e.g.
Randic & Yu, 1976; Headley et al., 1978; Jordan et al., 1979;
Lopez-Garcia & King, 1996; Lopez-Garcia, 1998). The
mechanisms underlying 5-HT-evoked modulation of synaptic
properties of spinal neurons are not fully understood but it
appears from most studies that the 5-HT; receptors play an
inhibitory, presumably antinociceptive role, while the 5-HT,
receptors play a facilitatory (pronociceptive) role (e.g. Fide &
Hole, 1991; Hori et al., 1996; Lopez-Garcia & King, 1996).

Currently, there are seven families of 5-HT receptors (5-
HT,;_;), comprising at least 14 distinct receptor subtypes (for
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review see Hoyer et al., 1994; Barnes & Sharp, 1999). Several
receptors, which include the 5-HT;, 5-HT, and 5-HT;
receptors, have been identified in the spinal cord dorsal horn
(e.g. Huang & Peroutka, 1987; Marlier et al., 1991; Kidd et
al., 1993; Pompeiano et al., 1994). With the exception of the
ionotropic 5-HT; receptor, all serotonergic receptors are G
protein-coupled receptors and hence capable of exerting a
broad modulatory influence on network and cell behaviour,
as most, if not all, ligand- and voltage-gated channels can be
modulated by 5-HT (e.g. see reviews by Anwyl, 1990; Barnes
& Sharp, 1999).

In this study, we used the spinal cord slice preparation and
whole-cell patch recordings of sensory synaptic input onto
DDH neurons to characterize and compare the modulatory
actions of 5-HT to receptor subtype selective ligands with
reported high affinity for 5-HT A, 5-HT;p, 5-HT,, 5-HT3 and
5-HT; receptors. While several investigators have examined
the actions of 5-HT receptor ligands on the control of spinal
cord function in vivo (e.g. Ali et al., 1994; 1996; Clarke et al.,
1996; Gjerstad et al., 1996; 1997; Ogilvie et al., 1999), only a
few studies have examined their actions at the spinal cellular
level in vitro (e.g. Lopez-Garcia & King, 1996; Lopez-Garcia,
1998; Khasabov et al., 1999). In vitro studies offer the
advantage of applying multiple ligands at known concentra-
tions (e.g. Wallis et al., 1993a; Wallis & Wu, 1993) while
intracellular recordings permit a cellular characterization of
neuromodulatory mechanisms of action. We examined dorsal
root-evoked synaptic responses in two age groups of neonatal
rats (P3—6 and P10—14) to determine whether developmental
alterations occur in serotonergic receptor modulation during
the first 2 postnatal weeks. Our results suggest that primary
afferent synapses are modulated by several 5-HT receptor
subtypes and that most evoked responses can be depressed by
5-CT acting on the 5-HT, 5 receptor and facilitated by 8-OH-
DPAT acting on the 5-HT; receptor. These actions were
independent of age range examined. Parts of this work have
been published previously in abstract form (Hochman &
Garraway, 1998).

Material
Preparation of spinal cord slices

Sprague-Dawley rats, postnatal days (P) 3—6 and P10—14,
were used. The older animals (P10—14) were first anaes-
thetized with 10% urethane (2 mg kg~' body weight i.p.),
decapitated and spinal segments L2—S1 were removed using
cooled (<4°C) oxygenated (95%0,—5%CO,) high sucrose-
containing artificial cerebrospinal fluid (aCSF) containing (in
mM): sucrose, 250; KCl, 2.5; CaCl,, 1; MgCl,, 3; glucose, 25;
NaH,PO,, 1.25; NaHCOs;, 26; at a pH of 7.4. The younger
animals (P3—6) were decapitated and spinal segments L2—S1
were removed using cooled oxygenated normal aCSF
containing (in mM): NaCl, 125; KCl, 2.5; CaCl,, 2; MgCl,,
1; glucose, 25; NaH,PQO,, 1.25; NaHCOs;, 26; at a pH of 7.4.
The isolated spinal cord was embedded in Agar, 2.5% w v,
(Type E, Sigma) and sliced on a vibrating blade microtome
(Leica VT1000S or Pelco 101) to yield transverse slices
(500—-600 um thick), incubated for at least 1 h prior to
experimentation in normal oxygenated aCSF maintained at
32°C.

Electrophysiology

Spinal cord slices were affixed to a recording chamber for
experimentation (Edwards et al., 1989). The transverse slice
provides a reasonable outline of the spinal cord grey matter
when viewed microscopically to permit reliable targeting of
the DDH (King et al., 1988). Short dorsal rootlets remained
attached to the spinal slices to allow for electrical stimulation
of primary afferents. Patch electrodes were prepared from
1.5 mm outer diameter capillary tubes (Precision Instruments
or Warner) using a two-stage puller (Narishige PP83) to
produce resistance values ranging from 4-7 MQ. The
intracellular recording solution contained (in mMm): K-
gluconate, 140; EGTA, 0.2; HEPES, 10; Mg-ATP, 4; GTP,
1; pH 7.3. In most experiments, 2 mM QX-314 (RBI) was
added to the recording solution to block voltage-dependent
Na* channels. The recording chamber was continuously
superfused with oxygenated normal aCSF at a rate of
~2 ml min—".

The whole-cell ‘blind’ patch clamp recording technique
(Blanton et al., 1989) was undertaken at room temperature
using the Axopatch 1D amplifier (Axon Instruments) filtered
at 5 kHz (4-pole low-pass Bessel) to record from DDH
neurons (laminae III-VI). Both voltage and current clamp
data were acquired on computer with the pCLAMP
acquisition software Clampex (v 6.0; Axon Instruments).
Immediately following rupture of the cell membrane (in
voltage clamp at —90 mV), the current clamp-recording
configuration was used to determine resting membrane
potential. Series resistance was subtracted in current clamp
mode (bridge balance). Most experiments were conducted in
the current clamp mode, although in a few cases, voltage
clamp recordings were made. In voltage clamp experiments,
series resistance remained uncompensated. For all neurons,
resting membrane potential, leak conductance and bridge
balance were monitored throughout to ensure recording
stability. If recordings were unstable, the recording was
discontinued and the data rejected. Mean electrode series
resistance was 39410 MQ.

Dorsal rootlets were electrically stimulated with bipolar
tungsten electrodes at intensities that recruit the majority of
afferent fibre types (typically >500 uA, =100 us) (see
Thompson et al., 1990). Stimulation-evoked excitatory
postsynaptic potentials or currents (epsps or epscs) were
collected at low frequencies (usually every 60 s in P3—6 and
every 20 or 30 s in P10—14 rats). Membrane potential was
held at —90 mV using injection of bias current for the entire
duration of the recording.

Application of ligands

Drugs were prepared on the day of the experiment from
frozen stock solutions. All drugs were dissolved in normal
aCSF and bath applied using independent perfusion lines
connected to a common output. Generally, following a 10—
15 min period for collection of ‘control’ evoked synaptic
responses, each ligand was applied for a period of 10—
15 min, during which time synaptic responses were con-
tinually recorded at baseline membrane potential and
frequency. If membrane potential was altered by drug
application, bias current was injected to return the membrane
to —90 mV prior to continued collection of evoked synaptic

British Journal of Pharmacology vol 132 (8)



S.M. Garraway & S. Hochman

5-HT receptors and modulation of spinal sensory input 1791

responses. In order to compare the actions of several 5-HT
receptor ligands on the evoked synaptic responses of a given
neuron, we allowed a washout/recovery period of 10—20 min
between subsequent drug applications.

Drugs used

5-HT was applied at 10 um (in 100 uM ascorbic acid to
prevent oxidation). The effective 5-HT receptor agonists used
were: S-carboxamidotryptamine (5-CT), 5-HT,; receptor
agonist; 8-hydroxy-2-(di-n-propylamino) tetralin (8-OH-
DPAT), a 5-HT, A7 receptor agonist; 7-trifluoromethyl-4-(4-
methyl-1-piperazinyl)-pyrrolo[1,2-a]quinoxaline (CGS), a 5-
HT;p receptor agonist; 1-(2,5-dimethoxy-4-iodophenyl)-2-
amino-propane (DOI), a 5-HT, receptor agonist; and, 1-(m-
chlorophenyl)-biguanide (CPBG), a 5-HT; receptor agonist.
The effective 5-HT receptor antagonists used were; NAN-190
or WAY-100635, 5-HT, receptor antagonists; ketanserin, a
5-HT>appc receptor antagonist; and clozapine, a 5-HT;
receptor antagonist. 8-OH-DPAT (in 100 um ascorbic acid),
DOI, NAN-190, WAY-100635, ketanserin and clozapine
were added at a concentration of 0.1 uMm. 5-CT, CGS and
CPBG were added at a concentration of 1 uM. All ligands
were obtained from RBI/Sigma (Natick, MA, U.S.A.).

Analysis

Recordings were analysed using Clampfit (v 6.0, Axon
Instruments). The maximum amplitude of the synaptic
response of individual traces was measured. Comparison of
evoked synaptic responses before and after application of 5-
HT receptor ligands was made and an effect mediated by the
applied ligands was considered modulatory if differences in
amplitude of the evoked synaptic responses were >10%.
Because multiple drugs were added in some experiments and
evoked responses did not often return to pre-drug baseline
values, the change in synaptic amplitude was measured as the
difference in the peak amplitude during drug application
compared to the amplitude in the control period just prior to
drug application.

Following analysis, graphs were constructed using Sigma
Plot (SPSS) and imported into CorelDRAW (Corel) for final
editing. All values in text are reported as mean+s.d. whilst
figures are reported as mean-+s.e.mean bars. Statistical
comparisons were made using the Student’s paired #-test.

Results

A total of 101 neurons from laminae III-VI were recorded,
having a mean resting membrane potential of —55+9 mV.
Since QX-314 was added to the recording solution in most
neurons, threshold and firing properties were not system-
atically examined. However, we previously reported a detailed
characterization of membrane properties of DDH neuron in
these two age groups of rats (Hochman et al., 1997).

Effects of 5-HT on primary afferent-evoked synaptic
responses

Bath applied 5-HT significantly depressed synaptic responses
by 524+20% in 34/43 DDH neurons obtained from P3-6

animals (P<0.001) and by 49+20% in 22/28 neurons
obtained from PI10-14 animals (P<0.05). 5-HT also
facilitated evoked responses in a minority of neurons from
both age groups (3/43 in P3-6; 28 +10%71 and 4/28 in P10—
14; 59 +70%1).

Effects of the 5-HT receptor ligands on primary afferent-
evoked responses

Table 1 summarizes the actions of receptor ligands in the two
age groups examined and should be referred to in the
following sections.

5-HT; receptor mediated actions

Because 5-CT has relatively high affinity for both 5-HT; and
5-HT; receptors, we effectively activated only the 5-HT;
receptors by adding 5-CT in the presence of clozapine, a 5-
HT); receptor antagonist, which has a very low affinity for the
5-HT; receptor. 5-CT/clozapine evoked a synaptic depression
of 58+21% in 12 of 14 neurons obtained from both younger
and older animals (P<0.001; Table 1). In the remaining two
neurons (from younger animals), 5-CT/clozapine was without
effect. Following washout of drugs, only a partial recovery of
the evoked synaptic responses was observed (also see Lopez-
Garcia, 1998), perhaps due to persistent alterations in G-
protein mediated actions.

While it is possible that the actions of 5-CT were on
receptors other than the 5-HT; receptor, application of 5-
CT in the presence of the 5-HT,, receptor antagonist NAN-
190 prevented the depressant response (n=2) and instead a
facilitatory action was observed presumably via activation of
5-HT; receptors (Figure 1C). In addition, while 8-OH-DPAT,
a 5-HT a7 receptor agonist generally facilitated synaptic
actions presumably via agonist activity at the 5-HT, receptor
(see section below on 5-HT; receptor mediated actions), 8-
OH-DPAT was also capable of depressing the evoked
response (Figure 1D).

Interestingly, in the absence of any applied agonist,
application of either 5-HT;5 receptor antagonist, NAN-190
or WAY-100635, produced synaptic facilitation (62+42%) in
nine of 19 neurons. This action suggests that 5-HT
receptors are tonically active and inhibiting evoked responses
in the spinal slice, presumably via persistent endogenous 5-
HT release. In addition, in 5/19 neurons, application of
NAN-190 produced a synaptic depression (38+21%). We
interpreted this as suggesting that in some neurons, NAN-190
may be acting at another receptor subtype (e.g. 5-HT;) to
block a tonic facilitating action of 5-HT (see Discussion).
Figure 2 illustrates the facilitatory and inhibitory effects of
these antagonists.

Actions of 5-HT;p, 5-HT> and 5-HT}; receptor agonists

The 5-HT;p receptor agonist CGS depressed the evoked
synaptic responses in 6/7 neurons from younger animals
(P<0.05), but caused an insignificant facilitation in 4/7
neurons in the older animals (Table 1). Figure 3A(i)
demonstrates the effects of CGS on evoked synaptic
responses. Part of the increased synaptic response in older
animals may be attributed to an observed increase in input
resistance (Figure 3A(ii)).
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Table 1 Effects of 5-HT receptor ligands on epsp amplitude in P3—6 and P10- 14 neonotes

P3-6
%1 %] No effect
**5-CT/clozapine (+5-HT)) 61
(n=14) - (6) (@)
CGS (+5-HTp) 34
(n=14) - (6 0]
DOI (+5-HT»,) 28 20
(n=16) (3) 3) (N
CPBG (+35-HT3) 22
(n=13) (6) - 3
**8-OH-DPAT (+35-HT,) 49 56
(n=14) (10) H (O]
NAN (P3-6) (—5-HTa) 71 38
(n=19) or ©  ©® )
(—5-HTy)

WAY (P10 14)
(n=3)

(=5-HT14)

PI10-14
Total (n) %1 %) No effect Total (n)
55

®) — (6) - (6)
57

(7 “* ()] (@) )
65

(13) (2 (6] (3)
13 24

©)] (2 (@) - (C)]
58

(12) ()] - - (@)

(16)
43
3 - - 3

Ligand actions are indicated at left and presumed receptor site of action is indicated in brackets (+ prefix for agonists and —for
antagonists). Neurons are divided into three categories, facilitation (%7), depression (%]) and no effect, and reported as mean
percentage change in epsp amplitude. The predominant action of each drug in each age group is shown in bold for clarification. Sample
sizes are presented in brackets. Asterisks (**) denotes overall significant differences (P <0.05). For further details see text.

The 5-HT, receptor agonist DOI facilitated responses in 5/
16 neurons (44+43%), and only modestly depressed
responses in three neurons (20+10%) (Figure 3B). In half
of the neurons (n=8) DOI was without effect. In five neurons,
application of the 5-HT,5»c receptor antagonist ketanserin
alone did not modify synaptic responses, suggesting that,
unlike the 5-HT; 5 receptor, 5-HT, receptors are not tonically
activated by endogenous 5-HT release in the slice preparation.

The 5-HT; receptor agonist CPBG had modest actions,
facilitating synaptic responses in eight of 13 neurons
(19+7%) (Figure 3C), while depressing responses in only
two neurons obtained from older animals.

5-HT; receptor mediated actions

8-OH-DPAT has high affinity for both the 5-HT; and 5-
HT; receptors. In the presence of 8-OH-DPAT alone,
synaptic facilitation (50+43%) was observed in the majority
of neurons tested (12/14) (Figure 4A,B(i)). Addition of the 5-
HT; receptor antagonist clozapine was capable of partially
reversing the 8-OH-DPAT-induced facilitation in two
neurons tested (Figure 4B(ii)), suggesting that the facilitatory
action of 8-OH-DPAT is due to activation of the 5-HT; and
not the 5-HT; receptor. We also tested the ability of the 5-
HT, /7 receptor agonist 5-CT to activate 5-HT; receptors by
adding 5-CT in the presence of the 5-HT;n receptor
antagonist NAN-190 in two neurons. We observed a synaptic
facilitation of similar magnitude (52%) to that produced by
8-OH-DPAT (Figure 1C), suggesting that the facilitatory
actions of 5-CT and 8-OH-DPAT are mediated by 5-HT; and
not 5-HT; 5 receptor activation.

Receptors mediating 5-HT-evoked depression and
facilitation

The 5-HT; receptor agonist 5-CT depressed evoked synaptic
responses at least partly via activation of the 5-HT; 5 receptor
(Figure 1). Therefore, we tested the possibility that the 5-HT; 5
class of receptor mediates the depression evoked by 5-HT. In
some neurons, we added 5-HT to produce synaptic depression,

then added the 5-HT; receptor antagonists NAN-190 or
WAY-100635. In three of eight neurons, the depression
induced by 5-HT was partly reversed in the presence of these
antagonists (Figure 5A). However, in other neurons (n=15), the
antagonists had minimal effects on 5-HT-evoked depression,
while drug washout reversed 5-HT’s depressant actions (Figure
5B). These results suggest that additional receptors contribute
to mediating the 5-HT-evoked depression. Interestingly, in one
neuron, neither CGS, 8-OH-DPAT, WAY-100635 nor
clozapine altered the amplitude of the evoked response, while
5-HT caused a large depression even following co-application
with NAN-190, the 5-HT, 5 receptor antagonist (Figure 5C),
suggesting that there are serotonergic receptors other than 5-
HT; 5 or 5-HT g receptors that can mediate the 5S-HT-evoked
depression. We did not explore the possibility of a contribution
from 5-HTj; receptors to the 5-HT induced depression because
the actions of the 5-HTj receptor agonist CPBG (at 1 uM) were
only modest and usually facilitatory (see Discussion).

Since 5-HT; receptor activation facilitated synaptic
responses, we tested whether the 5-HT-evoked facilitation
observed in a small proportion of neurons could be 5-HT,
receptor mediated. In these experiments, the 5-HT; receptor
antagonist clozapine was added subsequent to 5-HT.
Clozapine reversed the 5-HT-induced facilitation in two of
four neurons (Figure 6A), but had no effect on three neurons
where 5-HT produced a synaptic depression (Figure 6B).
Thus, 5-HT5 receptors appear to play a role in mediating 5-
HT-evoked facilitation but not 5-HT-evoked depression. The
contribution of 5-HT, receptors to a 5-HT induced synaptic
facilitation was not examined but may have been responsible
for the 5-HT induced facilitation in neurons that were
insensitive to clozapine.

Discussion

Summary

This study characterized the actions of 5-HT and several
reported receptor-effective ligands on the regulation of
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Figure 1 5-HT;5 receptor activation depresses naive synaptic
responses. (A) Normalized data showing the effect of 5-CT/clozapine
on the amplitude of evoked synaptic responses in both older and
younger animals combined (n=12). The horizontal bar indicates the
timing of the drug application. Note that the amplitudes of the
synaptic responses are only partially reversed following washout of 5-
CT/clozapine. The values for normalized data are presented as the
mean +s.e.mean. (B) Examples showing the 5-CT/clozapine-induced
depression of epsps observed in neurons obtained from P3—6 (63%)
and P10—14 (50%) animals respectively. (C) Application of the 5-
HT, o7 receptor agonist 5-CT in the presence of the 5-HT 4 receptor
antagonist NAN-190 facilitated e.ps.p amplitude (52%). (D) Example
of a cell where the 5-HT;5 receptor agonist 8-OH-DPAT depressed
the evoked e.p.sp. In this and the following similar figures, the
individual raw traces of the control synaptic responses are super-
imposed in black, while the raw traces in the presence of the ligands
are superimposed in grey. Averaged synaptic actions are presented to
the right.

sensory synaptic input onto DDH neurons of the neonatal
rat. With the exception of the 5-HT;p receptor agonist CGS,
the general effects of 5-HT receptor ligands in this study were
similar within the first 2 weeks of postnatal development, and
also compare to actions reported from earlier studies
conducted in adult rats (e.g. Xu et al, 1994; Ali et al.,
1996; Gjerstad et al., 1996; 1997), suggesting that the function
of these 5-HT receptor subtypes in the DDH remains
relatively unchanged during postnatal development.

Synaptic depression

Consistent with previous studies, primary afferent-evoked
synaptic responses were usually depressed in the presence of
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Figure 2 In the absence of agonist, 5-HT A receptor antagonists can
facilitate or depress evoked synaptic responses. (A) Normalized data
showing the effects of NAN-190 or WAY-100635 on evoked synaptic
responses. The antagonists could facilitate (black circles) or depress
(grey circles) evoked synaptic responses. (B) Examples showing 5-
HT, A receptor antagonist-induced synaptic facilitation in younger (i)
and older (ii) animals. In addition to synaptic facilitation spikes were
recruited in the presence of WAY-100635 in (ii) and they are
presented as lighter shaded events in the raw traces. These events
were not included in the analysis of the average epsp amplitude
increase at right. Note traces in B(i) are epscs, voltage clamp
recording. B(iii) Example of synaptic depression produced by NAN-
190. Percentage change in peak synaptic response in the presence of
the ligands were 27%7, 29%7 and 37%], respectively.

the 5-HT,; receptor agonist 5-CT (also see, Lopez-Garcia &
King, 1996; Lopez-Garcia, 1998; Khasabov et al., 1999). Our
studies strengthen the notion that the 5-CT-evoked depres-
sion is via 5-HT; receptor activation since the depressant
action of 5-CT occurred in the presence of the 5-HT;
receptor antagonist clozapine. Antagonism of the 5-HT;a
receptor with NAN-190 or WAY-100635 partly reversed a 5-
HT-evoked depression in some neurons, demonstrating that
5-HT; A receptors depress synaptic responses. In the younger
animals only, we observed that the 5-HT;p receptor agonist,
CGS also produced synaptic depression, albeit less potent
and widespread than that observed for 5-HT; receptor
activation with 5-CT.

The 5-HT ;o and 5-HT,p receptors, which are present on
primary afferent terminals and dorsal horn neurons (Daval et
al., 1987; Marlier et al., 1991; Ridet et al., 1994; Laporte et
al., 1995) may constitute dominant receptor subtypes in the
dorsal horn of the rat (see Huang & Peroutka, 1987; Marlier
et al., 1991). Interestingly, Huang & Peroutka (1987) reported
that at least 33% of the total 5-HT binding sites in the rat
spinal cord are distinct from 5-HTja, 5-HT;g or 5-HT,c.
Since like 5-HT ;g receptors, the 5-HTp, 5-HTg, and 5-
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Figure 3 Actions of 5-HT;p, 5-HT, and 5-HTj3 receptor agonists.
(A) The 5-HT,p receptor agonist CGS produces both depression and
facilitation of synaptic responses in DDH neurons. (i) Normalized
data showing a modest CGS-induced epsp depression in younger
animals (black circles; n=6), while facilitating epsps in older animals
(grey circles; n=4). (ii). The CGS-induced epsp amplitude increase is
associated with a reversible increase in neuronal input resistance
(160 MQ in control; 330 MQ in CGS) and a decrease in rheobase
(70 pA in control; 50 pA in CGS). Responses presented arise from
30 pA depolarizing and hyperpolarizing current steps. (B) The 5-HT,
receptor agonist DOI modestly facilitates (18%) (i) or depresses
(20%) evoked synaptic responses in DDH neurons (ii). (C) The 5-
HT; receptor agonist CPBG facilitates synaptic responses in the
younger animals, but produces both facilitation and depression in
neurons obtained from older animals. (i). Normalized data showing
the modest facilitatory actions of CPBG on neurons obtained from
both younger (n=06) and older (2=2) animals. (ii). Example showing
synaptic facilitation (15%) obtained in a neuron obtained from an
older animal.
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Figure 4 5-HT, receptor activation mediates synaptic facilitation.
(A) Normalized data demonstrating synaptic facilitation (n=12)
evoked by 8-OH-DPAT in neurons obtained from both younger and
older animals. (B(i)) An example of 8-OH-DPAT-induced facilitation
(58%) of evoked epsc. (ii). The facilitation of the early epsp peak
produced by 8-OH-DPAT (62%) is largely reversed by clozapine, the
5-HT; receptor antagonist.

HT;g receptors are negatively coupled to adenylate cyclase
(Barnes & Sharp, 1999), they are also likely to produce
synaptic depression (see Manuel et al., 1995). Though not
presently investigated, these receptors may also contribute to
the widespread depressant action of 5-HT.

In this study, passive membrane properties of DDH
neurons were generally unchanged (except for CGS in
P10—14 group; discussed later), suggesting that modulatory
actions occurred at the glutamatergic synapse itself, though a
pre- and/or postsynaptic locus could not be determined from
our studies. Both pre- and post-synaptic spinal actions of 5-
HT have been demonstrated previously (e.g. Sillar &
Simmers, 1994; Hori et al., 1996; Travagli & Williams,
1996; El Manira et al., 1997; Murase et al., 1990; Lopez-
Garcia, 1998).

Synaptic facilitation

An interesting observation in this study is the facilitation of
evoked synaptic responses by 8-OH-DPAT, the 5-HT;A;;
receptor agonist (Kennett, 1998). The additional observations
that the 5-HT; receptor antagonist clozapine partly reversed
the actions of 8-OH-DPAT and that facilitation of a similar
magnitude was observed using 5-CT (5-HT;;; receptor
agonist) in the presence of 5-HT;, receptor antagonists
NAN-190 or WAY-100635, further suggest that these actions
are mediated at the 5-HT; receptor. Moreover clozapine
could block the 5-HT induced facilitation observed in some
neurons. Thus, it is likely that 5-HT; receptors contribute to
the facilitatory actions of 5-HT observed in some DDH
neurons. Although the 5-HT; receptor has been identified in
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Figure 5 Unidentified receptors mediate part of the depressant
actions of 5-HT. (A) 5-HT-evoked epsp depression is partly reversed
in the presence of the 5-HT;5 receptor antagonist NAN-190. (B)
NAN-190 has no effect on 5-HT-evoked depression while washout of
5-HT leads to a near complete recovery of synaptic amplitude. (C)
WAY-100635, clozapine, 8-OH-DPAT, or CGS has no effect on the
evoked synaptic responses. However, 5S-HT produces potent depres-
sion of the epsp, which is unchanged by NAN-190, suggesting that 5-
HT receptors other than 5-HT A, 5-HT or 5-HT; are mediating the
depressant action of 5-HT. In C only, the individual traces are
presented superimposed in grey, while the average response is
presented overlaid as a thick-black trace.
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Figure 6 5-HT; receptor antagonist partly reverses S5-HT-evoked
facilitation, but not 5-HT-evoked depression of epsps. (A) The 5-HT-
induced facilitation (35%) of epsp amplitude in a neuron obtained
from an older animal is blocked by clozapine, allowing 5-HT to
produce synaptic depression, presumably by actions on other
receptor subtypes. (B) Clozapine does not remove the synaptic
depression evoked by 5-HT.

several CNS regions (e.g. Gustafson et al., 1996; also see
Eglen et al., 1997), its distribution in the spinal cord has not
been examined.

Our observation that 8-OH-DPAT preferably activates the
5-HT; receptor is somewhat surprising given the compara-
tively higher affinity reported for the 5-HT; receptor (see
Hoyer et al., 1994), which generally produces synaptic
depression. However, this observation could explain reported
inconsistencies between the actions of 5-CT and 8-OH-
DPAT. For example, the enhancement of spinal reflexes in
the rabbit by 8-OH-DPAT reported by Clarke et al. (1997)
and Ogilvie et al. (1999) was reported to be due to a
combined action mediated at the 5-HT;o and 5-HT,
receptors.

Activation of the 5-HT, receptors with DOI facilitated
evoked responses in only 5/16 neurons tested. This low
frequency may be explained in relation to the relatively small
percentage of 5-HT»a »c receptors present in the dorsal horn
of the rat (Pompeiano et al., 1994; Maeshima et al., 1998;
Cornea-Hebert ez al., 1999). The facilitation observed here is
consistent with a facilitation of evoked excitatory synaptic
responses in nearly 50% of dorsal horn neurons tested with
higher concentrations of DOI (10 uM) reported by Hori et al.
(1996). 5-HT, receptor activation has been previously
implicated in pronociceptive actions (e.g. Eide & Hole, 1991).

In addition to the 5-HT,; and 5-HT, receptors, other
receptor subtypes, which were not investigated in this study,
may also contribute to the facilitatory actions of 5-HT. For
instance, the 5-HT, and 5-HTg are positively coupled to
adenylate cyclase and may also tend to have facilitatory
actions. These receptors are localized in various CNS regions
(see Verge & Calas, 2000), but only 5-HTs receptor
expression has been examined in the spinal cord, and its
expression is weak (Gerard et al., 1997).

Unlike the metabotropic 5-HT receptors, the 5-HTj3
receptor is ionotropic and leads to the opening of a
monovalent cation permeable channel. Reports from previous
studies on the events mediated by 5-HT; receptor activation
are conflicting. For instance, in relation to nociception, both
pronociceptive (Ali et al., 1996; Oyama et al., 1996) and
antinociceptive effects (Alhaider et al., 1991; Bardin et al.,
1997; 2000; Giordano, 1997) have been reported. Here, we
observed that the high affinity 5-HT; receptor agonist CPBG
(applied at 1 um), produced facilitation of naive synaptic
response in most neurons, though of small magnitude, an
observation consistent with an increase in number of evoked
spikes in dorsal horn neurons of adult rats (Ali et al., 1996).
This however opposes the attenuation of afferent-evoked
neurotransmission observed by Khasabov et al. (1999) in
similarly aged animals when CPBG was applied at much
higher concentrations (10—50 uMm). Since the vast majority of
5-HT; receptors present in the spinal cord dorsal horn are
found on primary afferent terminals (Hamon et al., 1989;
Kidd et al., 1993; Laporte et al., 1995) where they can
mediate a primary afferent depolarization (Khasabov et al.,
1999), synaptic depression via presynaptic inhibitory mechan-
isms is expected. Even though 5-HT; receptors are also
present on some dorsal horn neurons including GABAergic
(Morales et al., 1998) and enkephalinergic interneurons
(Tsuchiya et al., 1999), we found no evidence to suggest that
CPBG mediated direct excitatory actions on the DDH
neurons. We suggest that the lower concentrations of CPBG
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used here preferentially activates receptors other than the 5-
HTj3 receptor, and so our results using CPBG should be
interpreted cautiously. For example, although CPBG is a
potent high affinity 5-HT; receptor agonist (Kilpatrick et al.,
1990), it has also been shown to interact with the
catecholamines, facilitating the release of noradrenaline
(Schlicker et al., 1994) and inhibiting the reuptake of
dopamine (Campbell et al., 1995).

Endogenous release of 5-HT in the spinal slice

In the absence of applied agonists, the 5-HT;5 receptor
antagonists NAN-190 and WAY-100635 typically produced
modest facilitation of the evoked responses. Since there
appears to be no serotonergic neurons intrinsic to the spinal
cord, this observation suggests that even in the spinal cord
slice preparation, the endogenous 5-HT derived from
brainstem nuclei can tonically depress primary afferent input
to DDH neurons at least partly via 5-HT;5 receptor
activation (c.f. Wallis et al., 1993a,b). 5-HT has very high
affinity for the 5-HT;s receptor (Zifa & Fillion, 1992) and
Hadjiconstantinou et al. (1984) demonstrated that endogen-
ous 5-HT remains in the spinal cord for more than a week
following spinal transection. It is possible that low levels of
endogenously released S5-HT serve to tonically regulate
synaptic gain of primary afferent input.

Unexpectedly, in a few cases, NAN-190 alone instead
produced a depression of the evoked response. We presume
this action is mediated by blockade of tonic activation at the
5-HT; receptor, which binds NAN-190 with moderate affinity
(see Hoyer et al., 1994). Interestingly, Zhuo & Gebhart (1991)
found that the descending serotonergic facilitation of
nociception, abolished by bilateral transection of the
dorsolateral funiculus, was not attenuated by the 5-HT, or
5-HT; receptor antagonists, but by methysergide, a non-
specific 5-HT receptor antagonist (including block of 5-HT;
receptors), concluding that the facilitation is mediated by a 5-
HT,; receptor. Rather, our findings indicate that tonic
descending facilitation may be mediated by 5-HT, receptor
activation, while tonic descending inhibition is mediated via
the 5-HTa receptor.

Unlike the 5-HT;5/; receptors, there was no evidence to
support tonic endogenous activation of the 5-HT, receptor,
since ketanserin applied alone had no effect on naive synaptic
responses. These results are consistent with the higher affinity
of 5-HT for 5-HT;po and 5-HT; receptors over 5-HT,
receptors (see Zifa & Fillion, 1992; Hoyer et al., 1994) and
also the low expression of 5-HTa»c receptors in the dorsal
horn (see references above).

Interpreting actions of 5-HT receptor subtypes and
ligands based on G-protein coupling

There is considerable evidence to suggest that metabotropic
5-HT receptors that activate G-proteins positively coupled to
signal transduction pathways (e.g. G,, Gg) facilitate synaptic
responses, while those activating G-proteins that inhibit
signalling pathways (e.g. G;, G,) exert synaptic depression
(for review see Anwyl, 1990; Uphouse, 1997). Accordingly,
the facilitatory action of 8-OH-DPAT is consistent with 5-
HT; receptor activation, which activates G,. Conversely, the
depression evoked using 5-CT is consistent with activation of

5-HT A receptors, which activates Gj,. The actions of DOI
were predominantly facilitatory, consistent with 5-HT,
receptor activation of Gg leading to a protein kinase C
(PKC) mediated facilitation of glutamatergic responses, as
reported previously in dorsal horn neurons (Hori et al.,
1996). The CGS-mediated synaptic depression in the young
animals is consistent with 5-HTp receptor activation of G,
but the facilitation in the older neonates would not be
predicted to be 5-HT;p receptor mediated. Since our CGS-
mediated facilitatory actions were due partly to postsynaptic
mechanisms (increased cell resistance) that conflict with
observations that 5-HT;p receptors only occur presynapti-
cally on axon terminals (Verge & Calas, 2000; see also Wu et
al., 1991), it is likely that CGS had its dominant action at a
receptor other than 5-HT;g in older animals. Previous
studies that have demonstrated inhibitory actions of 5-
HT;p receptor agonists in the mature rat did not use CGS as
the effective 5-HT;g receptor agonist (e.g. Murphy &
Zemlan, 1990; Ali et al., 1994; Xu et al., 1994; Gjerstad et
al., 1997).

Limitations of the experimental approach

There are several limitations to our experimental approach.
First, bath applied 5-HT will activate all 5-HT receptors
simultaneously, whereas physiologically, it is probable that
there is some degree of preferential activation of receptor
subtypes by separate descending serotonergic systems (Wei et
al., 1999). Hence, physiological conditions may exist where
synaptic facilitation dominates over the strong depression
observed presently (see below). Second, this study used high-
intensity electrical stimulation to recruit the majority of
afferents within the stimulated dorsal root, and this could
mask weaker opposing actions occurring in some specific
afferent fibre populations. For example, Jankowska and co-
workers have demonstrated that 5-HT and raphe-spinal
stimulation can exert a differential control over primary
afferent-evoked responses of different modalities (e.g. Riddell
et al., 1993; Jankowska et al., 1997; 2000). A third limitation
to this study is that the DDH is functionally heterogeneous,
yet all dorsal horn neurons were treated here as a single
population. Jankowska and co-workers have demonstrated
that the actions of 5-HT may depend on the functional
identity of the spinal neuron studied (Jankowska et al., 1997;
2000). These limitations notwithstanding, the present ob-
servations demonstrate that the 5-HT;5 and 5-HT; receptor
subtypes have rather consistent actions in all neurons
examined, and suggest that the serotonergic systems that
modify sensory input by these receptors do so in a diffuse and
general matter.

Relevance

Although 5-HT is implicated in the descending control of
nociception, its potential analgesic benefit is limited by its
widespread actions and complex pharmacology with different
receptor subtypes capable of producing opposing modulatory
actions. Our results demonstrate that despite the functional
heterogeneity of 5-HT receptor subtypes and neurons within
the DDH, pharmacological strategies may be employed to
activate selective receptor subtypes with a broad neuromo-
dulatory influence on spinal cord sensory function.
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