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Spinal locomotor networks in the lamprey are modulated by
tachykinin neuropeptides. A single 10 min application of the
tachykinin substance P evokes a short-term (�1 hr) presynaptic
facilitation of glutamate release and the postsynaptic potentia-
tion of NMDA responses. The latter effect induces a long-term
(�24 hr) protein synthesis-dependent increase in the frequency
of network activity. Tachykinins are contained in a ventromedial
spinal plexus into which the medial dendrites of network neu-
rons project. Neurons in this plexus also contain colocalized
dopamine and 5-HT. Here, dynamic plasticity evoked by mod-
ulator interactions has been examined by investigating the
effects of 5-HT and dopamine on specific cellular, synaptic, and
network effects of substance P.

Preapplied 5-HT blocked the substance P-mediated increase
in the network burst frequency and the potentiation of NMDA-
evoked cellular responses that underlies its induction. 5-HT
also blocked the presynaptic facilitation of glutamatergic syn-

aptic transmission by substance P. The presynaptic, but not
postsynaptic, effect of 5-HT was reduced by the protein phos-
phatase 2B inhibitor cypermethrin.

Dopamine did not directly modulate the effects of substance
P. However, it reduced the presynaptic interactive effect of 5-HT
and thus gated the presynaptic potentiation of glutamatergic
inputs by substance P. However, the substance P-mediated
potentiation of NMDA responses was not gated by dopamine,
and thus the long-term network modulation was not induced.

Neuromodulator effects and their interactions can thus be
modulated. By selecting components from the modulatory rep-
ertoire of substance P, these interactions evoke dynamic
changes in short- and long-term synaptic and network
plasticity.
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Neuromodulation has been studied extensively (for review, see
Harris-Warrick and Marder, 1991; Sillar et al., 1997; Katz, 1999).
Although neuromodulators are often examined individually, the
abundance of putative neuromodulators in the nervous system,
and their corelease or simultaneous release, could provide the
opportunity for them to interact (Kupfermann, 1991; Brezina and
Weiss, 1997). Even when modulator release is temporally or
spatially independent, the modulatory tone resulting from their
relatively slow effects could also allow for interactions between
modulators (Kupfermann, 1991; Wood, 1995; Brezina and Weiss,
1997; Ayali and Harris-Warrick, 1998; Parker, 2000).

In analogy to the higher-order effects resulting from interac-
tions between activity-dependent synaptic plasticity (“metaplas-
ticity”; Abraham and Bear, 1996), interactions between neuro-
modulators have been termed recently “metamodulation” (Katz
and Edwards, 1999). The complexity that could result from these
interactions is daunting, because they potentially make neuro-
modulation both plastic and modulatory. An understanding of
these interactions is thus an important component to our knowl-
edge of nervous system plasticity.

The modulatory effects of the tachykinin neuropeptide sub-
stance P have been examined in the lamprey spinal cord (Parker,

2001). Tachykinins are contained in primary afferents and inter-
neurons in the dorsal horn (Van Dongen et al., 1986) (E. Svens-
son, unpublished observations) and in a ventromedial spinal
plexus that also contains colocalized 5-HT and dopamine (Schot-
land et al., 1996). The medial dendrites of locomotor network
neurons project into this plexus, placing these modulators in a
position to influence network activity.

The individual network effects of substance P, 5-HT, and
dopamine have been examined. Substance P evokes a long-term
(�24 hr) protein synthesis-dependent increase in the frequency
of network activity. At the cellular and synaptic level, it modu-
lates the excitability of spinal neurons, presynaptically facilitates
glutamate release, and postsynaptically potentiates NMDA re-
sponses. The latter effect underlies the induction, but not main-
tenance, of the long-term burst frequency modulation (for review,
see Parker, 2001). 5-HT reversibly reduces the frequency of
network activity (Harris-Warrick and Cohen, 1985). At the cel-
lular level, it reduces the calcium-dependent afterhyperpolariza-
tion after the action potential (Wallén et al., 1989) and also
modulates glutamatergic and glycinergic synaptic transmission
(Parker, 2001). Finally, dopamine modulates several cellular and
synaptic properties (Schotland et al., 1995; Kemnitz, 1997) and
has concentration-dependent effects on the network output
(McPherson and Kemnitz, 1994).

The location and proposed paracrinic release of these three
modulators in the ventromedial plexus (Christenson et al., 1990;
Schotland et al., 1996) provide appropriate conditions for their
interactions. The information available on the specific cellular
and synaptic effects of substance P (Parker, 2001) allowed these
interactions to be examined by investigating the influence of
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5-HT and dopamine on the substance P-evoked modulation. The
results show that individual modulatory effects can be modulated
(metamodulation; Katz and Edwards, 1999) and that these meta-
modulatory interactions are also subject to modulation. These
interactions select from the distributed effects of substance P to
evoke dynamic synaptic and network plasticity.

MATERIALS AND METHODS
The results presented here were obtained from experiments performed
on adult male and female Lampetra fluviatilis. The effects were also seen
in Petromyzon marinus. No obvious species or sex differences were ap-
parent in these animals. However, the effects did not occur in preliminary
experiments on Icthyomyzon unicupsis (n � 3) (D. Parker and E. Svens-
son, unpublished observations), suggesting a potential species difference
in modulator interactions.

Animals were anesthetized with tricaine methanesulphonate (MS-222;
Sandoz, Basel, Switzerland). The spinal cord and notochord were re-
moved and placed in a Sylgard-lined chamber (volume of �2.5 ml;
Sikema, Stockholm, Sweden). In experiments examining cellular and
synaptic modulation, the spinal cord was isolated from the notochord and
placed ventral side up in the chamber. In all experiments, the spinal cord
was superfused with Ringer’s solution containing (in mM): 138 NaCl, 2.1
KCl, 1.8 CaCl2, 1.2 MgCl2, 4 glucose, 2 HEPES, and 0.5 L-glutamine,
which was bubbled with O2. The experimental chamber was kept at a
temperature of 8–12°C.

Locomotor activity was evoked by applying NMDA (50–200 �M) to
the Ringer’s solution. The resulting network output was monitored by
recording extracellularly from ventral roots on both sides of the spinal
cord using glass suction electrodes. Drugs were only applied after the
NMDA-evoked network activity was constant, which could take up to 4
hr. Intracellular recordings were made from the cell bodies of spinal cord
neurons using thin-walled micropipettes filled with 3 M potassium acetate
and 0.1 M potassium chloride. Because glutamatergic inputs appear to be
relevant to the network effects of substance P (Parker, 2001), glutama-
tergic synaptic transmission was examined in detail by making paired
recordings from excitatory network interneurons (EINs) and motor
neurons. Motor neurons were identified by recording orthodromic extra-
cellular spikes in the associated ventral root after current injection in
their somata, and EINs by their ability to elicit monosynaptic EPSPs in
motor neurons (Buchanan, 1993). EPSPs were identified as monosynaptic
if they occurred reliably and with constant latency after presynaptic
stimulation at 20 Hz. An Axoclamp 2A amplifier (Axon Instruments,
Foster City, CA) was used for voltage recording and current injection. In
all cellular experiments, the membrane potential in control and in the
presence of drugs was kept constant by injecting depolarizing or hyper-
polarizing current using single-electrode discontinuous current clamp.
Data were acquired, stored, and analyzed on computer using an analog-
to-digital interface (Digidata 1200; Axon Instruments) and Axon Instru-
ments software (Axotape and pClamp 6).

Drugs were usually applied to the bath using a peristaltic pump (flow
rate of �0.5 ml/min). Cellular responses to NMDA were elicited by
pressure applying NMDA (1 mM) from a micropipette onto the surface
of the spinal cord above the neuron being recorded from. Because the
spinal cord is thin, drugs applied in this way readily gain access to the cell
bodies and dendrites of spinal neurons (Wald and Selzer, 1981). Pressure
pulse durations of 20–200 msec were given every 60 sec to prevent
desensitization, the duration varying in different experiments to give
clear, consistent NMDA responses. TTX (1.5 �M) was bath applied in all
pressure application experiments to block indirect effects attributable to
the action of NMDA on nearby neurons.

Membrane potential oscillations were evoked in motor neurons and
network interneurons by rapid perfusion (�5 ml/min) of 1 �M substance
P for 1 min. The oscillations were evoked at 1 hr intervals to avoid
desensitization (Svensson et al., 1997). They were quantified by measur-
ing the duration of the oscillation episode (i.e., the time from the first to
the last depolarizing plateau).

Modulator interactions were examined by applying a second modula-
tor when the effects of the first modulator had stabilized. Unless stated
otherwise, 1 �M substance P was applied for 10 min in all experiments,
because this treatment evokes long-lasting (�24 hr) modulation of the
locomotor network (Parker et al., 1998). The substance P-mediated
modulation took up to 2–3 hr to stabilize (Parker et al., 1998). Once it
had stabilized (defined as a constant burst frequency over a continuous
30 min period), 5-HT or dopamine were applied for 10 min to see

whether they evoked their usual network effects (Harris-Warrick and
Cohen, 1985; McPherson and Kemnitz, 1994). Because 5-HT and dopa-
mine do not have long-term effects on the network output, their influence
on the cellular and network effects of substance P was examined by
applying them continuously. Cypermethrin, okadaic acid (OA), and
phorbol 12,13 dibutyrate (PDBu) were dissolved in DMSO. The final
concentration used was 10 �M, which gave a final DMSO concentration
of 0.01–0.1%. In control experiments, this concentration does not affect
NMDA-evoked network activity (Parker et al., 1998).

Statistical significance was examined using two-tailed paired or inde-
pendent t tests, or one-way ANOVA. All experiments that investigated a
particular treatment or effect were included in the statistical analysis
whether an effect was seen or not. A lack of significance reflects the
failure of a modulator to evoke an effect in the presence of other
modulators. n numbers in the text refer to the number of experiments
performed. All values given refer to mean � SEM. Only one experiment
was performed in each piece of spinal cord, with no more than two pieces
of cord being taken from the same animal.

RESULTS
The individual effects of 5-HT, dopamine, and substance P on the
output of the lamprey locomotor network have been examined
previously (see introductory remarks). Here, the interactive ef-
fects of these modulators have been examined.

The interactive effects of 5-HT and substance P on
NMDA-evoked network activity
The interactive effects of 5-HT and substance P were initially
examined on NMDA-evoked locomotor network activity. In the
absence of 5-HT, substance P (1 �M for 10 min) consistently
resulted in a long-term (�10 hr) increase in the frequency of
NMDA-evoked ventral root bursts (n � 7 of 7) (Fig. 1A,B)
(Parker et al., 1998). However, there was no significant increase in
the burst frequency when substance P was applied in the presence
of 1 or 10 �M 5-HT (n � 11 of 12; substance P in 5-HT, p � 0.1,
n � 12) (Fig. 1A,B). 5-HT alone reduced the frequency of
NMDA-evoked ventral root bursts from a control frequency of
1.7 � 0.4 Hz to either 1.0 � 0.2 Hz (1 �M; n � 12) or 0.6 � 0.1
Hz (10 �M; n � 12; data not shown) (Harris-Warrick and Cohen,
1985). This direct effect of 5-HT on the burst frequency cannot
account for the inhibition of the substance P-mediated network
modulation, because the effects of substance P are greater from
lower initial burst frequencies (Parker et al., 1998).

When 5-HT (10 �M) was applied 4 hr after substance P (i.e., at
a time when the substance P-mediated increase in burst frequency
had stabilized), the burst frequency was reduced from 3.5 � 0.4 to
1.5 � 0.4 Hz (n � 4; data not shown). This reduction (43%) is
similar to that evoked by 5-HT in the absence of the substance
P-mediated modulation (35%). The network effects of substance
P thus did not influence the 5-HT-mediated network modulation.

The long-term substance P-mediated burst frequency modula-
tion has a protein kinase C (PKC)-dependent induction phase
that lasts for 2–3 hr after substance P application (Parker et al.,
1998), which is followed by a protein synthesis-dependent main-
tenance phase (Parker, 2001). To determine whether 5-HT could
affect both the induction and the maintenance of the burst fre-
quency modulation, it was applied at different times after sub-
stance P wash-off (Fig. 1C). 5-HT blocked or reversed the burst
frequency modulation when it was applied up to 1 hr after
substance P (n � 4 of 5; substance P in 5-HT, p � 0.1). The effects
of 5-HT were more variable when it was applied 1–2 hr after
substance P, reversal of the burst frequency modulation occurring
in three of seven experiments ( p � 0.1). Although 5-HT reduced
the burst frequency when it was applied �2 hr after substance P,
on wash-out of 5-HT, the burst frequency returned to the pre-

Svensson et al. • Neuromodulator Interactions in the Spinal Cord J. Neurosci., August 15, 2001, 21(16):5984–5992 5985



5-HT potentiated level (n � 7 of 7; p � 0.05) (Fig. 1C). 5-HT thus
blocked the induction of the substance P-mediated burst fre-
quency modulation but could not reverse it once the protein
synthesis-dependent maintenance phase had begun.

Interactive effects of 5-HT and substance P on
glutamatergic synaptic transmission
In �70% of experiments, substance P potentiates the amplitude
of monosynaptic EPSPs evoked by glutamatergic EINs in motor
neurons. It also increases both the amplitude and frequency of
spontaneous glutamatergic miniature EPSPs, suggesting that it
acts presynaptically and postsynaptically to potentiate glutama-
tergic synaptic transmission (Parker, 2001). Postsynaptically, sub-
stance P specifically modulates NMDA-mediated responses, an
effect that induces the long-term burst frequency modulation
(Parker, 2001). An inhibitory effect of 5-HT on the modulation of
NMDA responses is thus a potential cellular mechanism for the
interactive inhibition of the network effects of substance P. 5-HT
could either directly inhibit cellular responses to NMDA or,
alternatively, could inhibit their potentiation by substance P.
These possibilities were examined by recording intracellularly
from spinal neurons and investigating the effect of 5-HT on
TTX-resistant depolarizations evoked by pressure application of
NMDA (see Materials and Methods).

5-HT (1–10 �M) did not significantly affect the amplitude of
NMDA-evoked depolarizations (n � 14; p � 0.1) (Fig. 2B).
However, it usually (n � 6 of 9) blocked the potentiation of
NMDA responses by substance P (substance P in 5-HT, p � 0.05,
n � 9) (Fig. 2A,B). In three experiments, substance P did poten-
tiate the amplitude of NMDA depolarizations when it was ap-
plied in the presence of 5-HT. Although the magnitude of this
potentiation (42 � 7%) matched that evoked by substance P in
the absence of 5-HT (47 � 11%), its duration was markedly
reduced, essentially being limited to the time that substance P was
present in the bath (duration of NMDA potentiation in substance
P alone, 72 � 9.5 min; duration in 5-HT and substance P, 10.2 �
3.5 min) (Fig. 2B). This effect of 5-HT thus provides a potential
cellular mechanism for the inhibition of the substance P-mediated
network modulation.

Although 5-HT did not directly affect the amplitude of postsyn-
aptic responses to NMDA, it did significantly reduce the ampli-
tude of EIN-evoked EPSPs in motor neurons (1 �M, n � 5, p �
0.05; 10 �M, n � 8, p � 0.01) (Fig. 2C,D). The absence of an effect
of 5-HT on postsynaptic responses to pressure-applied NMDA
(Fig. 2) or glutamate (Buchanan and Grillner, 1991) suggested
that 5-HT presynaptically reduced glutamatergic inputs.

In addition to directly reducing the amplitude of EIN-evoked
EPSPs, 5-HT also blocked their potentiation by substance P (n �
5 of 5; substance P in 5-HT, p � 0.1) (Fig. 2C,D). Substance P can
potentiate EIN-evoked EPSPs when NMDA receptors are
blocked by AP5 (Parker, unpublished observations), presumably
through the residual presynaptic facilitating effect. The absence of
any synaptic potentiation thus suggested that 5-HT also blocked
the substance P-mediated presynaptic facilitating effect.

Evidence in support of a presynaptic inhibitory interaction by
5-HT was obtained by examining its effect on membrane potential
oscillations evoked in spinal neurons by brief (1 min) applications
of substance P. These oscillations are characterized by irregular
shifts in membrane potential on which spikes can occur (Fig. 2E).
They are blocked by TTX and are thus synaptically generated,
presumably as a result of the direct substance P-evoked depolar-
ization of glutamatergic spinal interneurons (Parker and Grillner,

Figure 1. The interactive effects of 5-HT and dopamine on the substance
P-mediated network modulation. A, Traces showing ventral root activity
evoked by NMDA (50 �M) on one side of the spinal cord in the absence
of substance P and 2 hr after substance P application (1 �M applied for 10
min). Traces show the effects of substance P when applied in the absence
(Ai) or presence (Aii) of 5-HT (1 �M). B, Graph summarizing the
independent effects of substance P (1 �M for 10 min; black arrow) on
NMDA-evoked ventral root bursts (f) and the interactive effects of
preapplied 5-HT (1–10 �M; �; 5-HT/subsP) or dopamine (1–100 �M; E;
Dopamine/subs P) on the substance P-evoked modulation. C, Graph
summarizing the effects of 5-HT on the induction and maintenance of the
long-term substance P-mediated network modulation. 5-HT was either
applied simultaneously with substance P (time 0) or at varying times after
the start of substance P wash-off. The network modulation was blocked or
reversed when 5-HT was applied �1 hr after substance P, but not when it
was applied �2 hr after substance P, i.e., when the protein synthesis-
dependent maintenance phase had begun (Parker, 2001). The burst fre-
quency was measured after washing off 5-HT for 1 hr (i.e., when its direct
effects on the burst frequency had recovered). The white bars show the
effects of substance P on the burst frequency in the absence of 5-HT.
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1998). The oscillations are reduced or abolished by the non-
NMDA receptor antagonist CNQX, but are depressed, but not
abolished by the NMDA receptor antagonist AP-5 (Svensson et
al., 1997). Substance P does not modulate postsynaptic responses
to non-NMDA receptor agonists (Parker et al., 1998). The de-
pendence of the oscillations on non-NMDA receptors, shown by
the marked effects of non-NMDA receptor antagonists, thus
suggests a significant contribution of the presynaptic facilitation
of glutamate release. In the presence of 5-HT (1–10 �M), the
substance P-mediated oscillations were either abolished (n � 3)
or the duration of the oscillation episode markedly reduced (n �
7) (Fig. 2E). 5-HT thus mimicked the potent inhibitory effect of
non-NMDA receptor antagonists on the oscillations. It also re-

duced the duration of the substance P-evoked oscillation episode
when NMDA receptors were blocked with the antagonist AP-5
(100 �M; n � 2; data not shown), again supporting a presynaptic
inhibitory effect. Although other unidentified mechanisms could
contribute, these results support an interactive inhibitory effect of
5-HT on the substance P-evoked presynaptic facilitation.

Mechanisms underlying the interactive effects of 5-HT
Several mechanisms could account for the inhibitory effects re-
sulting from the modulator interactions shown above (Kupfer-
mann, 1991; Katz and Edwards, 1999). Because substance P was
applied exogenously, an effect on its release is not applicable here.
Other potential mechanisms include an effect of 5-HT on the

Figure 2. Interactive effects of 5-HT on the substance P (Subs P)-mediated synaptic modulation. A, Traces showing the effect of substance P on
depolarizations evoked by pressure application of NMDA in motor neurons in separate experiments in which 5-HT was absent (top traces) or present
(bottom traces). Five traces were averaged before and after substance P application. The black bars below the traces indicate the onset and duration of
NMDA application (200 and 100 msec in the top and bottom traces, respectively). TTX was bath applied in all experiments to block indirect effects
attributable to the action of NMDA on nearby neurons. The resting membrane potential in the presence of substance P and 5-HT was kept at the control
level (�60 mV) by current injection. B, Graph summarizing the modulation of NMDA-evoked depolarizations. 5-HT (10 �M; white bar and symbols)
alone did not directly affect the amplitude of TTX-resistant NMDA depolarizations in motor neurons. However, 5-HT either blocked the potentiation
of NMDA responses by substance P or reduced the duration of the effect essentially to the time that substance P was present in the bath. The bars on
this and subsequent graphs indicate the onset and duration of modulator application. C, Traces showing the effect of substance P (top traces) and 5-HT
and substance P (bottom traces) on EIN-evoked EPSPs. The top and bottom sets of traces are taken from separate experiments. The resting membrane
potential in the presence of substance P and 5-HT was again kept at the control level (�65 mV in these experiments) by current injection. D, Graph
summarizing the independent and interactive effects of substance P and 5-HT on the amplitude of EIN-evoked EPSPs. Substance P potentiates the
amplitude of monosynaptic EIN-evoked EPSPs in motor neurons (its application in the absence of 5-HT is indicated by the black bar at the top). 5-HT
(1 or 10 �M) concentration-dependently reduced the amplitude of EIN-evoked EPSPs (white bar). When applied in the presence of 5-HT, substance P
( gray bar) did not potentiate the EIN-evoked EPSP. E, Substance P evoked membrane potential oscillations and spiking in motor neurons (MN ) and
phasic ventral root activity (VR). The oscillations and ventral root activity were reduced or abolished by 5-HT. The oscillations partly recovered on 5-HT
wash-off. Black bars indicate substance P application (1 �M, 1 min). The membrane potential before substance P application in control and in the presence
of 5-HT was maintained at �70 mV by current injection.
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affinity of substance P for tachykinin receptors, the enhancement
of tachykinin breakdown, or an effect on the intracellular path-
ways activated by substance P. Each of these possibilities was
examined.

Because 5-HT did not necessarily block the potentiation of
NMDA responses by substance P but only reduced the duration
(Fig. 2B), it seemed unlikely that 5-HT prevented substance P
from binding to or activating its receptor. The facilitation of
endogenous tachykinin breakdown also appeared unlikely, be-
cause the endopeptidase inhibitor phosphoramidon (2–10 �M) did
not block the inhibitory effects of 5-HT on the substance
P-evoked network modulation (n � 4; data not shown). Phos-
phoramidon blocks tachykinin breakdown in the lamprey (Parker
et al., 1998) and should thus have affected the 5-HT-mediated
interactive inhibition if tachykinin breakdown was involved.

Because the above mechanisms apparently cannot account for
the inhibition of the substance P-mediated modulation, an effect
of 5-HT on the intracellular pathways activated by substance P
was examined. The burst frequency modulation and the potenti-
ation of NMDA responses by substance P is PKC dependent
(Parker et al., 1998), and preliminary data suggest that its pre-
synaptic facilitating effect is also mediated by PKC (Parker, un-
published observations). An effect of 5-HT on PKC-mediated
intracellular pathways was investigated by examining the effect of
5-HT on the potentiation of NMDA-evoked depolarizations by
the PKC-activating phorbol ester PDBu (10 �M) (Parker et al.,
1998). As with substance P, 5-HT prevented any sustained PDBu-
mediated potentiation of NMDA-evoked depolarizations (PDBu
in 5-HT, p � 0.1, n � 5) (Fig. 3A). 5-HT thus inhibited either the
activation of or downstream effects of PKC (Kupfermann 1991;
Bhalla and Iyengar, 1999).

The intracellular mechanisms through which 5-HT inhibited
the PKC-mediated effects were examined. The intracellular path-
ways activated by 5-HT in the lamprey are unknown (Wallén et
al., 1989). However, the inhibitory effect of 5-HT on the substance
P-mediated increase in the burst frequency was not protein kinase
A (PKA) or G (PKG) dependent, because the bath application of
activators (forskolin, 10 �M, n � 4; Sp-cAMPs, 10 �M, n � 4) or
inhibitors (H8, 10 �M, n � 3; Rp-cAMPs, 10�M, n � 4) of these
intracellular pathways in the lamprey (Parker et al., 1997) did not
affect the substance P-mediated burst frequency modulation or its
interactive inhibition by 5-HT (data not shown).

Because 5-HT only affected the duration and not necessarily
the peak amplitude of the substance P-mediated potentiation of
NMDA responses (Fig. 2B), the PKC-mediated pathway under-
lying this effect was presumably not necessarily blocked by 5-HT,
but the duration of its activation was reduced. An effect of this
sort could result from the activation of protein phosphatases that
terminate the effects of protein kinases (PPs) (Herzig and Neu-
mann, 2000). The ability of PP antagonists to block the inhibitory
interactive effects of 5-HT was thus examined. The PP2B inhib-
itor cypermethrin (10–100 �M) and the PP1 and PP2A inhibitor
OA (10–100 �M) did not reduce the inhibitory effect of 5-HT on
the substance P-mediated network modulation (n � 6 of 8;
substance P in 5-HT and PP antagonists, p � 0.1) or the poten-
tiation of NMDA-evoked depolarizations (n � 6 of 6; substance
P in 5-HT and PP antagonists, p � 0.1; data not shown). Activa-
tion of these protein phosphatases thus cannot account for the
interactive inhibitory effects of 5-HT. However, the PP2B antag-
onist cypermethrin reduced the effect of 5-HT on the substance
P-evoked oscillations and thus resulted in a significant increase in
the duration of the oscillation episode (substance P in 5-HT and

cypermethrin, p � 0.05, n � 5) (Fig. 3B). Because cypermethrin
did not block the inhibitory effect of 5-HT on the NMDA poten-
tiation, PP2B activation can presumably only account for the
presynaptic inhibitory effect of 5-HT.

Effects of dopamine on substance
P-mediated modulation
Dopamine colocalizes with 5-HT in neurons in the ventromedial
spinal plexus and has synergistic effects with 5-HT at the cellular
and network levels (Schotland et al., 1995). Its effects were thus
also examined on the substance P-mediated modulation. Preap-
plied dopamine (1–100 �M), however, did not prevent a significant
( p � 0.05) effect of substance P on the network burst frequency
(n � 18) (Fig. 1B), NMDA-evoked membrane potential depolar-
izations (n � 9; data not shown), EIN-evoked EPSPs (n � 5 of 5)
(Fig. 4C,D), or membrane potential oscillations (n � 4; data not
shown). Dopamine thus did not share the interactive inhibitory
effects of 5-HT on the substance P-evoked modulation.

Dopamine (100 �M) reduced the frequency of network activity

Figure 3. A, 5-HT blocks the PDBu-mediated potentiation of NMDA
responses. In control, PDBu (10 �M) potentiated the amplitude of re-
sponses evoked by pressure application of NMDA in the presence of
TTX. Notice that no sustained potentiation developed in the presence of
5-HT (1 �M). Data from five experiments are shown on the graph. In each
case, the membrane potential was kept at the control level (�60 to �65
mV) by current injection. B, The inhibition of the substance P (Subs
P)-mediated membrane potential oscillations (MN ) and ventral root ac-
tivity (VR) was reduced by the protein phosphatase 2B inhibitor cyper-
methrin (compare with Fig. 2E). The membrane potential before sub-
stance P application in control and in the presence of cypermethrin and
5-HT was kept at the control level of �65 mV.
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when it was applied 4 hr after substance P (n � 5 of 6; p � 0.05).
Its effects on the burst frequency were thus not affected by
substance P. The lack of an effect of dopamine on the substance
P-mediated modulation and vice versa suggests that exogenously
applied dopamine and substance P do not interact directly.

Dopamine gates substance P-mediated synaptic
modulation by inhibiting the presynaptic inhibitory
effects of 5-HT
As a final step in the analysis of modulator interactions, the effect
of coapplied 5-HT and dopamine on the substance P-mediated
synaptic and network modulation was examined. As with 5-HT
alone, simultaneous application of 5-HT (1–10 �M) and dopamine
(50–100 �M) blocked any significant effect of substance P on the
network burst frequency (n � 7) or NMDA-evoked depolariza-

tions (n � 5; substance P in 5-HT and dopamine, p � 0.05).
However, in the presence of both dopamine and 5-HT, substance
P had a significantly greater effect on the duration of the mem-
brane potential oscillation episode than it had in the presence of
5-HT alone (n � 5 of 6; p � 0.05) (Fig. 4A,B). Because the
increased duration of the oscillation episode occurred in the
absence of the postsynaptic potentiation of NMDA responses, it
presumably reflected the presynaptic facilitatory effect of sub-
stance P, suggesting that dopamine reduced the presynaptic
5-HT-mediated inhibitory interaction. This possibility was exam-
ined directly by investigating the effect of dopamine on the
5-HT-mediated inhibition of EIN-evoked EPSPs (Fig. 4C,D). In
these experiments, dopamine (10–100 �M) alone did not signifi-
cantly affect the amplitude of EIN-evoked EPSPs (n � 9; p � 0.1)

Figure 4. Dopamine reduced the
presynaptic inhibitory effects of
5-HT. A, Traces showing oscillations
evoked by rapid 1 min application of
substance P (Subs P) alone, in the
presence of 5-HT, and in the pres-
ence of 5-HT and dopamine (DA).
The resting membrane potential be-
fore substance P application was kept
at the control value (�76 mV) in
5-HT and 5-HT plus dopamine. VR,
Ventral root activity; MN, motor neu-
rons. B, Graph presenting the oscilla-
tions as percentage of the duration of
the response evoked by substance P
alone. Dopamine (DA) itself did not
significantly affect the duration of the
oscillations (i.e., the oscillation epi-
sode approximately matched that
evoked by substance P alone), but it
reduced the inhibitory effect of 5-HT.
The PP2B inhibitor cypermethrin
(cyp) also reduced the inhibitory ef-
fect of 5-HT on the duration of the
oscillations. The oscillations require a
wash-off time of 1 hr between appli-
cations to prevent desensitization.
However, rundown does occur over
time. The reduction of the oscillations
in 5-HT was greater than that after a
second substance P application, and
with dopamine, a third application of
substance P evoked an enhanced re-
sponse. Rundown thus cannot ac-
count for the effects of 5-HT but may
have reduced the magnitude of the
gating effect of dopamine. C, Traces
showing the effect of 5-HT, dopa-
mine, and 5-HT plus dopamine on
EIN-evoked EPSPs in a motor neu-
ron. D, Graph summarizing the mod-
ulation of EIN-evoked EPSPs. Dopa-
mine (50 –100 �M) did not affect
monosynaptic EIN-evoked EPSPs.
However, it significantly reduced the
direct inhibitory effect of 5-HT (1–10
�M). Ei, Traces showing the block of
the substance P (1 �M)-mediated po-
tentiation of EIN-evoked EPSPs in
the presence of 5-HT. Eii, In addition
to reducing the direct presynaptic in-
hibitory effect of 5-HT, dopamine
gated the substance P-mediated po-

tentiation of EIN-evoked EPSPs. F, Graph showing the inhibitory effect of 5-HT on the substance P-evoked potentiation of EIN inputs and the
reduction of this effect by dopamine. In all experiments, the membrane potential in the presence of drugs was kept at the control level by current
injection.
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(Fig. 4C,D). It did, however, reduce the direct inhibitory effect of
5-HT (n � 9; 5-HT in dopamine, p � 0.1) (Fig. 4C,D). Dopamine
thus blocked the direct presynaptic inhibitory effect of 5-HT on
EIN synaptic transmission.

To determine whether dopamine could also block the interac-
tive presynaptic effect of 5-HT, the effect of substance P on
EIN-evoked EPSPs was examined in the presence of dopamine
and 5-HT. As shown above, substance P consistently failed to
modulate the amplitude of EIN-evoked EPSPs when applied in
the presence of 5-HT alone (Fig. 2C,D). In 5-HT and dopamine,
however, substance P significantly potentiated the EIN-evoked
EPSP amplitude (n � 4 of 5; substance P in 5-HT and dopamine,
p � 0.05) (Fig. 4E,F). Again, because the postsynaptic substance
P-mediated potentiation of NMDA responses was blocked in the
presence of dopamine and 5-HT (see above), the potentiation of
the EPSP amplitude presumably reflected the presynaptic facili-
tatory effect of substance P. Dopamine thus reduces both the
direct and interactive presynaptic inhibitory effects of 5-HT, to
gate presynaptic tachykinin-mediated modulation.

DISCUSSION
Interactions between the colocalized modulators 5-HT and do-
pamine thus gate or break specific aspects of the tachykinin-
mediated cellular, synaptic, and network modulation. Individual
modulator effects are thus not only modulated by second-order
“metamodulatory” interactions (Katz and Edwards, 1999), but
these effects can also be modulated to result in dynamic changes
in short- and long-term synaptic and network plasticity (for sum-
mary, see Fig. 5).

5-HT inhibits substance P-mediated modulation
5-HT blocked the induction of the long-term substance
P-mediated burst frequency modulation and the presynaptic and
postsynaptic modulation of glutamatergic synaptic transmission
from network interneurons. The induction of the substance
P-mediated network modulation requires the PKC-mediated po-
tentiation of NMDA responses and an increase in intracellular
Ca2� levels in network neurons (Parker et al., 1998). 5-HT
blocked the potentiation of NMDA responses by substance P and
by PKC-activating phorbol esters. This inhibition of the NMDA
receptor modulation, which presumably occurs through an effect
on the activation or downstream effects of protein kinase C
(Bhalla and Iyengar, 1999), thus provides a potential cellular
locus for the inhibition of the network effects of substance P. A
specific effect of 5-HT on the PKC-mediated induction phase of
the burst frequency modulation was supported by the failure of
5-HT to reverse the network modulation once the protein
synthesis-dependent maintenance phase had begun. 5-HT has a
similar inhibitory effect on the induction, but not maintenance, of
long-term potentiation in rat visual cortex (Edagawa et al., 2000).

The intracellular pathways through which 5-HT acts to inhibit
the substance P-mediated network and NMDA receptor modu-
lation are currently unknown. Protein phosphatase 1, 2A, or 2B,
or PKA- or PKG-mediated pathways do not appear to contribute.
The postsynaptic intracellular mechanisms underlying the inhibi-
tion of the substance P-mediated network modulation thus re-
quire additional analysis. These mechanisms could include an
effect on the duration or strength of G-protein-mediated activa-
tion of intracellular pathways (Ferguson et al., 1996; Neer, 1997).
In contrast, the inhibition of the presynaptic substance
P-mediated facilitation of glutamatergic synaptic transmission by
5-HT appears to depend on a PP2B-dependent mechanism that

presumably inhibits the proposed PKC-mediated pathway under-
lying this effect (Parker, unpublished observations).

Interactive effects of dopamine
Dopamine colocalizes with 5-HT in neurons in the ventromedial
spinal plexus (Schotland et al., 1996). It acts additively with 5-HT
to reduce the network burst frequency and the amplitude of the
calcium-dependent afterhyperpolarization after action potentials
(Schotland et al., 1995). Dopamine did not, however, share the
inhibitory effect of 5-HT on the modulation evoked by exogenous
substance P application. It may act synergistically with 5-HT in
vivo, however, because it appears to inhibit endogenous tachyki-
nin release. This is suggested by the ability of dopamine D2
receptor antagonists to elicit a long-term increase in the burst

Figure 5. Summary of the presynaptic and postsynaptic effects of sub-
stance P (Subs P) and the interactive effects of 5-HT and dopamine. The
inset summarizes the direct and interactive presynaptic and postsynaptic
effects of substance P, 5-HT, and dopamine (DA) on EIN-evoked inputs
in motor neurons (MN ). Open triangles represent potentiating effects, and
filled circles represent inhibitory effects. The diagram represents a presyn-
aptic EIN terminal that synapses onto a postsynaptic motor neuron.
Substance P acts through PKC to presynaptically and postsynaptically
potentiate glutamatergic inputs from the EIN. The postsynaptic effect is
attributable to the specific potentiation of NMDA receptors, an effect that
underlies the induction of the long-term network modulation. 5-HT acts
directly on the presynaptic terminal to inhibit glutamatergic transmission
and also inhibits the substance P-mediated presynaptic facilitation
through a protein phosphatase 2B-mediated mechanism. Dopamine does
not interact directly with substance P but acts through unknown pathways
to block the direct and interactive presynaptic inhibitory effects of 5-HT.
Postsynaptically, 5-HT acts through an unknown mechanism to inhibit the
substance P and PKC-mediated potentiation of NMDA responses. Do-
pamine does not influence the postsynaptic effects of substance P or
5-HT. Because potentiated NMDA responses underlie the induction of
the long-term burst frequency modulation by substance P, dopamine will
not gate long-term network plasticity. Dashed lines indicate unknown
intracellular mechanisms.
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frequency that is blocked by the tachykinin antagonist Spantide II
(Parker et al., 1998). Dopamine may thus tonically inhibit endog-
enous tachykinin release, whereas 5-HT inhibits tachykinin-
mediated cellular and synaptic effects.

Although dopamine did not directly influence the effects of
substance P, by reducing the interactive presynaptic effect of
5-HT on glutamatergic synaptic transmission, it gated the sub-
stance P-mediated facilitation of glutamatergic inputs and thus
indirectly facilitated the tachykinin modulation (Fig. 5). Dopa-
mine did not, however, relieve the inhibition of the postsynaptic
potentiation of NMDA responses and thus did not allow the
long-term substance P-mediated network modulation to be in-
duced. Dopamine and 5-HT independently or in interaction can
thus gate or inhibit specific cellular, synaptic, or network effects of
substance P.

The gating of the presynaptic tachykinin-mediated modulation
by dopamine contradicts the apparent D2 receptor-mediated in-
hibition of endogenous tachykinin release (Parker et al., 1998). If
these opposing effects were to occur endogenously, mechanisms
would be required to allow them to be evoked separately. These
mechanisms could include concentration-dependent selection,
possibly mediated through different dopamine receptor subtypes,
which would allow effects to be recruited as a function of the
activity of dopamine-containing neurons. Alternatively, modula-
tor interactions may gate or inhibit the opposing effects of dopa-
mine. Finally, dopamine release from separate dopamine-
containing systems (see below) may allow the spatial recruitment
of separate modulatory effects.

Factors affecting neuromodulator interactions in vivo
The use of uptake blockers and breakdown inhibitors has dem-
onstrated endogenous 5-HT, dopamine, and tachykinin release in
the spinal cord. The effects evoked by breakdown inhibitors
mimicked those evoked by exogenous modulator application
(Christenson et al., 1989; Parker et al., 1998; Woolley et al., 2000).
The interactions shown here have only been examined using
exogenous modulator application. Endogenous interactions will
need to be investigated, however, because endogenous modulator
effects can differ to those evoked by exogenously (Blitz et al.,
1999).

5-HT and dopamine are colocalized in ventromedial plexus
neurons (Schotland et al., 1996). The colocalization of substance
P with 5-HT was reported to be limited, with only �4% of
tachykinin-immunoreactive axons showing immunoreactivity to
5-HT (Van Dongen et al., 1986). The apparent colocalization of
5-HT and dopamine in all plexus neurons (Schotland et al., 1996)
suggests that tachykinins may colocalize with 5-HT and dopa-
mine to a greater extent. This, however, still requires direct
examination. The evidence suggests that the plexus may contain
three populations of neurons: one containing 5-HT, dopamine,
and tachykinins; a second containing 5-HT and dopamine; and a
third containing only tachykinins. The selective activation of
these neurons by sensory or descending inputs (Schotland et al.,
1996) could evoke different cellular, synaptic, or network effects.
Activation of tachykinin neurons will evoke long-term network
modulation, whereas the activation of dopamine and 5-HT neu-
rons would block some or all of these effects.

The apparent colocalization of 5-HT and dopamine in all
plexus neurons (Schotland et al., 1996) requires that mechanisms
exist for their differential release if their gating and braking
effects occur endogenously. Several mechanisms could allow this.
First, 5-HT and dopamine may be released from separate vesicle

populations. 5-HT is located in small clear and large dense-cored
vesicles in the lamprey spinal cord (Franck et al., 1992) and
dopamine in dense-cored vesicles (Schotland et al., 1996). Selec-
tive 5-HT release from small synaptic vesicles, and thus inhibition
of tachykinin-mediated effects, could occur when plexus neurons
are activated at low frequencies, whereas simultaneous 5-HT and
dopamine release from large dense-cored vesicles could occur at
higher frequencies (Bartfai et al., 1988). The proportions of 5-HT
and dopamine released from dense-cored vesicles could also be
influenced by the second-messenger-mediated regulation of re-
lease after vesicle fusion (Angleson et al., 1999) or the modula-
tion of the relative proportions of 5-HT and dopamine contained
in small or dense-cored vesicles (Whitnall, 1988). Finally, the
interactive effects shown here could occur through the release of
the modulators from sources other than the ventromedial plexus.
Tachykinins could be released from primary afferents and local
interneurons in the dorsal horn (Van Dongen et al., 1986) (Svens-
son, unpublished observations), 5-HT from primary afferents and
descending reticulospinal axons (Brodin et al., 1986, 1988), and
dopamine from cell bodies in the lateral cell column and around
the central canal (Schotland et al., 1996). The potential variability
of release sites further emphasizes the necessity of investigating
effects evoked by endogenous modulator release from these path-
ways (Blitz et al., 1999).

The role of the interactive effects of 5-HT and
dopamine on substance P modulation
Tachykinins profoundly affect the lamprey locomotor network. At
physiological neuropeptide concentrations (Duggan, 1995), sub-
stance P irreversibly increases the burst frequency by �300% of
control (Parker et al., 1998). The tachykinin modulation should
thus only occur when it is appropriate to the ongoing behavior of
the animal. The long-term network modulation may be related to
migration, when lampreys swim long distances to upstream
spawning grounds (Hardisty and Potter, 1971). The effects of
5-HT provide an endogenous mechanism for regulating the in-
duction of the long-term network modulation, its pronounced
inhibition effectively blocking short- and long-term substance
P-mediated plasticity. The gating of the presynaptic but not
postsynaptic potentiation of glutamatergic synaptic transmission
by dopamine, however, provides a mechanism for allowing the
short-term tachykinin-mediated facilitation of glutamatergic in-
puts to be evoked in the absence of the long-term network
modulation.

Interactions between modulators (metamodulation; Katz and
Edwards, 1999) can dynamically regulate long-term network plas-
ticity (Kupfermann, 1991) (for review, see Brezina and Weiss,
1997; Katz and Edwards, 1999). The 5-HT-mediated modulation
of the effects of substance P provides an example of spinal
metamodulation. The effects of dopamine on the 5-HT-mediated
presynaptic effects provide an example of a tertiary interaction,
the modulation of metamodulation. Substance P affects a range of
cellular and synaptic properties in the lamprey (Parker, 2001).
This is a commonly recognized property of neuromodulators
(Harris-Warrick et al., 1998; Katz, 1999). Although the func-
tional role of distributed modulation is uncertain, it has been
proposed as a mechanism for evoking flexible network plasticity
(Sillar et al., 1997; Harris-Warrick et al., 1998). The interactions
shown here support this conclusion. By selecting individual com-
ponents from the modulatory repertoire of substance P, dynamic
changes can be evoked in short-term presynaptic and postsynaptic
plasticity and consequently in the network output.
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