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ABSTRACT 
 

 

Neuromodulation is a key element for animal adaptation to environmental 

circumstances. Neuromodulators can alter the output of a physiological system by 

acting on the motor circuit by transforming intrinsic firing properties and altering 

synaptic strength. Substance P belongs to the family of tachykinin, which are 

peptidergic neuromodulators. The main focus of this thesis has been to characterize 

the effects of substance P in neurons and networks in the lamprey spinal cord. 

The spinal network underlying locomotion in lamprey is composed of 

excitatory and inhibitory interneurons mediating fast ionotropic actions. In addition, 

the tachykinin system as well as other modulator systems, is activated as locomotion 

is initiated. By using electrophysiological methods in the isolated spinal cord and 

specific agonists and antagonists, it was shown that substance P is endogenously 

released within the locomotor network of the adult lamprey (Paper I). Substance P is 

known to accelerate the burst rate by NMDA current potentiation. In paper II, it was 

demonstrated that substance P also utilizes the endocannabinoid system to reduce the 

crossed inhibition in the spinal cord. Paper III examined the effect of substance P on 

calcium channels in motoneurons and commissural interneurons and we further look 

into the subtypes of calcium channels modulated by substance P. The last study 

(paper IV) focuses on the inhibition of background K+
leak channels as the main source 

of the depolarization caused by substance P. 

In conclusion, substance P activates neurokinin receptor type 1 (NK1) 

receptors which in turn activate several intracellular pathways; all these effects 

modulate the excitability response with implications at the locomotor network level.   

   
 
 



 v 

LIST OF PUBLICATIONS 
 

 

 

I. Thörn Pérez C, Hill RH, and Grillner S. Endogenous Tachykinin Release 

Contributes to the Locomotor Activity in Lamprey. J Neurophysiol 97: 3331-

3339, 2007. 

 

 

II. Thörn Pérez C, Hill RH, El Manira A, and Grillner S. Endocannabinoids 

Mediate Tachykinin-Induced Effects in the Lamprey Locomotor Network. J 

Neurophysiol 102: 1358-1365, 2009. 

 

 

III. Thörn Pérez C, Hill RH, and Grillner S. Modulation of Calcium Currents and 

Membrane Properties by Substance P in the Lamprey Spinal Cord. J. 

Neurophysiol. In revision. 2013 

 

 

IV. Thörn Pérez C, Hill RH, and Grillner S. Substance P depolarizes Lamprey 

Spinal Cord Neurons by Inhibiting a Two-Pore Domain K+ Channel. 

Manuscript.  

 

 

 

 

 

 

 

 



 vi 

TABLE OF CONTENTS  
ABSTRACT IV 

LIST OF PUBLICATIONS V 

LIST OF ABBREVIATIONS VII  
OVERVIEW 1 

1.1      THE LAMPREY 1 
1.2      ORGANIZATION OF THE MOTOR STRUCTURE 2 
1.2.1  SPINAL NEURONS 5 
1.3      NEUROMODULATION 10  
1.3.1  ION CHANNELS AND RECEPTORS      11     
1.3.2  SUBSTANCE P 18           

AIMS 20 

MATERIALS AND METHODS 21 

EXTRACELLULAR RECORDINGS 21 
INTRACELLULAR RECORDINGS  24 

RESULTS AND DISCUSSION 24 
PAPER I: ENDOGENOUS TACHYKININ RELEASE CONTRIBUTES TO THE LOCOMOTOR 
ACTIVITY IN LAMPREY 24 
PAPER II: ENDOCANNABINOIDS MEDIATE TACHYKININ-INDUCED EFFECTS IN THE 
LAMPREY LOCOMOTOR NETWORK 27 
PAPER III: MODULATION OF CALCIUM CURRENTS AND MEMBRANE PROPERTIES BY                    
SUBSTANCE P IN THE LAMPREY SPINAL CORD 30 
PAPER IV: SUBSTANCE P DEPOLARIZES LAMPREY SPINAL CORD NEURONS BY               
INHIBITING A TWO-PORE DOMAIN K+ CHANNEL 33 

CONCLUDING REMARKS 35 

ACKNOWLEDGEMENTS 38 

REFERENCES 41  
 
 

 



 vii 

LIST OF ABBREVIATIONS 
 

1. Ach  Acetylcholine 

2. 2-AG   2-Arachidonoylglycerol 

3. AMPA  α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
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1.2 Organization of the motor structure 

A major finding in vertebrate motor research was that movements are 
generated by neural circuits localized in the spinal cord (Grillner 1975, 1985; Grillner 
et al. 1981). These networks have the ability to activate different groups of neurons to 
master protective reflexes, such as scratching or to coordinate locomotion. A specific 
central spinal network (CPG, Central Pattern Generator) can produce activity that 
results in locomotion independently of sensory input and descending control. 
However, sensory feedback from the proprioceptive and somatosensory afferents is 
important to correct perturbations (Grillner 1975, 1985; Grillner et al. 1984; 
McClellan and Grillner 1983; Ramirez and Pearson 1993; Rossignol 1996). Under 
experimental conditions, locomotion can be generated pharmacologically or 
electrically in the absence of sensory input or input from the brain. In natural 
conditions, the locomotor CPGs are inactive at rest and locomotion is initiated by 
inputs from the brainstem or activation of the diencephalic or mesencephalic 
locomotor regions (DLR and MLR respectively) (Dubuc et al. 1993; Orlovsky et al. 
1999). These locomotor regions contain neuronal populations that project directly to 
the reticulospinal neurons, which in turn activate the CPGs for locomotion (Dubuc et 
al. 2008; Grillner 1985; McClellan and Grillner 1984; Menard et al. 2007; Sirota et al. 
2000). Experimentally, stimulation of these regions results in fictive swimming, an 
increase in intensity of stimulation results in an increase of the speed of locomotion 
and an increase of activity on one side results in turning (Fagerstedt and Ullen 2001; 
Kozlov et al. 2001b; McClellan and Hagevik 1997). The level of excitability of DLR 
and MLR is controlled by the basal ganglia, which exerts inhibitory actions and hence 
selects when these regions can be activated. Until recently, the basal ganglia was 
thought to be present with all its components only in tetrapods, but it is now clear that 
the core elements of the basal ganglia circuitry were developed already in the lamprey 
brain (Stephenson-Jones et al. 2011). Altogether, the forebrain, brainstem and spinal 
cord organization in the lamprey show common features with other vertebrates and 
represent the motor infrastructure for vertebrate locomotion (Figure 2).  

Upon application of glutamate receptor agonist, the isolated spinal cord of the 
lamprey exhibits locomotor activity that can be recorded extracellularly from the 
ventral roots. This fictive locomotion activity is similar to that recorded in the intact 
lamprey during real swimming (Wallén and Williams 1984). During fictive 
swimming, adjacent ventral roots are active in a defined sequence with a constant 
delay of 1% of the cycle duration between each segment. This delay represents the 
rostrocaudal propagation of activity bursts between segments. In contrast, opposite 
ventral roots on each side of the spinal cord display alternating bursts. These 
observations led to different studies and postulations that could explain: 1. Left-right 
alternation, 2. Rhythm generation, 3. Intersegmental coordination and 4. Rhythm 
modulation. (Buchanan et al. 1987; Cohen and Wallén 1980; El Manira et al. 1994; 
Grillner 2003; Grillner et al. 1981; Poon 1980). 
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2. The burst generating network in a single hemisegment relies on ipsilateral 
excitatory interneurons (Buchanan and Grillner 1987; Buchanan et al. 1989; 
Grillner et al. 1988). Evidence for this is again the fact that burst activity 
persists after surgical decoupling of the commissural connections between the 
hemisegments (Cangiano and Grillner 2003). The ipsilateral populations of 
neurons producing bursts are glutamatergic and excite each other (Figure 3). 
They also drive the activity of motoneurons and commissural inhibitory 
interneurons. The membrane properties of these cells are a critical factor for 
the function of the network. 
 

3. Intersegmental coordination is explained by the existence of intersegmental 
connectivity within the spinal cord. Ipsilateral glutamatergic neurons generate 
the constant phase lag between consecutive segments which has been 
described in the “trailing oscillator hypothesis” where the segment with the 
highest excitability becomes the leading oscillator (Matsushima and Grillner 
1990, 1992). Both forward and backward coordination along the spinal cord 
can be accounted for by the available neuronal data (Kotaleski et al. 1999; 
Kozlov et al. 2009).  
 

4. Modulation of the activity of the spinal locomotor network is of particular 
interest in this thesis. This refers to an alteration in burst frequency. It is 
executed by depression or facilitation of the synaptic efficacy or change in 
cellular properties mainly caused by the activation of metabotropic receptors 
by modulators such as 5-HT, dopamine, glutamate, endocannabinoids, 
GABAB and tachykinins. All these modulatory systems are present in the 
spinal cord and their influences are integrated in the locomotor network 
(Harris-Warrick and Cohen 1985; Kettunen et al. 2002; Matsushima et al. 
1993; Parker and Grillner 1998; Svensson et al. 2003b; Tegnér and Grillner 
2000).  

With each answer more questions tend to arise and different techniques and 
approaches have been employed to resolve them. Special advances have been made 
using a bottom-up approach by dissecting and identifying types of neurons according 
to their functionality and synaptic interactions using intracellular recordings (Figure 
3). 
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LAMPREY ZEBRAFISH RODENTS 

Fast MN   P. MN P. MN 
  

MN HB9Ach     

Slow MN   S. MN S. MN 
  

    

LINs CIA V1- V1 V1- 

EINs 

CID V2a+ 

V2 

V2a+ 

VeLD V2b- V2b- 

iCINs KA KA- 

V3 

V3D
+ 

eCINs V3 V3- V3V
+ 

eCCIN 

MCoD  
V0-eD 

V0 

V0v+ UCoD 

V0-e V0-eB V0D
- V0-eA 

iCCiNs CoBL V0-iB 
V0C

ACh 

V0G
+ 

 

Table 1. 

 Lamprey: MN: Motoneurons, LINs: Lateral Interneurons, EINs: Excitatory Interneurons, CINs: 

Commissural Interneurons, eCINs: excitatory Commissural , iCINs: inhibitory Contralateral, 

CCINs: Commissural and Caudally projecting, eCCINs: excitatory Contralateral and Caudally 

projecting, iCCINs: inhibitory, Contralateral and Caudally projecting. Zebrafish: P.MN: Primary 

motoneurons, S.MN: Secondary motoneurons, CiA: Circumferential Ascending, CiD: 

Circumferential Descending, KA: Kolmer-Agduhr, V0-iB: Ventral inhibitory Bifurcating, UCoD: 

Unipolar Commissural Descending, MCoDs: Multipolar Commissural Descending, CoBL : 

Commissural Bifurcating Longitudinally. - : Inhibitory, + : Excitatory. V0-eA (excitatory 

ascending), V0-eB (excitatory bifurcating), V0-eD excitatory descending) Rodents: Hb9: 

Homeobox protein 9, V: Ventral plate neurons, V: ventral, d: dorsal.  
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1.3 Neuromodulation 

 

 Once the general pattern of the burst activity has been determined by the core 
of the CPG, consisting of excitatory and inhibitory interneurons (Grillner 2003), 
neuromodulators sculpture the output, and fine tune the network activity. Intrinsic 
neuromodulators are signaling molecules integrated to the CPG, and are present 
throughout the animal kingdom and include Ach, dopamine, norepinephrine, GABA, 
endocannabinoids, glutamate, serotonin, histamine, octopamine and neuropeptides 
(Kahsai et al. 2012; Marder 2012). Neuromodulators can depress or facilitate the 
strength of synapses and increase or decrease the amplitude of a variety of voltage-
dependent currents (El Manira et al. 1997; Hill et al. 2003; Lambert et al. 2012). 
These effects can alter complex behaviors as reproduction, experience-dependent 
behavior and pain sensation at the sensory, interneuronal or motoneuron level (Blitz 
and Nusbaum; Garrison et al.; Harris-Warrick and Cohen 1985; Kandel and Schwartz 
1982; Taghert and Nitabach 2012; Wiesenfeld-Hallin and Xu 2001). 

The lamprey has complex behaviors like spawning and migration. To be able 
to cope with these actions, the nervous system induces structural and functional 
changes by the release of neuromodulators. Modulators have several effects and 
might involve many ion channels on a single cell and conversely, a single receptor 
can be subject to several modulatory substances. Moreover, it is very likely that the 
influence from several modulators is orchestrated to shape the overall activity of the 
network. 

 Experimentally, fictive swimming can be elicited in the spinal cord of the 
lamprey by exogenous application of excitatory amino acids. In addition, exogenous 
application of neuromodulatory substances can significantly reshape the rhythm. 
Under these conditions, several modulators have been investigated (Alford and 
Dubuc 1993; Buchanan and Grillner 1991; Buschges and El Manira 1998; Krieger et 
al. 1994; Parker and Grillner 1998; Vinay et al. 1996). Bath applications do not 
reproduce physiological conditions or concentrations. They are, however, a very 
powerful tool to start dissecting the neuromodulatory systems. Under natural 
conditions, neuromodulators can be co-released, produced on-demand, released from 
nerve terminals over long periods of time or released in high concentrations 
(micromolar range) eliciting a long-term modulation (Alger and Kim 2011; 
Kyriakatos and El Manira 2007; Parker and Grillner 1999). Moreover, in bath 
applications it has been shown that the same modulator can have a general stabilizing 
function at low concentrations while at higher concentrations it can alter the rhythm 
output. 

To try to understand how modulators produce a stable output and how they 
maintain a balance between them, it is important to know if the different modulators 
are intrinsic or extrinsic to the CPG, the cells they target, the types of receptors and 
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the ion channels they modulate. So far, five main neuromodulatory systems have 
been approached in great detail in the lamprey spinal cord: The serotonergic, 
dopaminergic, GABAergic, metabotropic glutamatergic and peptidergic systems.  
Table 2 attempts to summarize these systems and their targets and the next chapter 
goes into further detail on substance P, a neuropeptide from the Tachykinin family.  

 

1.3.1 Ion Channels and receptors 

 

Ca2+ channels are a prominent target for neuromodulation since they are 
crucial for neurotransmitter release, and also define the duration of the action 
potential and the neuronal firing pattern through an action on the 
afterhyperpolarization (El Manira et al. 1994; Hill et al. 1992; McPherson and 
Kemnitz 1994; Schotland et al. 1995; Wallén et al. 1989; Westenbroek et al. 1998; 
Wikström and El Manira 1998). There are several different kinds of voltage 
dependent Ca2+ channels defined by their physiological roles and/or inhibition by 
specific toxins. They are generally classified as L-type, P/Q-type, N-type, R-type and 
T-type and subclassified by the proteins and the genes encoding them: L-type (Cav 

1.1-4), P/Q-type (Cav 2.1), N-type (Cav 2.2), R-type (Cav 2.3) and T-type (Cav 3.1-3) 
(Catterall et al. 2005). Unfortunately specific agonists and antagonists are lacking for 
some of the subtypes and we therefore also refer to the general classification 
nomenclature. In the lamprey, dissociated cell studies have shown that spinal neurons 
have all classes of Ca2+ channels (El Manira and Bussieres 1997) of which P/Q-type 
(Cav 2.1) and N-type (Cav 2.2) are implicated for the slow afterhyperpolarization 
(sAHP) (Wikström and El Manira 1998) and in neurotransmitter release (Krieger et 
al. 1999) while low threshold L-type (Cav 1.3) and T-type (Cav 3.1-3) are crucial for 
the postinhibitory rebound depolarization (Wang et al. 2011). Inhibition of these 
channels can initiate a cascade of events that can induce changes in the firing 
frequency as well as on the network level (Buschges et al. 2000; Tegnér et al. 1997).   

 
K+ channels are a common target for neuromodulation.  Background K+

leak 
channels are fundamental in determining the neuronal resting membrane potential, the 
input resistance and in regulating the excitability (Nicoll et al. 1990; Talley et al. 
2000). Inhibition of background K+ channels induces membrane depolarization, 
increased membrane resistance and consequently increases the firing rate, which 
could have great impact at the cellular level as well as on the network activity. 

 
NMDA (N-methyl-D-aspartate) receptors are abundant in spinal cord neurons. 

They comprise a voltage dependent, non-specific cation channels and they are an 
important target for modulation. NMDA receptor activation alone elicits fictive 
swimming in the lamprey spinal cord (Grillner 1981) and potentiation or inhibition of 
these channels by neuromodulators can result in an increase or decrease in the burst 
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very complex neuromodulator system with multiple subtypes of receptors acting 
differentially on synaptic transmission and ionic conductances.  

In the lamprey CNS, there are three structurally distinctive serotonergic systems. 
One originating from the brainstem, other from the sensory dorsal root ganglia 
(Franck et al. 1992; Fried et al. 1988) and a spinal system with cellular distribution of 
5-HT has been found below the central canal and stored in small and large vesicles 
(Harris-Warrick et al. 1985; Van Dongen et al. 1985; Zhang et al. 1996). 5-HT is 
released from boutons without synaptic specialization and activates receptors located 
nearby as well as distantly in motoneurons and interneurons (Christenson et al. 1990). 
In the lamprey, bath application of 5-HT has no effect when applied alone; however 
in the presence of excitatory amino acids, it slows fictive swimming in a dose-
dependent manner by increasing the cycle period of swimming (Harris-Warrick and 
Cohen 1985; Kemnitz et al. 1995; Zhang and Grillner 2000).  The action of 5-HT is 
mimicked by 5-HT1A agonists and counteracted by 5-HT1A antagonists (Schotland et 
al. 1995; Zhang and Grillner 2000). At the cellular level the main mechanisms behind 
this effect are due to modulation of Ca2+ channel subtypes. 5-HT reduces Ca2+ 
currents from N-type (Cav 2.2) and T-type (Cav 3) and also low-voltage L-type (Cav 

1.3) Ca2+ channels. Thus, inhibition of N-type (Cav 2.2) will reduce the activation of 
KCa channels, reducing postspike slow afterhyperpolarization (sAHP) and thereby 
altering the spike frequency adaptation (Hill et al. 2003; Wallén et al. 1989; 
Wikstrom et al. 1995); while a depression of  the low-voltage L-type (Cav 1.3) Ca2+ 
channels will affect the postinhibitory rebound (Wang et al. 2011).  

In the rodent spinal cord, 5-HT1 receptors dominate in the ventral horn with a 
rostrocaudal gradient while 5-HT2 dominates in the dorsal horn. 5-HT3 receptors are 
present in dorsal horn neurons and primary afferents and 5-HT7 receptors have been 
suggested to be involved in the activation of locomotor rhythms (Pearlstein et al. 
2005; Schmidt and Jordan 2000). Serotonergic cells are located in the parapyramidal 
region of the brainstem. Depletion studies suggest that serotonin plays a critical role 
during development in regulating the balance between the excitability of 
motoneurons and that of interneurons (Pflieger et al. 2002). Serotonin alone is 
capable of initiating a regular alternating pattern of right and left bursts in a 
concentration dependent manner. These effects are blocked by 5-HT1 and 5-HT2 
antagonists (Cazalets et al. 1992; Dunbar et al. 2010; Kiehn and Kjaerulff 1996; Liu 
and Jordan 2005). The role of 5-HT3 and 5-HT7 receptors in the spinal motor control 
needs further investigation.  

 In zebrafish, serotonin is also endogenously released and plays an important role 
in shaping locomotion. 5-HT is integrated early in development of the locomotor 
network reducing periods of inactivity, with little effect on the activity periods 
(Brustein et al. 2003). Swimming becomes sustained in larvae once the 
neuromodulatory serotonergic system develops and in juvenile and adults, 5-HT 
reduces the frequency of the fictive locomotor pattern of locomotion (Gabriel et al. 
2009).  
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of adrenaline (Anden et al. 1966; Jankowska et al. 1967). Since then, dopamine has 
been studied in depth and it is commonly associated with the reward system as well 
as with the control of movements (Grillner et al. 1967; Kemnitz 1997; Pombal et al. 
1997; Poon 1980). 

 Dopamine binds to five different G protein-coupled receptors which are 
categorized in two distinctive groups based on their properties: the D1-like and D2-
like. The D1 and D5 receptors belong to the D1-like subfamily and tend to have 
excitatory effects. The D2, D3, and D4 receptors belong to the D2-like subfamily and 
decrease the cellular concentrations of cAMP by inhibition of adenylate cyclase and 
therefore usually have inhibitory effects.   
 

In the lamprey, different dopamine populations appear in the central nervous 
system during development, first in the spinal cord and later in the diencephalon. 
They are all maintained throughout adulthood (Abalo et al. 2005). The dopamine 
system in the lamprey forebrain appears to be conserved throughout vertebrate 
evolution (Pombal et al. 1997; Stephenson-Jones et al. 2011; Thompson et al. 2008). 
In the spinal cord, dopamine is co-localized with serotonin below the central canal 
(Schotland et al. 1995) and co-localized with GABA dorsal to the central canal 
(Rodicio et al. 2008), suggesting a co-release of these substances in some synaptic 
terminals. Bath application of dopamine slows fictive swimming via D2 receptors 
(Bukinich and Veselkin 2007; Svensson et al. 2003b). At the cellular level, dopamine 
reduces the afterhyperpolarization. The reduction causes an increase in firing 
frequency (Kemnitz 1997) and it is likely to be due to a diminished calcium entry 
through N-type (Cav 2.2) and P/Q-type  (Cav 2.1) Ca2+ channels (Svensson et al. 
2003a; Wikstrom et al. 1999) which in turn results in a reduced activation of KCa. 
Dopamine application increases the duration of the TTX-induced NMDA membrane 
potential oscillations (Kemnitz 1997). Dopamine also reduces the post inhibitory 
rebound, acting through D2 receptors and L-type (Cav 1.3) Ca2+ channels (Wang et al. 
2011).  

In rodents, descending dopaminergic systems from the diencephalon project to 
the spinal cord (Holstege et al. 1996; Skagerberg et al. 1982) and dopamine is 
released during stepping activity (Gerin and Privat 1998). It alone can induce 
rhythmic activity in the in vitro spinal cord (Kiehn and Kjaerulff 1996). During 
ventral root-evoked locomotion; dopamine stabilizes the rhythm and reduces the 
frequency of bursting via D2-like receptors (Humphreys and Whelan 2012).  In 
motoneurons, dopamine can increase the input resistance and lower the AHP (via KCa 
channels of the SK family) (Han et al. 2007). 

In zebrafish, dopaminergic populations  with descending processes are among the 
first aminergic neurons to appear during development (McLean and Fetcho 2004). 
They are essential to modulate the developmental locomotor pattern from fast 
movements interrupted by stationary episodes to prolonged swimming periods 
(Lambert et al. 2012).  
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Stjarne et al. 1989). In invertebrates, the number of important peptide modulators 
known in C. elegans and Drosophila is large (Bargmann 2012; Taghert and Nitabach 
2012). Some appear to be associated with specific behaviors. For example, oxytocin 
and vasopressin have striking effects on social behaviors and corazonin has a role in 
cuticle pigmentation and molting. Tachykinins are part of the neuropeptide family. 
They have in common the hydrophobic C-terminal: Phe-X-Gly-Leu-Met- NH2. 
Substance P, neurokinin A and neurokinin B belong to this group of neuropeptides 
which are found from agnathans to mammals (Waugh et al. 1995). 

 

1.3.2 Substance P  

 

Substance P was discovered in 1931 by Von Euler and Gaddum (V. Euler and 
Gaddum 1931). They tested extracts from horse tissue that caused intestinal 
contraction which they labeled P1 (meaning Powder #1) and later called “substance 
P” (Klavdieva 1995). Substance P, neurokinin A and neurokinin B bind 
preferentially, but not selectively to NK1, NK2 and NK3 receptors. These receptors 
have seven transmembrane units and are G-protein coupled. They were cloned in the 
late 1980´s and are known to have several effects by inducing the activation of 
phospholipase C (PLC) and producing inositol triphosphate. The NK1 receptor 
subtype appears to increase in density during evolution, while the NK3 type is more 
abundant in lower vertebrates and apparently absent in primates. NK2 receptors are 
absent in the vertebrate central nervous system (Dietl and Palacios 1991). One gene 
coding for the NK1 receptor has been identified so far, and species-dependent 
variations in the primary sequence of the receptor protein have been suggested based 
on pharmacological affinities. NK1 receptors are widely represented in the respiratory 
and cardiovascular system and in dorsal and ventral horns of the spinal cord of the 
vertebrates studied (Cullheim and Arvidsson 1995; Maggi and Schwartz 1997).  

Immunohistochemical studies show that tachykinins are also present in the 
spinal cord of the lamprey (Auclair et al. 2004; Van Dongen et al. 1986). Cells 
positive for tachykinins are found around the central canal where they form a 
ventromedial plexus, where interneurons and motoneurons extend their dendrites and 
may be modulated. Furthermore, ventral to the central canal neurons co-express 5-
HT, dopamine and tachykinins (Schotland et al. 1995; Van Dongen et al. 1985). In 
mammals, these modulators also occur in the ventral horn but mostly in terminals of 
neurons originating in the brainstem (Cullheim and Arvidsson 1995; Van Dongen et 
al. 1985).  In the neonatal rat, substance P is by itself capable of activating CPG 
neurons in an organized flexor-extensor-like manner, but it is not able to maintain 
fictive locomotion.  On the other hand, application of substance P during NMDA-
induced fictive locomotion modulates the network activity by increasing the burst 
frequency and stabilizing the locomotor rhythm (Barthe and Clarac 1997). 
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In the lamprey, an exogenous application of substance P (1 µM) during 
NMDA-induced fictive swimming modulates the locomotor activity (Parker and 
Grillner 1998). A 10-20 minute application accelerates the burst rate and reduces the 
crossed inhibition in an activity-dependent fashion. Moreover, the NMDA synaptic 
current is potentiated, an effect independent of the glycine binding site or the 
magnesium block. The potentiating effect is dependent on protein kinase C (PKC) 
(Parker and Grillner 1998, 1999), which is activated by substance P, and also 
dependent on an increase in concentration of calcium or diacylglycerol (Mellor and 
Parker 1998). In addition to activating PKC, diacylglycerol is a precursor of 2-
arachidonoylglycerol (2-AG) which together with anandamide, are known as 
endocannabinoids. In a series of experiments, El Manira et al. 2005, 2007 
demonstrated that the mGluR1 work in concert with endocannabinoids to modulate 
the locomotor network activity in the lamprey spinal cord. In other systems, 
substance P has been shown to play an essential role by enhancing glutamate 
excitation and endocannabinoid mediated disinhibition (Drew et al. 2009). 

The core components of the network underlying lamprey locomotion are well 
understood (see above), but the specific roles of the different modulatory systems is 
only partially understood. However, computer modeling has been a powerful 
additional tool to explore network function.  Mathematical models of neurons and 
synaptic connections within the lamprey spinal locomotor network has been  an 
indispensable tool to explore the role of different components and opened up new 
questions as an integrated part of the analysis (Brodin et al. 1991; Ekeberg et al. 
1991; Hellgren et al. 1992; Kozlov et al. 2009). The effects of substance P and 5-HT 
on synaptic transmission in the locomotor network in the lamprey have also been 
simulated. Simulations show that changes in the amplitude of the first postsynaptic 
potential could be involved in the network modulation as well as time dynamics of 
synaptic depression and facilitation (Kozlov et al. 2001a).  

 In conclusion, substance P is a potent modulator of locomotion in lamprey. 
The overall aim of this work is to take a closer look into the role of substance P 
within the spinal network, and give us a more complete picture of lamprey spinal 
locomotor function and provide insights to the modulation of other CPGs.  









 23 

Commercially available drugs were used (Sigma, Tocris and Molecular probes) and 
they were applied into the bath solution via a perfusion pump. Substance P was 
dissolved in water with 0.05 M acetic acid to prevent oxidation and 1% bovine serum 
albumin to increase the solution stability.  
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Application of spantide II decreased the locomotor burst frequency indicating 
that there is an endogenous release of substance P. Thus, tachykinins are released 
during spinal locomotor activity and contribute to setting the baseline burst 
frequency. Substance P has been found in cell bodies and branches of the 
ventromedial plexus below the central canal (Van Dongen et al. 1985),  but no 
synaptic specializations have been found in the ventral plexus (Christenson et al. 
1990), therefore 5-HT and substance P are thought to be released from boutons and 
act on dendrites of motoneurons and interneurons that are distributed in or  the near 
plexus.  

 

 

Paper II: Endocannabinoids Mediate Tachykinin-Induced Effects in the 
Lamprey Locomotor Network. 

 

There are striking similarities in the modulatory outcome following NK1 and 
group I mGluR1 activation on the locomotor network. mGluR1 potentiates NMDA-
induced current (Krieger et al. 1998) as does NK1 activation. This effect is likely to 
contribute to the increase in the locomotor burst frequency (Parker and Grillner 
1998). 

  In addition to direct effects on cellular and synaptic targets, modulatory 
mechanisms can also involve retrograde signaling, for example mGluR1 receptors 
activation induces release of endocannabinoid that act as retrograde signaling to 
induce depression of glycinergic transmission (Kettunen et al. 2005). Therefore, we 
explored whether the effects of substance P also involve retrograde signaling via 
endocannabinoids.  

Our results show that the substance P-induced increase in burst rate was 
markedly reduced or abolished in the presence of the CB1 receptor antagonist, AM 
251 (2-5 µM), indicating that the effect of substance P on the locomotor frequency is 
mediated by endocannabinoids (Figure 10). The mGluR1 effects exerted by 
endocannabinoids are partially due to a reduced release of glycine at the crossed 
inhibitory synapses, resulting in an enhanced burst rate of the locomotor network 
(Kettunen et al. 2005; Kyriakatos and El Manira 2007). Substance P is also known to 
reduce the crossed inhibition in an activity-dependent fashion (Parker and Grillner 
1999). Therefore, by recording intracellularly from motoneurons and interneurons in 
the presence of a glutamate receptor antagonists, we compared the amplitude of the 
crossed compound glycinergic IPSP before and after applying substance P (1 µM) 
and for comparison also during application of the CB1 receptor antagonist AM 251 
(Figure 11).  
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PAPER IV: Substance P Depolarizes Lamprey Spinal Cord Neurons by 

Inhibiting a Two-Pore Domain K+ Channel. 

 

Observations from experiments described in the previous paper, suggested 
that the membrane depolarization combined with a conductance decrease upon 
substance P application was due to an effect on background K+

leak channels, yet 
another similarity with the effects of  mGluR1 (Kettunen et al. 2003).  

Background channels are fundamental in determining the neuronal resting 
membrane potential, the input resistance and regulating the excitability (Nicoll et al. 
1990) and therefore are an important target for neuromodulation (Koizumi et al. 
2010; Talley et al. 2000). 
 

 In this work we analyzed a possible involvement of a two-pore domain 
channel being modulated by substance P. We recorded inward currents from 
motoneurons during whole cell voltage clamp configuration. Linear I-V relationships 
were obtained over a range of voltage commands with a reversal potential of -60 mV. 
The I-V relation and the reversal potential was shifted when we varied the 
extracellular K+ concentration, suggesting the presence of a K+ dependent 
background current.  

To study the effect of substance P on background K+
leak

 channels, the current 
response to hyperpolarizing steps was measured under control conditions and during 
substance P bath application (Figure 15A-B). The I-V relationship shows a reduction 
of inward conductances in the presence of substance P (Figure 15C). In current 
clamp, all cells responded with a depolarization during substance P application, 
which was consistent with an increase in input resistance. Taken together, it is likely 
that the depolarization and the increase in input resistance are both driven by 
inhibition of a K+ conductance.  

To determine if the changes in K+ conductances could be due to TASK-1 
channels we tested the current response during low extracellular pH (pH:6.8) (Duprat 
et al. 1997), and to anandamide, an endogenous cannabinoid antagonist, that has been 
suggested to act as a selective blocker of the two-pore TASK-1 K+ currents at low 
concentrations (Maingret et al. 2001). The effect in both cases was similar to the one 
of substance P. The K+ current was reduced and the linear I-V relationships showed 
the pH sensitivity (Figure 15D), and the effect of substance P was decreased in the 
presence of the blocker (Figure 15E).  

Thus, a less steep slope in the I-V relation at negative potentials indicates an 
increase in input resistance which is the physiological correlate of the closing of 
channels. Closure of channels together with a depolarization suggests an inhibition of 
background K+ currents, which may cause an increase in the firing rate and could 
have great impact at the cellular level as well as for the operation of the locomotor 
network.  
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CONCLUDING REMARKS 

 

The ability to move is essential to survival for many animals to find food, 
migrate, mate or avoid danger. As a result, selective pressures have shaped 
locomotion; however, a basic organization of the locomotor infrastructure is 
maintained through vertebrate phylogeny. Lampreys are an ancient lineage of 
vertebrates which provide valuable insight into the understanding the locomotor 
network as they possess fewer neurons, but yet similar transmitters and modulatory 
systems. Neuropeptides are important neuromodulators which can regulate neural 
circuits controlling animal behavior and physiological processes such as feeding, 
mating and central pattern generators (Taghert and Nitabach 2012). Tachykinins 
constitute one of the largest groups of neuropeptides. Substance P belongs to the 
tachykinin family and it is capable of evoking behavioral responses as well as 
modulating the locomotor network system of the lamprey.   

Here, I have explored the cellular effects of substance P on the locomotor 
network and in spinal neurons of the lamprey. This study is a contribution to the field 
of modulation and gives us a more complete picture of the functioning of the lamprey 
spinal locomotor network and hence could provide insights into the modulation of 
other CPGs. 

 In paper I, we show that tachykinins are released during spinal locomotor 
activity and contribute to setting the baseline burst frequency. Moreover, that 
substance P provides plastic changes occurring at the network level and substance P 
application can give rise to a short-term induction of a slow rhythm and a long-term 
effect with a modest increase in frequency.  

In paper II, the acute effect of substance P on the burst frequency is shown to 
be dependent on endogenous activation of CB1 receptors. Endocannabinoid release is 
likely to be caused by NK1 activation, and to act by reducing the crossed inhibition.  

In paper III, we establish that substance P attenuates voltage-gated Ca2+ 
currents and reduces the sAHP indirectly,  primarily through an action on N-type (Cav 

2.2) Ca2+ channels in motoneurons and commissural interneurons which will affect 
the frequency adaptation in these cells. 

In paper IV, we show that inhibition of the background K+ channels by 
substance P induce may underlie the previously observed membrane depolarization. 
This will increase the firing rate which could have an impact at the cellular level as 
well as during locomotion. 

Figure 16 summarizes the cellular effects of substance P. Tachykinins thus 
activate NK1 receptors, acting though endocannabinoids and N-type Ca2+ channels 
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types and network connectivity, always making the link with behavior and its 
adaptation to the environment.  

The study of a single neuromodulator in an isolated spinal cord is a first step 
towards understanding its actions and targets. However, in the central nervous system 
multiple modulator substances are released in parallel so that they activate 
overlapping networks to produce different behaviors such as escape or fast swimming 
or different gaits in locomotion. Mechanisms of co-release are a key aspect that needs 
to be further explored in order to understand how neural circuits are modulated. It is 
likely that amines are released at lower activity level and that peptides, which are 
stored in dense core vesicles are released at higher levels of activation; thereby 
creating a specific timing information during modulation. 5-HT, dopamine and 
tachykinins are co-localized in some cells in the lamprey  spinal cord (Schotland et al. 
1995; Van Dongen et al. 1985). Co-localization and release of substance P with 
neuromodulators such as 5-HT and dopamine might evoke differential actions 
depending on the receptor subtypes the target cell is expressing. Substance P 
increases the burst frequency while 5-HT decreases it. The output balance of several 
modulators will thus require intracellular integration and are likely to be dependent 
on timing or spatial release. On the other hand, different modulators can also target 
common ion channels, activate common intracellular pathways and even elicit a 
similar output response at the network level. We show here that the mechanisms used 
by substance P resemble to a great degree those of the mGluR1 in lamprey spinal 
neurons.  It will be of interest to elucidate their combined role in modulatory control 
of the locomotor networks.  
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