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ABSTRACT 
The overall objective of this thesis is to increase our understanding of neural networks 
generating locomotion. These networks called Central Pattern Generators (CPG), are 
localized in the spinal cord and can generate the basic locomotor pattern in the absence 
of sensory or supraspinal inputs. However, locomotor behaviour needs to be adapted to 
the changing environmental conditions, and this is proposed to be a result of 
neuromodulatory systems which can change the efficacy of synaptic transmission, and 
the intrinsic properties of CPG neurons. The work presented here focuses on the role of 
metabotropic glutamate receptors (mGluRs) in the spinal locomotor network. We show 
that a brief activation of postsynaptic mGluR1 results in a long-term potentiation of the 
locomotor frequency associated with a long-term depression of the mid-cycle inhibition 
and potentiation of the on-cycle excitation. These effects are blocked by a cannabinoid 
receptor 1 (CB1) antagonists and nitric oxide synthase (NOS) inhibitors, suggesting 
that endocannabinoids and nitric oxide (NO) are involved. Overall, endocannabinoids 
and NO can shift the levels of excitation and inhibition, in favor of excitation to induce 
the long-term potentiation of the locomotor frequency. Endocannabinoids are released 
on demand following activation of mGluR1 at the postsynaptic site and inhibit 
presynaptic glycinergic transmission. This de novo retrograde signaling via 
endocannabinoids enables network neurons to control their synaptic input and thus the 
level of their activation. We show that 2-Arachydonylglycerol (2-AG) is the primary 
endocannabinoid released by activation of mGluR1 and mediates the potentiation of the 
locomotor frequency and the associated depression of mid-cycle inhibition. In the 
lamprey spinal cord NOS is found in grey matter neurons and provides an intrinsic NO 
tone which enhances the locomotor frequency. NO increases the locomotor frequency 
by reducing mid-cycle inhibition via presynaptic mechanisms, and by increasing the 
excitatory drive via both pre-and postsynaptic mechanisms. Finally, endogenous 
activation of mGluR1, cannabinoid and NO signaling facilitates the excitatory drive 
underlying locomotion and thus contribute to the pattern generation within the spinal 
cord. The endogenous NO signaling is acting downstream CB1, while approximately 
30% of the endocannabinoid tone is dependent on mGluR1 activation.  
In summary we propose novel modulatory signaling pathways within the spinal CPG 
and suggest that neuromodulation is a core process embedded within the CPG function 
that shapes the generation of locomotion. 
 
 



  2 
 

   

LIST OF PUBLICATIONS 
I. Kettunen P*, Kyriakatos A*, Hallen K, El Manira A (2005) Neuromodulation 

via conditional release of endocannabinoids in the spinal locomotor network. 
Neuron 45:95–104. 
(* equal contribution) 
 

II. Kyriakatos A, El Manira A (2007) Long-term plasticity of the spinal 
locomotor circuitry mediated by endocannabinoid and nitric oxide signaling. J 
Neurosci 27(46):12664 –12674. 
 

III. Kyriakatos A, Mahmood R, Song J,  Löw P, Paracha G,  El Manira A (2009) 
The Endocannabinoid 2-AG mediates plasticity within the spinal locomotor 
network of the lamprey. Manuscript. 
 

IV. Kyriakatos A, Molinari M, Mahmood R, Grillner S, Sillar KT, El Manira A 
(2009) Nitric oxide potentiation of locomotor activity in the spinal cord of the 
lamprey. J Neurosci 29(42):13283-91. 
 

V. Kyriakatos A, El Manira A (2009) Endogenous modulation of the excitatory 
drive of the lamprey spinal locomotor network. Manuscript. 
 

 



  3 
 

   

CONTENTS 
1 Introduction ................................................................................................... 6 

1.1 Spinal locomotor networks ................................................................. 6 
1.1.1 The lamprey locomotor network ............................................ 6 
1.1.2 Neuronal types of the lamprey spinal locomotor network .... 7 

1.2 The locomotor cycle ........................................................................... 9 
1.2.1 Excitatory drive and on-cycle excitation ............................. 10 
1.2.2 Mid-cycle inhibition ............................................................. 12 
1.2.3 General model of locomotor network organization ............ 15 

1.3 Neuromodulation and spinal locomotor activity ............................. 15 
1.4 Metabotropic glutamate receptors (mGluRs)................................... 16 

1.4.1 mGluR modulation of spinal locomotor networks .............. 16 
1.4.2 mGluR modulation of other CPG networks ........................ 17 

1.5 Endocannabinoids ............................................................................. 18 
1.5.1 Cannabinoid receptors: signaling and localization .............. 19 

1.6 Nitric oxide ....................................................................................... 20 
1.6.1 Nitric oxide modulation of  CPG networks ......................... 21 

2 Specific aims ............................................................................................... 23 
3 Methods ....................................................................................................... 24 
4 Results and discussion ................................................................................ 25 

4.1 Regulation of burst frequency via retrograde signaling of 
endocannabinoids (paper I) ........................................................................ 25 
4.2 Endocannabinoids and NO mediate long-term plasticity of the 
locomotor network (paper II) ..................................................................... 26 
4.3 The endocannabinoid 2-AG is mobilized by mGluR1 to induce long-
term plasticity of the locomotor network (paper III) ................................. 28 
4.4 Role of nitric oxide in the spinal locomotor network of the lamprey 
(paper IV) .................................................................................................... 28 
4.5 Intrinsic modulation of the excitatory drive (paper V). ................... 29 

5 Concluding remarks .................................................................................... 31 
5.1 Neuromodulation and spinal cord injury ......................................... 31 
5.2 Neuromodulation and recruitment within the CPG ......................... 31 
5.3 Future developments ......................................................................... 32 

5.3.1 Localization and Distribution of DGL and CB1 ................. 32 
5.3.2 Live NO imaging in the lamprey spinal cord ...................... 33 

6 References ................................................................................................... 35 
7 Acknowledgements .................................................................................... 49 
 



  4 
 

   

LIST OF ABBREVIATIONS 
 
2-AG 2-arachidonyl glycerol 
5-HT 5-hydroxytryptamine 
AC adenylyl cyclase 
ACPD (1S,3R)-1-Aminocyclopentane-1,3-dicarboxylic acid 
AMPA α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid 
AMPA α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid 
AP5 D-(-)-2-Amino-5-phosphonopentanoic acid 
cAMP cyclic adenosine monophosphate 
CB1 cannabinoid receptor 1 
CB2 cannabinoid receptor 2 
CCINs contrallateraly and caudally projecting interneurons 
cGMP cyclic guanosine monophosphate 
cGMP cyclic guanosine monophosphate 
CiDs circumferential descending interneurons 
C-INs commissural interneurons 
CNQX 6-Cyano-7-nitroquinoxaline-2,3-dione 
CoBLs commissural bifurcating longitudinal 
CPCCOEt 7-(Hydroxyimino)cyclopropa[b]chromen-1a-carboxylate ethyl 

ester 
CPG central pattern generator 
D2 dopamine receptor 2 
DAF-2 4, 5-diaminofluorescein 
DAG diacylglycerol 
DAGL diacylglycerol lipase 
DCs dorsal cells 
DEA/NO 2-(N,N-Diethylamino)-diazenolate-2-oxide.diethylammonium 

salt 
DHPG (RS)-3,5-Dihydroxyphenylglycine 
DIC differential interference contrast 
dINs descending interneurons 
DLF dorsolateral fasciculus 
DLR diencephalic locomotor region 
DSE depolarization suppression of excitation 
DSI depolarization suppression of inhibition 
ECs edge cells 
EINs excitatory interneurons 
eNOS endothelial nitric oxide synthase 
EPSC excitatory postsynaptic current 
EPSP excitatory postsynaptic potential 
FAAH fatty acid amide hydrolase 
GABA γ-Aminobutyric acid 
GIs giant interneurons 
GPCR G-protein coupled receptor 



  5 
 

   

GYKI 4-(8-Chloro-2-methyl-11H-imidazo[1,2-c][2,3]benzodiazep in-6-
benzeneamine dihydrochloride 

Ican non-specific cation current 
iNOS inducible nitric oxide synthase 
IPSC inhibitory  postsynaptic current 
IPSP inhibitory postsynaptic potential 
KNa Na+-activated K+ channels 
L-DOPA L-DOPA (L-3,4-dihydroxyphenylalanine or levodopa 
LINs lateral interneurons 
L-NAME NG-Nitro-L-arginine methyl ester hydrochloride 
L-NNA NG-Nitro-L-arginine 
LTD long-term depression 
LTP long-term potentiation 
M1/M3 muscarinic receptor1/muscarinic receptor 3 
MCoDs mutipolar commissural descending 
mEPSC miniature excitatory postsynaptic current 
MGL monoacylglycerol lipase 
mGluR1 metabotropic glutamate receptor subtype 1 
mGluR5 metabotropic glutamate receptor subtype 5 
mGluRI metabotropic glutamate receptor group I 
mGluRII metabotropic glutamate receptor group II 
mGluRIII metabotropic glutamate receptor group III 
mIPSC miniature inhibitory postsynaptic current 
MLR mecencephalic locomotor region 
MNs motoneurons 
MPEP 2-Methyl-6-(phenylethynyl)pyridine hydrochloride 
nAch nicotinic acetylcholine 
NADPH nicotinamide adenine dinucleotide phosphate 
NAPE N-arachidonoyl phosphatidylethanolamine 
NMDA N-methyl-D-aspartic acid 
nNOS neuronal nitric oxide synthase 
NO nitric oxide 
NOS nitric oxide synthase 
ODQ 1H-[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one 
PLCβ phospholipase Cβ 
PLD phospholipase D 
PSD-95 postsynaptic density protein-95 
sGC soluble guanylyl cyclase 
sGC soluble guanylyl cyclase 
SNAP (S)-Nitroso-N-acetylpenicillamine 
STD short-term depression 
THL tetrahydrolipstatin 
TTX tetrodotoxin 
URB602 N-aryl carbamate biphenyl-3-ylcarbamic acid cyclohexyl ester 
  



  6 
 

   

1 INTRODUCTION 
1.1 Spinal locomotor networks 

The spinal cord contains rhythmically active neural networks that can generate 
locomotion in the absence of sensory input or input from the brain (Grillner, 1981). 
These networks are termed Central Pattern Generators (CPG) and their discovery has 
been pivotal in our understanding on how locomotor activity is generated within the 
spinal cord. Already in 1910s Brown showed that alternating activity in a flexor-
extensor muscle pair could be obtained in decerebrate cats following deafferentation.  
This finding initiated the idea that spinal CPG can generate alternating activity in 
flexor-extensor in the absence of sensory feedback.  He went on to propose that 
descending tonic excitation provides the synaptic drive to trigger locomotion. This is 
done via activation of one half-center that controls all the extensor muscles and is 
reciprocally inhibiting the half-center of the flexor muscles. Alternation of activity that 
maintains locomotion is thought to be due to fatigue of each half-center following its 
tonic activation (Brown, 1911, 1914). 

Grillner and Zangger (1979) elaborated more on this idea showing for the first 
time that the CPG for hindlimb locomotion was restricted in the lumbar spinal cord and 
in addition to the rhythm it maintains the coordinated activity in multiple joints required 
for locomotion. They showed that decerebrate and deafferented or curarized cats treated 
with L-DOPA could exhibit locomotor episodes. Essentially they demonstrated that 
sensory feedback is neither necessary for the generation of locomotion nor for the 
coordination of different muscle groups. In addition each joint has its own CPG that 
maintains co-ordination between antagonistic muscles of that joint (Grillner, 1981).  

The spinal dog fish preparation (Grillner et al., 1976), and the in vitro lamprey 
spinal cord preparation (Cohen and Wallen, 1980; Poon, 1980) finally proved that 
locomotor activity can be generated in the absence of any higher or afferent input. 
Indeed, by isolating the spinal cord in vitro and following appropriate pharmacological 
or electrical activation of the CPG it has been possible to induce rhythmical output in 
the ventral roots. The recorded motor output is known as fictive locomotion which is 
the neural correlate of locomotion (Cohen and Wallen, 1980).  Several models for 
fictive locomotion in vertebrates have emerged ever since: the xenopus tadpole 
(Roberts et al., 1981), the neonatal mouse and rat (Kudo and Yamada, 1987; Cazalets et 
al., 1995) the larvae and adult zebrafish (Masino and Fetcho 2005; McDearmid and 
Drapeau 2006; Gabriel et al., 2008). 
 
1.1.1 The lamprey locomotor network 

The lamprey a living fossil, is a jawless vertebrate that has diverged from the 
main evolutionary line some 560 million years ago and its nervous system shares 
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numerous anatomical and functional properties with more advanced vertebrates 
(Nieuwenhuys and Nicholson, 1998). It may not be an exaggeration to say that the 
spinal locomotor network of the lamprey is the blueprint of all spinal locomotor 
networks, and most likely of vertebrate motor networks in general. Studying the 
lamprey locomotor activity can give us general principles of CPG organization and 
how synergistic and antagonistic muscles can be recruited by the nervous system in 
order to produce movement. Thus the results of this thesis could be of general interest 
to all motor control research.   

Lampreys are limbless therefore they swim by a propagated wave of activity from 
head to tail with left-right alternations that propels the body forward. This gives a 
characteristic S-shape in their body during locomotion (Grillner, 2003). The motor 
program for locomotion is selected by the basal ganglia. Consequently the 
mecencephalic (MLR) or diencephalic (DLR) locomotor region will be disinhibited and 
excitability will be relayed in the spinal cord via activation of reticulospinal neurons in 
the brainstem (Grillner 2003).  

The characteristic left-right alternation and the lag of activity from segment-to-
segment (intersegmental coordination) can be preserved when the spinal cord is 
isolated and locomotor activity is induced by pharmacological activation of glutamate 
receptors. Indeed there is no difference in the locomotor pattern in vitro and in vivo, 
however faster frequencies can be obtained in vivo (Wallen and Williams, 1984). One 
of the major advantages in using the lamprey spinal cord in the study of locomotion is 
the significantly lower level of complexity. The estimated number of neurons in the 
entire spinal cord is 100 000, with 1000 per segment (100 segments in total) (Rovainen, 
1979), while in the rat it has been estimated as 8 million, with almost 300 000 neurons 
per segment (Bjugn and Gundersen, 1993). 
 

1.1.2 Neuronal types of the lamprey spinal locomotor network 
The lamprey spinal cord contains several classes of neurons. These are 

motoneurons (MNs), excitatory interneurons (EINs), commissural interneurons (CINs) 
contrallateraly and caudally projecting interneurons (CCINs), lateral interneurons 
(LINs), giant interneurons (GIs), sensory afferent dorsal cells (DCs) and 
mechanosensitive edge cells (ECs). Of those the last three are conveying sensory 
information and are not recruited during fictive locomotion. EINs are ipsilaterally 
projecting glutamatergic interneurons that are the major source of excitation within the 
locomotor CPG (Dale, 1986; Buchanan and Grillner, 1987). The CCINs are a mixed 
population of excitatory and inhibitory interneurons. Their cell bodies are located in the 
rostral segments of the spinal cord and their axons cross the midline and are long 
projecting, thus they are thought to be important for motor coordination (Buchanan, 
2001). CINs have smaller diameter cell bodies, are distributed equally throughout the 
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spinal cord and are short-range projecting (up to 5 segments) (Mahmood et al., 2009). 
This population consists mostly of glycinergic neurons and about a quarter of them are 
glutamatergic, while none of them were found to express GABA (Mahmood et al., 
2009). The glutamatergic CINs are thought to mediate the synchronous locomotor 
pattern revealed after blockade of glycinergic inhibition (Cohen and Harris-Warrick, 
1984). The glycinergic CCINs and CINs are thought to provide the major inhibitory 
drive ensuring left-right alternation of activity (Ohta et al., 1991; Buchanan et al., 
2001). Finally, the inhibitory and ipsilaterally projecting LINs are thought to provide 
the delayed inhibition to ipsilateral CCINs thus disinhibiting the contralateral side 
(Buchanan, 2001).   

The lamprey spinal CPG is functionally a burst generator, according to which 
excitatory interneurons (EINs) in each hemisegment provide the excitatory drive which 
sets the locomotor rhythm generation (Cangiano and Grillner, 2005). Inhibitory CCINs 
and CINs (Ohta et al., 1991; Biro et al., 2008) provide phasic inhibition that ensures 
alternation of activity between the two sides of the spinal cord (Cangiano and Grillner 
2003, 2005).  
 

 

 
Figure 1. Schematic of the lamprey locomotor network. Locomotor activity is selected in the basal 
ganglia. Initiation of locomotion is via disinhibition of mecencephalic and diencephalic locomotor regions 
(MLR and DLR) which in turn excite reticulospinal neurons (RS) that provide with excitation the spinal 
CPG and motoneurons. Stretch receptor neurons (SR-E and SR-I) in the spinal cord fine tune the 
locomotor activity. Neuromodulators are integral part of the CPG (adapted from Grillner et al., 2008) 
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1.2 The locomotor cycle 
During fictive swimming, intracellular recordings from myotomal motoneurons 

reveal a pattern of rhythmic activity that is composed of a period of depolarization and 
hyperpolarization (Figure 2). The depolarization occurs in phase with the ipsilateral 
ventral root activity, while the hyperpolarization occurs in antiphase. Thus there is an 
active, on-cycle excitatory drive that alternates with an active mid-cycle inhibition that 
modulate the motoneuron membrane potential (Russel and Wallen, 1983; Edgerton et 
al., 1976; Roberts et al., 1981; Cazalets et al., 1996; Gabriel et al., 2008). This push-pull 
organization suggests that there is a premotor control of alternating phasic activity 
being the CPG network (Russel and Wallen, 1983). Indeed, excitatory and inhibitory 
CPG neurons are shown to induce on-cycle excitation and mid-cycle inhibition to MNs. 
This push-pull mechanism also takes place at the premotor level in all CPG neurons 
(Buchanan et al., 1989; Buchanan, 2001; Buchanan and Cohen, 1982; Biro et al., 
2008).  

 
Figure 2. Fictive locomotion of the in vitro lamprey spinal cord preparation. A. Isolated spinal cord 
preparation. Ventral root activity is recorded with en passant glass electrodes. Concurrent intracellular 
recordings are done with sharp electrodes.  B. Fictive swimming with alternating ventral root bursts is 
elicited with NMDA. The recorded motoneuron receives on-cycle excitation with occasional spiking and 
mid-cycle inhibition (modified from paper I and paper II) 
 

The alternating synaptic excitation and inhibition underlies the periodicity of all 
vertebrate spinal locomotor networks and is a core characteristic of all vertebrate spinal 
locomotor networks (Kiehn et al., 2008; Grillner 1981; Roberts et al., 1998; Jankowska, 
1992). It has been shown however, that in amphibian motoneurons on-cycle inhibition 
can also be present (Perrins and Soffe, 1996). Clear deviations from the push-pull 
concept can be seen in the spinal network underlying scratching, where a balanced in 
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phase excitation and inhibition is mediating this behaviour (Berg et al., 2009; but see 
Endo and Kiehn, 2008). Furthermore, not all premotor interneurons are active during a 
swimming episode, and that their recruitment is a function of swimming frequency, 
suggesting that in higher frequencies more neurons are recruited (Sillar and Roberts, 
1993). For a given frequency range there seems to be different interneurons recruited 
(McLean et al., 2008).  
 
 
1.2.1 Excitatory drive and on-cycle excitation 

The identification of excitatory interneurons in the lamprey spinal cord has been 
pivotal in our understanding of the source of excitation within the locomotor network 
(Buchanan and Grillner, 1987). EINs produce glutamatergic EPSPs onto MNs and can 
drive ventral root activity, suggesting that they are necessary for the generation of 
locomotion. EINs are rhythmically active during locomotion and are thought to project 
5 segments at most and induce both fast AMPA and slow NMDA EPSPs (Dale, 1986, 
Buchanan et al., 1989). In addition, each of these interneurons is thought to diverge 
onto many MNs (Buchanan et al., 1989) but also onto all sets of interneurons including 
other EINs (Buchanan, 2001). The mutual excitation between EINs is thought to 
mediate the generation of the excitatory drive during fictive locomotion (Cangiano and 
Grillner, 2005). The on-cycle excitation is a summation of EPSPs occuring in phase 
with the ipsilateral ventral root burst primarily from EINs. This is considered to be the 
excitatory drive that represents the read out of ionotropic glutamatergic transmission 
(Figure 3, Dale, 1986; Brodin et al., 1985; Alford and Williams, 1989; Gerachshenko et 
al., 2009). The excitatory interneurons transmform a tonic excitation into rhythmic 
activity and this is why the locomotor rhythm can be activated by bath application of 
glutamate receptor agonists (Cohen and Wallen, 1980; Grillner et al., 1981; Brodin and 
Grillner, 1985a, 1985b). 

The excitatory drive in the xenopus locomotor network is thought to be 
generated primarily by descending interneurons (dINs). These are excitatory, 
ipsilaterally projecting neurons that are distributed from the brainstem to the spinal cord 
(Roberts and Alford, 1986; Soffe et al., 2009). During fictive swimming they are 
rhythmically active and reliably fire due to their strong mutual excitation via electrical 
and chemical connections resulting in recurrent excitation (Li et al., 2009). Thus dINs 
form a functional unit that generates a synchronized excitatory drive activating all CPG 
neurons and maintains locomotion of the xenopus locomotor network (Roberts et al., 
2007). Like in other vertebrates, the excitatory drive depends on NMDA and AMPA 
receptors (Dale and Roberts, 1985; Li et al., 2004). Similarly to the EINs in the lamprey 
spinal cord, dINs are providing the drive and generate the locomotor rhythm. 
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Figure 3. Phasic inhibition and excitatory drive during fictive locomotion. A. Split-bath configuration: in a 
double pool chamber fictive locomotion is elicited in the rostral part of the spinal cord via NMDA. 
Intracellular recordings are done in the caudal part of the cord in hepes (control) and after application of 
strychnine (EINs red cell, CINs blue cell). B. The recorded MN receives excitatory drive (red arrow) in 
phase with the ipsilateral ventral root activity and mid-cycle inhibition (blue arrow) in phase with the 
contralatertal ventral root activity. C. Upon application of strychnine, mid-cycle inhibition is eliminated 
and only the in phase excitatory drive can be recorded. Note that in the absence of ventral root activity 
the MN still receives synaptic drive (*), suggesting that the premotor CPG neurons are still activated 
(Kyriakatos and El Manira unpublished).  
 

 

In the zebrafish spinal network, motoneurons receive phasic excitatory drive 
during fictive locomotion (Gabriel et al., 2009). In the larva fish the phasic excitatory 
drive is provided by mutipolar commissural descending (MCoDs) and circumferential 
descending interneurons (CiDs) (Fetcho et al., 2007). The functional role of these 
interneurons differs, as MCoDs are recruited in slow swimming frequencies, while 
CiDs at fast swimming (Mclean et al., 2008). Thus it follows that the excitatory drive in 
the zebrafish is activity dependent and does not originate from the same interneuron 
population. So far CiDs constitute the major ipsilateral excitatory interneuron class 
within the zebrafish locomotor network resembling the EINs of the lamprey and the 
dINs of the xenopus.  

CiDs belong to the developmental class of V2a interneurons expressing the 
transcriptional factor Alx. These are analogues of Chx10 in mammals (Kimura et al., 
2006) which provide the excitatory drive to ipsilateral motoneurons and CINs that 
maintain the left-right alternation. Selective ablation of Chx10 affected the phasing of 
fictive locomotion but not the generation of locomotion (Crone et al., 2008). These 
interneurons seem to be preferentially recruited at higher speeds because the impact of 
ablating these neurons is more apparent at high locomotor frequencies (Crone et al., 
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2009). This is similar to the frequency-dependent recruitment of CiDs in the zebrafish 
(McLean et al., 2008).  

Two more ipsilaterally projecting excitatory cells are described in the rodent 
spinal cord expressing EphA4 and Hb9. The first are rhythmically active during fictive 
locomotion and are thought to provide excitatory drive to ipsilateral motoneurons, 
however it is not known if they are involved in the rhythm generation. HB9 
interneurons are electrotonically coupled, rhythmically active during fictive 
locomotion, have pacemaker properties and therefore are thought to be the key 
excitatory interneurons for the generation of fictive locomotion (Kiehn, 2006). Recent 
data however, show that HB9 interneurons contribute to rhythm generation probably by 
amplifying the excitatory drive received by MNs, but they are not part of the rhythm 
generation kernel (Kwan et al., 2009).  
 
1.2.2 Mid-cycle inhibition 

Sherringhton already in 1897 first showed that strychnine results in simultaneous 
co-contractions and postulated that reciprocal inhibition is a key mechanism that 
mediates alternating activity between antagonistic skeletal muscles. Indeed, mid-cycle 
reciprocal inhibition is ensuring the left-right alternating activity in the vertebrate spinal 
cord. This is done by inhibitory commissural interneurons via which the spinal hemi-
segmental oscillators are activated with a phase difference (Buchanan, 2001; Nishimaru 
and Kakizaki, 2009; Grillner, 2006).  

In the lamprey locomotor network the phasic inhibition is proposed to be 
mediated by inhibitory CCINs that are found to be reciprocally recruited (Buchanan 
and Cohen 1982; Buchanan and Kasicki, 1995), and inhibitory CINs (Ohta et al., 1991). 
CCINs are recruited during locomotor activity, and inhibit contralateral motoneurons in 
a strychnine-sensitive manner (Buchanan 1982). Recently Biro et al., 2008 showed that 
segmental commissural inhibitory interneurons discharge during the mid-cycle 
inhibition of the contralateral side. This indicates an active role of these neurons in 
mediating the mid-cycle inhibition phase of the locomotor cycle. The chloride 
mediation of mid-cycle inhibition was demonstrated using high chloride intracellular 
solution or hyperpolarizing the recorded neurons below the equilibrium potential for 
chloride (Russel and Wallen, 1983; Buchanan et al., 1989).  

Reciprocal inhibition was initially thought to mediate the rhythm generation 
(Buchanan, 2001). It is now shown that this is not the case since burst generation 
occurs in the hemicord preparation where all commissural connections are surgically 
removed (Cangiano and Grillner, 2003, 2005). The role of reciprocal inhibition is to set 
the pattern and the frequency rate of the locomotor rhythm and since progressive 
sectioning in the midline of the spinal cord during fictive locomotion enhanced the 
locomotor rhythm (Cangiano and Grillner, 2003). Similarly, application of strychnine 
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at low concentrations increased the locomotor frequency, while and at higher it 
decreased it with in phase bursting occurring at both sides (Grillner and Wallen, 1980; 
Cohen and Harris-Warrick, 1984). In addition, glycine is endogenously released during 
a fictive locomotor episode following tail stimulation to set the left-right alteration and 
locomotor frequency (Alford and Williams, 1989). More supporting evidence that 
glycinergic inhibition is involved in left-right alternation comes from the study of 
Hagevik and McClellan (1994). They show that strychnine turns the left-right pattern of 
fictive swimming induced by brainstem stimulation into a synchronous bursting of left-
right oscillators. In addition, neither strychnine, nor bicuculine affected the longitudinal 
coupling along the spinal cord suggesting that intersegmental coordination in the 
rostro-caudal axis depends only on excitation. Supporting these results, Cangiano and 
Grillner (2003) show that in the hemicord both the rhythm generation and the phasic 
pattern are not affected by strychnine, thus excluding the contribution of ipsilateral 
inhibition. 

In the rodent spinal cord flexor-extensor and left-right limb alternation is 
mediated by both glycine and GABA and blockade of their receptors results in 
synchronous activation of flexors-extensors (Butt and Kiehn, 2003; Cowley and 
Scmidt, 1995; Hinckley et al., 2005). In addition endogenous release of GABA slows 
down the locomotor rhythm while exogenous application eliminates fictive locomotion 
(Cazalets et al., 1998). Recordings of spinal motoneurons during fictive locomotion in 
neonatal mice show that inhibitory conductance occurs during the period of mid-cycle 
(Endo and Kiehn, 2008). In the rodent spinal cord several classes of inhibitory 
interneurons are genetically identified, of which neurons expressing the transcriptional 
factor Dbx1 are involved in left-right alternation, and those expressing En1 that control 
the duration of the cycle period (Butt et al., 2002; Nishimaru and Kakizaki, 2009). In 
addition, a set of CINs that is recruited by Chx10 excitatory interneurons is controlling 
the left-right alternation, but it remains unclear if this is a specific class of CINs (Kiehn 
et al., 2008).  

In the zebrafish locomotor network, left-right alternation depends on a functional 
glycine receptor and when it is absent such as in bandoneon mutant, left-right co-
contractions occur (Hirata et al., 2005). A similar pattern is seen when glycine receptors 
are blocked with strychnine during fictive locomotion in the adult zebrafish (Gabriel et 
al., 2008). Glycine is endogenously released to control the frequency and duration of 
the locomotor cycle. This is evident in the shocked  zebrafish mutant where absence of 
a functional glycine transporter terminates locomotion prematurely (Cui et al., 2004).  
Similarly, a brainstem GABAergic control of the swimming episode duration is 
proposed for the xenopus tadpoles, suggesting that inhibition is indeed determinant of 
the duration of locomotor behaviour (Boothby and Roberts, 1992). It remains to be 
resolved however, if the early termination of swimming in the shocked mutant involves 
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deficits at the spinal and or brainstem levels. Several key zebrafish inhibitory 
interneurons have been anatomically identified and their role during swimming. 
Specifically, commissural bifurcating longitudinal (CoBLs) interneurons are 
glycinergic and are rhythmically active during swimming. They are quite numerous in 
the embryonic zebrafish spinal locomotor network and are thought to be the core 
interneuron class mediating left-right alternation during swimming (Liao and Fetcho, 
2008) One particularly intriguing aspect of the zebrafish locomotor network is the 
recruitment of different neurons at different locomotor speeds. This gives an additional 
aspect to the role of inhibition within the spinal locomotor network, which is its 
specificity to silence different premotor interneurons, depending on the locomotor 
frequency (McLean et al., 2008).  

In the xenopus tadpoles the left-right alternation between motor antagonists 
mediating swimming is underlined by glycine released from the CPG (Roberts et al., 
2008). Like in other vertebrates, glycine is endogenously released during fictive 
locomotion to set the amplitude of mid-cycle inhibition in motoneurons and CPG 
interneurons (Roberts et al., 1985; Soffe et al., 1984; Dale et al., 1986). Brief 
application of strychnine depressed mid-cycle inhibition and increased the locomotor 
frequency (Soffe, 1987). Furthermore, local application of strychnine, a technique that 
doesn’t affect the locomotor pattern, reduced the mid-cycle inhibition recorded in 
motoneurons of 4 different amphibian species including xenopus (Perrins and Soffe, 
1996). 

 In the xenopus locomotor network, mid-cycle inhibition is mediated by CINs. 
These interneurons are rhythmically active during fictive locomotion and their role is to 
inhibit the contralateral side to avoid co-contraction (Dale, 1985). Their axonal 
projection is both ascending and descending and in addition to controlling the phase of 
swimming they are also important for the longitudinal co-ordination (Roberts et al., 
2008). Considering the function of these interneurons one can say that they resemble a 
combination between inhibitory CCINs and CINs of the lamprey locomotor network. 
However, in the xenopus, CINs are in addition proposed to be important for the 
generation of locomotion, due to their ability to trigger post-inhibitory rebound 
depolarizations of dINs (Roberts et al., 2008). Similarly, fictive swimming in xenopus 
tadpoles can be maintained in a hemicord preparation (Roberts et al., 2008).  

Overall, the glycinergic mid-cycle inhibition in all vertebrate locomotor networks 
allows for appropriate recruitment of neurons in the different phases of the locomotor 
cycle. The summated IPSPS are likely to terminate the burst and inhibit the 
contralateral side. Thus control of the mid-cycle inhibition is thought to be key in 
setting the locomotor frequency. It follows that when mid-cycle is reduced, such as in 
the case of strychnine, the locomotor frequency is enhanced (Dale, 1995; Hellgren et 
al., 1992). 
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1.2.3 General model of locomotor network organization 

In the lamprey CPG it seems that there is no higher or lower order of arrangement 
of CPG neurons, there is no evidence that the rhythm generator is outside the CPG, or 
that there is a clock (Kiehn, 2008; McCrea and Rybak, 2008). Instead excitation 
generated by EINs drives the MNs to produce the basic motor output and activates 
CINs to produce the phasing pattern (Figure 4).  

 
Figure 4. Schematic representation of the known connectivity within the lamprey spinal locomotor 
network. The CPG network consists of ipsilateral EINs (red, orange) that provide the locomotor drive 
and inhibitory commissural interneurons (dark blue and light blue) that are responsible for the 
alternating pattern. The dark colors represent the active side and the light colors the silent side during 
the locomotor cycle (adapted from paper I) 
 
 
1.3 Neuromodulation and spinal locomotor activity 

The spinal CPG can generate the basic locomotor pattern that consists of 
appropriate activation of different antagonistic muscle groups. In the absence of 
sensory feedback or descending input from the brain the generated motor output is 
rather stereotypical and relatively stable. However, in real life organisms are 
‘bombarded’ with different stimuli, these networks must be able to adjust the motor 
output with the changing environmental conditions. This implies that there should be 
mechanisms within the spinal CPG that enable it to produce a dynamic range of activity 
in order for instance to avoid an obstacle, change speed, or direction. The adaptive 
modification of locomotion stems from the dynamic interactions between the spinal 
CPG, descending commands, postural mechanisms and spinal reflexes (Pearson et al., 
2000). This behavioural flexibility should involve changes in the phasing pattern and/or 
burst generation of locomotion. It has been proposed that neuromodulators can change 
the CPG circuit function by altering intrinsic properties and also the synaptic strength 
within different connections (Katz and Harris-Warrick, 1990; Katz and Frost, 1996; El 
Manira et al., 2002; Dickinson, 2006). Indeed targeting the excitatory drive and mid-
cycle inhibition within the CPG network they induce profound changes in the motor 
output (El Manira et al., 2002, 2008; Sillar et al., 2008; Grillner, 2003; McDermid et 
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al., 2004). Neuromodulation can result from activation of metabotropic receptors and/or 
ionotropic receptors, and can be intrinsic if the source of neuromodulation is within the 
neural circuit or extrinsic if it comes from sources outside the circuit. In any case 
neuromodulatory systems are core elements of neural circuit function (Katz, 1995).  

In all vertebrate CPG networks tested thus far group I mGluR regulates 
excitability and sets the burst rate (Nistri et al., 2006). Endogenous activation group I 
mGluRs by glutamate during fictive locomotion, respiration, and scratch, indicates that 
these receptors are essential components of burst generation and determine the motor 
output. As it will be discussed later this provides support for this idea by revealing 
novel signaling pathways in controlling synaptic transmission that can reconfigure 
network activity. 
 
1.4 Metabotropic glutamate receptors (mGluRs) 
1.4.1 mGluR modulation of spinal locomotor networks 

So far it is proposed that glutamate by activating ionotropic glutamate receptors 
generates and maintains the locomotor pattern in the spinal cord (Dale, 1986, Dale and 
Grillner, 1986).  However, glutamate is also likely to act on metabotropic glutamate 
receptors that are known for their neuromodulatory actions in several areas of the CNS 
(Anwyl, 2009). Here I will review what is known about the role of mGluRs and 
especially on subtype 1 (mGluR1) and 5 (mGluR5) of the group I mGluR in different 
vertebrate networks with emphasis those controlling locomotion.  

In the adult lamprey spinal locomotor network glutamate can activate group I 
mGluRs and excite the locomotor network and group III and possibly group II mGluRs 
to inhibit the locomotor network (El Manira et al., 2002). There is evidence that mGluR 
II and III are presynaptic and act as auto-receptors to limit the strength of excitation and 
decrease the locomotor frequency (Krieger et al., 1996, Krieger et al., 1994). Activation 
of group I mGluRs with DHPG elicits alternating ventral root activity with long bursts 
(unpublished data). In addition to their post-synaptic role, in the larval lamprey group I 
mGluRs appear to be presynaptic and enhance glutamate release from reticulospinal 
axons, thereby exciting the locomotor network (Cochilla and Alford, 1998; Schwartz 
and Alford, 2000). Selective blockade of mGluR1 or mGluR5 subtypes of the group I 
mGluRs results in a change of the burst frequency suggesting they are endogenously 
activated to set the baseline burst rate. Blockade of mGluR1 with CPCCOEt (Krieger et 
al., 1998) decreases the locomotor frequency, while blockade of mGluR5 with MPEP 
increases the locomotor frequency (Kettunen et al., 2002). Furthermore, the DHPG-
induced increase of the locomotor frequency is counteracted by CPCCOEt and 
unaffected by MPEP suggesting that the increase in the locomotor frequency by this 
agonist is via mGluR1 (Krieger et al., 1998; Kettunen et al., 2002). mGluR1 and 
mGluR5 use different signaling pathways to modulate the activity of the locomotor 
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network. mGluR1 potentiates NMDA current (Krieger et al., 1998; Krieger et al 2000),  
block of leak current (Kettunen et al., 2003, Nanou et al., 2009), and  inhibits Na+-
activated K+ channels (KNa) activated by Na+ influx through AMPA receptors current 
(Nanou, 2009). mGluR5 induces Ca2+ oscillations that are dependent on Ca2+ release 
from intracellular stores (Kettunen et al., 2002). The present thesis will discuss 
additional mechanisms underlying the mGluR1-mediated modulation of the locomotor 
network. These involve mobilization of endocannabinoids and NO that mediate 
retrograde signaling within the spinal locomotor network. 

The role of mGluRs has been addressed recently in the xenopus locomotor 
network. Similarly to the lamprey locomotor network groups I, II and III mGluRs are 
endogenously activated during a locomotor episode. Group I mGluR increases the 
locomotor frequency and the number of spontaneous swimming episodes, while group 
II and group III mGluRs decrease those parameters (Chapman and Sillar 2007). The 
group I mGluR induced increase of the locomotor rhythm is due to a pre-synaptic 
inhibition of glycine and GABA release, while no detectable effect was seen on the 
excitatory transmission or membrane potential (Chapman et al., 2008). In the isolated 
spinal cord of the adult frog Rana pipiens, group I mGluR activation resulted in a 
potentiation of the NMDA-induced depolarization (Holohean et al., 1999).  

The role of mGluRs in modulating the fictive locomotor pattern of the neonatal 
rat has been extensively characterized (Nistri et al., 2006). Group I mGluR is activated 
endogenously during fictive locomotion and blockade of mGluR1 with CPCCOEt 
decreases the locomotor frequency (Taccola et al., 2004). Activation of the group I 
mGluR with DHPG has different effects depending on the functional state of the 5-HT 
system. At low concentrations of 5-HT not sufficient to induce locomotor activity, 
application of DHPG elicits locomotor rhythm. At high 5-HT concentrations, which 
elicit locomotor activity, application of DHPG disrupts the locomotor rhythm (Taccola 
et al., 2004). This suggests the existence of a dynamic interaction between these 
modulatory systems (Bocchiaro and Feldman, 2004). Another possibility why 
application of DHPG disrupts the locomotor rhythm is that it can tonically activate 
neurons in the dorsal horn that will inhibit MNs and CPG neurons (Marchetti et al., 
2003, Taccola et al., 2004). If inhibition is removed with strychnine then DHPG has 
fascilitatory effects on the network (Taccola et al., 2004) Overall, the difference 
between endogenous and exogenous activation of group I mGluR points to a synapse 
specific effect by which group I mGluR sets the burst rate in the neonatal rat. 
 
 
1.4.2 mGluR modulation of other CPG networks 

Further support on the modulatory role of group I mGluR on motor systems 
comes from studies in the fictive scratch and respiratory CPG. Intrinsic activation of 
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mGluR1 during fictive scratch controls MN excitability and duration of the scratching 
episode in the turtle (Alaburda and Hounsgaard, 2003). Furthermore, endogenous 
activation of group I mGluR via DLF stimulation or bath application of ACPD induce 
depolarizations and enhances plateau potentials in turtle MNs (Svirskis and 
Hounsgaard, 1998; Delgado-Lezama et al., 1997).  

In the lamprey respiratory network, group I mGluR is endogenously activated 
during fictive respiration to set the rate of the respiratory responses. In addition, 
pharmacological activation with DHPG increased the frequency  and the amplitude of 
respiratory episodes. Interestingly, in this preparation, activation of group II mGluR has 
similar effects. It then clear that mGluRs are important for rhythmogenesis in the 
respiratory CPG (Bongianni et al., 2002). It is possible that, similarly to the xenopus 
and lamrpey spinal locomotor networks, the reported group I mGluR effects are due to 
a decrease in the levels of inhibition. Specifically, GABAergic antagonists increase the 
frequency of respiratory episodes, while glycine antagonists enhance the amplitude of 
respiratory bursts (Bongianni et al., 2006). 

In the rat hypoglossal nucleous, mGluR1 enhances glutamate release from 
interneurons that triggers rhythmic oscillations in hypoglossal motoneurons which in 
addition are depolarized by mGluR1. Interestingly, these effects of mGluR1 are direct 
effects on excitatory transmission, being enhanced presynaptic release of glutamate 
(Sharifullina et al., 2004 and 2005). In the phrenic nucleus of the rat, all groups of 
mGluRs are activated endogenously during inspiration. In line with the role of mGluRs 
in other CPGs postsynaptic group I mGluRs depolarize phrenic motoneurons via an 
increase in input resistance while group II and group III suppress synaptic transmission 
onto phrenic motoneurons via pre-synaptic mechanisms (Dong and Feldman, 1999). In 
the neonatal mouse preBötzinger complex mGluR1 modulates a K+ channel and 
mGluR5 induces Ca2+ release from internal stores to regulate the inspiratory drive 
generation (Pace et al., 2007). Finally group I mGluR seems to regulate a Ca2+ activated 
non-specific cation current ICAN, thereby also contributing to the generation of the 
inspiratory drive (Pace and Del Negro, 2008). 
 
1.5 Endocannabinoids 

Endocannabinoids are lipophilic molecules with an eminent role in synaptic 
transmission and various types of synaptic plasticity (Freund et al 2003; Chevaleyre et 
al., 2006; Heifets and Castillo, 2009; Kano et al., 2009). They have been proposed to be 
synthesized postsynaptically on demand and act presynaptically via retrograde 
signalling (Alger, 2002; Wilson and Nicoll, 2002). The on demand mobilization of 
endocannabinoids is triggered by intracellular Ca2+ elevation and activation of 
metabotropic receptor, coupled to Gq/11 proteins such as group I mGluRs (Maejima 
2001, 2005; Varma et al., 2001; Azad et al., 2004; Jung et al., 2005; Penia-Andrade et 
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al., 2009), M1/M3 receptors (Hashimotodani et al., 2008; Uchigashima et al., 2007), 5-
HT2b (Best and Regehr, 2008).  

Generally, endocannabinoid retrograde signalling results in short- and long-term 
term depression (STD, LTD) of transmitter release (Chevaleyre et al., 2006), but long-
term potentiation (LTP) has also been reported (Cachope et al., 2007). Another type of 
endocannabinoid-mediated plasticity is the depolarization induced depression of 
excitatory (DSE) and inhibitory (DSI) transmission. In these forms of plasticity 
endocannabinoids are released following a large depolarization of postsynaptic neurons 
and transiently depress transmitter release. Interestingly DSE and DSI can facilitate the 
induction LTP and their magnitude can be enhanced by activation of metabotropic 
receptors (Kano et al., 2009) 

The best characterized endocannabinoids are 2- arachidonoylglycerol (2-AG) and 
anandamide (Devane et al., 1992; Bisogno et al., 1997). 2-AG is synthesized from 
diacylglycerol (DAG) by the enzyme diasylglycerol lipase (DGL) (Mechoulam et al., 
1995; Sugiura et al., 1995; Bisogno et al., 2003). DGL is found postsynaptically in 
close proximity to group I mGluRs and PLCβ (Katona et al., 2006; Yoshida et al., 
2006; Nyilas et al., 2009). The functional outcome of this anatomical interaction is that 
activation of group I mGluR leads to accumulation of DAG the precursor of 2-AG 
(Jung et al., 2005; 2007, Ushigashima et al., 2007, Edwards et al., 2006). 2-AG is 
inactivated at the presynaptic terminal via internalization and degradation by 
monoacylglycerol lipase (MGL) (Cravatt et al., 1996; Long et al., 2009; Gulyas et al., 
2004; Dinh et al., 2002). This enzyme dynamically controls the extend of the 2-AG 
induced plasticity (Hashimotodani et al., 2007; Makara et al., 2007; Straiker et al., 
2009; King et al., 2007). Anandamide is synthesized from N-arachidonoyl 
phosphatidylethanolamine (NAPE) by the enzyme phospholipase D (PLD) (Devane et 
al., 1992; Okamoto et al., 2004) and is inactivated via internalization and degradation 
by fatty acid amide hydrolase (FAAH) (Beltramo et al., 1997; Hillard et al., 1997). In 
contrast to 2-AG, the anandamide synthesis and degradation machinery is found both 
pre- and postsynaptically, therefore it has been suggested that anandamide can also act 
as an anterograde messenger (Kano et al., 2009). 

 

1.5.1 Cannabinoid receptors: signaling and localization 
CB1, a G-protein coupled receptor (GPCR), is the principal cannabinoid receptor 

in CNS and the first cannabinoid receptor to be cloned and characterized in the 
mammalian brain (Devane et al., 1988; Matsuda et al., 1990). The general consensus is 
that it is coupled to Gi/o proteins and therefore reduces cAMP accumulation via 
inhibition of adenylyl cyclase (AC). Endocannabinoid-induced reduction of transmitter 
release is mediated by activation of CB1 that inhibits N, L and P/Q Ca2+ channels and 
activates A- type and inward rectifying K+ channels (Kano et al., 2009). There is also 
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evidence that CB1 can bind on Gs and Gq/11 proteins and increase intracellular Ca2+ 
either via activation of L-type channels or via release from internal stores (Glass and 
Felder, 1997; Rubovitch et al., 2002; Kano et al., 2009).  
 

  
Figure 5. Schematic summary of the synthesis and degradation pathways of anandamide and 2-AG 
(adapted from Hashimotodani et al., 2007) 
 
 

CB1 is preferentially localized presynaptically, and is more abundant in inhibitory 
than excitatory terminals (Katona et al., 2006; Pernia-Andrande et al., 2009, Nyilas et 
al., 2009; Hegyi et al., 2009). Furthermore, other studies have shown that CB1 can be 
also expressed in the somata end dendrites in spinal cord neurons of the rat and 
xenopus tadpoles (Salio et al., 2002a; 2002b). Postsynaptic CB1 receptors have been 
proposed to exist in neocortex interneurons (Bacci et al., 2004; Marinelli et al., 2008). 

Other cannabinoid receptors are the cannabinoid receptor 2 (CB2) which is 
mostly present in the peripheral nervous system PNS), immune system and glia (Kano 
et al., 2009). The recently characterized Gq-coupled GPR-55 has also been suggested to 
act as cannabinoid receptor and is present both in PNS and CNS (Kano et al., 2009). 
GPR-55 is located postsynaptically where it enhances Ca2+ transients and also blocks 
potassium M-current (Lauckner et al., 2008). 
 
1.6 Nitric oxide 

Nitric oxide (NO) is a gaseous transmitter widely distributed with important role 
across many physiological systems (Prast and Philippu, 2001). NO is produced by the 
conversion of L-arginine to L-citruline in the presence of NO synthase (NOS) and 
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NADPH (Stuehr et al., 2004). There are three isoforms of NOS, neuronal NOS 
(nNOS), endothelial NOS (eNOS) and inducible (iNOS), which is found in the immune 
system (Vincent, 1995). In the nervous system nNOS activity is primarily dependent on 
Ca2+ entering NMDA receptors. nNOS and NMDA receptors are physiologically bound 
to postsynaptic density protein-95 (PSD-95) via their PDZ domains. NO has been 
implicated in various forms of synaptic plasticity including LTP and LTD by acting as 
a retrograde or anterograde messenger (Garthwaite, 2008). In addition, NO can be 
produced independently from NOS via recycling of nitrate and nitrite inorganic anions 
in hypoxic conditions (Lundberg et al., 2008).  
 
1.6.1 Nitric oxide modulation of  CPG networks 

The role of NO in the spinal locomotor networks has been examined in detail in 
the xenopus tadpoles where NOS positive neurons are clustered in the brainstem 
(McLean and Sillar, 2000, 2001). NO facilitates spinal glycinergic and descending 
GABAergic transmission and slows down the locomotor frequency to prematurely 
terminate the swimming episode (McLean and Sillar, 2002, 2004). The facilitatory role 
of NO to the glycinergic transmission is via facilitation of noradrenaline which is 
shown to enhance glycine release (McLean and Sillar, 2002, 2004). This important 
finding suggests that NO can act as a metamodulator to selectively tune synaptic 
transmission. Finally, NO is synthesized during fictive locomotion to exert its effects in 
the brainstem but also in the spinal cord in a NOS dependent fashion. Application of 
the NOS blocker L-NNA has excitatory effects on the tadpole swimming (McLean et 
al., 2000). 

In contrast to its inhibitory effect in xenopus tadpoles, in the Rana temporaria 
tadpoles NO is excitatory as it elicits slow non-rhythmic motor pattern which is most 
likely associated with hatching (McLean et al., 2001). Following metamorphosis of 
xenopus tadpoles and limb formation, nNOS appears in the spinal cord and plays an 
excitatory role by increasing the frequency of fictive locomotion (Sillar et al., 2008).  

In the mammalian spinal cord, nNOS has been located both in sensory and motor 
areas (Valtschanoff et al., 1994). It modulates spinal reflexes, depolarizes ventral roots 
and increases or decreases the spiking of spontaneously active neurons (Kurihara and 
Yoshioka, 1996; Pehl and Schmid, 1997; Tasci et al., 2003). However, there is no 
information yet regarding the role of NO in the spinal CPG and locomotion. 

In the bullfrog respiratory CPG, NO modulates the respiratory pattern in a 
developmental stage dependent manner. Specifically, prior to metamorphosis, 
endogenous NO reduced the frequency and amplitude of cranial nerve activity while it 
produces the opposite effects after metamorphosis (Hedrick et al., 2005). Finally, in the 
cat, endogenous NO in the brainstem is required for the normal respiratory pattern since 
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local application of L-NNA in the pontine respiratory group (PRG) region prolonged 
the inspiratory phase (Ling et al., 1992). 
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2 SPECIFIC AIMS 
The overall objective of this thesis is to increase our understanding of neural 

networks generating locomotion by elucidating how modulatory systems individually 

and in combination contribute to set the excitability between network neurons and 

thereby the generation of the locomotor pattern. The work is divided into 5 

interconnected papers with the following specific aims: 

 

• To characterize the role of endocannabinoids in modulating the locomotor 
network activity and to examine if the mGluR1-induced increase of the 
locomotor frequency involves endocannabinoids. We also test if postsynaptic 
mGluR1 can mobilize endocannabinoid retrograde signaling from motoneurons 
and network interneurons (paper I) 

• To examine if mGluR1 activation can induce long-term plasticity within the 
spinal locomotor network and identify the underlying synaptic mechanisms. 
Similarly, to identify the contribution of endocannabinoids and NO in the 
mGluR1-induced long-term plasticity (paper II). 

• To identify if 2-AG is the primary endocannabinoid within the spinal locomotor 
network that mediates long-term plasticity (paper III). 

• To identify the source of NO within the lamprey spinal cord and examine the 
synaptic mechanisms underlying NO neuromodulation in the locomotor CPG 
(paper IV). 

• To examine if excitatory transmission is modulated by mGluR1, 
endocannabinoids and NO and to test if these modulators modulate the strength 
of the excitatory drive. Lastly, we examined if mGluR1, endocannabinoids and 
NO are acting in series and/or in parallel to set the excitatory drive (paper V). 
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3 METHODS 
The lamprey spinal cord can be isolated in vitro and kept alive over several days in 

a perfusion chamber. Most of our experimets were done in the river lamprey (Lampetra 
fluviatilis). Fictive locomotion is elicited pharmacologically with superfusion of 
NMDA. We used the spinal cord/notocord preparation where locomotor activity can be 
recorded with en passant electrodes from ventral roots. Intracellular recordings were 
done in current clamp from motoneurons and interneurons during fictive locomotion; 
this allows correlations of single cell activity to the circuit integrated output.   

In order to isolate the excitatory drive and phasic inhibition we divided the 
recording chamber into two pools, what is known as a ‘split-bath’ configuration. In this 
configuration the spinal cord rostral-caudal parts are isolated using an agar barrier. 
Locomotor activity is induced in the rostral spinal cord with NMDA application, and 
the excitatory drive is recorded using intracellular current clamp recordings from 
motoneurons and interneurons in the caudal chamber in the presence of strychnine. To 
record phasic inhibition, similar recordings are done in the presence of kynurenic acid.  

The split-bath preparation is also used to activate endogenously the group I 
mGluRs and induce potentiation of the locomotor frequency. In these experiments the 
brainstem was left attached to the spinal cord and was perfused with 0 Ca2+ to block 
chemical synaptic transmission. In the caudal part of the chamber, the spinal cord is 
perfused with NMDA and the locomotor rhythm is recorded as described above.  

To examine the effects of different modulators on single EPSP or IPSPs, we used 
the quiescent, completely isolated spinal cord preparation. A glass capillary is used to 
stimulate the grey mater neurons. Intracellular recordings are done in current clamp 
from motoneurons and interneurons 2-3 segments away from the stimulation electrode. 
EPSPs are recorded ipsilaterally to the stimulation electrode in the presence of 
strychnine, while IPSPs are recorded contrallaterally to the stimulation electrode in the 
presence of CNQX, GYKI and AP5. 

For analysis of the mPSCs a sliced spinal cord preparation from the lamprey 
Petromyzon marinus is used. Spinal cord is isolated from all meningeal layers and then 
a thin layer of axons is sliced away from the ventral side. This allows for visual guided 
patching under DIC-IR microscope. mEPSCs are recorded in TTX and strychnine, 
while mIPSCs in TTX, GYKI, and AP5. Finally in order to trace the source of nitric 
oxide synthase we used immunohistochemistry with nNOS antibodies, and NADPH-
diaphorase cytochemnistry (see Kyriakatos et al., 2009 for details). 
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4 RESULTS AND DISCUSSION 
4.1 Regulation of burst frequency via retrograde signaling of 

endocannabinoids (paper I) 
The role of endocannabinoids has been primarily studied in brain slices that allow 

a detailed analysis of synaptic transmission. This has led to important insights regarding 
mechanisms of endocannabinoid signaling in various central synapses (Chevaleyre et 
al., 2006). However, in brain slices it is not possible to preserve the full neuronal 
network and synaptic inputs and as a result it is difficult to monitor the output of a 
given circuit. Thus little is known regarding the role of endocannabinoids on the 
integrated neural activity. We have addressed the role of endocannabinoid signaling on 
the locomotor network of the lamprey spinal cord, a well characterized system with a 
measurable output (see introduction). Activation of cannabinoid receptors with 
WIN55,212-2 enhanced the locomotor frequency, while blockade of CB1, with the 
antagonist SR141716 or AM251 decreased the locomotor frequency. Furthermore, 
SR141716 completely abolished the effect of WIN55,212-2 suggesting that these drugs 
act on the same receptor(s). Thus, endocannabinoids are released during fictive 
locomotion and activate CB1 to set the baseline burst frequency.  

We then addressed whether release of endocannabinoids is downstream of 
mGluR1 activation, a classic pathway leading to endocannabinoid signaling (Maejima 
et al 2001; Chevaleyre and Castillo, 2002; Jung et al 2005; Penia-Andrade et al, 2009). 
Activation of mGluR1 with DHPG increased the locomotor frequency, and this 
increase was significantly reduced by SR141716.  

One major determinant of the locomotor frequency is the strength of mid-cycle 
inhibition, arising from commissural glycinergic interneurons (see introduction). Since 
endocannabinoids have been shown to reduce inhibitory transmission following 
activation of mGluR1, we tested the effect of mGluR1 application on the amplitude of 
IPSPs induced in motoneurons and interneurons by stimulation of CINs. DHPG 
decreases the amplitude of the IPSP that is associated with an increase in the pair-pulse 
ratio, suggesting a presynaptic locus. Blockade of CB1 with SR141716 blocked fully 
the effect of DHPG. Similarly, inhibition of G-proteins in the postsynaptic neurons by 
injection of GDP-β-S suppressed the effect of DHPG on the amplitude of the IPSP. 
These data indicate that mGluR1 induces release of endocannabinoids from 
postsynaptic neurons that act as retrograde signaling to depress inhibitory synaptic 
transmission. The effect of activation of mGluR1 on the IPSP amplitude was mimicked 
by the cannabinoid receptor agonist WIN55, 212-2. Our data suggest that 
endocannabinoid signaling can increase the locomotor frequency by a reduction of 
levels of inhibition.  
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In conclusion, endocannabinoids are released from CPG interneurons that allow 
them to self-regulate their synaptic input. As a result endocannabinoids can be 
considered as an integral part of the pattern generation. Furthermore, while the general 
idea was that motoneurons are mere output neurons, we show that by releasing 
endocannabinoids, they dynamically regulate their input thus participating in pattern 
generation. Finally we show that glutamate by acting on mGluR1 becomes an intrinsic 
modulator that can in addition recruit other modulatory systems namely the 
endocannabinoid signaling to heterosynaptically decrease inhibitory transmission and 
set the baseline activity of the locomotor network. 
 

4.2 Endocannabinoids and NO mediate long-term plasticity of 
the locomotor network (paper II) 
Endocannabinoid-mediated plasticity at short-and long-term scales has been 

studied in detail in quiescent slice preparations (Heifets and Castillo, 2009). Here, we 
examine if activation of mGluR1 can mobilize endocannabinoids and mediate long-
term plasticity of the locomotor network activity. Our results show that a brief 
activation of mGluR1 by DHPG induces a short- and long-term increase of the 
locomotor frequency. The long-term potentiation of the locomotor frequency is also 
induced by synaptic activation of mGluR1 following brief tetanic stimulation of 
brainstem descending glutamatergic axons. Intracellular recordings from motoneurons 
and interneurons show that the mGluR1-induced potentiation of the locomotor 
frequency is associated with a depression of the mid-cycle inhibition. 

 Both the long-term potentiation of the locomotor frequency and the associated 
depression of mid-cycle inhibition are suppressed by the CB1 blocker AM251. In order 
to test if the increase in the locomotor frequency is due to a concurrent enhancement of 
excitation, we tested the effect of activation of mGluR1 by DHPG on the excitatory 
drive. Application of DHPG enhances the excitatory drive via presynaptic mechanisms, 
suggesting that excitation is directly modulated and not indirectly due to reduction in 
mid-cycle inhibition. Indeed, DHPG enhanced the amplitude of ventral root discharges 
during rhythmic motor pattern induced by strychnine (figure 6). The potentiation of 
excitatory transmission is blocked by the CB1 antagonist AM251. Thus unlike the 
general view where endocannabinoids inhibit transmission, our results demonstrate that 
mGluR1 mobilizes endocannabinoids to potentiate excitatory transmission. This has 
been subsequently shown in the goldfish escape network, where activation of mGluR1 
in the Mauthner cell mobilizes endocannabinoids to enhance dopamine release which 
potentiates excitatory transmission (Cachope et al., 2007).  

In the lamprey spinal locomotor network mGluR1 acts directly on NMDA 
receptors and blocks a leak current to increase the excitability of the locomotor network 
(Krieger et al., 1998; Krieger et al., 2000). While these mechanisms seem to mediate 
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only the short-term changes, mGluR1-mediated mobilization of induces long-term 
potentiation by shifting the balance between excitation and inhibition.  

NO signaling has been implicated in many forms of synaptic plasticity 
(Garthwaite, 2008) and is required for the induction of mGluR1-induced LTP and LTD 
both in the brain and the spinal cord synapses (Ouardouz and Lacaille, 1995; Ikeda and 
Murase, 2004; Song et al., 2009). In the lamprey spinal locomotor network NO is 
required for the mGluR1 induced-potentiation of the locomotor frequency. Specifically, 
pretreatment with either the NOS inhibitor L-NAME or the NO scavenger c-PTIO 
blocked the mGluR1-induced long-term increase of the locomotor frequency. By 
antagonizing the effect of NO on sGC with ODQ we show that the long-term increase 
of the locomotor frequency possibly requires cGMP. We further show that NO is 
required for the mGluR1 induced long-term depression of mid-cycle inhibition and the 
mGluR1 long-term potentiation of the excitatory drive.  

In this part we show that mGluR1 induces long-term plasticity that requires 
endocannabinoids and NO signaling. In the following parts of the thesis the following 
questions will be addressed: (1) What is the nature of the endocannabinoid released by 
mGluR1? (2) Is NOS present in the lamprey spinal cord and which are the mechanisms 
by which NO modulates the locomotor frequency? (3) Are mGluR1, cannabinoid 
receptors and NO signaling intrinsically activated to scale synaptic transmission within 
the locomotor network?  
 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 6. mGluR1 enhances excitatory transmission during fictive locomotion. A. Locomotor pattern induced in 
NMDA and strychnine. B. Activation of mGluR1 during disinhibited swimming enhances the amplitude of ventral 
root activity. C. These effects remain after 1.5 hr of washout. D. Blockade of mGluR1 reduces the amplitude of 
ventral root activity. (Kyriakatos and El Manira, unpublished data) 
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4.3 The endocannabinoid 2-AG is mobilized by mGluR1 to 
induce long-term plasticity of the locomotor network 
(paper III) 
Here we investigate the nature of the endocannabinoid released by mGluR1 to 

modulate the locomotor network. Since mGluR1 is coupled to Gq/11 it leads to 
accumulation of DAG the precursor of 2-AG (see introduction, figure 5). We tested the 
possibility that 2-AG is mobilized by mGluR1 to induce long-term potentiation of the 
locomotor frequency. To address this issue we interfered with the synthesis enzyme of 
2-AG, using the lipase blocker THL (orlistat). Application of DHPG in the presence of 
THL blocks the long-term potentiation of the locomotor frequency and the associated 
depression of mid-cycle inhibition. These results indicate that mGluR1 induces on 
demand synthesis of 2-AG to reduce inhibitory transmission and increase the locomotor 
frequency.  

Application of 2-AG in the presence of THL rescues the long-term potentiation 
of the locomotor frequency and the depression of mid-cycle inhibition.  To further 
confirm that 2-AG is the endocannabinoid released by mGluR1, we tested blocking the 
enzyme MGL that degrades 2-AG and terminates its effect. Application of DHPG in 
the presence of the MGL inhibitor URB602 induces short- and long-term potentiation 
of the locomotor frequency. Overall, the magnitude of the long-term potentiation is 
significantly larger in preparations where MGL was inhibited compared to control.  
This study demonstrates that 2-AG is the endocannabinoid responsible for the long-
term plasticity within the locomotor network that is synthesized on demand via 
activation of mGluR1. 
 
4.4 Role of nitric oxide in the spinal locomotor network of the 

lamprey (paper IV) 
The presence of nNOS has often been detected via its enzymatic NADPH-

diaphorase activity in the CNS of different species including rats (Valtschanoff et al., 

1994), frogs (McLean and Sillar, 2000) zebrafish (Holmqvist et al., 2000) and ducks 

(Hübschle et al., 1999). In the lamprey this method revealed the presence of nNOS in 

reticulospinal neurons including Mauthner and Muller cell bodies (Schober et al., 

1994). To gain insights into the mechanisms underlying NO modulation of the 

locomotor network, we first sought to determine whether nNOS is expressed in the 

lamprey spinal cord neurons using NADPH diaphorase cytochemistry and nNOS 

immunohistochemistry. Both methods confirm the presence of NO synthesis machinery 

in lamprey grey matter neurons and also sensory neurons including edge cells and 

dorsal cells and neurons around the central canal.  
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To test if NO is endogenously released during fictive locomotion, we tested the 

effects of two wide range NOS inhibitors L-NAME and L-NNA. These inhibitors 

reduce the locomotor frequency, suggesting that there is an endogenous NO tone in the 

lamprey spinal cord. Conversely, application of the NO donors DEA/NO or SNAP 

potentiates the locomotor frequency and this is partially due to activation of soluble 

guanylate cyclase (sGC).  

We then explored some of the synaptic mechanisms underlying the NO induced 

increase of the locomotor frequency. Specifically we tested the effect of the NO donor 

DEA/NO on the excitatory and inhibitory transmission. Application of DEA/NO 

increases the amplitude of the excitatory drive. Furthermore, analysis of the mini 

glutamatergic EPSCs shows an increase of both in their amplitude and frequency by 

DEA/NO. Taken together these results suggest that the increase of the locomotor 

frequency is associated with an increase of the excitatory drive due to pre-and 

postsynaptic mechanisms. In addition, application of DEA/NO decreases the amplitude 

of mid-cycle inhibition during fictive locomotion. Analysis of glycinergic mini IPSCs 

showed that DEA/NO decreases their frequency with no significant change in the 

amplitude. These results suggest that the DEA/NO induced increase of the locomotor 

frequency is associated with a depression of the mid-cycle inhibition that seems to have 

a presynaptic locus.  

  

4.5 Intrinsic modulation of the excitatory drive (paper V).  
Taken together mGluR1 induces plasticity which depends on endocannabinoids 

and NO signaling. Both of these modulatory systems are potentiating the locomotor 

burst rate and are endogenously released during fictive locomotion. Specifically, 

blockade of mGluR1 (Krieger et al., 2000), NO synthesis (paper III) and cannabinoid 

receptors (paper I and II) reduces the locomotor frequency. Activation of mGluR1 with 

DHPG enhances the EPSP amplitude which involves endocannabinoid and NO 

signaling (paper II). 

Here we tested if these modulatory systems are endogenously active and mediate 
a constant potentiation the baseline excitatory transmission. We find that blockade of 
mGluR1, CB1 and NOS decreases the amplitude of monosynaptic EPSPs induced by 
single stimulation and the excitatory drive during fictive locomotion. To investigate 
whether these modulatory systems are recruited in series or in parallel we performed 
occlusion experiments. We show that approximately 30% of endocannabinoid 
modulation is dependent on activation of mGluR1. Furthermore, 80% of the NO 
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modulation involves activation of CB1 suggesting that NO signaling is downstream 
CB1 activation.  

The possibility that NO is downstream of CB1 activation is an intriguing 
mechanism that has been proposed to occur in the cerebellum (Safo and Reghr 2005, 
Makara et al., 2007). As mentioned in the introduction, it is possible that CB1 can 
increase the levels of Ca2+ that facilitates the production of NO. In the spinal cord co 
localization of CB1 cells with nNOS raises the possibility that these two modulators 
may regulate each other (Salia et al., 2002a and 200b). Activation of CB1 has been 
shown to induce synthesis of NO in several cell types (Fimiani et al., 1999; Stefano et 
al., 2000; Mukhopadhyay et al., 2002; Vannacci et al., 2004, Romano and Rograno, 
2006).  

Overall our results demonstrate that there is embedded modulation of excitatory 
synaptic transmission within the locomotor network by mGluR1, CB1 and NO 
signaling that act both in a series and in parallel to potentiate the on cycle 
depolarization and thereby setting the baseline activity of the locomotor network.  In 
particular, the importance of mGluR1 to sustain the excitatory drive is illustrated in 
Figure 7. Blockade of mGluR1 with CPCCOEt during rhythmic activity recorded in the 
presence of strychnine abolishes the motor output. It has also been suggested that 
metabotropic glutamate receptors are important for the maintenance of fictive 
locomotion in the hemicord preparation (Cangiano and Grillner, 2005). From our data 
we expect that this is very likely to be the case for fictive locomotion in general.                                                  
 

 
Figure 7. mGluR1 is required for the generation of fictive locomotion. A. Locomotor pattern induced in 
NMDA and strychnine. B. Activation of CPCCOEt during disinhibited swimming reduces the amplitude 
of ventral root activity. C. After prolonged application of CPCCOEt ventral root activity is abolished. D. 
Washout of CPCCOEt restored ventral root activity (Kyriakatos and El Manira, unpublished data). 
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5 CONCLUDING REMARKS 
5.1 Neuromodulation and spinal cord injury 

The present thesis stresses the role of neuromodulation in pattern timing and 
generation. We have shown for the first time the role of endocannabinoids and NO in a 
mature spinal locomotor network. We have also shown that activation of mGluR1 
induces long-term plasticity of the locomotor network which requires 
endocannabinoids and NO signaling. This is associated with a reduction in glycinergic 
mid-cycle inhibition and an increase in the glutamatergic excitatory drive. Thus, 
mGluR1 activation can shift the balance between excitation and inhibition in favor of 
excitation and enhance the activity of the locomotor CPG. As a result, glutamate apart 
from mediating fast excitatory transmission can act as an intrinsic neuromodulator to 
regulate the excitability of the locomotor network at short and long-term scales.  

This reconfiguration of the activity of the locomotor network could be beneficial 
for recovery of function after spinal cord injury where the excitatory inputs to the 
spinal cord are disrupted and excitability is reduced. It is possible to enhance the 
excitability with step training which induces a reorganization of the CPG network 
below the spinal cord lesion and improves locomotor activity following spinal cord 
injury (Barrière et al., 2008; Courtine et al., 2009). It has been shown that such training 
reduces glycinergic inhibition and as a result excitability is rescued (De Leon et al., 
1999). It is then tempting to propose that during step training glutamate can activate 
mGluR1 and decrease glycinergic transmission and thereby boost the activity via a 
dynamic reorganization of the locomotor circuit.  

Combination of training, epidural stimulation and selective activation of 
modulatory systems can be very promising for improving function following injury 
(Courtine et al., 2009). The conserved role of group I mGluR in the vertebrate spinal 
circuitry makes it an attractive target to improve function following spinal cord injury. 
 

5.2 Neuromodulation and recruitment within the CPG 
During fictive locomotion in the lamprey locomotor network, not all neurons fire 

action potentials (Buchanan, 2001). From experiments in the hemicord preparation, we 
know that some EINs are below threshold suggesting that at a given frequency the 
excitatory drive is not maximal (Cangiano and Grillner, 2005). As a result only a set of 
neurons will be recruited at a given frequency. We have shown that activation of 
mGluR1 can result in a reconfiguration of the locomotor network that can increase the 
excitability and therefore the locomotor frequency. It is possible that mGluR1 can 
recruit a larger number of EINs and therefore enhance the locomotor drive to achieve 
higher frequencies and a longer bout discharge in the hemicord. 
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Recently, McLean et al., 2009 showed that different excitatory interneurons are 
activated at different locomotor speeds, with MCoDs being employed at low speeds 
and CiDs at high speeds (see introduction). Similarly, Crone et al., 2009 show that 
Chx10 interneurons, which are thought to be the analogue of CiDs (see introduction), 
are also preferentially recruited at high speeds. It would be interesting to know whether 
the differential recruitment of these neurons is regulated by neuromodulation. In 
particular, following high frequency descending discharge glutamate could activate 
mGuR1 in CiDs. As a result, CiDs recruitment should further enhance the levels of 
glutamate within the circuit and activate other mGluRs in target neurons and boost 
excitability to achieve higher frequencies. In the adult zebrafish activation of mGluR1 
receptors with DHPG enhances frequency of the NMDA-driven locomotor rhythm 
(unpublished data). The possibility that higher frequencies achieved with DHPG 
involves recruitment of CiDs remains to be addressed. 
 
5.3 Future developments 
5.3.1 Localization and Distribution of DGL and CB1 

In the present thesis we have provided electrophysiological and pharmacological 
data that show the important role of endocannabinoid signaling within the lamprey 
spinal locomotor circuitry. We would like now to identify anatomically the 
architecture of the endocannabinoid system within the lamprey spinal cord. In 
particular, we are interested to know which neurons express CB1 and the synthetic 
enzyme (DGL). Preliminary experiments show that DGL is expressed postsynaptically 
(Figure 8). However we still have no information regarding the distribution of CB1. 
Furthermore, we have shown that NOS can be expressed in neural processes and 
somata and it would be of interest to see if lamprey neurons co-localize NOS and CB1 
(Salia et al., 2002a, 2002b). This would be of relevance to the pharmacological 
interaction that we show between cannabinoid receptors and NO signaling in 
modulating the excitatory drive. 

 
 
Figure 8. DGL-alpha immunoreactivity in lamprey grey matter neurons. A. Nissl staining. B. DGL-alpha 
positive cells. C. Double labeling of the neural marker nissl with DGL-alpha antibody (double labeled 
cells appear yellow, horizontal sections (14µm),   Kyriakatos et al., unpublished data). 
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5.3.2 Live NO imaging in the lamprey spinal cord 

We have shown that lamprey spinal cord neurons express nNOS, and thus they 
are candidate sources for NO. Furthermore we have been able to trace NO in edge cells, 
neurons in the grey matter and also microglia (see Shifman and Seltzer 2007) using 4, 
5-diaminofluorescein (DAF-2DA) (Figure 9 and 10). DAF-2DA is a membrane 
permeable NO marker that when binding to NO it fluoresces and becomes membrane 
impermeable (Kasim et al., 2001).  

Live imaging of NO is ideal to yield spatial and temporal parameters of NO 
signaling in neurons and tissues (Kasim et al., 2001; Kitamura et al 2001; Schuppe et 
al., 2002; Steinert et al., 2008). In this contex it would be intriguing to see the NO 
dynamics during fictive locomotion and plasticity of the locomotor rhythm. 
Furthermore, we could see if application of cannabinoid receptor agonists can induce 
NO signaling.  

The presence of NO in microglia offers a unique possibility to study these cells in 
relation to the plasticity mechanisms discussed in this thesis. Particularly, they may be 
one locus for endocannabinoid-NO interaction as has been found in other systems 
(Eljaschewitsch et al., 2006). 
 

 
 
Figure 9. Visualization of NO containing microglia using the NO marker DAF-2DA. Ai. DAF-2DA marks 
NO in lamprey microglia at the ventral surface of the spinal cord.  Aii. DAPI staining. Aiii. Double 
labeling of DAF-2DA with the general cellular marker DAPI (double labeling appears yellow). Bi. High 
magnification where one representative microglial cell is visible. Bii. DAPI staining. Biii. Double labeling 
of DAF-2DA with the general cellular marker DAPI (double labeling appears yellow, whole mount spinal 
cord, Kyriakatos et al., unpublished data). 
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Figure 10. Labeling of cells  in the lamprey spinal cord using the NO marker DAF-2DA. A, B. DAF-2DA 
labeling of NO in lamprey grey matter neurons. C, D. DAF-2DA labeling of NO from edge cells. Note 
that in all cells NO is localized both in the cell bodies and the processes. Microglia are visible in all 
images (whole mount spinal cord, Kyriakatos et al., unpublished data). 
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