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Neuromodulation via Conditional Release of
Endocannabinoids in the Spinal Locomotor Network

bution of endocannabinoids to integrated network activity
with relevant physiological function is, however, not yet
well understood.
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Department of Neuroscience The spinal locomotor networks offer the possibility

to determine the role of endocannabinoid retrogradeKarolinska Institutet
171 77 Stockholm signaling in the generation and regulation of integrated

activity underlying locomotion. The basic componentsSweden
of these networks have been characterized in some de-
tail in the lamprey and in the Xenopus tadpole (Bu-
chanan, 2001; Grillner and Wallen, 2002; Roberts et al.,Summary
1998; Sillar et al., 1998). These networks consist of ipsi-
laterally projecting excitatory glutamatergic interneu-Endocannabinoids act as retrograde signals to modu-
rons and contralaterally projecting inhibitory glycinergiclate synaptic transmission. Little is known, however,
interneurons. The glycinergic reciprocal inhibition allowsabout their significance in integrated network activity
alternating motor output that is characteristic for loco-underlying motor behavior. We have examined the
motion. A similar basic organization of the excitatoryphysiological effects of endocannabinoids in a neu-
and inhibitory projections has been found in newbornronal network underlying locomotor behavior using
rodents (Clarac et al., 2004; Kiehn and Butt, 2003; Nishi-the isolated lamprey spinal cord. Our results show
maru and Kudo, 2000). Intrinsic modulation operatingthat endocannabinoids are released during locomotor
within these networks plays a critical role in producingactivity and participate in setting the baseline burst
the final motor output (see Dale and Gilday, 1996; Elrate. They are released in response to mGluR1 activa-
Manira et al., 2002; Katz and Frost, 1996; Nusbaum ettion and act as retrograde messengers. This condi-
al., 2001).tional release of endocannabinoids can transform mo-

In this study, we have used the lamprey spinal cordtoneurons and crossing interneurons into modulatory
to examine the role of endocannabinoids in modulatingneurons by enabling them to regulate their inhibitory
the activity of the locomotor network. The intact lampreysynaptic inputs and thus contribute to the modulation
spinal cord can be isolated in vitro, and the locomotorof the locomotor burst frequency. These results pro-
pattern, corresponding to swimming activity in the intactvide evidence that endocannabinoid retrograde sig-
animal, can be elicited pharmacologically (Cohen andnaling occurs within the locomotor network and con-
Wallen, 1980; Grillner et al., 1981). Receptors belongingtributes to motor pattern generation and regulation in
to the three groups of mGluRs (I, II, and III) are present inthe spinal cord.
the locomotor network and modulate the motor pattern
(Alford et al., 2003; Cochilla and Alford, 1998; El ManiraIntroduction
et al., 2002; Kettunen et al., 2002; Krieger et al., 1996).
Glutamate released within the locomotor network acti-Endocannabinoids are lipophilic neuromodulators that
vates the two subtypes of group I mGluRs (mGluR1 andcan be released from postsynaptic neurons following
mGluR5) and acts as an intrinsic modulator to regulatedepolarization or activation of certain G protein-coupled
the burst frequency (Kettunen et al., 2002; Krieger et al.,receptors such as metabotropic glutamate receptors
1998, 2000).(mGluRs) and muscarinic receptors (Brown et al., 2003;

Results of the present study show that endocannabi-Chevaleyre and Castillo, 2003; Kim et al., 2002; Kreitzer
noids are released during locomotor activity and partici-and Regehr, 2001; Maejima et al., 2001; Ohno-Shosaku
pate in setting the baseline burst rate. Their release canet al., 2002; Robbe et al., 2002; Varma et al., 2001; Wilson
be triggered by activation of mGluR1, and they act toand Nicoll, 2001). When released from a postsynaptic site,
regulate inhibitory synaptic transmission and therebythey diffuse retrogradely to modulate synaptic transmis-
the locomotor burst frequency. These results, previouslysion. Endocannabinoid-mediated retrograde signaling has
reported in abstract form (P. Kettunen et al., 2002, Soc.been examined mainly with regard to synaptic transmis-
Neurosci., abstract), provide insights into how separatesion, where it can induce short- and long-term changes
modulatory systems interact to contribute to the pat-in synaptic strength (Carlson et al., 2002; Chevaleyre
terning of activity in a motor network and show the likelyand Castillo, 2003; Freund et al., 2003; Gerdeman et
functional relevance in the spinal cord.al., 2002; Robbe et al., 2002). Activation of cannabinoid

receptors has also been shown to interfere with experi-
Resultsmental network oscillations in hippocampus (� oscilla-

tions) (Freund et al., 2003; Hajos et al., 2000). The contri-
Activation of Cannabinoid Receptors Mimics
the mGluR1-Induced Increase
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ministered (Pertwee and Ross, 2002). Fictive locomotion
was first induced by NMDA (100 �M), and subsequent
application of SR141716A (5 �M) decreased the fre-
quency of the rhythm significantly from 2.8 � 0.3 Hz to
2.0 � 0.2 Hz after 2–3 hr (n � 10; p � 0.001; Figures
2A–2D). The decrease in frequency was accompanied
by an increase in the burst duration from 125.7 � 14.2
ms in control to 145.2 � 13.9 ms in SR141716 (2–3 hr; n �
10; p � 0.005). Lipophilic antagonists like SR141716A
display a slow speed of penetration into the notochord/
spinal cord, and the resulting decrease in the locomotor
burst frequency had a slow time dependence with no
plateau reached after 2–4 hr of its application (Figures
2B and 2C). In experiments in which a shorter (30–45
min) application of SR141716A was used, the locomotor
frequency recovered gradually during washout (data not

Figure 1. Activation of Cannabinoid Receptors Increases the Loco- shown). A similar effect on the locomotor frequency was
motor Burst Frequency obtained with the selective CB1 antagonist AM251, with
(A) The spinal cord contains the neuronal network underlying loco- a decrease in frequency from 1.9 � 0.2 Hz to 1.3 � 0.2
motion that consists of excitatory glutamatergic neurons (red) and

Hz after �3–4 hr and to 0.7 � 0.2 Hz after 7 hr applicationinhibitory glycinergic neurons (blue). The axons of motoneurons
of the antagonist (1–5 �M; n � 5; p � 0.001). With pro-(green) exit the spinal cord through ventral roots.
longed application of AM251 (�6 hr), the cycle duration(B) Locomotor rhythm was induced by NMDA (control), and subse-

quent application of the cannabinoid receptor agonist WIN55,212-2 became less regular with missing ventral root bursts.
(5 �M) increased the burst frequency. Recording from a single ven- These results indicate that endocannabinoids are re-
tral root is illustrated. leased during ongoing fictive locomotion and contribute
(C) Averaged data points from five experiments showing the change

to setting the baseline burst frequency.in burst frequency under control conditions and during application
of WIN55,212-2.

Cannabinoid Receptor Antagonists Block(D) Graph summarizing the effect of WIN55,212-2 in five experi-
ments. A significant (p � 0.001; n � 5) increase in the locomotor the Increase in the Locomotor Frequency
frequency was obtained in all the preparations tested. Induced by WIN55,212-2

To ascertain that the agonist WIN55,212-2 and the an-
tagonists SR141716A and AM251 act on the same can-

depolarization of network neurons (Kettunen et al., 2003; nabinoid receptor subtypes, we tested the effect of
Krieger et al., 1998, 2000). The increase in the burst WIN55,212-2 on the locomotor burst frequency in the
frequency might also result from a release of endocan- presence of these antagonists. SR141716A (5 �M) coun-
nabinoids following activation of mGluR1. To test for teracted the increase in the locomotor burst frequency
this possibility, we first examined if the cannabinoid induced by WIN55,212-2 (5 �M; Figure 2E). In control
receptor agonist WIN55,212-2 (Pertwee and Ross, 2002) preparations, WIN55,212-2 increased the frequency of
could mimic the mGluR1-induced increase in the loco- the locomotor rhythm by 30.0% � 6.5% (p � 0.001; n �
motor burst rate. A notochord/spinal cord preparation 5; Figure 2F), while in preparations pretreated for 2–4 hr
was used, and fictive swimming pattern was induced with SR141716A no increase in the locomotor frequency
by NMDA (50–100 �M). The changes in the locomotor could be induced by WIN55,212-2 (Figures 2E and 2F).
rhythm were monitored by recording ventral root activity The slight decrease observed in Figure 2F (open bars)
from both sides of the spinal cord (Figure 1A). Applica- is presumably due to a blockade of the effect of the
tion of WIN55,212-2 (5 �M) during ongoing NMDA- endogenously released endocannabinoids. Further-
induced fictive locomotion gradually increased the burst more, application of WIN55,212-2 (5 �M), SR141716A
rate (Figures 1B and 1C). In total, WIN55,212-2 signifi- (5 �M), or AM251 (5 �M), in the absence of NMDA, was
cantly (p � 0.001) increased the frequency of the loco- unable to elicit any locomotor activity or induce any
motor rhythm from 1.8 � 0.3 Hz to 2.3 � 0.3 Hz (n � change in the membrane potential of motoneurons
5; Figure 1D). These results suggest that cannabinoid (MNs) (data not shown).
receptors exist in the spinal locomotor network and that
their activation increases the frequency of the locomotor mGluR1 Modulates the Locomotor Pattern
rhythm, thus mimicking the effect of mGluR1. via Release of Endocannabinoids

The results above show that endocannabinoids are re-
leased within the spinal locomotor network and that aEndogenous Release of Cannabinoids

within the Spinal Locomotor Network specific cannabinoid agonist mimics the increase in the
frequency obtained with mGluR1 activation. We exam-If cannabinoid receptors are to play a physiological role

in the spinal locomotor network, they should be acti- ined if mGluR1 actions could be mediated by release of
endocannabinoids. Fictive locomotion was induced byvated by endogenously released cannabinoids during

fictive locomotion. To test if endocannabinoids are re- NMDA, and the effect of the group I mGluR agonist
(RS)-3,5-dihydroxyphenylglycine (DHPG) was tested inleased and to what extent they contribute to the baseline

frequency of the locomotor activity, the cannabinoid control and after blockade of cannabinoid receptors by
SR141716A or AM251 (Figure 3). In control, applicationreceptor antagonists SR141716A and AM251 were ad-
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Figure 2. Release of Endocannabinoids dur-
ing Fictive Locomotion

(A) Blockade of cannabinoid receptors by the
antagonist SR141716 (5 �M) decreased the
frequency of the locomotor rhythm. A single
ventral root recording is illustrated.
(B) Plot of the burst frequency over time from
the same preparation as that in (A) showing
a gradual decrease during application of
SR141716.
(C) Plot of averaged data from different prep-
arations showing the time course of the de-
crease in the locomotor burst frequency dur-
ing a 2 hr application of SR141716.
(D) A significant decrease (p � 0.001; n � 10)
in the locomotor burst frequency was in-
duced by SR141716 in all the preparations
tested.
(E) During fictive locomotion induced by
NMDA, application of the antagonist SR141716
(5 �M) decreased the frequency and blocked
the effect of the agonist WIN55,212-2 (5 �M).
This experiment shows that the agonist and
antagonist used in this study act on the
same receptor.
(F) The graph summarizes the effect of the
cannabinoid receptor agonist WIN55,212-2
on the locomotor burst frequency in control
preparations and in preparations preincu-
bated with the antagonist SR141716. A signif-
icant increase (p � 0.001; n � 5) in the burst
rate was obtained in control preparations
(filled bars), whereas no increase (p � 0.05;
n � 5) was induced in preparations preincu-
bated with SR141716 (open bars). The slight
decrease seen in the preparations treated
with SR141716 is presumably due to a time-
dependent effect of the antagonist.

of DHPG (100 �M) increased the locomotor burst fre- neurons. These currents showed some rundown but were
not significantly altered during application of WIN55,quency by 70.8% � 18.0% (n � 7), which recovered

after washout (Figures 3A, 3C, and 3D). Blockade of 212-2, SR141716A, or AM251. The DHPG-induced cur-
rent had an amplitude of 21.6 � 1.8 pA in control andcannabinoid receptors by SR141716A (5 �M; 2–3 hr)

significantly reduced the effect of DHPG on the fre- 20.8 � 3.1 pA in WIN55,212-2 (p � 0.05; n � 3). In
SR141716A, the amplitude of this current was 18.5 �quency of locomotor rhythm, which increased only by

25.4% � 5.9% (p � 0.01; n � 7; Figures 3B–3D). The 4.0 pA compared to 21.6 � 4.6 pA in control (p � 0.05;
n � 4). There was no significant difference (p � 0.05) indecrease in the effect of DHPG was indeed due to the

blockade of cannabinoid receptors and not to the repeti- the amplitude of DHPG-induced current in control
(25.4 � 7.0 pA; n � 6) and in AM251 (20.6 � 6.7 pA;tive application of this agonist. In a set of three experi-

ments with two consecutive applications of DHPG in n � 6). No significant effects were seen on the NMDA-
induced current by WIN55,212-2 (159.2 � 31.1 pA [con-the absence of cannabinoid antagonists, similar in-

creases in the locomotor frequency were obtained by trol] and 141.2 � 23.0 pA [WIN]; p � 0.05; n � 3), by
SR141716 (176.3 � 15.4 pA [control]; 161.2 � 15.2 pAthe two applications. In these experiments, the first ap-

plication of DHPG increased the burst frequency by [SR141716]; p � 0.05; n � 4), and by AM251 (191.8 �
34.1 pA [control]; 180.2 � 34.6 pA [AM251]; p � 0.05; n �43.7% � 12.4% (n � 3), and the second application

increased the burst frequency by 42.7% � 6.6% (n � 3). These results suggest that WIN55,212-2, SR141716A,
and AM251 act specifically on cannabinoid receptors3; p � 0.05). These results suggest that the increase in

the locomotor frequency obtained with mGluR1 activa- and that their effect on the locomotor frequency is not
due to nonspecific actions on mGluR1 or NMDA re-tion involves release of endocannabinoids, which act as

intrinsic modulators within the locomotor network. ceptors.

mGluR1 Activation Triggers Retrograde SignalingSpecificity of the Cannabinoid Agonist
and Antagonists via Endocannabinoids in the Lamprey

Spinal CordPossible nonspecific effects of the cannabinoid agonist
and antagonists were examined by testing their effect on The mGluR1-induced increase in the locomotor fre-

quency involving endocannabinoids could be mediatedthe resting holding current, on mGluR1-induced inward
current, and on NMDA current in dissociated spinal cord via retrograde modulation of synaptic transmission within
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interneurons on the contralateral side were stimulated
extracellularly. The spinal cord was completely isolated
from the notochord with meninges removed, while the
ipsilateral and medial parts of the spinal cord were le-
sioned to limit the spread of the stimulation (Figure 4A).
In these experiments, NMDA, AMPA, and kainate recep-
tors were blocked with AP5 (50 �M) and CNQX (30 �M),
respectively. Activation of postsynaptic mGluR1 by
DHPG decreased the amplitude of monosynaptic inhibi-
tory postsynaptic potentials (IPSPs) elicited in identified
MNs (Figures 4B1 and 4B2) and CC-INs (Figures 4C1
and 4C2) by extracellular stimulation of glycinergic
interneurons. In MNs, the IPSPs had an amplitude of
5.9 � 0.6 mV in control conditions, which was signifi-
cantly depressed to 3.3 � 0.5 mV in the presence of
DHPG (100 �M; n � 7; p � 0.001; Figures 4B1 and 4B2).
In CC-INs, the amplitude of IPSPs was 4.2 � 0.4 mV in
control and was decreased to 2.7 � 0.2 mV in DHPG
(100 �M; p � 0.05; n � 3; Figures 4C1 and 4C2). To
determine if the depression of the glycinergic synaptic
transmission mediated by mGluR1 required activation
of cannabinoid receptors, the effect of DHPG was tested
after the cannabinoid receptors were blocked by
SR141716A. In preparations pretreated with the canna-
binoid receptor antagonist SR141716A (5 �M), applica-
tion of DHPG did not depress the amplitude of monosyn-
aptic glycinergic IPSPs recorded in MNs (Figures 4D1
and 4D2) or CC-INs (Figures 4E1 and 4E2). In control
conditions, the amplitude of the IPSPs was 5.8 � 0.4
mV, which was not significantly different from that in
DHPG, 5.7 � 0.3 mV (p � 0.05; n � 9; six MNs and three
CC-INs; Figures 4D and 4E). In these experiments, the
membrane potential of the neurons examined was held
at �58 mV and was not affected by the different agonists

Figure 3. mGluR1 Increases the Locomotor Frequency via Release
and antagonists.of Endocannabinoids

The decrease in the IPSP amplitude induced by DHPG(A) The possible involvement of endocannabinoids in the mGluR1-
cannot be accounted for by a decrease in the inputinduced increase of the locomotor frequency was examined. The
resistance of postsynaptic neurons, because this ago-group I agonist DHPG (100 �M) increased the locomotor frequency

induced by NMDA (p � 0.001; n � 7). nist is known to increase the input resistance (Kettunen
(B) Blockade of cannabinoid receptors by SR141716 significantly et al., 2003). Furthermore, DHPG induced an increase
reduced the increase in the frequency induced by DHPG (p � 0.01; in the paired-pulse ratio from 0.93 � 0.30 to 1.14 �
n � 7). 0.02 (n � 4; p � 0.002; Figures 5A and 5B). These data
(C) Plot of averaged data from seven preparations showing the effect

suggest that activation of group I mGluRs by DHPGof DHPG on the locomotor frequency in control and in the presence
induces release of endocannabinoids, which act via pre-of SR141716.
synaptic mechanisms to depress inhibitory synaptic(D) Summary of the data from all the experiments (n � 7) in which the

effect of DHPG was tested before and after blockade of cannabinoid transmission within the locomotor network.
receptors. The increase in the locomotor frequency by DHPG was To further examine if DHPG depresses synaptic trans-
significantly reduced (p � 0.01; n � 7) after blockade of cannabinoid mission by releasing endocannabinoids, experiments
receptors by SR141716. were performed to determine if the cannabinoid agonist

WIN55,212-2 could occlude the effect of DHPG. Applica-
tion of WIN55,212-2 (5 �M) alone decreased significantly

the locomotor network. One target for such a modulation the amplitude of the glycinergic IPSPs from 4.7 � 0.6
is the glycinergic inhibitory synapse from contralaterally mV in control to 3.1 � 0.1 mV (p � 0.02; n � 3; Figure
projecting interneurons underlying left-right alternation 5A). Application of DHPG in the presence of WIN55,212-2
of locomotor activity. A reduction of glycinergic synaptic (5 �M) did not induce any further decrease in the IPSP
transmission with pharmacological (Cohen and Harris- amplitude (p � 0.05; n � 3; Figures 5C and 5E), indicating
Warrick, 1984; Grillner and Wallen, 1980) or surgical that DHPG acts via release of endocannabinoids. In ex-
methods to separate left and right hemicords (Cangiano periments in which DHPG was applied first, a decrease
and Grillner, 2003) results in an increase in the locomotor in the IPSP amplitude was induced from 4.8 � 0.6 mV
frequency due to the decreased crossed inhibition. To to 3.4 � 0.4 mV (n � 3; p � 0.05), and the consecutive
examine if activation of the postsynaptic mGluR1 af- application of WIN55,212-2 further decreased the IPSP
fected crossing-inhibitory synaptic transmission, intra- amplitude to 2.3 � 0.6 mV (n � 3; p � 0.05; Figures
cellular recordings were made from identified MNs and 5D and 5E). These results suggest that the amount of

endocannabinoids released by DHPG may not be highcrossing caudally projecting interneurons (CC-INs), while
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Figure 4. Endocannabinoids Are Released by Activation of Group I mGluRs and Depress Synaptic Transmission

(A) Monosynaptic IPSPs were elicited in postsynaptic motoneurons (MNs) and crossing interneurons (CC-INs) recorded intracellularly by
stimulating axons of CC-INs with an extracellular suction electrode. Ionotropic glutamate receptors were blocked by AP5 (50 �M) and CNQX
(30 �M).
(B1) The mGluR agonist DHPG (100 �M) significantly reduced the amplitude of the IPSPs elicited in a MN by stimulation of inhibitory CC-INs.
The traces are averages of 20 sweeps.
(B2) Plot of the IPSP amplitude recorded in a MN before and after DHPG application.
(C1) The amplitude of the IPSPs elicited in a CC-IN was significantly reduced by the mGluR agonist DHPG (100 �M). The traces are averages
of 20 sweeps.
(C2) Plot of the IPSP amplitude recorded in a CC-IN before and after DHPG application.
(D1) The cannabinoid antagonist SR141716 (5 �M) blocked completely the effect of DHPG on the amplitude of the IPSPs in a MN. No significant
difference (p � 0.05) was seen on the amplitude of the IPSP between control and DHPG after treatment with SR141716. The traces are
averages of 20 sweeps.
(D2) Plot showing that DHPG failed to reduce the IPSP amplitude in a MN when cannabinoid receptors were blocked with SR141716.
(E1) The cannabinoid antagonist SR141716 (5 �M) blocked the effect of DHPG on the amplitude of the IPSPs in a CC-IN. The traces are
averages of 20 sweeps.
(E2) Plot showing that DHPG had no effect on the IPSP amplitude in a CC-IN when cannabinoid receptors were blocked with SR141716.

enough to activate all cannabinoid receptors and thus continuous modulation of inhibitory synaptic transmis-
sion within the spinal cord by endocannabinoids evenocclude completely the effect of WIN55,212-2 on inhibi-

tory synaptic transmission. in the absence of ongoing locomotor activity. The endo-
cannabinoids might be released, at least partially, in
response to activation of mGluR1 by endogenously re-Blockade of CB1 Receptor Increases Inhibitory
leased glutamate.Synaptic Transmission

To determine if endocannabinoids are released within
the spinal cord in the absence of network activity, the Retrograde Signaling of Endocannabinoids

Is Mediated by mGluR1 Activationeffect of the CB1 antagonist AM251 was tested on the
amplitude of IPSPs induced in MNs (n � 4; Figures 6A1 To test if endocannabinoids are released from MNs and

CC-INs following activation of postsynaptic mGluR1, weand 6A2) and CC-INs (n � 4; Figures 6B1 and 6B2) by
stimulation of crossing inhibitory interneurons. Applica- interfered with the signaling cascade of mGluRs in the

postsynaptic neurons exclusively. To this end, we in-tion of AM251 (5 �M) significantly increased the ampli-
tude of the IPSPs from 5.1 � 0.5 mV to 7.0 � 0.9 mV in cluded the irreversible G protein inhibitor GDP-�-S (20

mM) in the recording sharp electrode. In neurons loadedMNs (n � 4; p � 0.03; Figures 6C and 6D) and from
5.1 � 0.4 mV to 6.8 � 0.4 mV in CC-INs (n � 4; p � with GDP-�-S, no significant decrease in the IPSP ampli-

tude was induced by application of DHPG (100 �M;0.01; Figures 6C and 6D). Thus, there appears to be a
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Figure 6. Endocannabinoids Modulate Inhibitory Synaptic Trans-
mission

(A1) The CB1 antagonist AM251 (5 �M) increased the IPSP amplitudeFigure 5. Activation of Cannabinoid Receptors Occludes the De-
induced in a MN by stimulation of crossing inhibitory interneurons.pression of Synaptic Transmission by Group I mGluRs
The traces are averages of 20 sweeps.(A) The decrease in the IPSP amplitude by DHPG was accompanied
(A2) Plot of the IPSP amplitude from one experiment showing theby an increase in the paired-pulse ratio. The trace in DHPG was
increase in the amplitude induced by AM251 in a MN.normalized to the amplitude of the first IPSP in control.
(B1) The IPSP amplitude induced in a CC-IN by stimulation of cross-(B) The paired-pulse ratio was significantly increased in DHPG com-
ing inhibitory interneurons was increased by AM251 (5 �M). Thepared to control (n � 4; p � 0.002).
traces are averages of 20 sweeps.(C) WIN55,212-2 (5 �M) reduced the amplitude of the IPSP induced
(B2) Plot of the IPSP amplitude from one CC-IN showing the increaseby stimulation of CC-INs. Application of DHPG (100 �M) in the pres-
in the amplitude induced by AM251.ence of WIN55,212-2 did not induce any further decrease in the
(C) Averaged data from all the experiments showing the time courseIPSP amplitude. The traces are averages of 20 sweeps.
of the increase in the IPSP amplitude by AM251.(D) DHPG alone reduced the amplitude of the IPSP, which was
(D) Application of AM251 significantly increased the IPSP amplitudefurther decreased with the application of WIN55,212-2. The traces
in MNs (filled circles) and in CC-INs (open circles).are averages of 20 sweeps.

(E) Summary graph of all experiments showing that WIN55,212-2
was able to occlude the effect of DHPG on the IPSP amplitude. On terns that would normally result in locomotion in the
the other hand, DHPG reduced the effect of WIN55,212-2 on the intact animal (Wallen and Williams, 1984). Network neu-
IPSP amplitude but did not completely occlude it.

rons are thus activated during the appropriate phases of
the locomotor cycle, and they receive rhythmic inhibitory
and excitatory inputs from other network neurons. Their

Figures 7A and 7B). In control conditions, DHPG de-
firing frequency is the result of the integrated network

creased the amplitude of IPSPs in MNs by 44.5% �
activity and is not imposed by artificial stimulus para-

3.5% (p � 0.02; n � 7), whereas no significant decrease
digms. This offered the possibility to test if endogenous

was seen in MNs loaded with GDP-�-S (p � 0.05; n �
cannabinoid retrograde signaling contributed to the

4; Figure 5C). In CC-INs, DHPG decreased the IPSP
generation and regulation of network activity that corre-

amplitude by 34.0% � 5.2% (p � 0.05; n � 3) in control
sponds to locomotion. From our results, it can be in-

but had no significant effect in CC-INs loaded with GDP-
ferred that endocannabinoids are released during fictive

�-S (p � 0.05; n � 3; Figure 7C). These results thus
locomotion and act as endogenous neuromodulators

suggest that activation of postsynaptic mGluR1 can in-
that set the baseline frequency. Thus, blockade of can-

duce release of endocannabinoids from MNs and CC-
nabinoid receptors decreases the locomotor burst fre-

INs that act as retrograde messengers to depress inhibi-
quency, while conversely, their activation by a specific

tory synaptic transmission within the locomotor network.
agonist increases that frequency. Moreover, the latter
effect was abolished by specific cannabinoid receptor
antagonists. Endocannabinoids are produced throughDiscussion
hydrolysis of membrane lipid precursors in somata and
dendrites (Freund et al., 2003; Piomelli, 2003; SugiuraEndocannabinoids within the Locomotor Network

In this study, we tested the role of cannabinoid receptors et al., 2002). In the lamprey locomotor system, they ap-
pear to be released from MNs and CC-INs to act retro-in an active neuronal network that expresses motor pat-



Endocannabinoids and Locomotor Pattern Generation
101

Neuromodulation on Demand—mGluR1-
Mediated Release of Endocannabinoids
mGluR1s are localized on postsynaptic soma and den-
dritic membrane in lamprey spinal cord neurons (Kettu-
nen et al., 2003; Krieger et al., 1998, 2000; but see Co-
chilla and Alford, 1998). Activation of these receptors
by endogenously released glutamate increases the fre-
quency of the locomotor rhythm (Krieger et al., 1998,
2000). This increase in the frequency was initially
thought to be mediated by a restricted postsynaptic
action of mGluR1 via two mechanisms: first, through an
interaction with NMDA receptors that increases their
inward current and the associated Ca2	 influx (Krieger
et al., 2000), and second, by blocking a leak conduc-
tance that results in the depolarization of the membrane
potential of spinal cord neurons (Kettunen et al., 2003).
The present study shows that mGluR1 in addition in-
duces the release of endocannabinoids from neurons
of the locomotor network that act as a retrograde mes-
senger to depress inhibitory synaptic transmission onto
MNs and CC-INs. The depression of inhibitory transmis-
sion controlling left-right alternation during locomotionFigure 7. The mGluR Induced Release of Endocannabinoids Is Me-
is likely to mediate the increase in the locomotor fre-diated by G Proteins in Both Motoneurons and Network Interneurons
quency induced by mGluR1 and cannabinoid receptor(A) Loading postsynaptic neurons with the G protein inhibitor GDP-
activation (Figures 8A–8C). Previous studies, in which�-S (20 mM) blocked the reduction in the IPSP amplitude induced

by DHPG (100 �M). The traces are averages of 20 sweeps. crossed glycinergic inhibition was reduced either phar-
(B) Plot showing the lack of an effect on the IPSP amplitude by macologically or by lesions along the midline, also re-
DHPG in a neuron loaded with GDP-�-S. sulted in an increase in the frequency of the locomotor
(C) Graph showing reduction in the IPSP amplitude by DHPG in both

rhythm (Cangiano and Grillner, 2003; Cohen and Harris-motoneurons (filled bars) and crossing interneurons (CC-INs; open
Warrick, 1984; Grillner and Wallen, 1980). Endocannabi-bars). This reduction was blocked in all neurons by injection of the
noids, in addition to depressing inhibitory synapticG protein inhibitor GDP-�-S into the postsynaptic neurons.
transmission, might also affect the release of other mod-
ulators (e.g., dopamine and 5-HT) to change the fre-
quency of the locomotor rhythm.gradely on inhibitory synaptic transmission from CC-INs

In the lamprey spinal cord, mGluR1 appears to existthat mediate left-right alternation. Endocannabinoids
on both excitatory and inhibitory neurons (Krieger etcan thus be considered as intrinsic neuromodulators
al., 2000). The released glutamate activates ionotropicwithin the locomotor network, and their release is con-
receptors and underlies the cycle-by-cycle excitation.trolled by activation of mGluR1.
Activation of mGluR1 further boosts the depolarization
of neurons by interacting with NMDA receptors and
blocking leak channels. Our work suggests that, to en-Mammalian Studies—Modulation
sure that the excitatory effect is not counteracted byof Synaptic Transmission
a simultaneous increase of inhibitory inputs, mGluR1Studies in hippocampus and cerebellum slices have
induces the release of endocannabinoids, which causesshown that endocannabinoids can be synthesized and
a concomitant decrease of inhibitory inputs to networkreleased by depolarization of the membrane potential
neurons via retrograde signaling, thereby ensuring thatof neurons via a Ca2	-dependent mechanism (Kreitzer
the excitatory effect of mGluR1 prevails at both the cellu-and Regehr, 2001; Wilson and Nicoll, 2001). The released
lar and network levels (Figures 8B and 8C).endocannabinoids act as retrograde messengers to de-

press synaptic transmission by inhibiting voltage-acti-
vated Ca2	 channels in presynaptic terminals (Kreitzer Ubiquity of Modulatory Potential

within Neuronal Networksand Regehr, 2001; Wilson et al., 2001). In most studies,
endocannabinoid signaling has been induced by fairly Modulatory neurons have been classically defined as

neurons releasing modulatory transmitters at their syn-large and long-lasting depolarizations of postsynaptic
neurons. Such depolarizations are unlikely to occur un- aptic terminals that usually activate slow-acting G pro-

tein-coupled receptors. Our results suggest that theder physiological conditions. Release of endocannabi-
noids can also be mediated by activation of group I modulatory potential is not restricted to the subset of

neurons that act in this way but in addition can includemGluRs (Brown et al., 2003; Chevaleyre and Castillo,
2003; Maejima et al., 2001; Ohno-Shosaku et al., 2002; any neurons within a neuronal network that release sub-

stances such as endocannabinoids. Such a neuron canRobbe et al., 2002; Varma et al., 2001). Thus far, the
role of endocannabinoids has only been examined with become a modulatory neuron by releasing endocanna-

binoids from its soma-dendritic membrane to affect itsregard to modulation of synaptic transmission, and their
contribution to integrated network activity underlying incoming synaptic inputs. Endocannabinoids can be

synthesized “on demand” within the spinal locomotormotor behavior has not been determined.
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the spinal cord, the effect of endocannabinoids could
be limited mainly to the synaptic inputs impinging on a
given neuron or part of a dendritic tree.

In vertebrates, in contrast to invertebrates, MNs have
often been considered as mere output neurons (Mangan
et al., 1994; Nusbaum and Beenhakker, 2002; see also
Delgado-Lezama and Hounsgaard, 1999; Roberts and
Perrins, 1995). The mechanism using on-demand re-
lease of endocannabinoids by activation of mGluR1 sug-
gests that MNs also have a modulatory potential,
allowing them to contribute to locomotor pattern gener-
ation. The proposed mechanism of activating a modula-
tory endocannabinoid capability through activation of
specific receptors like mGluR1 may possibly be wide-
spread in different vertebrate locomotor networks. It is
still not known if the action of endocannabinoids is fast
enough to act on synaptic transmission to MNs and CC-
INs in a phasic manner during fictive locomotion or if it
serves to mediate a tonic modulation of synaptic effi-
cacy. Future experiments are required to determine the
importance of endocannabinoid retrograde signaling in
regulating synaptic transmission during the different
phases of the locomotor cycle.

Experimental Procedures

Experiments were performed in vitro using the intact spinal cord
from adult lampreys (Lampetra fluviatilis). All protocols were ap-

Figure 8. The Effect of Endocannabinoids on the Spinal Locomo- proved by the animal research ethical committee, Stockholm. Lam-
tor Network preys were anesthetized with MS 222 (100 mg/l; Sigma, St. Louis,
(A) Diagram showing the known connectivity of excitatory gluta- MO) and eviscerated, and the lateral muscle walls were removed.
matergic neurons (red) and crossing-inhibitory interneurons (blue) The spinal cord and notochord were dissected and pinned in a
within the lamprey spinal locomotor network. MNs (green) receive cooled (8
C–12
C) Sylgard-lined experimental chamber continu-
alternating excitatory and inhibitory inputs underlying the locomotor ously perfused with cooled physiological solution. The control solu-
rhythm. The bright colors indicate the activated side, and dimmed tion was composed of 138 mM NaCl, 2.1 mM KCl, 1.8 mM CaCl2,
colors represent the inhibited side during one locomotor cycle. The 1.2 mM MgCl2, 4 mM glucose, and 2 mM HEPES, bubbled with O2
boxes drawn on the left MNs and CC-INs indicate the region en- and pH adjusted to 7.4. To analyze the effects of different agonists
larged in (B). and antagonists on the locomotor frequency, the spinal cord was
(B) Release of glutamate from excitatory interneurons act on NMDA left attached to the notochord, and the meninges were not removed.
and AMPA receptors to produce the cycle-by-cycle excitation, while In this way, the ventral roots were left intact and were recorded
the inhibition is mediated by glycine released from CC-INs. Gluta- from by gently placing en passant suction electrodes. This allowed
mate, through activation of mGluR1, also acts as an endogenous long-lasting recordings (�24 hr) without damage to the ventral roots.
modulator to increase the locomotor frequency. This is mediated Fictive swimming activity was induced in the notochord/spinal cord
partially through the release of endocannabinoids, which act as by adding 50–100 �M NMDA (Tocris, Bristol, UK) (Grillner et al.,
retrograde messengers to depress inhibitory synaptic transmission 1981) to the physiological solution. Alternating locomotor burst ac-
via presynaptic receptors (CB-R) and thereby reduce the gly- tivity was recorded by glass suction electrodes from opposing ven-
cinergic inhibition. tral roots at their exits from the spinal cord. The burst frequency
(C) During locomotion, spinal network neurons receive excitation increased gradually with time, stabilized after 3–4 hr of perfusion
(red) alternating with crossing inhibition (blue). The release of endo- with NMDA, and remained stable for several hours. Agonists and
cannabinoids (endocann., dashed trace) within the locomotor net- antagonists were added only after the burst frequency had been
work can decrease the crossed inhibition as compared to control stable for at least 1 hr. Control preparations, in which no agonist or
(solid trace). The reduction of inhibition induced by endocannabi- antagonist was applied, did not show any change in the locomotor
noids combined with the increased excitation mediated by mGluR1 burst frequency. One minute recordings of ventral root activity were
activation results in a decrease in cycle duration and thus an in- sampled every 5 min throughout the experiment. The cycle duration,
creased locomotor frequency. We propose that intrinsic modulation burst duration, and burst proportion (duty cycle) were measured
using on-demand release of endocannabinoids can be considered and averaged from 50 to 100 consecutive cycles. The cycle duration
as an integral part of the pattern generation in the spinal cord. was defined as the time interval between the onsets of two consecu-

tive bursts, and the burst proportion was calculated as the ratio of
the burst duration and the cycle duration. The burst frequency was

network in response to activation of mGluR1 and thus calculated as the inverse of the averaged cycle duration.
transform MNs and network interneurons into modula- Spinal neurons were dissociated from larval lampreys. MNs and

interneurons were prelabeled for subsequent identification after dis-tory neurons. The impact of endocannabinoid modula-
sociation by injecting fluorescein-coupled dextran amine (Moleculartion relies on the distribution of cannabinoid receptors
Probes, the Netherlands; Krieger et al., 2000). After 18 hr of incuba-and their proximity to the release source. The distance
tion, the spinal cords were dissected from the notochord, cut inover which endocannabinoids can diffuse have been
smaller pieces, and treated with collagenase (1 mg/ml; 30 min;

estimated to be �100 �m in the cerebellum (Kreitzer et Sigma) and then with protease (2 mg/ml; 45 min; Sigma), both dis-
al., 2002) and 20 �m in the hippocampus (Wilson and solved in Leibovitz’s L-15 culture medium (270 mOsm; Sigma) con-

taining penicillin-streptomycin (2 �m/ml) (El Manira and Bussieres,Nicoll, 2001). If a similar restricted diffusion occurred in
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