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Summary

The unpaired median neurons are common to the unpaired median neurons is derived, at least in part, from
segmental ganglia of many insects. Although some of the a source within the subesophageal ganglion, even when the
functional consequences of their activation, among them motor pattern is evoked by exposing only the more
the release of octopamine to modulate muscle contraction, posterior ganglia to pilocarpine. In pairwise intracellular
have been described, less is understood about how and recordings from unpaired median neurons in different

when these neurons are recruited during movement. The
present study demonstrates that peripherally projecting
unpaired median neurons in the abdominal and thoracic

ganglia, prominent excitatory postsynaptic potentials,
which occur with an anterior-to-posterior delay in both
neurons, are seen to underlie the rhythmic depolarizations.

ganglia of the larval tobacco hornwormManduca sexteare
recruited rhythmically during the fictive crawling motor
activity that is produced by the isolated central nervous
system in response to pilocarpine. Regardless of the
muscles to which they project, the efferent unpaired

One model consistent with these findings is that one or
more neurons within the subesophageal ganglion, which
project posteriorly to the segmental ganglia and ordinarily
provide unpatterned synaptic inputs to all efferent
unpaired median neurons, become rhythmically active

median neurons in all segmental ganglia are depolarized during fictive crawling in response to ascending
together during the phase of the crawling cycle when the information from the segmental pattern-generating
thoracic leg levator motoneurons are active. During fictive network.

crawling, therefore, the unpaired median neurons are not
necessarily active in synchrony with the muscles to which
they project. The rhythmical synaptic drive of the efferent

Key words: Manduca sextaunpaired median neurone, crawling,
synaptic drive, subesophageal ganglion.

Introduction

Successful execution of behavioral movements requiresiodulatory neurons in the locust, the efferent unpaired median
flexibility in patterned motor activity and muscle function. (UM) neurons, which contain octopamine. These neurons have
Sensory feedback and neuromodulation are two mechanisratso been identified in many other insect species (Plotnikova,
that permit flexibility in central circuits and peripheral motor1969; Crossman et al., 1971, 1972; Hoyle, 1978; Stevenson
function in the face of changing conditions in the internal omand Spdrhase-Eichmann, 1995; Brookes, 1988; Brookes and
external environment (Burrows, 1996; Harris-Warrick andWeevers, 1988) and, from the dorsal or ventral position of their
Marder, 1991; Sombati and Hoyle, 1984; Ramirez andomata, they have been named dorsal unpaired median (DUM)
Pearson, 1991a,b). The recruitment of neuromodulatorgHoyle, 1975, 1978) or ventral unpaired median (VUM)
neurons during patterned motor activity may be essential bo{tkondoh and Obara, 1982; Watson, 1984) neurons. These cells
for adapting muscle function to meet particular demands antave unique bifurcating primary neurites, which give rise to
for modulation of the motor pattern itself. One neuromodulatotwo axons that innervate the same targets on both sides of a
with multiple functions within the insect nervous system is thesegment. Neurons with similar characteristics have been
biogenic amine octopamine (Evans, 1980, 1985). identified in the hawkmotiManduca sextaPfliger et al.,

Biochemical (Evans and O’Shea, 1978) and1993). Larval efferent UM neurons iM. sextaundergo
immunohistochemical (Konings et al., 1988; Stevenson et aldendritic remodeling, but persist through metamorphosis to
1992) methods reveal a group of peripherally projectindnnervate targets in the adult (Pfliger et al., 1993).
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Efferent UM neuron activity in locusts and other insects1984; Pfliger and Watson, 1995), but their role in activating
modulates the effectiveness of neuromuscular systems. ThiM neurons during movement remains unclear.
twitch tension and relaxation rate of skeletal muscle are One strategy for characterizing patterns of modulatory
enhanced (O'Shea and Evans, 1979), whereas myogemeuron recruitment is to record from identified UM neurons
contractions of visceral muscles are inhibited (Lange anduring rhythmic fictive motor patterns that are produced by the
Orchard, 1984a,b; Orchard and Lange, 1986; Kalogianni angerfusion of the muscarinic agonist pilocarpine (Baudoux et
Pfluger, 1992; Kalogianni and Theophilidis, 1993).al., 1998; Buschges et al., 1995; Chrachri and Clarac, 1990;
Modulatory effects of octopamine on peripheral sense orgar®yckebusch and Laurent, 1993, 1994). Pilocarpine induces a
have also been reported in locusts (Ramirez and Orchargronounced inter- and intrasegmentally coordinated motor
1990; Matheson, 1997). Octopamine is known to affect muscleattern, called fictive crawling, in isolated nerve cords fkdm
metabolism (Candy et al., 1997), so UM neurons may alssextalarvae (Johnston and Levine, 1996). The motor pattern is
exert metabolic effects on target tissues. qualitatively and quantitatively similar to that associated with

Unpaired median neurons are also suspected to be tbheawling (Johnston and Levine, 1996). During each cycle of
mediators of octopaminergic effects within central neuropilsthis fictive crawling, the motoneurons that innervate the body
For example, flight-like motor patterns are induced bywall muscles produce bursts of activity that proceed in a
ionophoretic or pressure injection of octopamine into specifiposterior-to-anterior sequence through the abdominal
locations within locust thoracic ganglia (Sombati and Hoylesegments. The posterior-to-anterior sequence continues as
1984; Stevenson and Kutsch, 1988). This may be due to timeotoneurons innervating the levator and depressor muscles of
induction of plateau potentials and bursting in certairthe three pairs of thoracic legs sequentially produce alternating
interneurons of the flight circuit (Ramirez and Pearsonbursts of activity during each cycle. The activity is
1991a,b). The possibility that these effects are ordinarilgynchronous in motoneurons that innervate the right and left
mediated by the release of octopamine from the centréégs or sides of the body. Here, we take advantage of this
processes of efferent UM neurons remains open to questi@ystem inM. sextato characterize the pattern of efferent UM
(Pfluger and Watson, 1995; Parker, 1996), but central releageuron recruitment during fictive crawling. A preliminary
from the processes of local or intersegmental octopaminergaccount of this work has been presented (Johnston et al., 1997).
cells that lack peripheral axons may occur within the locust
pterothoracic ganglia (Stevenson et al.,, 1994), and good
evidence for the release of octopamine by UM neurons within
the brain comes from studies of olfactory learning in Experimental animals
honeybees (Hammer, 1993). Manduca sextalarvae, obtained from a colony at the

Efferent UM neurons are activated during the flight mototUniversity of Arizona, were reared on an artificial diet
pattern of locusts (Ramirez and Orchard, 1990), duringmodified from Bell and Joachim, 1976) and maintained on a
walking in crickets (Gras et al., 1990) and by ventral gianfil7 h:7 h light:dark photoperiod at 26 °C and 50-60 % relative
interneurons in the cockroach (Pollack et al., 1988). Recemumidity. Larvae were used for experiments on the day
studies in the locust provide evidence that specific patterns @fllowing the molt into the fifth (final) larval instar (mass
recruitment occur during different motor tasks. For exampleapproximately 5-6 g).
only three of the nineteen efferent UM neurons in the
metathoracic ganglion are strongly activated in parallel with Electrophysiological techniques
motor circuits during hindleg kicking (Burrows and Pfliger, The techniques employed in this study were similar to
1995), whereas another distinct sub-population is inhibitethose described previously (Johnston and Levine, 1996).
during the same movement. The same sub-population of UMnimals were anesthetized on ice for 30-50min before
neurons is also inhibited during locust flight (Duch et al.dissection. All dissections were carried out under chilled
1997). In another example, efferent UM neurons that projectaline consisting of (in mmotY) 140 NacCl, 5 KCI, 4 CaG)
to leg muscles generate bursts of action potentials with ea@8 glucose, and 5 Hepes; pH 7.4 (Trimmer and Weeks, 1989).
cycle of activity during the pilocarpine-induced rhythmic legAnesthetized larvae were pinned dorsal side up in a dish lined
motoneuron pattern in locusts (Baudoux et al., 1998). Theith silicone elastomer (Sylgard; Dow Corning). A dorsal
sources of UM neuron drive include sensory neurons anidicision was made from the head to the most posterior
unidentified intrasegmental and intersegmental interneurorsegment, and the gut was removed. Specific nerve branches
(Duch and Pfluger, 1995; 1996; Duch et al., 1997). One soure# each ganglion were dissected free from the surrounding
of efferent UM neuron drive may be located within thetissue. The nerve cord from the subesophageal ganglion to
subesophageal ganglion. In the absence of patterned motbe terminal abdominal ganglion was dissected from the body
activity, synaptic inputs that occur in common in all efferentand pinned ventral side up in a second Sylgard-lined dish
UM neurons were observed . sexta and their source was filled with chilled saline. The ventral surface of each ganglion
located to within the subesophageal ganglion (Pflliger et alas treated briefly with 3% (w/v) collagenase—dispase
1993). Similar synaptic inputs have been described in th€igma) in saline and desheathed using fine forceps. The
silkmoth (Brookes and Weevers, 1988) and locust (Watsotisolated nerve cord was perfused continuously with saline or

Materials and methods
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pilocarpine-HCI (163moll~1; Sigma) dissolved in saline, allowing the connectives to be cut with minimal movement
both at room temperature (21-23°C) (flow rateand without loss of intracellular recordings.

approximately 15mlImirt). During some experiments, the To monitor motor activity in the isolated nerve cord,
subesophageal ganglion was removed by cutting thextracellular glass-tipped suction electrodes were used to
interganglionic connectives anterior to the prothoraciaecord from selected nerve branches of specific thoracic and
ganglion. To accomplish this without disturbing ongoingabdominal ganglia. In the thorax, we monitored the motor
intracellular recordings in more posterior ganglia, theactivity from the two main branches of the leg nerve. The 1b
prothoracic ganglion was pinned to the recording chambdsranch carries the axons that innervate the femoral levator and
but the subesophageal ganglion remained loose, thereliye tibial extensor. The axons in the 2a branch innervate

Fig. 1. Rhythmic activity in unpaired

median (UM) neurons during A
pilocarpine-evoked fictive  crawling.

(A) Simultaneous intracellular recordings T2 1b (Lev)
from a UM neuron innervating the body

wall in the metathoracic segment (T3)13 yp, (Ley)
and a UM neuron in abdominal ganglion
1 (A1) that projects through the posterior
branch of the dorsal nerves (DNp) toA
innervate body wall muscles.
Extracellular recordings are from the
nerves innervating levator (Lev) musclesUM cell T3
in the mesothoracic and metathoraciabody wall)
segments and from the DNp in the first
abdominal segment (Al). Note the
posterior-to-anterior  progression  of
activity in the extracellular recordings, UM cell Al
Depolarizations in the UM neurons and(body wall)
bursts of activity in the motor roots o |mmv
occurred approximately in phase with —
thoracic leg levator nerve activity (see

also Fig. 2). (B) Intracellular recording T2 b (Lev)

from the UM neuron with its axon in the

mesothoracic nerve that contains theTBIb(ch)

axons of leg depressor motoneurons.

Extracellular recordings are from the A2 DNp

nerve innervating levator muscles in the

mesothoracic ar_ld metathoracic legs andim cell T2 . -
from the posterior branch of the dorsal(—l—z 2a leg) | ' ' | |
nerve in the second abdominal ganglion ° ' | | | | |
(A2). Note that the UM neuron is 45 ]20mv
depolarized above action potential

threshold one-for-one with the bursts ofC

motor activity in the extracellular .

recordings and approximately in phaseT2 2a (Dep)

with the leg levator nerves.

(C) Intracellular recording from a UM T2 1b (Lev)

neuron in the mesothoracic ganglion that ~

projects to the body wall. Extracellular

recordings from mesothoracic leg nerves:

nerve T2 2a innervates mesothoracic leg /.'& f A A
depressor (Dep) muscles, nerve T2 1b [ IJ , i ‘,'l [‘t_ J | \
innervates mesothoracic leg levatorym cell T2 F\. (o | \, JI ,’ \‘ P 'f”wl I \ |"\N f ‘.\
muscles. Note the rhythmic alternation 4y walr) o \ Jlf \'*. / [ W vy \ r’ \ -,"I \
between levator and  depressor 'v' ‘-,N J Vo / vV "nj i Wi
motoneuron activity in the mesothoracic W Y uf oW ' 10 mV
leg nerves. The UM neuron was -
hyperpolarized with current injection to below the action potential threshold. Prominent oscillations in membrane potentiakefoe-
one with bursts of motoneuron activity in the extracellular recordings, and these peak approximately in phase with |evativitgrv

1 DNp

2s
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Fig. 2. Phase histogram showing the timing of action potentias30
in unpaired median (UM) neurons in Al and T3 relative to th& 25 | mmm ALUM cell
fictive crawling cycle. Data are from the same preparation 5207 — T3 UM cell
that shown in Fig. 1A. To construct the plot, 39 cycl
(3.9min) of fictive crawling activity were used. The cycl® 15-
period was defined as the interval between the onsets of bL@Stg)f

in segment T3 leg levator motoneurons, as measured fr 5

extracellular recordings from nerve T3 1b (mean cycle periad Mﬂ I I H I 00
5.9s; standard deviation 1.1s; mean T3 1b burst duration 0.‘65;0 60 -50 -40 -30 -20" 0 10 20 éo‘n4‘0 ‘HS‘HO "60 70 80 90 100

standard deviation 0.2s). The times for onset and termination Percentage of cvcle
of bursts in T2 and T3 leg levator motoneurons (nerves T2 1b T3 X Y
and T3 1b) and Al body wall motoneurons (nerve A1 DNp), A1DN

relative to the onset of T3 1b bursts, were determined for each P

cycle and are expressed as a percentage of that cycle period. The mean percentages are shown in the gray bars belibhv ttre qutd, w
lines indicating the range of percentage values. To construct the histogram, each cycle was divided into 20 bins refreséntiagccle
period. The number of action potentials per bin in UM neurons innervating the body wall in A1 and T3 was counted froncahaantra
recordings (segments of which are shown in Fig. 1A). Note that most action potentials in both UM neurons occurred duriiog thietiper
cycle when levator motoneurons were active and that, typical of other preparations, the peak of activity in the A1 UM eenairpcecede
that for the T3 UM neuron, as might be expected given the posterior-to-anterior progression of motor activity duringititige cra

femoral depressors and the flexors of the more distal leganglion. Three UM neurons are located in every thoracic
segments (Johnston and Levine, 1966; Kent and Levine, 198&janglion. Two of these project in the dorsal segmental nerve
In the abdomen, we focused on the posterior branch of the body wall muscles, while the third enters the thoracic legs
dorsal nerve (DNp), which carries the axons of motoneurongithin nerve 2a (C. Consoulas, R. M. Johnston, H.-J. Pfliger
that innervate the lateral, ventral and oblique intersegmentahd R. B. Levine, unpublished obervations). Two UM neurons
muscles of the body wall (Levine and Truman, 1985). Thare found within each of the unfused abdominal ganglia.
extracellular signals were amplified with differential a.c.Although they have similar dendritic structures, one projects
amplifiers (A-M Systems), filtered, and stored on a Vetter PCNhto the lateral and posterior branches of the dorsal segmental
eight-channel recorder for subsequent analysis. Fanerve, whereas the other projects into the anterior branch
intracellular recordings, motoneuron somata were impaledxclusively; however, both innervate body wall muscles
with glass micropipette electrodes (resistance 30-@)M (Pfluger et al., 1993). Intracellular recordings from the soma
filled with 2 mol I'1 potassium acetate. Intracellular recordingsof any of these efferent UM neurons reveal broad overshooting
were amplified (Axoclamp 2A; Axon Instruments) and storedaction potentials, a characteristic hyperpolarizing undershoot
on video tape. Both intracellular and extracellular signals werésee Fig. 1A,B) and prominent excitatory postsynaptic
played back onto a chart recorder and subsequently transferngotentials (EPSPs) (see Figs 3-5).
to a computer (acquisition rate 13 kHz per channel) for analysis In the presence of the muscarinic agonist pilocarpine,
using Data-Pac Il software (Run Technologies). isolated ventral nerve cords fromM. sextalarvae display a
To reveal the dendritic anatomy of abdominal and thoracicobust motor pattern that is qualitatively and quantitatively
UM neurons, and to confirm their identification by visualizingsimilar to that associated with crawling (Johnston and Levine,
axonal projection pathways, UM neuron somata were impaleti996). The fictive crawling motor pattern is distinguished by
with glass microelectrodes filled with 3% biocytin (resistancebursts of activity in body wall motoneurons that proceed in a
30-50 MQ). Depolarizing current pulses of 5-10 nA amplitudeposterior-to-anterior sequence through the abdominal
and 500 ms duration were injected into the cells at a rate gegments. Subsequently, during each cycle, the motoneurons
1Hz for 20-60 min. To allow staining of the UM cell axons ininnervating the levator and depressor muscles of the three pairs
the periphery, the preparations were left first under constaof thoracic legs sequentially produce alternating bursts of
saline flow for 60 min and then kept at 7 °C for another 6-8 hactivity, which are synchronous in nerves that innervate the
Preparations were processed as described previoudight and left legs or sides of the body. Of the 45 isolated nerve
(Consoulas et al., 1996), then photographed with a compourmtrd preparations used for this study, 28 displayed patterned
microscope or drawn usingcamera lucidaattachment. activity in response to pilocarpine that could be identified as
fictive crawling using these features.
In 15 of the preparations in which the isolated nerve cords
Results produced a clear fictive crawling pattern, intracellular
The efferent unpaired median neurons are rhythmically activeecordings from several different identified efferent UM
during fictive crawling neurons revealed patterned activity, with depolarizations and
The efferent UM neurons within the segmental ganglia oaction potential bursts accompanying each cycle of motor
M. sextalarvae have prominent cell bodies located on thectivity in the extracellular nerves (Fig. 1). In the remaining 13
posterior midline and close to the ventral surface of th@reparations, there were rhythmic bouts of depolarizing
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synaptic inputs to the UM neurons, but these had a minimahythmic depolarizations increased in amplitude, suggesting
effect on the patterning of action potential activity. Since althat they were dependent on synaptic drive (Fig. 1C).

the UM neurons monitored within a preparation behaved in a The peak membrane depolarization and action potential
similar manner, the difference was dependent on thactivity in several different types of UM neuron, including
preparation rather than on the specific identity of the UMhose innervating the abdominal and thoracic body-wall
neuron. In the former group of preparations, eachmuscles (Fig. 1A,C) or the thoracic leg muscles (Fig. 1B),
depolarization of the membrane potential led to 1-3 actionccurred during the phase of the crawling cycle when there
potentials in the UM neurons (Fig. 1A,B). Hyperpolarizing thewere bursts of motoneuron activity in the thoracic leg levator
UM neuron membrane potential with constant-currennerves (Figs 1A-C, 2). Furthermore, there was substantial
injection prevented action potential production, but theoverlap in the timing of membrane depolarization and action

A6 DNp

Saline
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Fig. 3. Characterization of rhythmic
activity induced in efferent unpaired
median (UM) neurons by | \
pilocarpine.  (A)  Simultaneous UM A2 N MMNMW o *,-‘."“WMW

intracellular ~ recordings ~ from i { n
efferent UM neurons in A2 and A6 / ' W ' : /ﬂ'JK“" P
before addition of pilocarpine. UM A6 IKM; ,ffwlll f f/.w— / | ./»*“ |
Extracellular recordings from body ' ,r iI ' '

wall motoneurons in abdominal B b '

segments 2, 4 and 6. Unpatterned Pilocarpine
spontaneous activity is present in ,, DNp \
the motor roots and in both UM
neurons. _In additio_n, prominent A4 DNp
postsynaptic potentials (EPSPs)
occur in both UM neurons (see also
Fig. 4A). The gray bar denotes a
region of the recording that is
shown on an expanded time scale in
Fig. 4A. (B) Same preparation and
recordings 40 min after the addition UM A2
of pilocarpine and the onset of

fictive crawling. Bursts of EPSPs

lead to rhythmic depolarization and UM A6
the generation of action potentials in

both UM neurons. The shaded

region is expanded in Fig. 4B to C
show these EPSPs. (C) Same
preparation and recordings 20s after

cutting off the subesophageal A2 DNp
ganglion (SEG) in the continued A4 DNp
presence of pilocarpine. The UM
neuron in A6 became depolarized
following the nerve cord cut, but the
UM neuron in A2 did not. Note that
patterned activity continues in the
motor roots, but not in the UM
neurons. Also note the absence ofUM A2
the prominent EPSPs, most easily

seen in the_ recording of UM A2 UM A6 J //
(see also Fig. 4C). DNp, posterior

i) i | | [
branch of the dorsal nerve. Pl
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| f [

[ o P et et e ok

Minus SEG

A6 DNp

Ia

00y YA Y

||r'i|'Jl'I|||||i||'|'f|'|'|||'|'J|r'|'1|'|'||I.f'fllll




108 R. M. DHNSTON AND OTHERS

potential bursts in simultaneous recordings from severaleurons (Pfliger et al., 1993). In the absence of pilocarpine,
different pairs of UM neurons (Figs 1A, 2, 3B), even whenthese EPSPs occurred continuously, with no apparent
they were separated by several segments. Thus, the rhythnpiatterning, as each UM neuron reached its action potential
depolarization of efferent UM neurons during fictive crawlingthreshold at different times (Figs 3A, 4A). After the addition of
did not necessarily occur in phase with activity in thepilocarpine and the onset of fictive crawling, the prominent
excitatory motoneurons that project to the same target muscldsPSPs increased in frequency and became clustered into bursts
although there was usually some overlap. For example, a phabat occurred with each cycle of activity in the motor roots (Figs
plot constructed from 39 cycles of activity (3.9 min) of the3B, 4Bi,ii, 5C,D). These caused compound depolarizations that
preparation shown in Fig. 1A revealed overlapping peaks afsually led to action potentials in the UM neurons. As was true
action potential activity in UM neurons in A1l and T3 duringof the EPSPs that occurred in the absence of pilocarpine (see
the phase of the cycle when leg levator motoneurons weadso Pfliiger et al., 1993), there was an anterior-to-posterior
active (Fig. 2). Nevertheless, owing to the long duration oflelay between the appearance of the EPSPs in efferent UM
abdominal motoneuron bursts, there was overlap betweereurons of different segments (Fig. 4Bi,ii), but this delay was
activity in the UM neuron in Al and the activity of excitatory brief relative to the cycle period. The delay of approximately
motoneurons that project to the same muscles. 40 ms for EPSPs in A2 and A6 yields a conduction velocity of
approximately 3md, a rate similar to that calculated in a
The subesophageal ganglion as a source of rhythmic synaptisrevious study (Pfluiger et al., 1993).
drive to unpaired median neurons The prominent EPSPs that occur in the absence of pilocarpine

In the isolated ventral nerve cord with the subesophageale not dependent upon the brain, but are lost following removal
ganglion attached, prominent EPSPs occurred in common, bot the subesophageal ganglion (Pflliger et al., 1993). Along with
with an anterior-to-posterior delay, in all the efferent UMthe anterior-to-posterior delay between their occurrence in

Fig. 4. Portions of the same recordings A Saline
as those shown in Fig. 3 (see gray bars) l

shown on an expanded time scale,, A2 W‘\J\-.ﬂ-w\'v'

Action potentials have been clipped for

figure preparation. (A) Before the UM A6 =~ W /

addition of pilocarpine (from Fig. 3A),

prominent  postsynaptic  potentials 25 mV
(EPSPs) occur in both unpaired median i'
(UM) neurons. The dotted lines, which

were all drawn at the same angle, Bj Pilocarpine
indicate some of the EPSPs that occur .,/M"/

in common in both neurons, with an ypm A2 w"‘”w M"‘MNM u,.{,m Y, "
anterior-to-posterior delay. (Bi) After . ( \ i ( | w o v_ VW
the addition of pilocarpine and the UM AG  Aws .M //M“\" ;MV"‘ ‘»«W

onset of fictive crawling (from

Fig. 3B), prominent EPSPs occur in ,' |
high-frequency bursts and lead to
action potentials in both UM neurons.
Dotted lines indicate some of the

/ |
EPSPs that occur in common with a3 A2 e e . Py
constant anterior-to-posterior delay. W
The gray region is shown on an UM A6 -

expanded time scale in Bii. (Bii) On an /M /,»""""‘

ls

Bii 25 mV

expanded time scale, the prominent
EPSPs that underlie the rhythmic
depolarization of UM neurons during C Minus SEG
fictive crawling are clear. Dotted lines |
drawn at a constant angle indicate

some of t_he EPSPs that occur iny\. 5 ____,/
common in both UM neurons.
(C) After removal of the subesophageal

ganglion (SEG) (from Fig. 3C), the
////////////f

prominent EPSPs are no longerum A6
apparent. The time and voltage
calibrations in A also refer to Bi and C.

L
A\
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Fig. 5. Increased excitatory
postsynaptic potential (EPSP)A

Saline | PI|0L 1rp1nc
frequency and membrane R | . " |
potential oscillations in the = },__ - —_' = = == ‘=
unpaired  median  (UM) T *"'-..' y ~ ~ S Y o\ TN

neurons during fictive SEG A2 AS Ab
crawling are not dependentB
upon exposure of the

subesophageal gangliony UI‘WM A

(SEG) to pilocarpine. UMAI W “MW\WWM
(A) Diagram of the A5 DNp
preparation. The isolated

nerve cord was placed in aA6 DNp ‘ bttt - oo b
chamber containing a barrier T

such that only the abdominal
ganglia posterior to Al were

exposed to pilocarpine, while C

the subesophageal ganglionUM Al

thoracic ganglia and Al

remained in saline alone. A5 DNp " m m m w * m |

Llil |
||r .r]l—..“I

10s |1'[]mV

(B) Intracellular recording
from a UM neurorlllin Al. 6 DNp
Soon after addition of
pilocarpine (arrow) to the
posterior chamber, prominent
EPSPs began to increase i
frequency even though the

subesophageal ganglion and W'M MWNMWWW\MWMWW\W M‘" ”"W“"\ ““\VM
Al had not been exposed to

pilocarpine and the fictive A5 DNp WWMMWF M }memm
crawling pattern had not yet

been established. (C) Samey by, MNWW*MW‘MWWWW
preparation after the onset of

fictive crawling (4min after 10s

the addition of pilocarpine). —
Rhythmic depolarizations occurred in the UM neuron, one-for-one with bursts of motoneuron activity recorded extracelhalathe fro

abdominal motor roots. The shaded bar indicates a region of the recording that is expanded in D. (D) Prominent EPSPsgaghidh inc
frequency to cause rhythmic depolarization of the UM neuron, are visible in this expanded recording. DNp, posterior beadctsaf herve.

different segments, this suggests that the EPSPs are generatedng fictive crawling, however, depended on the
by neurons that descend from the subesophageal gangli@ubesophageal ganglion. This raises the possibility that
Similarly, during pilocarpine-induced fictive crawling, the pilocarpine acts on the subesophageal ganglion to increase the
rhythmic bursts of prominent EPSPs in the efferent UM neurondescending drive of the efferent UM neurons.
were dependent upon the presence of the subesophagealo test this possibility, isolated nerve cords were placed in
ganglion. Following removal of the subesophageal ganglion ichambers containing petroleum jelly barriers that allowed
preparations that were displaying fictive crawling, the bursts aubsets of ganglia to be exposed selectively to pilocarirz (
prominent EPSPs in the UM neurons cea$éell8; Figs 3C, Fig. 5A). Fictive crawling activity was still evoked in the motor
4C, 6B,C). In some cases, the UM neurons continued to fireots following exposure to pilocarpine of only those segmental
irregularly following removal of the subesophageal gangliorganglia posterior to Al (Fig. 5B,C). Moreover, the increased
(Fig. 3C), whereas in other cases weak membrane potentiaéquency of prominent EPSPs (Fig. 5B), and their grouping into
oscillations and small EPSPs, perhaps reflecting local segmenkalrsts, still occurred in the efferent UM neurons whether or not
inputs, were apparent (Fig. 6B,C). they had been exposed directly to pilocarpine (Fig. 5C,D).
The patterned motoneuron activity that occurs in thd-ollowing removal of the subesophageal ganglion in this
segmental nerves during fictive crawling does not depend upgmeparation (Fig. 6A), the fictive crawling pattern continued in
the subesophageal ganglion, nor does the subesophagt® motor roots, but became more irregular (Fig. 6B). The
ganglion have to be exposed to pilocarpine for fictive crawlingprominent EPSPs disappeared, although small EPSPs and
to be evoked (Johnston and Levine, 1996). The prominemhembrane potential depolarizations of the UM neuron still
EPSPs that caused rhythmic depolarization of the UM neurormecurred and were often correlated with bursts of activity in the
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motor roots (Fig. 6B,C). Although the UM neuron graduallyrhythmically to produce bursts of action potentials during bursts
depolarized by approximately 10 mV following removal of theof activity in the levator motoneurons (Baudoux et al., 1998).
subesophageal ganglion in this preparation, this did not accountThe functional significance of this phasing is unknown at
for the absence of the prominent EPSPs. As with the preparatipresent, but the efferent UM neurons were not necessarily
shown in Figs 3 and 4, the prominent EPSPs disappearadtivated together with the excitatory motoneurons that project to
immediately after removal of the subesophageal ganglion artle same muscles (Johnston and Levine, 1996). Although the
were not revealed when the membrane potential wathoracic leg UM neuron projects in nerve 2a (C. Consoulas, R.
hyperpolarized with current injection. Thus, although aM. Johnston, H. J. Pfliger and R. B. Levine, unpublished
significant source of rhythmic synaptic drive to efferent UMobervations), which innervates the depressor muscles of the larval
neurons is derived from the subesophageal ganglion durirgg, it was depolarized during the phase of the fictive crawling
fictive crawling, the activation of this drive does not require theycle when all leg levator motoneurons were active.
direct exposure of the subesophageal ganglion to pilocarpine Nevertheless, octopamine that is released peripherally into the
vicinity of the target muscles as a result of UM neuron activity
_ _ may have relatively long-term effects on both the contraction
Discussion amplitude and relaxation rate of the muscle (Evans and O'Shea,
Efferent UM neurons are activated rhythmically during1978), although these effects have yet to be demonstratéd in
fictive crawling so that, in most preparations, depolarizationsexta Thus, precise coupling of UM neuron activity to that of the
and action potentials occur with each cycle of activity in thenuscles that they innervate may be unnecessary, as long as
body-wall and thoracic leg motoneurons. This activity isoctopamine release is ensured during periods of crawling.
relatively synchronous in all the segmental efferent UMAlternatively, the coupling observed in the isolated central
neurons regardless of the muscles innervated by their peripherarvous system (CNS) preparation may be different from that in
axons. Thus, the two efferent UM neurons within eachan intact animal during crawling. For example, segmental sensory
abdominal ganglion are active together with those in théput may force efferent UM neuron activity into a clear phase
thoracic ganglia, including the one that projects to the muscleslationship with the motoneurons innervating specific muscles.
of the thoracic legs. The efferent UM neurons were depolarizefinother possibility is that UM neuron activity during crawling is
and produced action potentials during the portion of thémportant for the release of octopamine into the CNS, which may
crawling cycle when the thoracic leg levator motoneurons weraugment rhythmic motor activity. Although few central output
active. Similarly, in the presence of pilocarpine, UM neuronsites were identified in an ultrastructural analysis of efferent UM
that innervate leg muscles in the locust were drivemeurons in the locust (Pfliger and Watson, 1995), central effects
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on motoneurons in this preparation have been described (Park@¢jen and Altman, 1984). Descending interneurons of the
1996). However, current injection into UM neurons did not altesubesophageal ganglion are also involved in the control of
the rhythmic motor activity induced in locust leg motoneurongocust flight (Ramirez, 1988), of locust (Ramirez and Pearson,
by pilocarpine (Baudoux et al., 1998). 1989) and cricket (Otto and Januszewski, 1989) ventilation and
The rhythmic depolarizations during fictive crawlinghh  of stridulation in the cricket (Otto and Hennig, 1993) and
sextaare evoked primarily by prominent EPSPs that occur igrasshopper (Hedwig, 1986). Our results suggest that the
common in abdominal and thoracic efferent UM neurons duringubesophageal ganglion may also function to control the
pairwise recordings. These may be generated by the saragcitability of neuromodulatory neurons.
unidentified presynaptic neurons that are the source of the The existence of EPSPs that occur in common in all efferent
EPSPs that occur in common during pairwise UM neurotJM neurons in larvaM. sexta and their role in providing
recordings in the absence of fictive crawling (Pfliger et algommon drive during fictive crawling, is in contrast to results
1993). In both cases, the EPSPs are dependent upon fhem the adult locust, where the total population of UM neurons
presence of the subesophageal ganglion and occur with @ndivided into sub-populations that are only active during
anterior-to-posterior delay. In the presence of pilocarpine, thespecific patterns of motor behavior (Burrows and Pfliger, 1995;
prominent EPSPs increase in frequency and become groupBdch and Pfliiger, 1995, 1996; Baudoux et al., 1998) and where
into bursts that cause membrane potential depolarization asdb-populations exist that are specifically inhibited during
spiking of the efferent UM neurons. However, the rhythmicongoing motor behavior such as flight (Duch et al., 1997). In
activity of UM neurons during fictive crawling does not dependhe locust, these sub-populations are defined by the presence (or
exclusively on drive from the subesophageal ganglionabsence) of common EPSPs, which come either from local
Following removal of the subesophageal ganglion, weakources within the same ganglion or from the subesophageal
depolarizations of the UM neurons, which may reflectganglion (Duch and Pfliger, 1995, 1996). In contrasvto
segmental inputs, occurred with bursts of motoneuron activitysexta sub-populations of UM neurons exist in the locust that
Although the prominent EPSPs in efferent UM neurons areo not rely on intersegmental inputs from the subesophageal
dependent upon the subesophageal ganglion, their increaseganglion for patterned activation. For example, in a completely
frequency and grouping into bursts during fictive crawling ddsolated metathoracic ganglion, only UM neurons innervating
not depend upon exposure of the subesophageal ganglionth® leg muscles were coupled to the rhythmic leg motoneuron
pilocarpine. Both occur upon exposure of more posterioactivity induced by pilocarpine (Baudoux et al., 1998).
ganglia, which also evokes fictive crawling. One hypothesis There are several possible reasons for the more specific
that is consistent with this observation is that descendingecruitment strategies in the locust and for the greater
interneurons within the subesophageal ganglion, which evokenportance of local segmental drive of efferent UM neurons
EPSPs in all efferent UM neurons, receive phasic excitatory aturing pilocarpine-induced rhythmic leg motor activity. First,
inhibitory drive from the crawling central pattern generatorthe metathoracic ganglion of the adult locust is involved in
The anterior-to-posterior delay between the onset of EPSPs $everal distinct types of behavior, which may require unique
UM neurons in two different segments is constant and ipatterns of UM neuron activity or specific sets of UM neurons.
consistent with that expected as a result of action potenti&flecond, fictive crawling irMl. sextashows well-structured
conduction between segments (Pfliger et al., 1993)ntersegmental coordination that, unlike adult walking, includes
Nevertheless, there may be multiple descending interneurotise abdominal segments. Finally, the pilocarpine-induced
from the subesophageal ganglion that mediate these promingattern in the locust leg motoneurons involves bilateral
EPSPs, and they need not synapse directly onto the URlternation (Ryckebusch and Laurent, 1993), rather than
neurons within the segmental ganglia. synchronous activation across the ganglion as in fictive
In this context, it is noteworthy that the subesophageatrawling inM. sexta(Johnston and Levine, 1996). Locust DUM
ganglion has been regarded as an important integrative centerurons, which project bilaterally to innervate both legs, couple
for locomotory control, although the experimental basis for thiso the rhythmic leg motoneuron pattern in both hemiganglia
idea is rather limited (see Burrows, 1996). Decerebrated stigBaudoux et al., 1998). Although common drive to all efferent
insects with both circumesophageal connectives cut exhibidM neurons from the subesophageal ganglion remai4. in
long bouts of walking activity, suggesting an inhibitory sextaadults (Pfluger et al., 1993), it will be interesting to
influence of the brain onto locomotory centers in thedetermine whether other sources of synaptic input cause the
subesophageal ganglion. In contrast, stick insects with the netkV neurons that project to different targets to display unique
connectives (i.e. just posterior to the subesophageal ganglioagtivity patterns during adult walking and flight behavior.
cut do not express any walking activity (Bassler, 1983). From
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