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Tryba, Andrew K. and Roy E. Ritzmann. Multi-joint coordination 1990). Further, intracellular analysis of neural mechanisms
during walking and foothold searching in tBéaberuscockroach. I. - ynderlying control of inter-joint coordination in legged animals
Kinematics and electromyogramg. Neurophysiol83: 3323-3336, oq ring multiple behaviors has rarely been examined (Kitmann

2000. Cockroaches were induced to walk or search for a footh . . :
while they were tethered above a glass plate made slick with micro- al. 1995). In approaching this problem, preparations that

tome oil. We combined kinematic analysis of leg joint movemen@llOW detailed three-dimensional kinematic analysis concur-
with electromyographic (EMG) recordings from leg extensor muscléently with intracellular and extracellular recordings would be
during tethered walking and searching to characterize these behavibighly advantageous. However, such data sets are technically
The tethered preparation provides technical advantages for multi-jodfifficult to obtain from behaving animals.

klnemat|c and neural .ana.lys|s.-HOWeVer, the behaVIOI’a| I’e|eVE_3.n_ce Of'rethered preparatlons pr0V|de a potentlal Solutlon to thls
the tethered preparation is an important issue. To address this is Bmma. Several studies have examined neural strategies for

we evaluated the effects of tethering the animals by comparing kine-~ . . . . . -
matic parameters of tethered walking with similar data collect ordinating behaviors using semi-intact tethered preparations

previously from cockroaches walking freely on a treadmill at the sant@at allow simultaneous kinematic, intra- and extracellular
speeds. No significant differences between tethered and tread@mialysis (e.g., crab: Hienzel et al. 1993; mollusks: Hume and
walking were found for most joint kinematic parameters. In contraggetting 1982; insects: Kitmann et al. 1995). The tether allows
comparison of tethered walking and searching showed that the ty animal to move relatively freely while the motor activity

cal data. We combined analysis of joint kinematics and electromyﬁ)—rs_ However, the tethered animal may not experience normal

grams to examine the change in multi-joint coordination during Wal%%nsory inputs or display its normal behavioral repertoire.

ing and searching. During searching, middle leg joints extend X - . R
during swing rather than stance (i.e., walking) and the coordination ese experimental disadvantages raise the possibility that the

movements and extensor motor neuron activity at the coxa-trochdfithered behaviors are not the same as the freely moving
teral and femur tibia joints differed significantly during walking and®€haviors of interest. To address this concern and take full
searching. We also found that the pattern of myographic activity in te€lvantage of a tethered preparation, an investigator can com-
middle leg during searching was similar to that in the front legs durirgare the behavior when the animal is freely moving to that in
walking. the tethered situation (see Godden and Graham 1984; Nye and
Ritzmann 1992).

We developed a tethered preparation that permits detailed
INTRODUCTION kinematic analysis of joint movements and intra- and extracel-

The problem of coordinating several motor neuron pools {g/a" analysis of motor control while cockroaches perform a
produce a behavior is common to many motor systems. THR19€ of active behaviors. We address the issue of behavioral
problem is complex as animals may use the same appende{ vance by comparing leg kinematics and motor activity

to produce multiple behaviors and each behavior may have §#4n9 tethered walking to that of freely moving animals. For
own degree of variability. In walking systems, where join Is comparison, we used a large data set from animals walking

oscillators exist (insect: Buschges et al. 1995; mud-pup reely on a treadmill that was obtained in a previous study

Cheng et al. 1998), central or afferent influences orchestratiatson and Ritzmann 1999a)..

these oscillators to achieve appropriate inter-joint coordinatign' 12Ving established the behavioral relevance of the prepara-
during ongoing activity. Inter-joint coordination then must bﬁon, we then examined a switch from walking to searching

reliably modified to produce multiple behaviors in a contex{! ovements. When walking insects suffer a loss of a reliable

deperdentshion Edenc o cntel andperpherl modi2TA, e bemorof ek ege ches o el
lation of |nte.r-10|nt coordmauon exists (Angel et aI.'1996; d theregﬁy maintain sta%ility (Franklin and Pearson 1984).
e lr 1955, 1 1999 Coe a1 St 1901, e e o o sy oo s vl
1985). However, few studies have begun to examine the ng and searching to examine multi-joint coordination during
derlying neural principals involved in control of multiple leg ese behaviors. In this paper, we compare coordination of the

joints (El Manira et al. 1991: Hess and Buschges 1999; W(ﬁpxa—troch.anter (CT'r) and femur-tibia .(FT) joints i.n the frqnt
' " (prothoracic) and middle (mesothoracic) legs during walking

The costs of publication of this article were defrayed in part by the paymeﬂEd searchlng. The cpordlnatlon of Fhese prmupal joints
of page charges. The article must therefore be hereby magkacttisement Changes between walking and searching movements. _|n the
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ DIscussioN we present hypotheses to account for the differ-
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ences in mesothoracic walking and searching movements. In A
the companion paper (Tryba and Ritzmann 2000), we use
intracellular analysis to begin to test these hypotheses.

Body - Coxa
Joint (BC)

Prothoracic Coxa -
METHODS (ThH Trochanter
. Mesothoracic Joint (CTr)
Animals (T2)

Adult male death-head cockroacheBlaberus discoidalis were Metathoracic Femur -

used in all experiments. Cockroaches were raised in our own colony (T3)
descended from 250 adult animals generously provided by Dr. Larry

L. Keeley of Texa A & M University. Cockroaches were housed in

20-| plastic buckets, half filled with aspen shavings, and were held at C Insect Pins
27°C in a 12 h light:12 h dark circadian cycle. A commercial dry Glass Plate
chicken starter and water were provided ad libitum. Only intact, Motor
undamaged cockroaches were used. i

Kinematics O\

We marked the ventral surface of the segments making up the
body-coxa (BC) joint, the CTr joint, the anterior surface of the tibia
just distal to the FT joint, and the tibia-tarsus joint with Pilot silver
permanent marker ink to facilitate visualizing them against the dark
thorax of the cockroach (Fig. A andB). Note that in previous papers . " 41 Mirror
(Watson and Ritzmann 1998a) the distal joint of the coxa was referred
to (incorrectly) as the coxa-femur (CF) joint because the joint between

Tibia
Joint (FT)

Glass rod

Manipulator —t—
¢Up/ Down

the trochanter and femur was assumed to be fused. More recent DRT m - am = O Es .
observations indicate that the trochanteral-femur joint makes small
but important movements that significantly influence placement of the RT2 wm == == mms w=

tarsus (foot) (Watson et al. 1998). Therefore to avoid potential con-
fusion regarding which joint is studied, we will refer to the distal coxa

joint by the more correct terminology, the CTr joint. When comparing ~ L-T1 - e = -
joint angles published here with those measured during treadmill
running published earlier by Watson and Ritzmann (1998a), the reader L-T2 L —
should compare our CTr data with their CF data.

Animals were tethered above an 11.5 em7.5 cm X 3.0 mm LT3 oom mem wes mewm  we=
glass plate made slick with microtome oil (Lipshaw Manufactur-
ing, microtome oil No. 288). They were tethered with two (#2) s 100 ms

|ns_ect ,plns each bent at a 90 angle and pushed' through .th%G. 1. A: Blaberus discoidaligllustration showing the 3 pairs of legs of
animal’s pronotum, lateral .to each side of the animal's head (F'gﬂe prothoracic (T1), mesothoracic (T2), and metathoracic (T3) segnints.
1C). The other end of the pins were glued together and attachedgi@arged drawing of the T2 leg showing the relevant joints. The body-coxa
a glass rod that was mounted on a micromanipulator. The shgge) joint, the coxa-trochanter (CTr) joint, and femur-tibia (FT) joint. Between
ends of the pins were placed through the apices of the dors@d coxa and femur is the trochanter (as shown). For simplicity, we refer to the
“keystone”-shaped marking on the pronotum. The pronotum mar&ngle between the coxa and femur as CTr (rather than specifying the coxa-
ings were used to direct pin placement so animals were tetheredreghanteral and trochanteral-femur joint§).tethered preparation set-up for
the same relative points from animal to animal. Each hole w&§nultaneous electromyography (EMGs wires not shown) and high-speed

made slightly larger than the width of the pin to allow the animalddeography showing the tethered animal on a glass plate made slick with

to slide up or down on the tether to adjust their position relative {ﬁlcrotome oil. Raising the tether via the micromanipulator, resulted in pitching

. . e anterior of the animal up, away from the glass plate substrate. The glass
the substrate. After tethering the animals, a small droplet of Cy_ei'ate could also be pitched away from the anterior of the animal either by hand

noacrylate glue was placed about 4 mm above the bend in the pigSusing the motor. Mirror below the glass plate provided a ventral view of the
This glue prevented the animal from sliding off the tether during aghimal.D: tripod walking stance phase duration (bars) from the right (R-) and
experiment. The ventral view of the animal was imaged via @<.0 left (L-) front (T1) middle (T2) and hind (T3) legs during tethered walking.
7.0 cm plane mirror mounted at a 45° angle to the glass plate a@alibration bar= 100 ms.

approximately 1.3 cm below it (Fig.Qd).

Ventral and lateral views of the running cockroach were videotapég movements were monitored in a limited number of freely moving
at either 125 frames/s with a Redlake digital high-speed video (HS®himals using a treadmill that was described previously (Watson and
system or at 200 frames/s using a NAC 400 analog high-speed vidgitzmann 1998a). Prothoracic (T1) treadmill running data were col-
system. The ventral and lateral projections of the CTr, FT, and Bected, with a slight modification of the methods described extensively
joints of the leg of interest, as well as the anterior tip of the head aitlWatson and Ritzmann (1998a). To obtain an unobstructed lateral
the posterior tip of the abdomen, were digitized from each video frammeew of the T1 coxa, about 2 mm of the lateral edge of the pronotum
(see Watson and Ritzmann 1998a). The true BC, CTr, and FT joimas trimmed off. The lateral pronotum was trimmed bilaterally to
angles in three-dimensional space were calculated from the ventabid unevenly reducing the weight of the animal.
and lateral projected images (Marx et al. 1993). An earlier kinematic
study provided extensive ;hree-dimensional kinematic;s for mesot ectromyograms
racic (T2) and metathoracic (T3) legs (Watson and Ritzmann 1998a
but not for prothoracic (T1) legs. We wished to compare T1 walking In experiments involving muscle activity, 30m bipolar electro-
versus T2 leg searching and walking joint movements. Therefore Wyographic (EMG) electrodes insulated to the tip were placed in
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muscles of a right leg. Electrodes were placed in the main depressmvements by altering the distance between the body and substrate.
muscle either of mesothoracic leg muscle 135D or prothoracic mus@leat change was accomplished by either raising the position of the
85D (Carbonell 1947). EMG electrodes were also inserted in the tibtather thus pitching the animals’ anterior up or pitching the substrate
extensor muscle (mesothoracic leg muscle 142A; prothoracic musekar the animals’ anterior downward. The former method was used to
92A) (based on the numbering system of Dresden and Nijenhuaisllect T1 tethered data and the latter method was used to collect T2
1953) that extends the femur. The coxal depressor is innervateddata. T2 data were collected by the latter method as it allowed for
one slow excitatory motor neuron (Ds) and one fast excitatory motdirect comparison with subsequent intracellularly recorded data as
neuron (Df) as well as three inhibitors (Pearson and lles 1971). EMi&scribed in the companion paper (Tryba and Ritzmann 2000). Teth-
electrodes were also inserted in the tibial extensor muscle (142a¢d walking data were then compared with treadmill walking data
(Dresden and Nijenhuis 1953) that is innervated by one fast extensollected at similar joint cycle rates.

(FETi) and one slow extensor (SETi) motor neuron (Atwood et al.

1969). For details of the recording sites and implantation methods, see

Watson and Ritzmann (1998a). Electrodes implanted by these métESULTS

ods do not interfere with leg kinematics (Watson and Ritzmann The first step in establishing the behavioral relevance of our

ﬁgg&;‘)' Animals haVifnghE.MG Wi(;?bsl implanted di” ftfheir T1 legs ak‘l'sféthered preparation was to determine how similar tethered
ad the serrations of their mandibles trimmed off to prevent t . T ot )
from biting through the EMG wires with their mouth parts. EMGes\,Walkmg behavior is to free-ranging movements. Here we com

were amplified and the signal digitally recorded on VHS tape usingﬁ?re.our tethe're'd W"’?”‘.'”g data to that obtained durlng treadmil
VCR equipped with an A/D converter. Synchronizing the electrici¥@lking at similar joint cycle rates. Comparison between
and kinematic data was facilitated by recording an onset trigger puld@oled data from cockroaches walking on a treadmill versus
marking the start of HSV recording onto both the electrical and vidagalking on the tether were made from data collected at similar
records. Additionally, a timing pulse for each video frame (125 HZpint cycle rates because it is known that several variables vary
was recorded along with EMG records. The start of the electricalith walking speed (Delcomyn and Usherwood 1973; Pearson
record coinciding with the beginning of the digitized sequence wa972). For example, motor neuron inter-burst interval, burst
then located by finding the correct time from the video onset trigg@ration, and frequency vary with walking rate (Delcomyn and
pulse. Usherwood 1973; Pearson 1972).

Data analysis T2 tethered walking

Joint-angle records sampled at 125 Hz were smoothed USING@yTeaLL PATTERN. OUr study includes walking rates be-

moving boxcar averaging method of three data points each of 8 ;
width. Smoothed joint-angle records were expanded by 40 times Oeen about 3.8 and 7.5 Hz. At these rates (previously referred

give the same number of data points as the EMGs that were digitizt q8sS slow running by Watson and Ritzmann 1998a), cock-

at a sampling rate of 5 kHz. Relevant kinematic and EMG sequené@@Ches typically use a tripod gait during walking (Delcomyn

were synchronized and merged into a common file using Data-Paciff71). All walking video records used for detailed analysis of
software from Run Technologies. All data conditioning and subs&ingle leg walking kinematics were visually examined to de-
quent analysis were also carried out with the Data-Pac Il softwaréermine the coordination between legs. In each case, front and
Slow or fast motor neuron potentials were discernible in the dkind legs of one side were in-phase with the opposite side
pressor coxa and extensor tibia records used for analysis. The timerifidle leg, which is consistent with a tripod gait. We further
onset and termination of individual EMG spikes was determined fyerformed a detailed analysis of all six legs for 10 steps each
the time when the voltage exceeded a common threshold. The threlﬁhﬁve animals. In each case, they used a tripod gait and an

old was set independently for each file and was chosen to maximggample of that analysis is shown in Figd.1

the number of EMG spikes detected. Deflections that clearly result
from movement artifact or cross-talk from other muscles were edit€@®MPARISON OF T2 LEG CTr AND FT JOINT KINEMATICS. One of

out by hand. Slow depressor and extensor potentials were distiur goals in this paper is to examine the changes in T2 leg joint
guished from cross-talk due to other muscles by the broad musgkigematics as the animal performs searching movements.
potential, the relatively larger size and the presence of a neural spi§erefore our analysis concentrated on movements of the T2
preceding each muscle potential. The burst onset and termination weke Tethered walking is qualitatively and quantitatively similar

defined as 0.5 ms before the first spike and 0.5 ms after the last s ; ; ; ;
in a burst (Watson and Ritzmann 1998a). The mean EMG frequeﬁ[ readmill walking in terms of T2 CTr and FT extension

was calculated as the mean of instantaneous frequencies withiﬁé{at'on’ jomt-angle:- excursions, and maximum and minimum
burst. The mean joint angular velocity was calculated as the regres§BWt angles_ (Fig. 2; Ta_ble 1). The combined trea_dmlll d_ata
slope of the joint-angle amplitude for the time interval between EME&OMpared in T_able 1 included 36 steps from nine animals
spikes. The start of each joint movement was taken as 0.5 ms befdféatson and Ritzmann 1998a), and the tethered data represent
the first detectable joint movement in one direction, and the end whg steps from three animals. In each comparison, mean values
taken as 0.5 ms before the first detectable opposing movemente used, and the data are from animals that did not have EMG
Extension onset phase was calculated as the onset of extension @kctrodes implanted in their legs. Of the variables examined,
flexion to extension transition) relative to the peak extension at tegynificant differences existed only for CTr and FT flexion
start (0) and end (1) of each joint cycle. The tarsus touchdown agfjration and FT mean joint angular velocity during extension
I/(i)gé(llfggtf;‘l were determined directly from visual inspection of the(TabIe 1). When comparing many factors, there is a possibility
: that statistical tests will report false differences simply by
, chance. At the 0.05 confidence level, one can expect that 0.7 of
Experimental protocol 14 of such comparisons to be statistically different by chance.
Tethered cockroaches were videotaped while they generated IS the three differences we describe here appear to be
movements on an oiled glass plate (Fig)1Tethered animals run- characteristic of tethered walking. The fact that flexion dura-
ning in a tripod gait could then be induced to switch to searching lépn was different in both the CTr and FT joints further sup-
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A 80 TABLE 1. Comparison of tethered and treadmill walking
60 Tether Tread P
= T2 Leg (Mean) (Mean) Value
5 40
—~E 70— CTr joint
2 © Cycle period, ms 134.1 146.2 0.1614
=) 0 —‘} Extension duration, ms 72.0 69.8 0.3104
2z 140 — Mean angular extension
= velocity, deg/s 706.0 781.0 0.4203
z - 120 Joint angle excursion, deg 49.1 46.1 0.2936
£ S 100 A Minimum joint angle, deg 11.5 14.2 0.1382
- =80 Maximum joint angle, deg 57.9 62.0 0.3700
B Flexion duration, ms 56.0 69.1 0.0018
60 FT joint
40 N : i I Cycle period, ms 133.2 143.6 0.2534
Extension duration, ms 56.0 64.8 0.8670
0 200 ) 400 600 Mean angular extension
Time (ms) velocity, deg/s 385.0 489.0 0.0248
Joint angle excursion, deg 22.2 25.8 0.1490
B Minimum joint angle, deg 88.1 86.4 0.1140
Maximum joint angle, deg 116.7 116.7 0.5640
80 Flexion duration, ms 68.2 825 0.0099
= -§ 60 Comparison of tethered (tether) and treadmill (tread) walking coxa trochan-
2 E 40 - ter (CTr) and femur tibia (FT) joint kinematics from middle legs (T2) of
S o cockroaches walking at similar step cycle periods (cycle period) in a tripod
EL 20 gait. Note the CTr and FT flexion duration and FT extension velocity were
f. 140 — significantly different for the two groups.
S =
< S; iég N T2 Ds AND SETi EMGs.  The similarities in T2 CTr and FT joint
£ g0 extension kinematics during treadmill and tethered walking
60 | suggested that the neural control of these joints was largely
40 - unaffected by the tether. We tested this hypothesis by record-

ing EMGs from the extensor muscles of the CTr and FT joints
during tethered walking (Fig.B) and compared the results for
Ds and SETi to those collected by Watson and Ritzmann
(1998a) during treadmill walking. The leg joint movements in
the tethered animals did not appear to be altered following

CTr Extensor

FT Extensor TABLE 2. Comparison of tethered walking and searching
T T T
0 200 400 600 800 Walk Search
Time (ms) T2 Leg (Mean) (Mean) P Value

FiG. 2. A: mesothoracic leg CTr and FT leg joint kinematic records duringTr joint
tethered walking in an animal that is not wired for EMGs. Superimposed on thecycle period, ms 150.4 145.3 0.6554
motion records, downward arrows indicate tarsal (foot) substrate contactgxtension duration, ms 80.0 40.0 <0.0001
Upward arrows indicate points at which the tarsus was lifted off the treadmill. Mean angular extension
B: mesothoracic leg CTr and FT leg joint motion records synchronized with  velocity, deg/s 904.0 587.0 0.0021
CTr and FT extensor electromyographic (EMG) records during tethered walk-joint angle excursion, deg 445 30.3 <0.0001
ing. Arrows as inA. Minimum joint angle, deg 9.9 21.2 <0.0001
ports the notion that the differences we report here are not du;“aﬂiﬁ:g‘n“’;"u‘f;;‘;ﬁf ”fr’,'f - deg gg_’g 1;1% <0_0°(58281
to chance. The fact that 11 other parameters were not signifiExtension onset phase 0.4 0.7  <0.0001
cantly different in treadmill and tethered walking suggests th&t joint
tethered walking is similar (overall) to treadmill walking. Cycle period, ms 1433 147.6 0.7436

The inter-joint coordination in T2 and T3 legs was also Eﬂ)gzﬂséﬂglﬂg:aéﬁghggn 720 48.0 0.0019
normal in the tethered preparation. In treadmill walking, both  vejocity, deg/s 363.0 1,576.0 <0.0001
the CTr and FT leg joints in each leg extend during the stanceoint angle excursion, deg 22.9 66.7  <0.0001
phase of tripod walking to propel the animal forward. While Minimum joint angle, deg 86.5 71.5 0.0003
the CTr and FT joints act in concert through much of stance,’l\:’:g)’gg‘n“?ugg‘; rf‘”rgl':' deg 1?3'8‘ 193202 <0'%08%51
the CTr joint extension onset and termination precedes that Ofytension onset phase 0.5 0.7 0.0008
the FT joint (Watson and Ritzmann 1998a) (Fig.A22andB; cCTr-FT extension
Table 2). For tethered walking, we found a mean CTr-to-FT Onset delay, ms 15.7 —245 <0.0001

extension onset delay in T2 of 157 5.1 (SD) ms & = 3 Comparison of tethered walking and searching CTr and FT joint kinematics
animals, 19 joint CyCIeS; See_ a_lso Table 2)' This de'aY 1S Wlthm)m middle legs (T2) of cockroaches at similar cycle periods. Note that only
the mean and SFandard deviation reported for treadmill walkigg cTr maximum joint angles were not significantly different for the two
(Watson and Ritzmann 1998a). groups.
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implantation of EMG electrodes (see also Watson and Ritz- . G 1 SEARCHING
mann 1998a).

We first looked at the relative timing of Ds and SETi burst A * Mean Ds Onset
onset. Based on the kinematics described in the preceding text, 12 v
one expects that the CTr extensor (Ds) would become active
prior to the FT extensor motor neuron (SETi), and this is 10
indeed what we found (Fig.B). We graphed the Ds burst onset
times as a percent of SETi burst cycle (Figh)3each SETi s |
burst cycle was defined by onset-to-onset times. In walking, Ds
burst onset time is negative, as it precedes the SETi cycle onset
by a mean of 10.07%n(= 4 animals, 48 cycles; Fig.A}.

We next looked at the timing of T2 Ds and SETi potentials
within each burst. The distribution of potentials within each 4
burst may be altered by the tether conditions. For example, Ill

Frequency
(=3}
|

walking on a glass plate may result in very different afferent
feedback than the treadmill, and the altered sensory feedback
could influence the intra-burst pattern of potentials. To exam-
ine this possibility, we plotted a cumulative histogram of Ds or 0
SETi potentials normalized across bursts (Fig. 4). The repre-
sentative data shown are compiled from 13 CTr and FT joint

cycles from one tethered animal. These data were also consis- Ds Onset Time as % of SETi Burst Cycle
tent with data compiled for six joint cycles taken from another

tethered a_mim_al. As was the case fo_r tr_eao!mill walking, teth- Walking Extensor Coordination

ered walking involved a consistent distribution of Ds or SETi Df Ds
potentials within a burst (Fig. 4). In this histogram 0% on the

X axis represents the beginning of the motor neuron burst and CTr Extensor ARl
100% represents the end of the burst. The first 15% of the Ds

burst includes a high-frequency period (Fig. 4). In contrast,

SETi bursts at a high-frequency beginning at about 70% of the FT Extensor
burst cycle (Fig. 4). This high-frequency SETi activity begins

near the end of stance at a time when Ds activity markedly

declines and it continues after the Ds burst terminates (Fig.

2B). This pattern is identical to that described for treadmill

walking (Watson and Ritzmann 1998a). As cockroaches run Searching Extensor Coordination
faster, the high-frequency SETi activity at the end of stance
may be accompanied by FETi motor neuron activity (Watson
and Ritzmann 1998b) (Fig.B3. We occasionally recorded
FETi in the tethered preparation and found the placement
within the SETi burst to be consistent with treadmill data (Fig.

-5 <10 5 0 5 10 15 20 25

SETi FETS 200 ms

CTr Extensor

FT Extensor

3B).

? ¢ 200 ms
RELATIONSHIP OF T2 B AND SETi ACTIVITY TO JOINT
K'!\'EMAT'CS' Wh”e,the distribution of Ds or SETi pOtem'al_S FIGc. 3. A: histogram showing mesothoracic leg walking and searching slow
within a burst remained largely unchanged whether the anim@hressor coxa neuron (Ds) activity onset times as a percent of the slow
was walking on a treadmill or tethered, it is possible that thextensor tibia neuron (SETi) burst cycle duration. Filled bars represent walking
relationship of the potentials relative to the joint cycle jgata and open bars represent searching data. Burst cycle duration calculated as

; : Ti onset to onset times. Downward arrows indicate mean Ds onset as
different when the animal walks on the two substrates. T rcentage of SETi burst cyclB: CTr and FT extensor EMG records obtained

factors that are clearly different and could be important hegﬁring tethered walking. EMG potentials from slow depressor motor neuron
are the differences in friction encountered by the tarsi (food}tivity are marked Ds; Df indicates potentials arising from fast depressor

and the lack of inertia experienced by the tethered animals. FPmtor neuron activity. Slow extensor tibia activity is labeled SETi, and that of

example, the onset of joint movement could occur earlier 5t extensor tibia is marked FET(1_‘.: coxa-trochanter depressor and fe_mur_—
P | (El}ja extensor EMG records showing the CTr and FT extensor coordination

late,r) and/or the jOiI’]t VelOCity could be Signiﬁcamly altere uring tethered searching. Searching records obtained from same animal as
during tethered walking. In that case, the distribution of EM¢p g,

activity relative to joint cycle may be significantly different
during tethered versus treadmill walking. tethered animal. These data were also consistent with data
To look at the relationship of muscle activity to the jointompiled for six joint cycles taken from another tethered
cycle, we re-plotted the EMG data, now relative to the joirgnimal. In contrast to the histogram plotted in Figp, 4he
kinematics. Cumulative frequency histograms of Ds or SETistograms in Fig. 5A and B, start and end at peak joint
motor neuron potentials within the CTr or FT joint cycle (4.&xtensions (i.e., extension-flexion transition). As was the case
Hz) are shown in Fig. 5A and B. The representative datafor T2 treadmill walking data (Watson and Ritzmann 1998a),
shown are compiled from 13 CTr and FT joint cycles from onguring tethered walking, Ds and SETi markedly increase ac-
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A

Tethered Walking : T2 % Ds Potentials vs. % CTr Joint Cycle

S
|
I
[

Tethered Walking; T2 % Potentials vs % Burst duration versus mean step period; the burst duration at a given
] bs SETi * Mean Foot Set- Down walking rate was not shorter during tethered walking compared
with treadmill walking (data not shown). We will speculate
8 8 further on possible reasons for this difference in slope in the
+ ey DISCUSSION
74 -7 2
&
6 - — -6 3 Tethered searching
IR S ?E SWITCHING FROM TRIPOD WALKING TO SEARCHING. Having
= > = ] A -3 g demonstrated the behavioral relevance of tethered walking, we
ZE) 4 — | L4 7 can now examine a context dependent change in behaviqr; ie.,
S i S the switch from walking to searching. In all cases examined,
X 34 3 %

B Mean CTr Extension Onset§ Mean Ds Burst Onset

|
I

10

0 e 0
0 10 20 30 40 50 60 70 80 90 100
% Burst = =

Fic. 4. CTr extensor (Ds) (open bars) and SETi (hatched bars) EMG _ M
activity from mesothoracic (T2) joint cycles in which only slow motor neurons
were active during tethered walking. Data are normalized for the duration of
the burst. Within each burst there is consistent occurrence of high-frequency
activity. Filled bars represent frequency of occurrence of foot set down.
Downward arrow indicates mean foot set down.

% Ds Potentials
]

tivity at 35—40% of their joint cycle and activity declines at
around 90% of the joint cycle (Fig. 3 andB). The mean Ds 2
burst onset began at about 25% of the CTr joint cycle (FAg. 5
while the mean SETi burst onset began around 40% of the FT H
joint cycle (Fig. B). The mean CTr extension began at about 0 R T i
40% of the CTr joint cycle (Fig. A), as was the case during 0 20 40 60 80 100
treadmill walking (Watson and Ritzmann 1998a). FT extension % CTr Joint Cycle
occurred around 47% of the FT joint cycle (FigB)5 The
timing of tethered walking T2 leg FT extension onset resem- B
bled that of the T3 leg FT extension during treadmill walking Tethered Walking : T2 % FT Cycle vs. % SETi Potentials
onset as both began at around 48% of the FT joint cycle (Figure B Mean FT Extension Onset ¥ Mean Ds Burst Onset
5B). Watson and Ritzmann (1998a) did not report whether 12
there are significant differences in the FT extension onset times _
for the two legs during treadmill walking. 104 Al A
Because motor neuron frequency markedly influences the
rate of muscle contraction it should also be related to joint
angular velocity. Indeed, for horizontal treadmill walking
Watson and Ritzmann (1998a) found a direct relationship
between mean instantaneous frequency and mean joint veloc-
ity. For tethered walking, we also found that the mean depres-
sor or extensor motor neuron firing rate was correlated to the
mean CTr or FT joint extension velocity € 0.81,P < 0.0001
andr = 0.86, P = 0.003, respectively; Fig. 6A and B).
Tethered CTr data shown include 20 CTr joint extensions from 27
three animals, while FT data represent 16 joint extensions from —[ H
two animals. However, the slope of the regression function was 0 - : : : :
considerably lower. For tethered walking, a given mean instan- 0 20 40 60 80 100
taneous extensor motor neuron frequency consistently resulted
in a lower mean CTr or FT joint velocity than during treadmill
walking (Fig. 6,A andB). One possible explanation for this ric. 5. A: CTr slow depressor (Ds) activity from mesothoracic (T2) joint
discrepancy is that during tethered walking there might becgcles during tethered walking (open bars). The data are normalized to the CTr

decrease in burst duration and at a given mean EMG frj@i_nt cycle where joint cycles begin and end at maximum extension. Filled
vertical bar indicates mean CTr extension onset; downward arrow indicates the

q_ue_ncy_’ _the mus’_c_le IS not active Iong eno_l'lgh to prOduq:r?ean Ds burst onseB: slow extensor tibia SETi activity normalized to the T2
similar joint velocities as occurs when the animal walks on f@r joint walking cycle ¢). Downward arrow, mean burst onset. Solid vertical

treadmill. We tested this hypothesis by plotting mean Ds burigdr, mean FT joint extension onset.

S
|

% SETi Potentials
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A switch was very reproducible. Mesothoracic (T2) leg data from

T2: Mean Ds Frequency Vs. CTr Joint Velocity five animals revealed that in 100% of the trials, including 10
A £=072, p<0.0001, Ds EMG (Treadmill)

consecutive trials from each animal, the animals switched from
B =081, p<0.0001, Ds EMG (Teth . . . '
2000 P= (Tethen walking to searching on lowering the substrate. In 86% of the
1800 - A trials, the animals reestablished a tripod gait following the
1600 return of the substrate to the horizontal position.

For both cats (Pearson et al. 1992; Whelan et al. 1995) and
insects (Cruse 1976; Cruse and Saxler 1980), the switch from
stance to swing phase during walking requires that the leg is
extended and unloaded at the end of stance (see also, Pearson
1976). Therefore we examined if after the animal switched
from walking to searching, the extended T3 leg would swing
400 - forward when the substrate is moved away from the animals’
200 body. To test this, we rolled the pitched glass plate beneath the

S —— cockroach. That movement resulted in one side of the animal

140 160 180200 220 240 260 280 300 320 340 being closer and one side farther from the substrate. A similar

Mean Ds Frequency (Hz) effect was accomplished by pla(_:lng the anlmal’s right a_nd left
legs on two separate glass microscope slides, allowing the

B substrate for a T3 leg on either side to be lowered indepen-

T2: Mean SETi Frequency Vs. FT Joint Velocity dently. When the substrate on one side was lowered (by either

A ¢ =062, p <0.0001, SETi EMG (Treadmill) method), the T3 leg on the side where the animal was farther

B+ =086, p=0.0030, SETi EMG (Tether) from the substrate engaged in searching, whereas the opposite

600 T3 leg remained extended in stance< 3 animals;n = 12
trials).

It is possible that on pitching the glass plate down, afferent
feedback from joint-angle receptors provide some of the sen-
sory cues for the animal to switch from walking to searching.
If this is the case, there should be a consistent relationship
between the pitch of the glass plate and switching from walk-
ing to searching. For the T2 leg, we determined the distance

M that the edge of the glass plate (closest to the anterior of the

1400 —
1200
1000 |
800
600

Mean CTr Joint Velocity (Deg./s)

500 ~
400 |
300 -
200

animal) needed to be lowered for four animals to switch from
tripod walking to searching. Each of the animals was tethered
L e N at an equivalent distance from the edge of the glass plate. For
80 100 120 140 160 180 200 220 240 260 280 84 trials, the mean distance was 6610.74 (SD) mm. While
Mean SETi Frequency (Hz) the absolute values are unique to the experimental set-up, the
FIG. 6. A: mean joint extension velocity is linearly related to mean instal data-mdlcate there -Was a f-alrly narrow _range of p|tch_angles
tanedué sIoW motor neuron activity at each joint. Mean Ds activity vs. me ]ﬂa‘t induced behavioral SWItChlng desplte not Contro”mg for

CTr extension velocity during tethered walking (filled squares) and treadmtffiables such as walking rate and rate of pitching the plate
walking (open triangles)B: average SETi activity vs. mean FT extensiondown.

velocity during tethered walking (filled squares) and treadmill walking (open |n stick insects, it has been shown that searching movements
triangles). can be interrupted when the leg encounters an obstacle (Bassler

the tethered position allowed the cockroach to make tar§did- 1991). Therefore we anticipated that if a leg performing
contact with the substrate for all three legs during the stan %arc_hlng movements in our preparation enpounteyed a foot-
phase. The distance of the anterior end of the animal relativ ld, it wc_>u|d also stop searching. To test th|s, we introduced
the substrate could be increased by either raising the glass mm-d|§1meter hand-held wooden dowel into the path of the
attached to a manipulator, which resulted in pitching the tet rsus while the leg searched. When the tarsus grasped the

ered animals’ anterior upward or by dropping the glass plate 5‘}‘,Qoden dowel, the animal grasped the stick with the tarsus and

100

Mean FT Joint Velocity (Deg./s)

which the animal walked. In either case, this change faithfulg}PP€d searching with that leg while searching persisted in
resulted in a change in leg movements from walking to searc her legs. Pul!mg the dowe_l away, until the an.lma_l no '0”9‘.”
ing. That is, the animal ceased running in a tripod gait and tgéa_sped the stick, re;ulted in the leg re-engaging in searching
T1 and T2 legs engaged in searching. The T3 legs stopd@d‘ 2 animals, 26 trials).

cycling and remained extended. The mean CTr joint angfe LEG CTr AND FT JOINT KINEMATICS DURING SEARCHING. Un-
measured when T3 legs stopped cycling was 103.31% of tilee walking, searching may involve simultaneous extension of
maximum CTr joint angle measured at the end of stance phasgmental pairs of legs (searching: Franklin and Pearson 1984;
during walking 6 = 3 animals; 19 trials). These data aravalking: Pearson 1976; Pearson and Fourtner 1975). As was
indicative of the extended position of the T3 legs while ththe case for locust searching (Franklin and Pearson 1984), we
animal performed searching movements with its T1 and Té&casionally observed nearly synchronous extension of pairs of
legs. Lowering the tether or raising the substrate usually reither T1 or T2 legs during the aerial phase of a searching
sulted in all six legs once again engaging in a tripod gait. Thépisode it = 5 animals, 15 observations). We did not quantify
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the frequency of occurrence that both legs of a thoracic seg-

ment extended during the aerial phase of searching as it was 80
not necessary for the conclusions drawn based on these data. In = 60
tethered animals, this frequency may increase due to the fact K=
that the requirements for the legs to support the animal above f 40
the substrate are reduced compared with freely behaving ani- & &
mals. Nonetheless, these data suggest that left and right legs of £ 20
the same segment are not as tightly coupled (in anti-phase) o 0 -
during searching as they are during walking. < 160 -
An even more obvious difference between walking and § 140 |
searching is that during searching, CTr and FT extension ~ = 20 -
occurs while the leg is in the aerial phase whereas during = 100 -
walking, extension at these joints occurs during stance. Exten- =
sion during protraction allows the animal to extend the limb = 807
away from the body and toward the substrate. If the tarsus 60 -
makes contact with the substrate, the limb is drawn toward the 40 f I I I
abdomen (Fig. &). The flexed leg is lifted off the substrate, 0 200 400 600 800
protracted, extended, and then placed back down on the sub- i
strate. The searching behavior is repeated several times (Fig. Time (ms)
7A). The extension during the aerial phase allows the animals B
to search for a foothold over a wider area and reach higher
footholds than would otherwise be possible (see also, Franklin 80

and Pearson 1984). A closer examination of the CTr and FT

= 60
joint kinematics revealed several parameters that were different 3 § 20 WM
from those measured for tethered walking (Table 2). The a8 E
tethered walking kinematic data included 17 steps from three i 20 * ? ‘ f * f * ? *
animals, and the tethered searching movements represent 16 & 140
steps from three animals; none of these animals was wired for & _ 120
EMGs (Table 2). We compared data collected only at similar = E100
mean joint cycle rates so the number of samples available for e 80
comparison was fairly limited. Nonetheless even with limited a jg
comparisons, it is clear that during tethered searching, CTr and
FT joint movements are very different from tethered walking CTt Extensor

[compare kinematics from the same animal in Fi§. (2valk-
ing) and Fig. A (searching)]. When we compared T2 CTr and
FT extension duration, joint angle excursions, and maximum
and minimum joint angles during walking with those during FT Extensor
searching, all parameters differed significantly except the CTr
maximum joint angle data (Table 2). The similarity in maxi-
mum joint angle may reflect anatomical extremes.
Among the differences between searching and walking joint 0 500 1000
kinematics, the relative timing of the CTr and FT extension and Time (ms)

the excursions of the CTr and FT joint movements are partIC-FIG. 7. A: mesothoracic leg CTr and FT leg joint kinematic records during

ularly striking. The mean onset of FT joint extension duringnered searching from an animal not wired for EMGs. Compare searching
searching is phase advanced relative to that of the CTr fta in Fig. A with walking data from the same animal in FigA.2B:
245+ 10.7 (SD) ms (see also Table 2). This is in contrast toesothoracic leg CTr and FT leg joint motion records synchronized with CTr
walking where CTr extension precedes FT extension (Wais§ T exerier ENC records whe e leg s seaching for 2 footol.
and Ritzmann 1998b). There is also a marked increase in P g d

L . . . . Fig: 2B. Arrows as in Fig. 2.
FT joint excursion and decrease in CTr excursion during

searching versus walking (compare Figh @vith Fig. 7A;  cycle period,P = 0.186). The mean and peak instantaneous
Table 2). SETi frequency was always higher during searching versus
T2 Ds AND SETi EMGs. Consistent with the advance of the FTwalking (Fig. 8,A andB). In contrast, the mean and peak Ds
joint movement relative to CTr movement, during the exterfrequency was lower during searching than during walking
sion phase of searching versus walking, SETi activity onsgtig. 8, A-D; P < 0.0001 for both mean and peak SETi and Ds
precedes Ds during searching (FigC)3The mean onset time values). The data shown (Fig./&;-D) include five SETi cycles

for Ds during searching occurs at 15.7680= 4 animals, 20 and four Ds cycles from one animal during searching and
cycles) of the SETi cycle, that is, after SETi activity onset (Figvalking. The same relation was also found in another animal
3A). We also found systematic changes in instantaneous mdiar seven searching and five walking SETi cycles and six
neuron frequency in searching relative to walking at similavalking and six searching Ds cycles (data not shown). In
joint cycle rates (CTr joint cycle period® = 0.081; FT joint contrast to tethered walking the mean depressor or extensor
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FIG. 8. A: peak and mean instantaneous frequency of T2 leg SETi activity are greater during searching than during walking at
a similar cycle rateB: Ds mean and peak instantaneous frequency are lower during searching than during walking at a similar joint
cycle rate. Open circles, walking data. Filled boxes, searching Gata. illustrate that the mean instantaneous frequency during
each cycle of searching vs. walking do not overlap, we plotted the mean SETi instantaneous frequency and SE (bars) for each of
the walking and searching cycles showrAnD: the mean Ds instantaneous frequency and SE (bars) for each of the walking and
searching cycles shown in FigB8illustrating that the mean instantaneous frequency for each walking or searching cycle does not
overlap.

motor neuron firing rate was not directly proportional to theearching movements, it is possible that during searching the

mean CTr or FT joint extension velocity (data not shown). T2 legs move away from their typical walking behavior and
closer to the walking movements of the T1 legs. Indeed, in

Comparison between T2 searching and T1 walking walking crickets, the FT joint of the T1 leg extends prior to the

Although the joint kinematics of the T2 legs go througI@TrJO'mdU”nQ swing phase, whereas the T2 Ieg CTr extends
considerable changes in switching from walking to searchingfior to the FT joint during stance (Laurent and Richard 1986).
T2 searching has some features in common with the walkid¢ie T1 legs of crickets during walking thus show similarity to
movements of the front legs. In insects, each segmental paitla@ T2 legs of the cockroaches during searching.
legs plays a unique role during walking (Full et al. 1991). In Unfortunately, the treadmill data that we used to compare to
cockroaches, hind (T3) and middle (T2) legs provide propudur tethered data did not include the front legs. Thus we could
sive forces while front (T1) legs provide braking forces, invegiot compare T2 searching data to cockroach T1 walking data
tigate footholds, and contribute to changes in body orientatiomithout making our own observations of T1 legs during tread-
If the movements of T1 legs during walking are similar to T2nill walking (Fig. 9,A andB). A complete analysis of walking
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and searching in the T1 legs was beyond the scope of this A o
study. However, we were able to obtain sufficient kinematic T i

data to confirm the similarity to cricket front leg data and to N

make a qualitative comparison to our T2 searching data. Re- A B c b
cording EMGs from T1 legs during free walking presented

serious technical challenges. Because of the wide range of 140 - I; C' 1;

motion of the front legs, coupled with the proximity to the
head, the animal can readily tangle wires with the other legs or
bite through them, thereby breaking the wires. Thus we were
only able to obtain clear EMG data for two animals (of more
than 50 trials). Again, these data were sufficient to make some
gualitative comparisons.

T1 WALKING KINEMATICS. As in the cricket, the cockroach
protracts the T1 leg during swing phase. Reaching forward
during swing involves a reduction of the body-coxa (BC) joint
angle (points A-B in Fig. 8; n = 12 stepsn = 2 animals). To
accomplish foot set-down, the FT joint is extended at mid-
swing phase followed by extension of the CTr joint that de-
presses the leg onto the substrate (point B in FA). These
actions are in contrast to those of the T2 and T3 legs during
walking where both FT and CTr joints extend during stance
with CTr joint extension preceding that of the FT joint (Watson
and Ritzmann 1998a). Subsequent to foot set-down (point B
Fig. 94), the CTr joint flexes and then extends again, while the
FT joint either flexes throughout stance (Fid\)%r is held at
a relatively constant angle after a brief flexion (Fig3)9
During the stance phase, the coxa is rotated posteriorly at the
body-coxa (BC) joint (Fig. 8). The second extension of the
CTr joint during stance coupled with the rotation of the BC
joint thrusts the T1 leg away from the anterior of the body (Fig.
9A).

We observed more variability in the T1 coordination than
was found for T2 and T3 legs. However, the variants appeared

BC Joint
o
<

Joint Angle (Deg)
CTr Joint
®o
oo
E S O S

0 200 400
Time (ms)

w

r T L T T T
1000

CTr Joint

Joint Angle (Deg.)

FT Joint

CTr Extensor

to fall into two basic walking strategies. These strategies dif- 0 200 400 600 800

fered in joint kinematics after foot set-down. One strategy Time (ms)

simply involved further extension of the CTr joint. We refer to

this simpler movement astrategy 1(Fig. 9B). The other C

movements, which we refer to adrategy 2,involved the

biphasic extension of the CTr joint during stance that is de- 120 R 4
scribed in the previous paragraph. (Fidy; % = 9 stepsh = 100 | I\ ’/N\ / \\

2 animals). ¢ "/ \ / \/y [N
T1 TREADMILL WALKING EMG s AND KINEMATICS. The two ani- 5 60~ \\N// "~/

mals from which we successfully recorded EMGs during tread- E J \/’

mill walking used strategy 1kinematics (Fig. 8; n = 10 go 40- + * + * i *
steps). The use dftrategy lkinematics by these animals was 2 140 /\

not a consequence of wiring the animals for EMGsiaategy %" igg / \\ / \\

1 kinematics were also observed during tethered walking from g § 80 / / \\ / \
an animal not wired for EMGs (data not shown). The motor =2 7= 60—/ / A/ -
activity was consistent with the unique kinematics of T1 legs w40 | r B
and is in contrast to T2 and T3 legs during walking. That is, the 0 200 400 500
SETi burst onset occurred about 40 ms prior to that of Ds (Fig. Time (ms)

9B). Also, the SETi and Ds activity began prior to foot touch

FIG. 9. A: CTrand FT joint-angle data from prothoracic leg kinematics during

down during the swing ph.ase (FigR During protraction of treadmill walking. Joint kinematic record as in Figh,dut includes the BC joint

the T1 leg, V\./h_e.re the animal brought the leg forWard' SE pésition (see also Fig. 1). Stick figuremg) show select prothoracic leg joint

bursts at an initial high frequency and was occasionally coppsitions during the step cycle. A-D and arrowheads mark where on the kinematic

pled with recruitment of the fast extensor tibia motor neurdgcgfd th?hstick,figllwe gﬁtaV\;erFeTt’leen f_rfzm d:{ring the Sdtep Cycrlle (a_rFO\évs atf] ing:ig-
P . ; o . B: prothoracic leg CTr an leg joint motion records synchronized wi r

(FETI’ Fig. 93) Aft‘?r. the FT joint EXtended’ SETI activity d FT extensor EMG records during treadmill walking at about 4.4 Hz (arrows

declined and Ds activity began. The early high-frequency SE

ok din Fig. B). C: prothoracic leg CTr and FT leg joint kinematic records during
was followed by much lower frequency secondary activitiéthered searching for a foothold (arrows as in Fig. 2).
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after foot set-down and resulted in SETi having a distinéérences in the kinematics and neural control were observed,
biphasic pattern of activity (Fig.B). we will speculate on the possible role of sensory feedback in
Both the joint kinematics and EMG activity of the T1 leg areausing these differences.
consistent with data reported from front legs of other insectsOur data further showed that T2 CTr and FT joint kinematics
(Burns and Usherwood 1979). Moreover, aspects of them aharing searching were markedly different from those observed
qualitatively similar to the data we report on the T2 ledor walking. Preliminary observations suggest that there are
searching behavior. In particular, the extension of the FT joiatso some differences of CTr and FT joint coordination in the
prior to that of the CTr during swing and the fact that SETi fire§1 legs during walking versus searching. While the T1 and T2
a high-frequency burst prior to the onset of Ds activity argearching joint kinematics were similar, the T1 walking joint
reminiscent of T2 searching. However, although extension wfovements also shared some similarities with T2 searching
the T1 CTr joint during walking began during leg protractiomuring initial leg protraction. Our data suggest several possi-
(Fig. 9, A andB), there was also extension during stance (Fidilities for neural control of two leg joints during two different
9, AandB). Thus the CTr joint movement is more complex anehaviors. For example, compared with walking, there is a
variable during T1 walking than T2 searching, but T2 searclelay in onset of T2 CTr extension during searching. This
ing is more similar to T1 walking than it is to T2 walking (Fig.delay may be the result of direct inhibition of Ds, reduced
9A). excitation, delayed excitation or, more likely, a combination of
T1 SEARCHING KINEMATICS. We also briefly looked at joint these mechanisms. We begin to address these hypotheses in the
kinematics during T1 searching movements (Fig; @ = 2 companion paper that follows (Tryba and Ritzmann 2000).
animals,n = 10 cycles). There were some differences in the
coordination of T1 CTr and FT joint kinematics during searctGomparison of tethered and treadmill T2 walking

ing versus walking. Searching involves larger joint excursions L .

than walking (Fig. €). This finding is not unexpected as we While many of the T2 joint kinematics and EMG parameters
induced searching movements by raising the tether, pitchifj tethered and treadmill walking were similar, there were
the animals’ anterior end away from the substrate. In contr&@me differences. For example, although we found a linear
to T1 walking, searching involved CTr extension primarilfelationship between mean EMG activity and mean joint ve-
(Fig. 9C) resemble those of T2 searching (Fig))7as both Peen previously shown for treadmill walking.

involve extension of the FT joint prior to the CTr joint and both There are several possible explanations for this difference.
joints extend during leg protraction. First, it is possible that the insertion of EMG wires into the legs

somehow influenced the rate of leg extension during tethered
walking. This was not the case in treadmill walking but could
be when the animal is tethered. While we did not test this
A variety of experiments using deafferented cockroachégpothesis directly, FT joint angular velocity during extension
suggested that coordination of muscles acting on a joint canwas actually lower in tethered animals that are not wired for
centrally patterned (Pearson 1972; Pearson and lles 197)IGs than in animals during treadmill walking (Table 1).
However, it is unclear whether the fictive coordination proFhese data suggest that electrode implantation alone cannot
duced by these restrained preparations is the same as #waount for the decline in joint velocity during tethered walk-
underlying actual walking, struggling or rocking behaviorfng. Second, the tethered animals are not experiencing the
(Reingold and Camhi 1977). Further, it is known that feedbaclormal whole body inertia of a freely moving animal, and that
from leg sensory structures is important in coordinating legpuld account for some of the decrease in joint velocity relative
joint movements in a normal way during walking (cat: Duysert® EMG frequency. Third, the decline in mean joint velocity
and Pearson 1980; Pearson et al. 1992; stick insect: Bassafery also result from the relative degree of slippage or drag that
1983; locust: Burns 1979; cockroach: Delcomyn and Ushedhe foot experiences during tethered walking. For example, it
wood 1973; Krauthamer and Fourtner 1978; Spirito and Mushiay be that with application of different amounts of oils to the
rush 1979) and searching for a foothold (stick insect: Karg glass plate, or using oils of different viscosity, the tethered joint
al. 1991). velocity during walking would more closely resemble that
It is clear from these studies that understanding the neudriring treadmill walking. One would expect a lower joint
basis of behaviors such as walking and searching requikesocity if the resistance to foot movement on the glass plate is
clearly defining the behavior examined and studying the bleigher than during walking on a treadmill.
havior under circumstances where essentially normal move-There is some evidence to suggest that the tethered animals
ments and sensory feedback are produced. To define the dxperience an increase in resistance to foot movement during
haviors examined, we characterized the relationship betwesance, and this results in a decline in extension velocity at a
motor neuron activity and kinematics of some of the jointgiven muscle activation rate. Compared with freely walking
involved. To ensure that the behaviors studied involved esseackroaches, the relationship between Ds frequency and step
tially normal movements, we compared the behavior of operiod is lower for animals that have an increase in resistance
tethered preparation to similar data sets from freely walkirtg extension when they drag a weight (Pearson 1972). Along
animals on a treadmill. We found that many of the jointhese lines, animals that were climbing over obstacles had a
kinematic and motor parameters measured during tetheteder slope in this relationship than animals walking on a
walking are similar to those during treadmill walking. Outreadmill (Watson et al. 1998). In that case, the forward inertia
subsequent analysis focused on those aspects of the tethefedimbing animals would presumably be less and extension
movements that are similar to treadmill walking. Where difresistance would increase as the animal climbed against grav-

DISCUSSION
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ity. Additionally, during walking in locust, there is a decrease We can now also define the searching behavior by extension
in swing duration when extension resistance is increased (Nesfthe FT and CTr joints during leg protraction. In all cases of
land and Emptage 1996). Thus if there is an increase dearching examined, the onset of FT extension preceded that of
resistance to extension during tethered cockroach walking, ahe CTr joint. Further, the onset of the extension cycle of
would a expect a decline in flexion duration at a given stefearching included a characteristic high-frequency SETi activ-
period for both the CTr and FT joints, and this was shown i8 that was accompanied by little or no Ds activity (Fid)7
be the case (Table 1). _ _ _Thus searching included characteristic patterns of motor activ-
We also noted that the mean extension velocity during, and the consequent joint kinematics. As both the T2 CTr
tethered walking (at a particular rate) shown in Tat_)le 1 wagyg Fr joint kinematics and motor activity of searching are
Hm%rkedly different from walking, either of these parameters
Tan be used to identify ongoing searching (Figs. 2, 3, and 7). In
Fontrast to our data, Delcomyn (1987) actually recorded two
Sﬁ!"ﬁerent patterns of Ds motor activity, and it is not clear
whether both result from variability in searching or are differ-
ent behaviors. Whether one pattern or the other was observed
depended on whether some or none of the legs were supported
Tethered T2 leg and freely behaving searching by substrate (Delcomyn 1987). There is evidence that different

behaviors may be expressed depending on degree of substrate

The tethered preparation provided several technical adva@ntact. For example, it is known that the flight motor activity
tages to studying searching. While freely behaving cocls o\ oked following substrate removal and loss of tarsal contact
roaches produce leg searching movements following 0SS o},8.,mer and Markl 1978). To control for this possibility,

foothold as they walk over uneven terrain (Franklin and F)e"”sréarching in this study was always examined under conditions

son 1984), it would be difficult to define leg searching kine- .
matics and motor coordination under these circumstances. T\r[‘lﬁléere the tarsi of all legs could contact the substrate. Further

joint-angle calculations in three dimensions require a latelaC"e c_haracterlzatlon of m_ultlple joints ensure(_j that we were

and ventral view. Obtaining an appropriate ventral view woufd@mining the same behavior in each preparation.

not be tractable under conditions involving terrain complex

enough to reliably evoke searching leg movements (see Frafi-\yalking and searching

lin and Pearson 1984). It would also be problematic in freely

moving animals to collect enough data at similar joint cycle The CTr and FT joint movements vary among the three sets

rates to make comparisons between data sets. Ideally, the figegs. T1 legs showed distinct differences from T2 legs

joint angles should be measured so there can be consistefgiing walking while T1 leg data included fewer differences

among different investigators studying the same behaviors.petween searching and walking than T2 legs did. For example,
There is qualitative data from locusts to support the notigRe onset of FT extension that is followed by CTr extension

llarities with searching movements of freely behaving insecfs, ., 71 \alking. Thus there may be similar neural architecture
goFIrli\r/]vli(::S' atﬂg I;::rrgr?ir:]gl?g;)ﬁr-llgjhe(erzges‘sln;ggggle(aslel\?gtli%?\e atl['.l?lderlying the coordination of the principal leg extensors dur-
" . . . . . ~ing onset of T1 searching and walking (Fig.A;-C). During
depression, there is marked extension at distal joints du“ng%ﬁgsearchin (that bears kinematic resemblance to T1 search-
aerial phas_e, t_he sear_ching pattern continu_es ff)r several €YGG) and T1 \Q/]valking, the onset of the extension cycle included
the behavior is terminated when the animal’s legs Stoppy h-frequency SETi activity at a time when there was cessa-
cycling, and the behavior ceases if the leg engaged in searcr}t g .
encounters an object and finds a foothold ion of Ds activity (Figs. B and B). There does appear to be
' some consistency in the searching behavior of T1 and T2 legs.

Both T1 and T2 searching involves extension of the FT joint
prior to CTr extension and continued extension throughout

Our data are also consistent with and provide further suppgrbtraction (Figs. € and B). This observation suggests there
for the hypothesis proposed by Delcomyn (1987) that searahay be similar Ds and SETi motor neuron activity during these
ing and walking are distinct behaviors. Delcomyn (1987) exdehaviors. Since activity of Ds and SETi and the resultant CTr
amined searching Ds activity of cockroaches tethered abovarad FT joint movements are clearly different for T1 versus T2
glass plate. He found that for T2/T3 legs there was a decreasel T3 legs during walking (T1: Fig.B T2: Fig. 2B; T3:
in Ds frequency and inter-burst interval during searching condvatson and Ritzmann 1998a), it appears that walking involves
pared with walking. We also found that there was a lowaelifferent neural mechanisms coordinating the FT and CTr
frequency of Ds activity and a higher SETi frequency duringints in the T1 legs than in T2 (or T3) legs. The unique
searching. These findings may in part account for the smaltmordination of the CTr and FT joints for each of the legs
CTr and larger FT joint excursions during searching versasiring walking may reflect the roles these legs play during
walking. Further, we extended the initial observations of Delalking. For example, the fact that the T1 legs extend the
comyn (1987) because we included the neural control apdncipal leg joints (primarily the FT joint) during the protrac-
kinematics of the T2 CTr and FT joints and we quantitativelion phase of walking allows the animal to use the front legs to
compared many aspects of searching joint kinematics to thaseestigate a larger area ahead of it for footholds than if T2 or
observed for walking. T3 walking kinematics were used.

slow motor neuron activity alone (i.e., extrapolation of regre
sion lines in Fig. 6,A and B). Although we did not record
EMGs during tethered walking from animals represented
Table 1, we suspect these animals achieved higher exten
velocities and faster walking rates (than animals in FigAB6,
andB) via the recruitment of fast motor neurons.

Tethered searching and T2 motor neuron activity
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Coordination of CTr and FT joints during walking and Conclusions
searching )
Our data show that tethered walking T1 and T2 leg CTr and

Several reports have suggested that movement at multipiE joint coordination closely resembles that during treadmill
joints in a single leg is generated by the activity of separatédlking. This conclusion is based both on joint kinematic data
joint oscillators (Bassler 1993; Grillner 1981; Nothof an@nd principal leg extensor motor neuron activity. Additionally,
Bassler 1990). The appropriate coordination of the joint osci?® kinematics of walking were distinct from searching. Ac-
lators to produce walking or searching movements is though(teé rdingly, we found a very different CTr and FT extensor
be orchestrated by sensory feedback (Bassler 1993; Bassldr & pattern during T2 searching versus walking.

al. 1991; Braunig and Hustert 1983: Hess and Buschges 1999 the companion paper, we take advantage of our tethered
Péarson’ et al. 1976 Zill et al 19é1) Our data suggest t Eéparatlon to investigate differences in control of the T2 CTr

e : d FT joints during walking and searching. In addition to the
distinct mechanisms couple the movements of the CTr and operties examined here, we are also able to record intracel-

joints during the onset of the extension cycle when the ani ﬁ|ar|y from the thoracic ganglia during either behavior. We

searches versus when it walks. The fact that there iS MQI&, this technique to examine the hypothesis that inhibition

variability in Ds onset times during searching suggests that tgiierns extensor motor neuron activity during walking as was
CTr and FT joint coordination during walking is more tightlys,ggested for stick insects (Buschges 1998; Godden and Gra-
coupled (Fig. 3), and this result would not necessarily bégm 1984) and Ds during searching (this study).
expected if the same mechanisms were responsible.

Dlﬁerent meChan_lsmS are als_o necessa_ry to aCC_Oum for th%he authors thank Drs. Sasha N. Zill and Joanne Westin for helpful com-
coordination of multiple legs during searching and tripod walknents on the manuscript and Dr. James T. Watson for technical support/advice,
ing_ For example, Walking does not involve simultaneous exse of his T2 leg treadmill walking data for comparison, and very helpful

tension of any segmental pair of Iegs (Pearson 1976) Howev(é)imments. Thanks also to A. Pollack for providing tripod stance duration data
’ for 'Fig. 1.

the in-phase eXtenSion of segmental .leg pairs can be Ob_serqu*is work was supported by Office of Naval Research Grant N0014-99-1-
for T1-T2 legs during tethered searching (see also Franklin arg¥s to R. E. Ritzmann.
Pearson 1984). The 0.5 phase relationship between legs dresent ladd_“lfss anddaddfess for fﬁpfim _feqU_ESfSifA(-:hK- Tryba, Dept. of

. . . . ganismal Biology and Anatomy, The University o icago, Anatomy
opposite sides qf't.he same gegment d'urlng walking ha; .sggjgg” 1027 E. 57th St., Chicago, IL. 60637.
gested the possibility that reciprocal inhibition of the CTr joint ~
oscillators coordinates the phase relationship between c&rrai: Tech10S@techsan.org
tralateral leg pairs (Pearson 1976; Pearson and Fourtner 19%g}eived 29 November 1999; accepted in final form 13 March 2000.
This coordination does not appear to be the case during search-
ing.
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