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Reciprocal Interactions in the Turtle Hindlimb Enlargement
Contribute to Scratch Rhythmogenesis

SCOTT N. CURRIE AND GREGORY G. GONSALVES
Department of Neuroscience, University of California, Riverside, California 92521

Currie, Scott N. and Gregory G. GonsalvesReciprocal interactions body by generating a fictive rostral scratch motor pattern|in
in the turtle hindlimb enlargement contribute to scratch rhythmoge[psi|atera| hindlimb motoneurons (Robertson et al. 1985). Rps-
esis.J. Neurophysiol81: 2977-2987, 1999. We examined |nteracfra[| cutaneous sensory input enters the midbody spinal dord

tions between the spinal networks that generate right and left ros(t%gments (5-Dy) and activates rhythmic motor output fror
i

scratch motor patterns in turtle hindlimb motoneurons before and a - . . .
transecting the spinal cord within the anterior hindlimb enlargemeff€ hindlimb enlargement @D, S,-S,: innervating hind-

Our results provide evidence that reciprocal inhibition between hignb muscles) and prehindlimb-enlargement segmengsb:

circuit modules can generate hip rhythmicity during the rostral scratainervating respiratory muscles). Ingfnd preparations (low

reflex. “Module” refers here to the group of coactive motoneurongpinal animals with a complete cord transection between Seé"
B

one side and coordinates that activity with synergist and antagonist-p 5 cterized by rhythmic alternation between ipsilateral
motor pools in the same limb and in the contralateral limb. T

N
“bilateral shared core” hypothesis states that hip flexor and exten xor (HF) and hip e_xtensor (HE,) bursts and monoarticuleg
(HF and HE) circuit modules interact via crossed and uncrossed spikBE€ extensor (KE) discharge during the late HF phase (Rod-
pathways: HF modules make reciprocal inhibitory connections wigftson et al. 1985). There is also weaker rhythmic motor ou
contralateral HF and ipsilateral HE modules and mutual excitatofsom contralateral hindlimb (Currie and Lee 1997; Stein et
connections with contralateral HE modules. It is currently unclegr99s, 1998) and preenlargement (Currie and Gonsalves 19$7
how much reciprocal inhibition between modules contributes tscle nerves that alternates with ipsilateral activity. Simulf&
scratch rhythmogenesis. To address this issue, fictive scratch n:iﬁbus bilateral stimulation in the right and left rostral recept

=

patterns were recorded bilaterally as electroneurograms from HF, . . . .
knee extensor (KE), and respiratory (d.D8) muscle nerves in im elds elicits bilateral rostral scratch motor patterns in whi

bilized animgls.D3-end (low-spinal) prepargtions had intact_ spinal co:mqlogogsgervelactlvitggz?IFeénat_es onthe r'%gg?h%tleft SigEs
cords posterior to a complete,£D; transection. Unilateral stimula- (Currie and Gonsalves ; Lurrie ana Lee 19975 stein e
tion of rostral scratch in Pend turtles elicited rhythmic alternation 1995, 1998). These results establish that there is an alterngfffig
between ipsilateral HF and HE bursts in most cycles; consecutive |aRase relationship, probably involving reciprocal inhibitiopz
bursts were separated by complete silertdqrr) periods.D;-Dg and  between mirror-image hip circuitry (e.g., HF) on the right a @
Ds—Dg preparations received a second spinal transection at the caudéll sides and between hip antagonist circuitry (HF and HE) [aB
end of segment Por Dg, respectively, within the anterior hindlimb the same side during fictive rostral scratching. Recent expeB-
enlargement. This second transection disconnected most HE circUgénts in our laboratory indicated that reciprocal inhibiti
(located mainly in segments,p-S, of the posterior enlargement) o 14 generate rhythmic activation of respiratory motoneur
from the rostral scratch network and thereby reduced the HE'asscfﬁ"the prehindlimb-enlargement turtle spinal cord (Currie

ated inhibition of HF circuitry. Unilateral stimulation of rostral scratcr}3 | 1997). In th t h t aH
in most D;—Dg and D;-Dg preparations evoked rhythmic or weakly onsalves )- In the present experiments, we assesse|

modulated ipsilateral HF discharge withaut-orF periods between ability of reciprocal inhibition betweehip circuit modules to
bursts and without ipsilateral HE activity in the majority of cycles. [lg€nerate rhythmic motoneuron activity. According to the *
contrast, bilateral stimulation in BD, and D,~Dg preparations re- lateral shared core” model (Stein et al. 1995), HF and HE
constructed ther-orr periods, increased HF rhythmicity (assessed bynodules, comprising the core of the scratch rhythm genergtor,
fast Fourier transform power spectra and autocorrelation analysésjeract via crossed and uncrossed synaptic pathways:|HHR
and reestablished weak HE-phase motoneuron activity. We suggegdules make reciprocal inhibitory connections with contralpt-
tha_t b|_IateraI _stlmulatl_on _p_roducgd these effects by _S|mqltanequ§ya| HF and ipsilateral HE modules and mutual excitatgry
activating reciprocally inhibitory hip modules on opposite sides (rightyynections with contralateral HE modules. These connectipns
and left HF) and the same side (HF and residual ipsilateral Hiro o\ \00rted by more recent studies (Currie 1997; Currie and
circuitry). Our data support the hypothesis that reciprocal |nh|b|t|o|_ee 1997; Stein et al. 1998). We disconnected as much [HE
can contribute to spinal rhythmogenesis during the scratch reflex.=~% : ! . ; o
circuitry as possible from the right and left rostral scratgh
networks by completely transecting the spinal cord at
caudal end of segmentgdr Dg in the anterior enlargement
this created B-Dgy and D;—Dg preparations, respectively. The
ell bodies of HE motoneurons are distributed from segmgnt
to S, at the posterior end of the enlargement and are most
concentrated in segments, 8BS, (Ruigrok and Crowe 1984).
The costs of publication of this article were defrayed in part by the payme F motoneurons are distributed more anteriorly, in segments

of page charges. The article must therefore be hereby markewkttisemerit g—Dy. Lesion experiments by Mortin and Steir_] (1989) sug-
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ gested that at least some of the premotor circuitry for HF and

INTRODUCTION

A low-spinal turtle that is immobilized by neuromuscula
blockade responds to cutaneous stimulation of the lateral m

0022-3077/99 $5.00 Copyright © 1999 The American Physiological Society 2977
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HE was located in the same segments as the motoneurons. |
Those authors created isolateg &hd D,—-Dg preparations by

completely transecting the spinal cord at the anterior and i
posterior ends of those segments. Rhythmic HF motor dis- j
charge, lacking quiescemrorr) periods between bursts, still
could be elicited in these animals by tactile stimulation within
the pocket scratch receptive field. That result showed that
sufficient interneuronal circuitry exists within the;@and O
segments to generate rhythmic discharge in HF motoneurons.
Similar rhythmic HF discharge without-orr periods also was
exhibited by D—-Dy and D,—Dg preparations in that study,
indicating that HE circuitry, mainly located posterior tq,D ;
was required for normal inhibition of HF motoneurons between ~ &.......

R

ROSTRAL SCRATCII
SENSORY INPUT

ze D3-DR rewmms us

] - DISTAL D8 NERVE (d.DS8)
b HIP FLEXOR NERVE (HF)
KNEL EXTENSOR NERVES (KEs)

e D3-DY wwsas

HIP EXTENSOR NERVE (HE)

D3-END sz

bursts. Thus by cutting away the posterior enlargement in theic. 1. Diagram of the turtle spinal cord, indicating sensory and mofor

present experiments, we removed a large fraction of HE cfiemponents of the rostral scratch reflexglft) and the spinal segmentg

cuitry from the rostral scratch network and greatly reduced tifi!uded in Rr-end, DD, and DD, preparationsiéft). All preparations had
complete spinal transection just posterior to the forelimb enlargement

HE-associated inhibition of ipsilateral HF discharge. Our dafgeen segments Dand D, D.-end preparations had intact spinal cords

show that during unilaterz_il stimulation of rostral scratch, mogbsterior to the B-D; transection site. B-D, and D;-Dj preparations had a
Ds—Dg and DDy turtles displayed a low percentage of normadnd transection between segmentg-D;, or Dg-D,, respectively. Fictive

HF cycles with complete off periods between bursts. confirrfestral scratch motor patterns were elicited by electrical or mechanical s
’ lation of the shell in the right and/or left rostral scratch receptive field(s) g

mg the earher W_Ork by Mortin and Stein (1989)' l,n Contrastlecorded bilaterally from hindlimb muscle nerves (shown onright side

bllater_al stlmulatlon Pf r_ostral scratch produced vigorous, alnly). Electroneurographic (ENG) recordings were obtained from a ki
ternating discharge in right and left HF nerves with restorestensor (KE) nerve (either AM-KE or FT-KE), an hip flexor (HF) nery
Hr-oFF periods on both sides and greatly increased HF rhytfyP-HP), and either a hip extensor (HE) nerve (HR-KF) or the distal D8 ne

o ; ; ; D8), which exhibits HF- and HE-correlated motor bursts. @eriops for
micity. Our experiments support the hypOtheSIS that reclprocélarinore detailed identification of peripheral nerves and a description of surd

inhibition in the anterior hindlimb enlargement can contributgocedures.
to hindlimb rhythmogenesis during rostral scratch motor pat-
terns. Portions of this work were published in an extendé@m surrounding tissues, tied with surgical thread near its mus
abstract (Currie and Gonsalves 1998). insertion, and then cut distal to the tie.
We exposed spinal cord segments-D, , at the anterior side of the
hindlimb enlargement by drilling a dorsal midline channel through
METHODS carapace and performing a dorsal laminectomy. The turtle hindli
. . enlargement consists of three dorsal segmen ), Do) and two
Red-eared slider turtlesn(= 11), Trachemys scripta elegans cacral segments (SS,; Fig. 1). In five turtles é)%f)gr?meﬁ)t)s 1B we
weighing 470-650 g, were placed in crushed ice for a minimum of 20y e req the exposed cord with saline-soaked Gelfoam surgical sp
before surgery to induce hypothermic anesthesia (Lennard and Sl the spinal cord could be transected later at the caudal end
1977). Turtles were maintained partially immersed in crushed ige (n = 4) or D, (n = 1) segment, during the experiment. In si
during all surgical procedures. The first surgical procedure was co ?tles experime?lts 6-)1we transécted the cord during the initiz
plete transection of the spinal cord just posterior to the fore””'gssection at the caudal end of,in = 2) or D, (n = 4), while the

enlargement, between spinal segmenjsaid D, (D, = the second ;e \yas still on ice. Transections were performed under a dissedi

postcervical segment) (Zangerl 1969). microscope with fine iridectomy scissors. The completeness of ti
sections was confirmed visually by lifting one of the cut ends of t
spinal cord upward with forceps, viewing the cord in cross-secti
and then replacing it in the spinal canal.

Hindlimb muscle nerves were prepared bilaterally for electroneu-

rographic (ENG) recording (see Fig. 1; nerves shown only on rigltNG recordings and data storage
side). The FT-KE and AM-KE nerves innervate triceps femoris pars

femorotibialis and pars ambiens, respectively. VP-HP innervatesAfter surgery was complete, preparations were allowed to warm
puboischiofemoralis internus, pars anteroventralis, a hip flexor mus-room temperature and then were immobilized with an intramus
cle. HR-KF innervates several bifunctional hip extensor-knee flextar injection of gallamine triethiodide (8 mg/kg body wt; Sigma, S
muscles of the flexor tibialis group. Distal D8 (d.D8) innervatekouis, MO). The trachea was intubated and artificial respiration u
respiratory and pelvic muscles adjacent to the hindlimb. These nerti@®ughout the experiment. The skin was kept moist with turtle sali
and the muscles they innervate have been described previously (Mbnree separate rings of warm dental wax were formed around
tin and Stein 1989; Robertson et al. 1985). Motoneurons with axonghiales in the dorsal carapace over the right and left hindlimb ner
the d.D8 nerve exhibit two phases of activity during a scratch refleand the exposed spinal cord, allowed to cool and harden, and glué
a HF-correlated burst and a HE-correlated burst (Currie and Lpkce with cyanoacrylate adhesive. The dissected hindlimb ne
1996b; Mortin and Stein 1989). We used d. 8 as a monitor of Hiere arrayed for recording by securing their attached threads toj
activity in some D—Dg preparations in which the entire HR-KF (HE)rim of the wax well. The wells surrounding hindlimb nerves we
motor pool was removed by the;BDg cord transection. Hereafter in filled with mineral oil; the well surrounding the exposed spinal co
the text, FT-KE and AM-KE are referred to as KE nerves, VP-HP agas filled with turtle saline. Bipolar hook electrodes (106 diam
the HF nerve, and HR-KF as the HE nerve. In four turtles, w&lver) were used to record from the nerves, electrically insulated
prepared KE, HF, and HE nerves bilaterakixperiments 1, 9, 1@nd the mineral oil. ENG signals were amplified and filtered (band-p
11). In four other turtles, we prepared KE, HF, and d.D8 nervel00 Hz to 1 kHz), digitized by a PCM video adapter (Vetter; Reb
bilaterally Experiments 25 In three turtles, we prepared only KEsburg, PA) and stored along with a voice channel and stimulus ma|
and HF nerves bilaterallyekperiments 6-)8 Each nerve was freed on videotape (band-pass DC, 3.5 kHz). Hard copies of all recordi

Surgical procedures
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TABLE 1. Bilateral stimulation of rostral scratch reconstructed norne&torr periods in DDy and D,—Dg preparations

Unilateral Stimulation Bilateral Stimulation
Average Percent of Cycles per Average Percent of Cycles pe
Number of Episode with Normal Number of Episode with Normal

Experiment Preparation Stimulation Episodes HF-OFF Periods Episodes HF-OFF Periods
1(E) Ds—Dq Right 4 0.0 (0.0) 4 100.0 (0.0)*
Left 4 20.8 (25.0) 4 95.8 (8.4)t

3 (M) DsDg Right 6 43.9 (15.8) 6 85.3 (11.2)*
Left 6 55.0 (24.5) 6 88.1 (7.1)*

6 (E) Ds—Dq Right 5 0.0 (0.0) 5 70.0 (18.2)*
Left 5 0.0 (0.0) 5 76.7 (13.7)*

7 (M) DsDg Right 10 0.0 (0.0) 10 79.7 (10.9)%

Left 10 3.3(7.0) 10 72.2 (10.3)f
8 (M) DsDy Right 3 0.0 (0.0) 3 66.4 (3.8)t
Left 3 0.0 (0.0) 3 48.6 (7.3)t

9 (M) DsDy Right 12 0.9(3.2) 12 74.8 (8.2)%
Left 12 15.6 (18.8) 12 87.3(6.4)t

10 (M) DsDy Right 10 0.0 (0.0) 10 61.4 (12.2)%

Left 10 0.0 (0.0) 10 67.8 (14.3)f
11 (E) Ds—Dg Right 10 84.4 (8.6) 10 92.9 (6.1)*
Left 10 84.7 (12.5) 10 98.8 (3.9)*

Comparison of hip flexor (HF) electroneurographic cycles during unilateral and bilateral stimulation of rostral scratch receptive field(sledithal (E) 8
or mechanical (M) stimulation was used. Average percentages and their SDs (in parentheses) were calculated from percentages of cycles peviegispde
completeHr-oFF periods (se®ata analysi$. Statistical significance within each experiment (bilateral stim. vs. unilateral stim.) was determined by the one-tgile
Mann-WhitneyU test (Siegel 1956). P < 0.01. TP < 0.04. P < 0.0001. 2

[
from each experiment were printed with an eight-channel thermaiurst was followed by a period of reduced ENG amplitude but ndk;
array recorder (Astro-Med; West Warwick, RI). Selected sequencesmplete quiescence (n-oFr period; e.g., Fig. 3A1andC1). We | S
also were redigitized off-line at 2 kHz per channel on a PC computéefined an HF burst as a period of increased HF ENG amplitude
using a Digidata 1200A A-D converter with Axotape 2.0 softwareias accompanied by coactive discharge in the ipsilateral KE (AM-
(Axon Instruments; Foster City, CA), formatted with Datapac Il (Ruor FT-KE for rostral scratch episodes; AM-KE for pocket scrat

A\Eﬁlfﬁ_i:uo

Technologies; Laguna Hills, CA) and Coreldraw (Corel; Ottawapisodes) or the contralateral HE nerve. In three) preparations ‘g.
Canada) software, and plotted on a laser printer. (experiments 2, 4and 5), clear HF bursts could not be reliably &
identified during unilateral stimulation of rostral scratch (e.g., FQE

Stimulation 3A2); these experiments were excluded from the analysis in Tabl .
We used either mechanical or electrical stimulation of the shell §5-C'!FIED-SMOOTHED ENG RECORDINGS. ReC.tIer.d-STT]Oched ENG| g
a (shown in Figs. 44 andB, and 5 and used in time series analyses%

evoke fictive rostral scratch reflexes. Scratch episodes always w d by dicitizing HE i 100 Hx 0 1 K
separated by rest periods ef2 min. Mechanical stimulation was Wer((aj p(rj?ﬁareﬁ i y '?'EZ'EF_]' nerr\]/e retl:pr(j_ln?s Ei fil Ztho
applied by gently rubbing a site on the shell with a fire-polished glafHJ ndwidth) off-ine a 2 per channél, digitized 1ies then weres

probe. In some cases, the probe was mounted on a hand-held fdpdavave rectified, rebinned at 100 Hz with a 100-point nonmovinds

transducer (Grass Instruments-Astro-Med) to record the force apgfrage (50-ms binwidth), a_nd _smoothe_d with an even-weighted 10-poiom
ving average (100-ms binwidth), using Datapac Il software. -

timing of the stimulus. Rubs with the glass probe were applied with'§°
force of 0.2-1.4 N and lasted 15-20 s. Electrical stimulation wasviE SERIES ANALYSES. Time series analyses were used to examip
applied either unilaterally or bilaterally to sites in the rostral scratalectified-smoothed HF nerve recordings for periodic trends in b st
receptive field via pin electrodes inserted into the shell epidermis 2afplitude (autocorrelation, power spectra) and to identify relatigns
mm apart (Currie and Stein 1990). Pulses of 10- to 20-V amplitudetween HF bursts on the right and left sides and any time delays
and 1-ms duration were delivered in 50-pulse trains with an interpulsetween those bursts (cross-correlation). For autocorrelations, regord
interval of 320 ms. For experiments in which bilateral electricahgs from the left HF nerve, each consisting of 1,024 data poipts
stimulation was applied, pin electrodes were inserted into mirraft0.23 s at a 100-Hz sampling rate) and begigr8rs after stimulus-
image sites (SP2 or SP2.5) (see Mortin and Stein 1990) in the rigiitset, were obtained from four consecutive rostral scratch episgdeg
and left rostral scratch receptive fields; during bilateral stimulatioeyoked by left stimulation (Fig. @) and four consecutive episodep
identical trains of synchronized pulses were delivered to both sidesoked by bilateral stimulation (Fig.Dj in experiment 2.Left-
Unilateral and bilateral stimulus trains were applied in the followingtimulation data were concatenated end to end into a single 4,096-
sequence: right, left, bilateral, bilateral, right, left (Stein et al. 1995point ASCII file; bilateral-stimulation data were concatenated intq a
second ASCII file. Both files then were imported into the Systat 1.0
Data analysis software package (SPSS; Chicago, IL) for analysis. Cross-correlgtion
(Fig. 5B) was performed on the same four bilateral-stimulation epi-
PERCENTAGE OF SCRATCH CYCLES WITH NORMAL wrorr  Sodes used inif. 4D by importing both left and right HF recording$
PERIODS. To determine the average percentage of rostral (Table (1,024 points per channel), as a single ASCII file, into the Sygtat
or pocket esuLt9 scratch cycles per episode with normatorr program. Plots show the correlation of the time series variable (HF
periods, we examined thermal-array printouts of scratch ENGs. Thaltage) with itself (autocorrelation) or with the contralateral nerye
total number of complete scratch cycles that occurred during stingeries (cross-correlation), negatively shifted by a number of time
lation was determined for each episode. Within an episode, Jags= 1, 2, 3, etc. The maximum number of lags in correlation plgts
counted the number of “normal” cycles in which the HF ENG burstvas 500, lag duration was 10 ms.
was followed by a period of complete quiescence {adorFr period; Power spectrum analyses were performed on rectified-smoothed,
e.g., Fig. 2,A1 andC1) and the number of cycles in which the HFleft HF nerve signals with a fast Fourier transform (FFT) program|in

4
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D3-END PREPARATION D3-END PREPARATION
Al LEFT STIM A2 LEFT STIM
LtKE
LtKE
LLHF LtHF
Lt HE b LtdD8
Rt KE ReKE

Rt HF bsermsissitiictiinisefboriosslffsinsndiiniaprsnoppy Rt HF

Rt HE _‘**WH—“ RtdD8

STIM LU L L e STIM TR

FiIG. 2. Normal fictive rostral scratching evoked b
B1 BILATERAL STIM B2 BILATERAL STIM unilateral and bilateral stimulation of rostral recepti

k i fields in 2 different Q-end preparationA1-Ct bilat-
Lt KE - i’ 1 + LtKE _’M—*ﬂ'—”_"”—m_ eral recordings from KE (FT-KE), HF, and HE muscl
’ nerves inexperiment 1. A2—C2bilateral recordings

Lt HF LtHF from KE (FT-KE), HF, and d.D8 nerves iexperiment
2; note that the d.D8 nerve exhibited both HF- an
Lt HE i LtdD8 _%*W HE-correlated bursts during each scratch cycle. R

1 l Y IR R R | " RtKE sponses were elicited by trains of 50 electrical stimul
RiKE ) 1 1 ! pulses (10-V, 1-ms pulses, 320-ms interpulse intervaj
Rt HF RtHF 4 applied to the SP2.5 sites in the rostral receptive fiel
‘ on the left side A, 1and2), on both sidesKE, 1and?2),
Rt HE Rt dD8 and on the right sideQ, 1 and 2). During bilateral
STIM TSI STIM ——TmTTTTm— Stimulation 8, 1 and 2), agonist nerves (e.g., HF)
exhibited alternating activity on the right and left side
Cl RIGHT STIM C2 RIGHT STIM
LtKE LtKE
LtHF T . LtHF

LtHE [t ffp———tpe——wsm—— | . i1
Rt KE RtKE
Rt HF Rt HF —WHH—‘
RtHE — * #; RtdDS —%’Hmo————-

STIM T ITITECOIITT STIM T

the Datapac Il software package. In FigedandF, the average power whereP, = the power coefficient of frequency componérand 3=
spectra were calculated for four consecutive rostral scratch episoties number of frequency components within the specified bandw
evoked by left stimulation (Fig. ®) and four consecutive episodes(0.29, 0.39, 0.49 Hz).

evoked by bilateral stimulation (Fig.F in experiment 2using the

same 1,024-point data sequences that were analyzed by autocorrela-

tion in Fig. 4,C andD. The DC offset was removed from each dat& ESULTS

sequence by calculating the mean voltage for the entire sequence, 'ih?l’ﬂateral and bilateral stimulation of rostral scratch in
subtracting that value from each data point. Removing DC offsghd preparations

greatly reduced low-frequency components (0.0—0.1 Hz) in the powér

spectra, which when present, tended to mask nearby higher-frequenRy ATERAL STIMULATION.  Bilateral ENG recordings were ob
peaks. In Fig. 6, we calculated the average total power within thgined from hindlimb (HF, HE, KE) and respiratory (d.D§

0.29- to 0.49-Hz bandwidth for 16 scratch episodes (4 episodes eagliscle nerves during fictive rostral scratch motor patterng i
from 4 different experiments) in each of the following categories: leff,e Ds-end preparations that had intact spinal cords posteli

stimulation in D—Dg preparations, bilateral stimulation ingBDg

preparations, left stimulation in BDgy preparations, bilateral stimu- . . . ) . .
lation in DD, preparations. The BD, preparations chosen for was elicited by mechanical or electrical stimulation (see+

analysis werexperiments 2, 4, &nd7; two other experimentsiand ©PS) Of the shell-surface within the rostral receptive fiel
11) were excluded because they exhibited norarabrr periods in located on the lateral “shell-bridge,” anterior to the hindlim
>50% of rostral scratch cycles during left stimulation (see Table 1Mortin and Stein 1990; Mortin et al. 1985). In one;-Bnd

The Dy-D, preparations werexperiments 1, 6, @nd10; one other preparation, we recorded from KE, HF, and HE nerves bil
experiment ) was excluded because of an insufficient number @rally (Fig. 2, A1-CJ. During unilateral stimulation in the

to a DD, transection site (Fig. 1). Fictive rostral scratchir

scratch episodes. We calculated total power as rostral receptive field, this turtle exhibited normal rhythm
alternation between HF and HE bursts ipsilateral to the st
=3 ulus and KE discharge during the late HF phase of each scr

2 Pi cycle (Fig. 2,Al and C1) (see also Robertson et al. 1985).

i-1 There was also weak rhythmic discharge in contralateral
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D3-D9 PREPARATION D3-D8 PREPARATION
Al LEFT STIM A2 LEFT STIM
LtKE
LtKE 4 % '.‘nl
Lt HF
Lt HF
LtHE PO IS P )Tl e
RtKE
RtKE 1
Rt HF , RtHF
L T e B T
STIM (TTITTTTVTT T STIM T
Bl BILATERAL STIM B2  BILATERAL STIM
S i Jl LtKE FIG. 3. Motor responses evoked by unilateral ar
LtKE 4 B B bilateral stimulation of rostral receptive fields in

| !
LLHF LtHF ——W DDy (A1-C) and a D-Dg (A2-C2 preparation.

Lt HE Lt AD§ et oo gnifproafh i eshpromsr een Al1-C1 bilateral recordings from KE, HF, and HH
nerves inexperiment lafter spinal transection at the
RtKE Rt KE Dg—D;, border.A2—C2 bilateral recordings from KE,

Rt HF _WW_... HF, and d.D8 nerves iexperiment 2fter spinal tran-
Rt HF section at the B-Dy border. o, timing of HE-phase
Rt HE —%&—*y—*—-ﬁ- READS [ttt oAbl bursts in the right d.D8 nerve.
A A A

STIM TR T STIM T T T TITTev T
Cl RIGHT STIM C2 RIGHT STIM

LtKE LtKE

Lt HF ; . + ' " Lt HF

LtHE Lt D§ e i o s

e
RtKE ———w&“whdoﬁm«”‘*w——— RtKE

Rt HF Rt HF _mmm

Rt HE Rt A [rm=—srmrniesbiimtsspmssriomi ol oot

STIM TR T STIM TR T T

3 sec

(Fig. 2,A1andC1) and HF (Fig. A1) nerves that was out-of- paper so that direct comparisons can be made with the
phase with ipsilateral activity (see also Currie and Lee 1993ponses of B-Dy and Di—Dg preparations, in which most HE
Stein et al. 1995). In four other JPend preparations, we circuitry was disconnected (see Fig. 3, following text).
recorded from KE, HF, and d.D8 nerves bilaterally (e.g., Fig.

2, A2—-C32, using d.D8 as a monitor of the HE phase of th
scratch. Motoneurons with axons in the d.D8 nerve innerv.
respiratory muscle and exhibit two phases of activity during

scratch reflex: an HF-correlated burst and an HE-correlatedyy,o D,-D, and ; L i

. ‘ ; | —Dy D,—Dg preparations in this study were crg
burst (Currie and Lee 1996b; Mortin and Stein 1989). Amon&?d by a second spinal transection at the caudal end of¢h
all Dy-end preparations, the average percentage of rosigalp segment, respectively, within the anterior hindlimb e
scratch cycles per episode with normal HF-off periods wagemem (Fig. 1). The somata of most HE motoneurons re

é\ilateral and bilateral stimulation of rostral scratch in p
5 and D;—Dg preparations

86.6 = 18.6% (62 episodes in 5 turtles) during unilateralociarior to these transections in segmenis-B,, whereas HF
stimulation. This is very close to the percentage of norm

cycles observed during unilateral stimulation in previous Work ;\ve 1984). Spi ; :
4 : . . Spinal transection experiments performed
with Dg-end preparations (84.1%) (see Stein et al. 1998). \jortin and Stein (1989) indicated that some of the interng

BILATERAL STIMULATION. Simultaneous stimulation of mir- ronal circuitry associated with the HF and HE modules w
ror-image sites in the right and left rostral receptive fieldscated in the same segments as their respective motoneu
evoked bilateral rostral scratching in which the activity ofhus it is likely that our transections in the anterior enlarg
homologous nerves (e.g., HF) alternated on the right and lefent disconnected most HE motoneurons and some assoc|
sides (Fig. B, 1and2) (see also Currie and Lee 1997, Stein ghremotor circuitry from the right and left rostral scratch ne
al. 1995, 1998). We observed right-left alternation of HRorks. In five turtles, we transected at the caudal end of
discharge during bilateral rostral scratching in all fivgdhd (n = 1) or Dg (n = 4) after first recording Bend responses
preparations in this study. We include these examples of n¢see preceding text). In six other turtles, we transected the
mal unilateral and bilateral rostral scratching in the preseatthe caudal end of n = 4) or Dg (n = 2) during the initial

otoneurons are distributed in segments-Dy (Ruigrok and

Same experiments and stimulus parameters as in Fig.
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LEFT STIM BILATERAL STIM A BILATERAL STIM

A B
LtHF
STIM LtHF

3 sec

Rt HF

=
[=3

STIM

=4
n

3 sec

Lt HF
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FIG. 4. Time-series analysis of periodicity in left HF motor output during LAG (seconds)

left (A, C, and E) and bilateral B, D, and F) stimulation of rostral scratch

receptive fields. A, B, Rawnfiddle tracey and rectified-smootheddp) ENG Fic. 5. Left and right HF bursts alternated in g-Dg preparation during
recordings from the left (Lt) HF nerve in a;BDg preparation. Same record- pilateral stimulation of rostral scratc: rectified-smoothed ENG recordings
ings shown in Fig. 302 andB2. Rectified-smoothed recordings (seerHobs)  from the left and right HF nerves iaxperiment 2;same scratch episode a
were used for all time-series analys€sandD: autocorrelograms of rectified- shown in Figs. B2 and 4. B: cross-correlation of left and right HF bursts i
smoothed recordings from the left HF nerve during 4 consecutive scratshme 4 consecutive bilateral scratch episodes analyzed in FdgaddF. Plot
episodes evoked by left stimulatioB)(and 4 consecutive episodes evoked byhows a near-maximum, highly significant negative correlation atHays,
bilateral O) stimulation. Autocorrelograms are shown with mean2 SE  indicating that left and right HF activity was close to 180° out of phase. Cyj
(- - -). Bilaterally evoked responses exhibited a strong periodicity with alteperiod (2.67 s, measured between positive peaks) was identical to that o
nation between positive and negative correlations; the cycle perio®;(in autocorrelation in Fig. . Cross-correlograms are shown with meang SE
measured from lag-= 0 s to next positive peak) was 2.67EsandF: average (- - -).

fast Fourier transform (FFT) power spectra for the same scratch episodes used

in C andD, respectively. Peak frequenciesirandF are indicated by vertical scratch cycles that exhibit consecutive HF bursts without cl

gray lines. During left stimulationH), the peak power coefficient (0.09) quiescent {F-orF) periods separating them and without corr

occurred at a frequency of 0.29 Hz. During bilateral stimulatig) (he peak ; . :
power coefficient (0.32) occurred at a frequency of 0.39 Hz, very close to t gondlng HE bursts; to define these as rostral scratch cy

frequency (0.37 Hz) calculated from the autocorrelogram perioD.isec- e monoarticular knee extensor FT-KE also must be aC‘i@a

ondary peak irF, to the right of the maximum, was a harmonic artifact. ~ during the latter part of each HF burst (Stein et al. 1995).

dissection, without recording 2end responses. All prepara- o 0-5 [] 03-D8 PREPARATIONS *

tions were allowed=20 min to recover from cord transection BT

before recording scratch responses. Turtles did not exhibit E’E 0.4 |~ 5 D3-D9 PREPARATIONS % { ]

significant spinal shock because shell stimulation evoked ro- E% { =

bust fictive scratching within a few minutes after spinal tran-  ©z 03 = .

section (see also Mortin and Stein 1989). No significant change m e =

was noted in the rhythmicity or percentageHsforr periods S5 02fF [ NN=— .

when comparing scratch responses 20—30 min after transection 2 i

with responses obtained+12 h after transection (data not <3 N N— =

shown). e 01 N 1
Because our transections in the enlargement removed most = =

or all HE motoneurons in the majority of preparations, we did 0.0 -

not always monitor HE motor output (seurgical proce- ISJ%FJ[ BIL?;&ARAL

dureg. We focused instead on HF activity during unilateral _ B
and bilateral scratching because a large fraction of the HFF'G-tﬁ- d?_‘t’e;aFge tOt‘é'. pouer fﬁ'cg'ggedt frg”ZQFHFT t;"‘”a:j'ys_'dsth"f rectifig
. T -1 smoothe recordings for the 0.29- to 0.49-Hz bandwidth, compar]
motor pool and assoc!ated premptor C'rCU'”Y is located W'thgg;sodes evoked by left and bilateral stimulation (Bega analysiy. Each
the D; segment (Mortin and Stein 1989; Ruigrok and Crowgyerage was calculated for a total of 16 scratch episodes (4 episodes eacH
1984) and so, remained connected to the rostral scratch retifferent experiments). Bilateral stimulation produced a highly significa
work in all D;-Dy and D,-Dg preparations. Some of ourincrease in the average integrated power within this frequency band;#@sD
unilaterally evoked rostral scratch episodes (e.g., Figland 29 BDs preparations. Error bars indicate standard deviation values for
) . 2 average power. Statistical significance within the-D; and Di~Dg groups
C1) contained cycles that could be described as “HE delgsjateral stim. vs. left stim) was determined by the 1-tailed Mann-Whitdey
tions.” HE deletions were defined in previous work as rostradst (Siegel 1956). P < 0.001.
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many of our D-Dy and D;—Dg responses, HE activity was notnerves; individual HF bursts could not be reliably identifigd
recorded (e.g., Fig. 2—-C2, and the FT-KE nerve was oftenduring unilateral stimulation (e.g., FigA2). In these prepara-
inactive during some cycles (e.g., latter part of Fi@1Bor tions, bilateral stimulation did not reestablish completerr

during the entire scratch episode (Fig.A2—C32. It was not periods but did significantly increase HF “rhythmicity” (reg
possible to define such cycles as HE deletions, therefore ular periodic modulations of ENG amplitude) compared with
avoided that terminology. We refer instead to HF cycles witlnilateral stimulation (e.g., Fig. B®). During bilaterally
or without HrF-oFrF periods (see Table 1). evoked responses, distinct bursting appeared de novo in| the
right and left HF recordings and alternated from side to sifle.
Small HE phase bursts also were displayed by the right d|D8
respiratory nerve during the low points between right HF burgts
Fig. 3B2,A), indicating that some HE-associated circuitry was

PERCENTAGE OF CYCLES WITHHF-oFF PERIODS DURING UNILAT-
ERAL AND BILATERAL STIMULATION.  The D,—Dg preparation in
Fig. 3, A1-C1, displayed strikingly different motor output

imlaion ot oo S rosepive. e Ot/ eSent wifi the B-Dy sinal cord and couid be acivaet
P : ring bilateral stimulation. The increase in HF rhythmicity

evoked responses did not exhibit normal alternation betwe 'rjﬂ occurred during bilateral stimulation was even more #p-

HF and HE bursts during the period of stimulation (FigA3, . e . .
X . : rent in rectified-smoothed ENG recordings (FigA4ndB)
andC1). Instead, these episodes displayed continuous, rhy nd in autocorrelation plots (Fig. @,andD). Spectral analyses

mically modulated output from the ipsilateral HF nerve an . 4 . i
: ere also performed using an FFT algorithm (FigeandF);
weak KE discharge near the end of some, but notall HF burSt ese showed that during bilateral stimulation, a large poyer

there were no quiescentifforr) periods between HF bursts ;
: S : : . k developed at a frequency of 0.39 Hz, corresponding t¢ an
and no associated ipsilateral HE discharge during the perloopéjfgrage cycle period of 2.56 s. This value is in good agreenjent

stimulation. It is interesting, however, that both of the unilat- . ; ;
erally evoked responses displayed a cycle of normal HF- th the average cycle period measured between the first and

alternation, with a completer-orr period, after the end of the Selg?nudrepossgxgvsseaafilrg ;Z_Gcgtjrteﬂgorrfg ggf rrg((:ﬁf?ezssrlr? c?c.)t
stimulus train. Such “HE afterdischarges” were very commog$ 9 9

during unilaterally evoked rostral scratch episodes in all thr egtai??srﬁgé ';']:;;?;;gjr'ir;%iscd;r:g]%hbgﬁge;ai]seg?juml:g?mnér‘r?
Ds-D, preparations in which we recorded from KE, HF, and . , L :

. : tive correlation at lag 0, indicating that left and right
HE nerves; we also observed theorr period after stimulus- . '
offset in two other @Q-Dg preparations where we recorded onl ursts were tightly coupled and out of phase. The cycle pe

KE and HF nerves. In contrast to unilaterally elicited res easured from peak to peak in this cross-correlogram

sponses, bilateral stimulation of rostral receptive fields reco%_:i—67 S, the same as that obtained from the autocorrelogra

; g. 4D.
Sgﬁgtjesd r? g ;rrT-]r? (er:}ralEst():L?;?a;ﬁilteu Sd evgtr; ncdogwtfcl)imsoleE dlﬁ_PooIed FFT data showed that bilateral stimulation increa
charge during the period of stimulation (FidBB. This result € average total power (sé&ata analysi} within the 0.29-

is consistent with the hypothesis of Stein et al. (1995; their F:‘%Ag Hz bandwidth for B-Dg (n = 4) and DD, (n = 4)

o7

‘0T Areniged udﬁﬁmﬁﬁo@gsﬂ

feparations relative to unilateral stimulation (Fig. 6). Th

9) that HF modules make reciprocal inhibitory connectio S .
with contralateral HF and ipsilateral HE circuitry and mutug| o cooc Was significant for both group®at 0.001, using the

excitatory connections with contralateral HE circuitry. One-tailed Mann-Whitney) test (Siegel 1956).
The column labeled “Unilateral Stimulation” in Table 1 ) ) ]

describes the average percentage of rostral scratch cycles\ifateral stimulation of pocket scratch inDg and Dy—
episode that displayed normag-orr periods during unilateral Dg preparations

stimulation of the rostral receptl.ve field. SixyEDg and five Fictive pocket scratching was elicited by mechanical sti
DD, preparations were tested; out of these 11 experlmenﬁaﬂon of the shell-skin border within the ventral pocket r
three DD preparations dxperiments 2, 4and5) were ex- tive field, located ventral and anterior to the thi rllawithint
cluded from analysis in Table 1 because we were unable,] pdl' b ' ket” . Morti d Stei 19909M tin ef
reliably identify individual motor bursts in ipsilateral hindlimb %'” imb pocket” region (Mortin and Stein , vortin €

0702

>
D

nerves (see following text). The remaining eight preparatio '-335)'ryzgﬁl,;?g%%ﬂdd?f? ecrl<eenttskcrr]2tecf;)r(rt1§rt§[)P?g(a_nk,Em
exhibited clear HF bursting during unilateral stimulation; of 3 prep

P ) nd FT-KE) timing within the HF-HE activity cycle (Robert
these, the majorityn = 6) displayed a very low percentage oft i i
cycles with normalir-orF periods (0.0—20.8%). Two other 3N et al. 1985). In the rostral scratch, both FT-KE and AM-KE

expermerts both B, preparatonsspperiments g1, D15 eI 216 16 i he HF shase, g e pofle
were atypical in displaying a high percentage of cycles W'%hase ’vvhereas AM-KE bursts begin during the HF phase pnd
normal HF-oFF periods during unilateral stimulation. The col- '

umn labeled “Bilateral Stimulation” in Table 1 presents th&case during the HE phase. In the present experimentsy wq

average percentage of cycles per episode that exhibited norﬁ]orrlpared HF activity during fictive pocket and rostral scrafch

a . .
HF-oFF periods during bilateral stimulation, ranging from 48.6°>PONses In $D, and DyDg rtles, _Umlaterally evoked .
o : . ; 2 -pocket scratch responses displayed a high percentage of ngrmg

to 100.0%; all eight preparations dlsplayed a _S|gn|f|cant ”EiF cycles with clearr-orF periods in Q-D, and Dy-Dj
E):’Zfievdirt]htt?]ilg?éﬁgln;%?neugtigﬁdes WithorF periods com- preparatiqns, in contrast to the near-zero percentage obsdrve
: during unilaterally evoked rostral scratching in the same prep-
COMPARISON OF HF RHYTHMICITY DURING UNILATERAL AND arations. Figure X shows a rostral scratch episode from|a
BILATERAL STIMULATION. In three of six D—Dg turtles, uni- Ds—Dg preparation in which there was rhythmic HF discharge
lateral stimulation of the rostral receptive field elicited onlyvith no HF-oFr periods between most bursts. Figui® ghows
irregular, modulated discharge in the ipsilateral HF and d.8 pocket scratch episode from this same animal in whjch
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D3-D9 PREPARATION et al. 1995). We attach special significance to hip rhythm
generation because previous work that examined phase-dgper

A LEFTROSTRAL STIM dent resets demonstrated that hip (but not knee) motor oufput
WWWHW . is linked tightly to the timing of the fictive scratch rhythm f
P the entire limb (Currie and Stein 1989). The importance of

circuitry in the control of the overall limb rhythm also w

LtKE

Lt HF

B LEFT POCKET STIM least some HF premotor circuitry (Mortin and Stein 1989)

located in the anterior two segments of the spinal hindli

enlargement (Pand D), while most HE circuitry is located in

more posterior segments { S;, S,). The anterior segment

of hindlimb enlargement are known to display the greatgest
rhythmogenic capacity for turtle (Mortin and Stein 1989) and

S cat (Deliagina et al. 1983; Gelfand et al. 1988) scratching|as
3 sec well as for locomotor activity in various preparations (neonafal
FiG. 7. Comparison of unilaterally evoked rostral and pocket scratch mott@t: Cowley and Schmidt 1997; Kjaerulff and Kiehn 1996; cat:

patterns irexperiment 9a Dy—D, preparation. Motor output is shown only for Grillner and Zangger 1979; chick embryo: Ho and O’Donovan
the left KE (AM-KE) and HF nervedA; rostral scratch response to mechanlcah_993)

stimulation of the SPsite in the left rostral scratch receptive fieRt. pocket The bil | sh d del of th | |
scratch elicited by mechanical stimulation of the Fem5 site in the left pocket e bilateral shared core moael of the turtle rostral scraf

scratch receptive field. Vertical dashed lines indicate stimulus-onset; stimufaPG proposes that HF and HE modules make reciprocalli
tion was continued for the remainder of each recording. Rostral scrataibitory connections with each other on the same side (d.
exhibited rhythmic HF discharge with no quiescent periods between burs‘t@ht HF-HE) and with their mirror-image homologs on th

Bonis

typical of most DDy and Dy—Dg preparations. In contrast, the pocket scratc . . . ) . o
displayed HF bursts separated by distinct quiescent periods. 5pp05|te side (e'g" ”ght left HF) (Stem et al. 1995)' In ad j@.
tion, the model suggests that HF modules make mutual crogseq

w0

sharply defined HF bursts exhibited abrupt terminations afgcitatory connections with contralateral HE modules. It
distinct orr periods in every cycle. In two turtles, we had #&urrently unknown to what extent individual HF and HE mo
sufficient number of pocket scratch episodes to permit a st4€S can be independently rhythmogenic and whether rhy
tistical comparison with rostral scratch episodes. The averdécity can be produced in the scratch network by recipro
percentage of cycles per episode with completerr periods iNteractions between modules. The goal of the present ex
during unilateral rostral scratch and unilateral pocket scratBRents was to assess the capability of reciprocal inhibit
stimulation were as follows (average SD): experiment 7a between hip modules to contribute to _scratch rhythmogene
DDy preparation (rostral, 10 episodes): 3:37.0%, (pocket, Our approach was to transect the spinal cord at the postg
10 episodes): 91.4 5.3%;experiment 9a DD, preparation €nd of segment por Dg in the anterior hindlimb enlargement
(rostral, 12 episodes): 15.6 18.8%, (pocket, 7 episodes):Wh'Ch disconnected as much HE circuitry as possible from
100.0+ 0.0%. In both experiments, the pocket scratch averafjght and left rostral scratch networks (Figs. 1 and\&-CJ.

was significantly higher than the rostral scratch average<at Most of the resulting B-Dy and D;-Dg preparations re-
0.0002, using the Mann-Whitney test (Siegel 1956). One s_ponded to unllateral_st[mu_Iann of the.rostral scratch rec
interpretation of these data is that some interneuronal circuiffye field with rhythmic ipsilateral HF discharge that lackg
that inhibits HF is present within thegand D, segments but ~ HF-OFF" periods between bursts in most cycles and we
is not sufficiently activated by unilateral rostral stimulation tgontralateral HE bursts in some preparations that were coag
completely terminate HF bursts. Pocket stimulation may prdth ipsilateral HF bursts (Figs. #1andC1, and 8,A1, A2,
vide stronger drive to these inhibitory elements, resulting fal: @ndC2). Thus unilateral rostral stimulation ingBD, and
more complete HF burst terminations. This view also is suPs—Ds Preparations produced activation (at the level [of
ported by previous work that demonstrated normal pock@otoneuron discharge) of the mutually excitatory ipsilatefal
scratch cycles in surgically restricted spinal cord preparatio§ and contralateral HE modules alone, generating only weak

g ur

B

4

ﬁ Areniog:

v

[0

(Currie and Lee 1996b; Mortin and Stein 1989). rhythmicity. In contrast, bilateral stimulation of rostral scratch,
which simultaneously excited reciprocally inhibitory hip modl-
DISCUSSION ules on opposite sides (right and left HF) and on the same side

(HF and residual HE circuitry spared by the transectiop),

The goal of the present experiments was to investigag@oked vigorous alternating discharge in right and left HF
mechanisms of hip rhythmogenesis during fictive rostrakrves that exhibited enhanced HF rhythmicity on both sigles
scratching in turtles. Our results provide evidence that reci@~igs. 4, 6, and B, 1 and2) and reconstructedr-orr periods
rocal inhibition between hip circuit modules in the anteriobetween bursts (Figs. 3 and881 and 2, and Table 1). We
hindlimb enlargement can generate rhythmicity during bilateraiterpret these results to mean that reciprocal inhibition be-
hindlimb motor patterns. We use the term “module” to detween hip modules can help to terminate HF bursts and|in-
scribe the group of coactive neuronal elements that control ttrease HF rhythmicity under conditions where mutually inhip-
activity of agonist (e.g., HF) motoneurons for one limb andory modules are strongly coactivated (as during bilatefal
coordinate the activity with that of synergist and antagonistratching). Crossed reciprocal inhibition between right gnd
motor pools in the same limb and in the contralateral limleft HF modules probably contributed the most to these effegts,
(Jordan 1991; Jordan et al. 1986; Stein and Smith 1997; Stassuming that relatively little HE circuitry remained in-Dg
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Al LEFT STIM A2 modulated HF discharge on one side without activation |of
LEFT | RIGHT  LtHF fS 1 either the ipsilateral antagonist (HE) or the contralateral mir-
% - LUIE ror-image (HF) motoneurons (Fig. 3,1 and C1). These ob-
Nl servations support the view that some independent HF rhyth-
. ) Rt HF
HE HE

micity can be elicited by scratch stimuli in the absence of either
crossed or uncrossed reciprocal inhibition. Experiments with in
vitro mammalian spinal cords, in which inhibitory neurotrans-
mission was blocked, also have indicated that limb rhythnmo-
B1 BILAT . 45, genesis can occur in the absence of synaptic inhibition (Brdcci
; et al. 1996; Cazalets et al. 1996; Cowley and Schmidt 1905,
1997; Ho 1997; Ozaki et al. 1996). Note, however, that redip-
rocal inhibition between hip modules in the turtle need rot
necessarily produce motor output from both modules. For
example, it seems plausible that a subset of ipsilateral HE pnd
contralateral HF interneurons might be active in antiphase with
the “independent” HF bursts on one side, without producing
detectable motor output from ipsilateral HE or contralatefal
HF. Such “subthreshold” reciprocal interactions might con-
tribute to the rhythmicity of HF motor output. Future experi-
ments could begin to address this issue by searching with an
extracellular microelectrode in the ipsilateral HE, (BS,) and
contralateral HF (R-D,) areas of the spinal cord for interneu
Fic. 8. Summary diagram illustrating the patterns of activity in hip circuifonal units that exhibit antiphasic discharge during independ
modules during left, bilateral, and right stimulation of rostral scratch reflex hlF bursting on one side.
transected (B-Dg and D;-Do) preparationsA1—C1 illustration of hip circuit It may be argued that bilateral stimulation of rostral scraI

RtHE

od

@M

modules (modified from Stein et al. 1995). Shaded rectangles represent ac&ﬁ“d increase HF rhythmicity and the occurrenceqpber
(spiking) modules; unshaded rectangles represent inactive modules. Excitato

(filled triangles) and inhibitory (unfilled circles) synaptic outputs are shownéi"OdS not becf”‘use Qf reciprocal 'nh'b'to(y interactions
only for active modules. Dashed lines Ad—Clrepresent spinal transectionsSImply because it provides more sensory drive to HF modu
at the caudal end of thed¥D,-Dj preparations) or B(Dy-D, preparations) A unilateral rostral stimulus, in transected-Dy and Dy—Dg
segment; most HE circuitry is located caudal to the transection (light dr#rtles, may not excite the ipsilateral HF module sufficien{l
outlines), so is disconnected from the rostral scratch network. Some hypot??< 1'

0.} p8peo

@

rsAyd

ical connections within and between modules (Stein et al. 1995) were left Er it to become rhythmically active. We believe this is u

of these diagrams for simplicityA2—C2 hypothetical voltage changes in HF lIKely for two reasons. First, one would expect th?‘t if H
and HE neurons on both sides during left, bilateral, and right stimulation Biodules were more intensely activated by bilateral stimulati

rostral scratch reflex in transected preparations. Firing threshold is showntigait this would be reflected in larger HF burst amplitude
do_ttgzd |Ine'II’?A2—CZ shaded regions of voltage traces indicate the timing qqowever Stein et al. (1995; their Fig. 3A) showed that th
spiking activity. T . P . .
was no significant difference in HF burst amplitudes durip
and D,—Dg preparations to interact with ipsilateral HF modunilateral and bilateral stimulation of rostral scratch igréhd
ules. Crossed inhibition also has been proposed to particippteparations. We also did not observe noticeably larger
in the construction of axial locomotor rhythms in lampreydyursts during bilateral rostral stimulation in the present sty
fish, and frog embryos (reviewed in Fetcho 1991; Friesdn.g., Fig. 2), although we did not quantify burst amplitude
1994; Kiehn et al. 1997; Marder and Calabrese 1996). Tisecond, there is no basis for believing that more intem
relative contribution of crossed inhibition to rhythmogenesis iactivation of HF increases its rhythmicity and the occurrence
the turtle hindlimb enlargement can be assessed furtheroifi periods between bursts. In fact, during a typical rostfal
future experiments by observing the effects of midline spinatratch episode in Pend turtles, spontaneous HE-deletign
lesions that sever commissural pathways. cycles that lacknr-orr periods nearly always occur at thp
Evidence from several studies indicates that a single Hieginning of the episode, when HF burst amplitudes are great-|
module on one side of the turtle spinal cord may be capableesft (Robertson and Stein 1988; Stein et al. 1982, 1995).
some independent rhythmicity in response to rostral scratchRostral and pocket scratch CPGs displayed different cagac-
sensory input; this is based on the observation that continuatiss to generate normal HF cycles in turtles where most HE
rhythmic HF discharge (without ipsilateral HE activity) carcircuitry was removed (B-Dg and D;—Dg preparations). Uni-
occur spontaneously in end turtles (Robertson and Steinateral rostral stimulation evoked rhythmically modulated dis-
1988; Robertson et al. 1985; Stein and Grossman 1980; Stefrarge in ipsilateral HF motoneurons with a very low percent-
et al. 1982) or can be induced to occur with greater frequenage of off periods between bursts (Table 1; Figs. 3 aiid [h
by surgical (Mortin and Stein 1989; Stein et al. 1995, 1998; tlwontrast, unilateral pocket stimulation elicited vigorous HF
present study) or chemical (Currie and Lee 1997) manipulbursts separated by distinct, long-lasting off periods in negrly
tions of the spinal cord. Thus these studies and the preselittycles (Fig. B). It is unlikely that the increased occurrende
experiments show that a single HF module can express rhytfi- Hr-oFr periods during pocket scratch was due to mqre
mic output without activation of the ipsilateral antagonist mantense activation of the HF module by pocket sensory ingut.
toneurons. Similar independent activation of elbow flexor @istinctorr periods were present even between the weakest{HF,
extensor bursting was reported recently for the in vitro mudbursts in the pocket scratch (FigBi7bursts 8 and 9) but were
puppy spinal cord (Cheng et al. 1998). In the present expeabbsent even between the strongest HF bursts in the rogtra
ments, the turtle spinal cord was able to produce rhythmicakgratch (Fig. A; bursts 1 and 2). A possible explanation is thjat
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some HE-associated interneurons (components of the ipsikaternating discharge in mirror-image right- and left-side mys-
eral HE module) that inhibit HF are present within thgdhd cle nerves (lamprey: Cohen and Harris-Warrick 1984; Hagelik
Dy segments and are strongly excited by unilateral pockatd McClellan 1994; neonatal rat: Cowley and Schmidt 1995;
scratch stimulation but less excited by unilateral rostral scrat&lhemer and Lev-Tov 1997; Kudo et al. 1991; cat: Noga et fl.
stimulation. Activation of these HE-associated inhibitory in1993) and intralimb flexors and extensors (neonatal rat: Cow-
terneurons may not be sufficient during unilateral rostral stirey and Schmidt 1995; cat: Kriellaars et al. 1988; Noga et |al.
ulation to completely terminate HF bursts. Bilateral rostral995). Bilateral stimulation of rostral scratch in turtles actually
stimulation may reconstructr-orr periods and increase HFreconstructed rostral scratch motor rhythms with normal inter-
rhythmicity, in part, by strongly exciting these same HE intetimb (right-left HF) and intralimb (HF-HE) alternation afte
neurons (via crossed pathways) that are accessed by unilaterdlaterally evoked scratch responses were rendered almos
pocket sensory input. completely tonic by strychnine (see Fig. 8 in Currie and Lge
We previously explored the participation of the portion 01997). Other investigators also have described strychning-re-
spinal cord anterior to the hindlimb enlargement (preenlarggistant right-left alternation in fictive motor patterns elicited Iy
ment segments P-D;) in the generation of turtle rostral chemical (Kremer and Lev-Tov 1997; McPherson et al. 1994)
scratch motor rhythms (Currie and Gonsalves 1997). The Dr electrical (Magnuson and Trinder 1997) stimulation of the
spinal cord segment is immediately anterior to the hindlimgpinal cord. The persistence of interlimb and intralimb altgr-
enlargement and contains two populations of motoneuromsition in the presence of strychnine implies that other traps-
“TD7” and “OD7,” that innervate the transverse-abdominuamitter systems, such as GABA(Cowley and Schmidt 1995;
and obliqgue-abdominus respiratory muscles, respectively (Ciremer and Lev-Tov 1997) and strychnine-insensitive glycine
rie and Gonsalves 1997; Mortin and Stein 1989). Ipeddd receptors (Kuhse et al. 1990) may contribute to reciprofal
turtles, unilateral stimulation of the right rostral scratch receprhibition in turtle scratch networks. Future experiments a
tive field evoked rhythmic coactivation of right HF, right TD7 required to identify these transmitter systems and further asp
and left OD7 motoneurons that could alternate with weak#re role of both crossed and uncrossed reciprocal inhibitior
coactive bursts in left TD7 and right OD7 zED, preparations hindlimb rhythmogenesis during fictive scratching and otk
had two complete spinal transections, one gt and a rhythmic motor activity, including fictive locomotion (Juranek
second at B-Dg that disconnected the entire hindlimb enlargeand Currie 1998).
ment from the rostral scratch network. InD; turtles, uni-
lateral stimulation of the right rostral receptive field evoked This research was supported by National Science Foundation Grant |
only tonic or weakly modulated discharge in right TD7 and left723973 to S. N. Currie. .
OD7 respiratory motoneurons. However, bilateral stimulation”\ddress reprint requests to S. N. Currie.
of rostral receptive fields reestablished vigorous bursting Received 14 September 1998; accepted in final form 10 February 1999.
which coactive right TD7 and left OD7 bursts alternated with
coactive left TD7 and right OD7 bursts. These results indicat§FERENCES
that simultaneous activation of reciprocally inhibitory circUif\nperssoy O. anp GRILLNER, S. Peripheral control of the cat's step cycle.
modules could generate rhythmicity in preenlargement netPhase dependent effects of ramp-movements of the hip during “ficy
works and therefore implied that similar mechanisms mightlocomotion.” Acta Physiol. Scandl13: 89-101, 1981.
operate in the hindlimb enlargement to enhance hip rhythm@DEngoN O.AND GRILLNER, S. Peripheral control of the cat's step cycle. ).
. s . Entrainment of the central pattern generators for locomotion by sinuso
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. . - - neonatal rat spinal cord. Neurophysiol75: 640—647, 1996.
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