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Electrically Evoked Fictive Swimming in the Low-Spinal
Immobilized Turtle

JENIFER JURANEK AND SCOTT N. CURRIE
Department of Neuroscience, University of California, Riverside, California 92521

Juranek, Jenifer and Scott N. Currie. Electrically evoked fictive within the hip movement cycle was during hip flexion; hoy
swimming in the low-spinal immobilized turtld. Neurophysiol83:  ever, although hip flexion corresponded to te&urnstrokeof
146-155, 2000. Fictive swimming was elicited in low-spinal iIMMOfe forward swim. it occurred during theowerstroke(rub of
bilized turtles by electrically stimulating the contralateral dorsolaterﬂl1e foot against th,e shell) of the rostral scratch. In earlier wdrk

funiculus (cDLF) at the level of the third postcervical segment)(D . . . o -
Fictive hindlimb motor output was recorded as electroneurograrfist€Plica of forward-swimming movements was elicited infa

(ENGs) from up to five peripheral nerves on the right side, includirgingle hindlimb by stimulation of the contralateral dorsolatefal
three knee extensors (KE; iliotibialis [IT]-KE, ambiens [AM]-KE, andfuniculus (cDLF) of the midbody spinal cord in intact and
femorotibialis [FT]-KE), a hip flexor (HF), and a hip extensor (HE)low-spinal turtles (Lennard 1985; Lennard and Stein 197

a

Quantitative analyses of burst amplitude, duty cycle and phase Wefgin and Johnstone 1986). Similar cDLF stimulation in thg
used to demonstrate the close similarity of these cDLF-evoked fictiy@ .\ i~al cord of high-spinal immobilized turtles evoked codrs
motor patterns with previous myographic recordings obtained fr%rﬁ ted swi - ts in the hindlimb and forelimb o
the corresponding hindlimb muscles during actual swimming. Fictifd'aled Swimming movements in the hindiimb and torelimb pg
rostral scratching was elicited in the same animals by cutaned@€ side and occasionally on both sides (Stein 1978). Sjein
stimulation of the shell bridge, anterior to the hindlimb. Fictive swinf1981) showed that a low-spinal turtle in which both hindlimbg
and rostral scratch motor patterns displayed similar phasing in hip anére deafferented by dorsal rhizotomy could display norm&
knee motor pools but differed in the relative amplitudes and duratioggordinated swimming movements in response to cDLF st{r&
of ENG bursts. Both motor patterns exhibited alternating HF and Hiation. This result indicates that the swim motor pattern %
discharge, with monoarticular knee extensor (FT-KE) discharge dlﬁénerated centrally by the spinal cord )
ing the late HF phase. The two motor patterns differed principally ) . . o
the relative amplitudes and durations of HF and HE bursts. Swim N the present study, we extended this earlier work kg
cycles were dominated by large-amplitude, long-duration HE bursgé¢monstrating thdictive swimmingeould be evoked in hind-|S
whereas rostral scratch cycles were dominated by large-amplituliyb muscle nerves by electrical stimulation of the cDLF |i&
long-duration HF discharge. Small but significant differences wefew-spinal, chemically paralyzed turtles. Stimulation of the
also observed during the two behaviors in the onset phase of biarig)| F produced coordinated rhythmic discharge in hindlimiz
ular knee extensor bursts (IT-KE and AM-KE) within each hip cycleyqoneyrons that resembled the electrically evoked swim e|eg-

Finally, interactions between swim and scratch motor networks wer. .
investigated. Brief activation of the rostral scratch during an ongoi myogram (EMG) motor patterns recorded from intact g

fictive swim episode could insert one or more scratch cycles into tHaV-Spinal turtles with movement (Earhart and Stein 20
swim motor pattern and permanently reset the burst rhythm. Similarennard 1975; Lennard 1985; Lennard and Stein 1977; S
brief swim stimulation could interrupt and reset an ongoing fictivand Johnstone 1986). Cutaneous stimulation of the lat
rostral scratch. This shows that there are strong central interactienigibody (shell bridge) in the same preparations produ
between swim and scratch neural networks and suggests that they g&ye rostral scratchingWe observed interactions betwes
share key neural elements. fictive swim and fictive rostral motor patterns. Brief rostr
scratch stimulation could interrupt and reset an ongoing ficjve
swim rhythm, and vice versa. Interrupted motor patterns dis-
o _ _ played smooth transitions between swim and scratch behav;

The turtle hindlimb executes a variety of coordinated rhythors. These findings show that swim and scratch neural fet-
mic movements, including three different forms of locomotiog,grks impinge on each other in the spinal cord and imply that
(forward swimming backpaddling and terrestrial walking — they may share at least some rhythm generating elements.
Lennard 1975; Lennard and Stein 1977; Stein 1978, 1981) antbrevious experiments from our laboratory have dem
three site-specific forms of scratch reflewstral, pocket and ~ syrated that electrical stimulation of an identified cutanedus
caudal Robertson et al. 1985; Stein 1989). Recent kinemalifarve can evoke vigorous pocket scratch motor patterns {n g
analyses of hip and knee joint angles in intact turtles hayghly reduced in vitro preparation of the turtle spinal cold
found that specific forms of two different behaviors, forwarg;iih ‘attached hindlimb nerves (Currie and Lee 1996). The
swimming and rostral scratching, display strikingly similapesent experiments serve as a foundation for future investjga-
intralimb coordination (Earhart and Stein 2000; Field and Stejys in which both fictive scratch and fictive swim motdr

1997a). In both behaviors, the onset-phase of knee extens&ﬁems can be elicited in the same in vitro preparati
The costs of publication of this article were defrayed in part by the paymefrﬁCIIItatIng a cellular anaIySIS of shared circuitry and motpr

of page charges. The article must therefore be hereby maskhaftisemerit ~ Pattern selection in the turtle spinal cord. Our data were ppb-
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.  lished previously in abstract form (Juranek and Currie 1998).
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METHODS polished glass probe attached to the end of a hand-held force trans
Adult red-eared turtles,n(= 12; Charles D. Sullivan, Nashville, dluc_er (Grass FT.'03’ Astrc_n-Med, West Warrick, RI). Electrical S'_t'm'

TN), Trachemys scripta elegansveighing 440—775 g, were sub. ulation was a_pphed via pin electrodes .spaced 2-3 mm apart |n’ the

merged in crushed ice faz2 h before surgery to induce hypothermicShe.II epidermis (1-ms, 10-20-V pulses; 3-50-Hz trains) (Currie and

anesthesia (Lennard and Stein 1977). Turtles remained partially sgiin 1990). Preparations rested for at least 3 min between scrtch]

merged in crushed ice during all surgical procedures. A dorsal lan§Risodes.

nectomy was performed to expose the second through fourth postcer-

vical segments of the spinal cord #ED,), just posterior to the

forelimb enlargement. The spinal cord was then completely transectedta analysis

between postcervical segments &nd D;.
ENG recordings and stimulus markers were redigitized off-line|(2

kHz per channel) on a computer using a Digidata 1200 A/D convefter
and Axotape 2.0 software (Axon Instruments, Foster City, CA).
We prepared several hindlimb nerves for electroneurograpiatapac Il software was used to calculate the frequency, mean fam+
(ENG) recording (see Robertson et al. 1985). Each nerve was frgdifude, duty cycle, and dual-referent phase of ENG bursts. Befpre
from the surrounding tissue, tied with surgical thread near its muscteaking these calculations, digitized ENG recordings were full-wgve
insertion, and then cut distal to the tie. ENGs were obtained from thectified and rebinned at 100 Hz (i.e., the mean of 20 consecutive flatg
following nerves in all turtles: VP-HP, HR-KF, and FT-KE. VP-HPpoints was calculated, so that there were 100 full-wave—rectified data
innervates puboischiofemoralis internus, pars anteroventralis, a pigints per second). Burst onsets and offsets were identified by|the
flexor muscle. HR-KF innerVateS_S_eV.eral bifUnCtional.hip extensql')'atapac Il program as positive- and negative.sk)pe Crossings oMer a
knee flexor muscles of the flexor tibialis group. FT-KE innervates theser-specified threshold, respectively. All analyses were confinefl to
monoarticular knee extensor muscle triceps femoris pars femorotibigsim and scratch cycles that occurred completely during the perio i of
lis, vastus medialis. In eight turtles, ENGs were also obtained f_r°§‘ﬁmulation. %’
two blartlcu_lar knee extensor nerves, AM'K.E ?‘Ud.'T'KE' Wh'Ch HF burst frequency was automatically calculated as the reciprqcal
innervate triceps femoris pars ambiens and |I|ot|b!aI|s, respectlvey cycle period, measured between consecutive burst onsets. 8F
:eRriagter n the_text, VP-HP is referred to as the hip flexor (HF) anaclIscharge that occurred before the first HE burst was not include j@
-KF as the hip extensor (HE) nerve. . . X
the analysis. The mean amplitude of an ENG burst was obtaineg
) averaging each of the full-wave—rectified and rebinned (100 Hg
ENG Recordings voltage measurements that occurred within the burst. Mean an
es were calculated for each of the bursts in up to five nerjes
T-KE, AM-KE, FT-KE, HF, and HE) during 5-10 episodes of

Surgical procedures

Doy

After surgery was complete, turtles were removed from the crush
ice, allowed to warm up to room temperature (21-24°C), and immg- . . - o S I
bilized with an 8-mg/kg dose of gallamine triethiodide (Sigma, S ictive rostral scratching and 5-10 ep'SOd.eS of fictive swimming !
Louis, MO) injected intramuscularly. Rings of warm dental wax wertPUr different turtles. Averaged values obtained for each nerve du '@
molded around the holes in the dorsal carapace over the expo&¢mming were normalized to the averaged values obtained dufigg
D,-D, spinal cord and the dissected hindlimb nerves and glued fipstral scratching in the same turtle (Fig. 3). Duty cycle was calculajtedi
place with Permabond adhesive. Animals were then intubated agiburst duration divided by HF cycle period. For each experiment
placed on a ventilator; respiration was maintained throughout thég. 4, we calculated the average duty cycle for 5-10 episodeg &f
experiment at a rate of 1.0—1.2 cycles/min. The wax well surroundifigtive swim and 5-10 episodes of fictive rostral scratch motor
the exposed spinal cord was filled with Tris-buffered physiologicéérns. 3
saline (pH 7.6, modified from Stein and Schild 1989). The well We calculated dual-referent phase values for the onsets and offsgts
surrounding the dissected hindlimb nerves was filled with mineral aif knee extensor bursts (IT-KE, AM-KE, and FT-KE) within thgm
(Robertson et al. 1985). Differential ENG recordings were obtainggkilateral HF activity cycle. Dual-referent phase measurements |afe
with bipolar hook electrodes (10@m silver). ENG signals were appropriate for periodic events with variable duty cycles (Berkowjts
amplified and filtered (band-pass 0.1-1.0 kHz), digitized by an eighind Stein 1994). The HF activity cycle was divided itt&-on and | 3
channel pulse code modulation (PCM) video adapter (Vetter, Rebetf=_off periods. The onsets of HF bursts were defined by phase vajues
burg, PA), and stored on videotape with a voice channel and stimulysy o and 1.0. The offsets of HF bursts were defined by a phase vhlug
marker for off-line analysis on a computer. of 0.5. Circular statistics were used to analyze phase values (Bat

let 1981; Zar 1984). The angle and length of the mean vector
Stimulation procedures calculated for each knee extensor using standard trigonometric f
) ) tions. The angle of the mean vector represents the average phase jvaly

The D, end of the severed spinal cord was lifted up by thgn 4 circular scale ranging between 0.0 and 1.0. The length of|the

meninges and held in place by Gelfoam to permit a transverse Vigyi . yector indicates the degree to which individual data points were

of the spinal cord gray and white matter. Concentric bipol .
microelectrodes (MCE-100; Rhodes Medical Instruments, Woo oncentrated a_lor_lg th? mean vector. We used the Rayleigh tegt g
sess the statistical significance of the mean vector length. Thug, thd

land Hills, CA) were used to deliver constant-current pulses (8— 5SS .
pA, 1- or 2-ms pulses; 20—60 Hz, 5-25-s trains) to the spinal whi ayleigh test enabled us to determine whether phase values yverd

matter, concentrating on sites in the cDLF. Preparations wef@'dom or locked to a particular portion of the HF activity cycle. To
always given at least a 3-min rest between successive stimuftRS€SS S|gn|f|cant differences in the angle§ of the_ mean vectorg be
trains. A camera lucida was attached to the stereo dissecti¥feen swim and scratch, we calculated confidence intervals (99%] for
microscope at our physiology setup. We used this during tig&ch mean angle and compared them (Batschelet 1981; Fisher 1p95].
experiment to draw the location of the electrode tip relative to tHaverlapping confidence intervals were noted as statistically insighif-
spinal cord gray and white matter for each new stimulation siteicant. This statistical method was preferred over other nonparametric

Mechanical or electrical stimulation of cutaneous afferents wégsts (e.g., the Watson®Uest; Batschelet 1981), which do not -ig
used to evoke fictive rostral scratching. Mechanical stimulation wasminate between differences in mean angle and differences in|an-
applied to sites in the rostral scratch receptive field with a firglar deviation (circular analog of SD).

Ay,

[Bis



http://jn.physiology.org

148 J. JURANEK AND S. N. CURRIE

RESULTS lateral white matter. However, at the beginning of most exppr-

Qualitative comparison of fictive swimming elicited by spindMents, we sampled several sites within both the cDLF gnd
shell stimulation sites in the cDLF. Not all cDLF sites were equally effective fpr

eliciting a swim motor pattern; however, we never observed

We elicited coordinated, cyclic motor output from hindlimby,o10r patterns that resembled fictive swim activity while sti
muscle nerves in low-spinal, chemically paralyzed turtles ;

MWide variety of rhythmic and nonrhythmic motor responsgs,

\ ; X Eﬁjt none of these displayed the HE-biased hip alternation gnd
sites in the cDLF, at the anterior end of segmenf (ist knee extensor timing characteristic of fictive swimminp.

osterior to the forelimb enlargement), evoked stereot . L ; . . .
Ective swim motor patterns in gll of %2 preparations. él?w% ythmic responses elicited by iDLF stimulation typical

animal exhibited only tonic ENG discharge, regardless hibited Iarge-amp!|tude HF bursts and small-amplitude HE
stimulus location and pulse parameters. Nine of the 11 turt/l4rsts, compared with cDLF-evoked motor patterns (data pot
that exhibited cDLF-evoked fictive swimming in this study?hown). During iDLF-evoked motor activity, HF and H
also displayed vigorous fictive rostral scratching in responseRgrsts were often partially coactive, in contrast to the disti
electrical or mechanical shell stimulation within the rostrdfiF-HE alternation evoked by cDLF stimuli. Both contralatergl
receptive field. This enabled us to compare fictive swim ar@d ipsilateral DLF stimulation could sometimes trigger fictiye
rostral scratch motor patterns in the same animals. scratch cycles (identified based on FT-KE timing within the Hip
Figure 1 shows examples of cDLF-evoked fictive swimmingycle and relative amplitudes of HF and HE bursts), but thg¢se
and sensory-evoked fictive rostral scratching recorded as EN@sually always occurred as “off-responses” after cessation
from five different hindlimb muscle nerves in the same lowthe DLF stimulus train, rather than during stimulation (s
spinal immobilized turtle. Both motor patterns displayed rhyttdescription of Fig. 2, below).
mic alternation between HF and HE activity; however, the The burst frequency of fictive swim motor patterns could
relative amplitudes and durations of HF and HE bursts wecentrolled by the frequency or amplitude (current) of stimul
substantially different in the two behaviors. Fictive swimmingulses applied to the cDLF. In one experiment, stimulus f
was stronglyHE biased exhibiting small amplitude, short- quency was increased in 5-Hz steps from 20 to 60 Hz; wit
lasting HF bursts and large amplitude, long-lasting HE burdtsis range, HF burst frequencies exhibited a twofold increg
(Fig. 1A). In contrast, fictive rostral scratching was higdf#  from 0.21 to 0.45 Hz. When stimulus amplitude was increag
biased with large, long-lasting HF bursts and small, shorfrom 8 to 16 pA in this preparation, the frequency of HE
lasting HE discharge (Fig.B). Knee extensor bursts (IT-KE, bursting changed from 0.27 to 0.41 Hz. In other experime
AM-KE, and FT-KE) were also relatively small and briefwe also found that increasing the duration of stimulus pul
during the swim, compared with the rostral scratch. The mdgt.g., from 0.1 to 0.2 ms) could increase fictive swim frequer
dramatic amplitude changes occurred in the biarticular kneden other stimulus parameters were held constant (data
extensors, IT-KE and AM-KE. In four of eight turtles, IT-KEshown).
and AM-KE bursts were so reduced during fictive swim epi- Electrically evoked fictive swimming was “gated” by th
sodes that they either disappeared entirely or were too smaltfoLF stimulus train. Swim motor output always ceased with
measure. The timing of KE discharge within the hip flexort cycle after stimulus offset (Fig. 22 and B). In contrast,
extensor cycles was similar during swim and rostral scratfiotive rostral scratching typically continued for one or mo
motor patterns; in both cases, knee extensor bursts occuridll cycles after an electrical or mechanical shell stimuly
largely during the latter part of each HF burst. scratch afterdischarge was especially pronounced after
We did not systematically map the motor output elicited bfnonfatiguing) shell stimulation (Fig 22 andD). The occur-
electrical stimulation in all areas of the contralateral and ipgience of prolonged afterdischarge during scratch reflex was

tric bipolar microelectrode. Trains of stimulus pulses applied
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A Swim B Rostral Scratch

IT-KE

Fic. 1. Comparison of fictive swim and
rostral scratch motor patterns in the samnle
preparationA: electroneurogram (ENG) re-
cordings obtained from five hindlimb

' i I o } ' ' |
FT-KE H ‘ ”—- —-—»% = H ‘ -—-w nerves on the right side during a fictive
* 4 * ! H i ' H o swim episode elicited by current pulses (35-
‘ T L i i ‘

AM-KE

Hz, 20-s train; 16¢A, 0.1-ms pulses) de-
livered to the contralateral dorsolaterd|
funiculus (cDLF).B: ENG recordings ob-
tained during a fictive rostral scratch epi
sode elicited by electrical stimulation of the
ipsilateral shell bridge (3-Hz, 16-s train
20-V, 1-ms pulses).
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A cDLF stim-30Hz B cDLF stim-60Hz

AM-KE f J

FT-KE }
HF - * -

—

cDLF stim ——_

C  Shell stim - electrical

Shell stim i

D Shell stim - mecha

nical
|

ing elicited by electrical stimulation of the shell bridge. In thr¢e
of these four turtles, ENGs were recorded from five hindlimb
nerves (IT-KE, AM-KE, FT-KE, HF, and HE) on the righ
side; in the remaining turtle, ENGS were recorded from fqur
nerves (AM-KE, FT-KE, HF, and HE). We used rectified and
rebinned ENG data (seeeTtHops) for all measurements of
mean amplitude, duty cycle, and phase. For each turtle,|we
adjusted the electrical stimulus parameters of the cDLF traiip to
elicit swim frequencies that were comparable to rostral scrgtch
frequencies generated in the same turtt® (1 Hz).

MEAN BURST AMPLITUDES. Figure 3 compares the mean burpt
amplitudes of hindlimb nerve recordings for fictive swim and
fictive rostral scratch motor patterns. For each nerve, the mean
amplitude obtained from swim episodes was normalized to [the
mean amplitude from rostral scratch episodes in the sgme)
animal. The results clearly illustrate the relatively large-amgli-
tude HE bursts and small-amplitude HF bursts characteristi¢ of
fictive swimming, compared with fictive rostral scratch motpr
patterns. The mean amplitudes of HE discharge during ficfive
swimming were 128-150% of the values obtained during {Hg
fictive rostral scratch. In contrast, HF, IT-KE, AM-KE, anfl
FT-KE bursts nearly always had significantly lower me
amplitudes during fictive swimming compared with rost
scratch episodes. The mean amplitudes of HF bursts du iﬁg

BB |UM

AM-KE ‘ O fictive swimming were 47-57% of their respective rost
o scratch values. For IT-KE, AM-KE, and FT-KE bursts, megss
FT-KE amplitudes during swimming ranged between 47-70% of rpg:
; X tral scratch measurements. During one experiment (3-3-9§),
HF - IT-KE activity was recorded but was so reduced during fictiy&
i swimming that it could not be measured. This same preparafign
HE & *. was the only case in which FT-KE bursts did not exhil g
y significantly lower amplitudes during swimming, relative o
Shell stim A\ the rostral scratch. >
Qo
3 sec 00 5
FIG. 2. Fictive swim activity was “gated” by cDLF stimulation and exhib- q 18 - %
ited little afterdischarge after stimulus offset; however, fictive rostral scratchS ' 1 T @
ing elicited by shell (cutaneous) stimulation could display prolonged afterdise 1.6 1 ! : §
charge lasting up to several seconds. All recordings from the same preparati@ 1.4 ! B o -
A andB: fictive swim episodes elicited by brief cDLF stimulation (2.9-s trains;< 19 4 b3 = ]
16-uA, 0.1-ms pulses) delivered at 30 H&)(or 60 Hz @); swim motor output ~ — ’ o % Scratch 3
ceased shortly after each stimulus trafh.and D: sustained rostral scratch @ 1.0 - - - R kS BT val
activity evoked by brief electricalq; 16-Hz, 0.9-s train; 14-V, 1-ms pulses) or Q 0.8 1 - o k3 B & alue
mechanical D; 0.3-N peak, 1.3-s force applied with a fire-polished glas% 0.6 - ’:: X RS B
probe) stimulation of the shell within the rostral receptive field. o) 0'4 i g;:f 7| ;:f
N R %3 3 54
S ' 7 s g5
additional feature that differentiated rostral scratch from cDLFE 02 I g & ?
evoked swim motor patterns. In some preparations @), we & 0.0 4 Z. Z

observed cyclic motor activity that continued for up to severa®
seconds after cessation of a cDLF stimulus; however, this
afterdischargenever resembled fictive swimming. When

cDLF-evoked afterdischarge occurred, it usually exhibited theqc. 3. Mean amplitudes of ENG bursts during fictive swim episodgs,
timing and burst amplitude characteristics of the rostral scratedrmalized to the mean amplitudes for each nerve during fictive rosjral
reflex. In a few cases, the motor activity could not be identifiescratching in four different preparations. The mean burst amplitude for each

Expt Expt Expt Expt
4-27-98 5-27-98 3-03-98 3-30-98

- T =3 AM —0 FT &=z HF  exxxn HE

Quantitative analyses of fictive swim and rostral scratch

motor patterns

We performed quantitative analyses on hindlimb motor p
terns from the four turtles that displayed both robust cDL
evoked fictive swimmingand excellent fictive rostral scratch- iliotibialis; AM, ambiens; FT, femorotibialis; HF, hip flexor; HE, hip extensof.

nerve was quantified during 5-10 episodes of rostral scratch, elicited| by
electrical stimulation of the ipsilateral shell bridge (3-Hz, 16-s train; 10—-204V,
1-ms pulses). Five to 10 episodes of fictive swimming were elicited in the sagme
turtles by electrical stimulation of the cDLF. Mean burst amplitudes for
swimming were then normalized relative to each nerve’s rostral scratch vdlue.
ertical bars, SD. All swim and rostral scratch values except one (FT, Expt
%30—98) were significantly different & < 0.01, using the one-tailed Mann
hitney U test (Siegel 1956). N® > 0.05. Expt, experiment date; IT,
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DUTY cYcLES. Swim and rostral scratch motor patternsluring the middle to late part of thidF-on period (phase~
exhibited large and consistent differences in duty cyc@25) and ended near the beginning of tH&-off period
measurements (duty cycke burst duration as a fraction of (phase~ 0.5). Therefore, fictive swim and rostral scratgh
cycle period) for hip and knee ENG bursts (Fig. 4). Fictivewotor patterns could not be distinguished based on the tinfing
swimming was highly HE-biased, displaying a consistelf FT-KE bursts. Figure 5 shows that in three of four turtlgs,
pattern of short HF and long HE bursts. The range dfie onsetphase of FT-KE discharge was not significantly
average HF duty cycles during fictive swimming was 0.17different in our fictive swim and rostral scratch motor patterps
0.33, whereas the range of HE values was 0.66-0.98ig. 5, A-Q). The offsetphase of FT-KE bursts, as well ap
Across all four experiments, the ratio of average HF:HE-KE and AM-KE discharge, was also not significantly di
duty cycles ranged between 0.2 and 0.5 for swim motéerent in three of four experiments (Fig. B~-D). The only
patterns. In contrast, fictive rostral scratch episodes wegensistent phase differences we found between fictive swim
strongly HF-biased, exhibiting long HF and short HE burst@nd rostral scratch episodes was in the onset timing of [the
The range of average HF duty cycles during rostral scratdpiarticular knee extensors, IT-KE and AM-KE. Both IT-KE
ing was 0.78-0.86, whereas the range of HE values ward AM-KE exhibited significantly later onsets with respect ffo
0.14-0.22. The ratio of average HF:HE duty cycles varigtie HF cycle during fictive swimming, compared with rostrpl
from 3.5 to 6.2 for rostral scratch motor patterns. Knegcratching (Fig. 5A-C; P < 0.01; 2 of 2 turtles with IT-KE,
extensor duty cycles, similar to HF cycles, were signifid of 4 turtles with AM-KE). This difference was especially
cantly shorter during swim motor patterns, compared wittriking in IT-KE, which began to fir@fter HF-onset during
the rostral scratch. In two experiments, the average IT-K&vim cycles (i.e.,>0.0 phase), bubefore HF-onset during
duty cycles were 0.12 and 0.19 during swimming, but 0.8®stral scratch cycles (i.e;0.0 phase; Fig. A andB; see also
and 0.81 during rostral scratching in the same preparationig. 1).

(Fig. 4, A and B). Across all four experiments, the range

of AM-KE and FT-KE duty cycles was 0.11-0.2 duringnteractions between fictive swim and rostral scratch motof
swimming and 0.34—0.56 during rostral scratching (Fig. patterns

A-D). In Fig. 6, we show that brief stimulation of rostral scratq
PHASE OF KNEE EXTENSOR ACTIVITY. We calculated the aver- during an ongoing fictive swim motor pattern could interrup
age phase values (seeTHops) for the onsets and offsets ofand permanently reset the swim rhythm. We observed s
knee extensor bursts (IT-KE, AM-KE, and FT-KE) relative tanteractions in five turtles. In this particular animal, contr
two referents in the HF cycle, comparing these values féictive swim episodes elicited by cDLF stimulation displayse
fictive swim and rostral scratch motor patterns (Fig. 5). In thaF-HE alternation in which the HF bursts were unusua
present experiments, we found that fictive swimming and ro&eak and there was virtually no KE activity (FigAp A brief
tral scratchingboth exhibited FT-KE discharge that begarelectrical (Fig. ) or mechanical (Fig. B) shell stimulus
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A Expt 4-27-98 B Expt 5-27-98
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FIG. 5. Average onset and offset phases of K
bursts relative to two referents in the HF cyclqg,
comparing values for fictive swim and rostrg
scratch motor patterns. Rectangles represent |T-
0.0 05 1.0 0.0 0.5 1.0 KE, AM-KE, and FT-KE bursts. Théeft edge of
each rectangle represents the average burst onfet;
the right edge of each rectangle represents the

Scratch

C Expt 3-03-98 D Expt 3-30-98 average burst offset, relative to the HF activit]
cycle. The data used to calculate each onset gnd
<—HF ON—><—HF OFF—> <—HF ON—><—HF OFF—> offset value were significantly different from g

random distribution P < 0.001; Rayleigh test;
Batschelet 1981; Fisher 1995). Horizontal errg
bars indicate angular deviations (s&erHops) for
onset and offset phase valueSignificant differ-
ences determined by comparing confidence intg
vals (99%) of mean phase during swim an|
scratch episodes.
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applied to the ipsilateral rostral scratch receptive field elicite@sult provides support for the hypothesis that swim and ros
a partial rostral scratch cycle in this preparation while it was atratch networks contain at least some shared interneurp
rest (rest= no ongoing stimulation or motor activity). Theseelements.

control scratch responses exhibited prolonged HF dischargdn one turtle, we performed the reverse experiment
that peaked shortly after stimulus offset, with accompanyifyiefly stimulating the cDLF to activate fictive swimmin
KE bursts, and then decayed slowly over many seconds. WHildring ongoing rostral scratch motor patterns (Fig. 7). F
this turtle was at rest, such brief shell stimuli were insufficiedtr® 7A shows a control rostral scratch episode in this turt
to evoke full rostral scratch cycles with alternating HF and HElicited by electrical stimulation of the shell in the rostr
bursts. Figure 6C andE shows that similar brief stimulation 'éceptive field. In Fig. B, we delivered a short stimulug
of rostral scratch during fictive swim activity could insert on&@in to the cDLF during an ongoing rostral scratch. The
or more rostral scratch cycles into the swim motor pattern aQiiSet Of the cDLF stimulus occurred during the HF phase of
reset the timing of motor bursts during the remainder of tj8€ Scratch, terminating the HF burst and eliciting more than
cDLF stimulus train. In both cases (Fig.®andE), the scratch two full 'cycle.s of fictive swimming. After the off_set Of.
stimulus was delivered during the HE phase of the swim cycGPLF stimulation, the preparation ceased producing swim
abruptly terminating the HE burst and producing a phas cles and reverted to the rostral scratch motor pattern. Note
advance reset of the motor rhythm. In FigC,@he electrical that all three knee extensors were strongly active during the
shell stimulus inserted a single cycle of rostral scratch, ch&2ntrol scratch episode (FigAy, but their amplitudes and
acterized by large-amplitude HF and KE bursts, into the swifff/rations were greatly reduced during the period of cDLF-
motor pattern. In Fig. B, the mechanical shell stimulus evokefV0ked swim activity (Fig. B).

three full rostral scratch cycles. That the rostral scratch re-

sponses elicited during swim activity (Fig. 6,andE) dis- 5,scyssion

played normal HF-HE alternation, whereas the control rostral

scratch responses (Fig. B,and D) did not suggests that the We demonstrated thdictive swimmingcan be elicited in
HF-biased excitation produced by rostral scratch stimulatidartle hindlimb muscle nerves by electrical stimulation of t:rne
combined with the HE-biased excitation elicited by cDLEDLF in low-spinal, chemically paralyzed preparations. Sti
swim stimulation to generate the alternating discharge. Thitation of the cDLF produced coordinated rhythmic discharge

&b ‘vz Sequisn
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IT-KE
AM-KE

FT-KE

FIG. 6. Stimulation of a fictive rostral scratch reflex cal
interrupt and reset an ongoing fictive swim motor pattéin.
Control fictive swim episode, elicited by stimulation of th
cDLF (30-Hz, 20-s train; 1A, 0.1-ms pulses)B: Partial
fictive rostral scratch cycle elicited by electrical stimulation
the ipsilateral shell bridge (20-Hz, 0.5-s train; 20-V, 1-m
pulses).C: The same electrical shell stimulus shownBrwas
delivered during an ongoing swim motor pattern. The shell
stimulus inserted a single cycle of rostral scratch into the
ongoing swim rhythm and produced a permanent phase-
; ; ‘ ‘ vance resetD: Partial fictive rostral scratch cycle evoked b
HE » brief mechanical stimulation of the ipsilateral shell bridgeA

! ‘ ‘ o brief mechanical shell stimulus was applied during an ongoi
Shell stim __Hi Shell stim ‘ swim motor pattern. The shell stimulus inserted several cyc|
¢DLF stim -“l-lﬂml of rostral scratch, overriding the swim motor pattern and 4
vancing the phase of ENG bursts for the remainder of t
D E

episode. Arrowheads: expected onsets of HF bursts relativg
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in hindlimb motoneurons that resembled the electricaligomparison of fictive and actual swim motor patterns
evoked swim EMG motor patterns recorded from intact and

low-spinal turtles with movement (Lennard 1975; Lennard preyioys investigations in intact and low-spinal turtles defn-

1985; Lennard and Stein 1977; Stein and Johnstone 198)qirateq that electrical stimulation of the cDLF could prodice

Cutaneous s_timulation of the_lateral midbody (s_,hell bridg_e) i|’P1ythmic hindlimb movements that resembled forward swim-
the same animals producdidtive rostral scratchingQuanti-

tati | ¢ it . q tral tch e dming (Lennard 1975; Lennard 1985; Lennard and Stein 19[77;
atve analyses of lictive swim and rostral scralch €piSolgg,;, 1931 Stein and Johnstone 1986). Similar stimulatior] of
demonstrated largely similar phasing in hip and knee mot

pools, but distinct differences in the amplitudes and relati LF sites in the cer_\/lcal sp_m_al cord of high-spinal 'mm°t"
durations (duty cycles) of ENG discharge; identical observ ggd tyrtle preparations elicited _out-of-pha;e, .coordma
tions were made earlier by Stein and Johnstone (1986) fyimming movements in the _forellr_nb :_:md h|nd!|mb on one
EMG recordings in moving preparations. We also observétfl€ (Stein 1978). Electrical stimulation in the spinal DLF his
interactions between swim and rostral scratch networks. Brfdf0 been shown to elicit fictive swimming activity in th
rostral scratch stimulation could interrupt and permanentfpntralateral ventral roots of the stingray (Williams et al. 1984)

reset an ongoing fictive swim rhythm, and vice versa. Intefnd is well known to evoke stepping movements in high-spipal
rupted motor patterns displayed smooth transitions betwedpzennikov et al. 1983; Sherrington 1910) and low-spinal

swim and scratch cycles. These findings show that swim affariliner and Zangger 1979) cats. It was suggested by Lennjard
scratch neural networks impinged on each other in the spired Stein (1977) that cDLF stimulation in turtles might activdte

cord and imply that they may share at least some rhythrlescending reticulospinal axons to produce locomotor move-
generating elements. ments. Reticulospinal axons are likely to contribute most gle-
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A the latter part of each HF burst (Lennard 1985). In the predent
T-KE experir_nents, we found that fi.ctive_ cDLF-evoked motor pat-
AMKE W terns displayed each of these identifying characterisiibese
“M y fictive swim motor patterns couldnly be evoked by electrical
FT-KE ‘M *m ﬁ‘ﬁw M— stimulation of the cDLF and never occurred spontaneouslyf or

in response to sensory (shell) stimulation.

The electrical stimulation that we used to elicit fictive swim-
ming in this study was similar in several respects to the
HE stimulation used by Lennard and Stein (1977) to evoke acfual
I, swimming in turtles with movement. First, in both studiep,

HF

Shell stim effective stimulation sites for eliciting the swim motor pattefn
were located in the contralateral DLF at the anterior end| of
B segment Q. Stimulation applied outside this area (e.g., the
ipsilateral DLF) did not elicit swim motor patterns. Second,

IT-KE ; o i P "
moving and fictive swim motor patterns were both “gated” by

AM-KE the stimulus train. In other words, rhythmic swim activi
FT-KE continued only so long as the cDLF stimulus was maintairjed

" (e.g., Figs. 2A andB and A in the present study; Fig. 9 i

Lennard and Stein 1977). Third, increasing either the f
guency or amplitude of cDLF stimulus pulses caused a
HE portional increase in swim cycle frequency in moving a

shell stim UL fictive preparations. The range of effective stimulus frequ
cDLF stim W cies (20—60 Hz) and current amplitudes (8—18) that we
arees observed in fictive preparations overlapped the stimulus

rameters noted by Lennard and Stein (1977) in moving ani

FIG. 7. Stimulation of fictive swimming can interrupt and reset an ongoingq __ _ . E _
rostral scratch rhythmA: Rostral scratch motor pattern elicited by electricaﬁl5 50 Hz and 11 1RA; their Fig. 5)' Fourth, cDLF-evoked

stimulation of the shell bridge (3-Hz, 16-s train; 10-V, 1-ms pulsé&). SWIMMINg could Over”de ongoing motor activity, such
Electrical stimulation of the cDLF (35-Hz, 5-s train; 108, 0.1-ms pulses) Spontaneous backpaddling movements (Figure 10 of Len
during an ongoing rostral scratch motor pattern. During the cDLF train, ttgnd Stein 1977) or fictive rostral scratching (Fig. 6 of t
motor output switched to a swim pattern, exhibiting typical reduction in Hbresent study).

and KE activity with enhanced HE activity. Arrowheads: expected onsets of : : :
HF bursts relative to the control episode shownAin We observed relatively low burst frequencies during cDL|

scending fibers in the lateral and ventral funiculi of reptiliafrequencies that were previously reported for actual cDU

spinal cords (Kusuma et al. 1979; ten Donkelaar 1976a,b).evoked swimming in moving preparations (0.5-1.6 Hz; Figs,

Experiments with moving preparations described cDLFRNd 6 in Lennard and Stein 1977). Similar reductions in cy
evoked swim motor patterns based on EMG recordings fipmfrequency have been observed in deafferented vertebrate
FT-KE and HE muscles alone (Lennard 1975; Lennard amdations ¢hick hatching and walkingBekoff et al. 1987),
Stein 1977; Stein 1978%) FT-KE, HF, and HE muscles (Steinisolated vertebrate CNS preparationsu@puppy walking
and Johnstone 1986); &) AM-KE, FT-KE, HF, and HE Wheatley et al. 1992famprey swimmingCohen 1995 and
muscles (Lennard 1985). Lennard (1975) found that monitgrersonal communication), and deafferented invertebrate p

ing activity in just the FT-KE and HE muscles was sufficient tarations focust flight Wilson 1961; Pearson and Wolf 1987;

discriminate forward swimming from other locomotor behavocust groomingBerkowitz and Laurent 1996) compared wit
iors, such as backpaddling and terrestrial walking. EMGs réte intact animals. It has been suggested that the higher ¢

corded duringforward swimmingconsistently exhibited brief frequencies observed in some intact vertebrate preparagons

FT-KE activity immediately followed by intense, long-lastingvith movement may result from an excitatory influence
HE discharge (Lennard 1975; Lennard and Stein 1977; Stemovement-related afferent feedback (Bekoff et al. 1987).
1978). In contrast, EMGs obtained during spontandmack-

paddlingin intact turtles displayed intense, long-lasting FT-KEomparison of fictive swim and fictive rostral scratch motd
activity followed by weak, short-lasting HE discharge (Lenpatterns

nard 1975; Lennard and Stein 1977). Differences between

forward swim anderrestrial walkingmotor patterns were even Our ENG recordings show that fictive swim and rost
more pronounced (Lennard 1975). Walking motor patterissratch motor patterns displayed similar synergies between
reliably exhibited double bursting in the FT-KE muscle, thand knee motor pools but strikingly different cycle asymm
two bursts occurring at the onset and offset of HE dischargees. Stein and Johnstone (1986) described an HF-domin
Later experiments, in which KE, HF, and HE muscles were édMG motor pattern during rostral-scratching movements &

recorded, showed that cDLF-elicited swimming was reliablgn HE-dominated motor pattern during forward-swimming

characterized byl) alternating HF and HE bursts (Lennardnovements. Our nerve recordings complement these ea
1985; Stein and Johnstone 198@), asymmetric hip cycles EMG experiments and extend the preliminary descriptions
dominated by large-amplitude, long-duration HE bursts, witthose authors to a quantitative level. The mean amplitude
comparatively weak, short-duration HF bursts (Stein and JohdE bursts were significantly greater during fictive swimmi
stone 1986), and) weak AM-KE and FT-KE discharge during compared than during rostral scratching (Fig. 3). In contrg

evoked fictive swimming (0.2-0.5 Hz), compared with th
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HF, IT-KE, AM-KE, and FT-KE bursts all had significantly supported by the similar knee-hip timing in both motor patteqns
smaller amplitudes during fictive swimming than during rostrgEarhart and Stein 2000; Stein and Johnstone 1986; Fig. b of
scratch. Comparable differences were also noted in burst dthg present study). Furthermore, recent observations Have
cycles during the two behaviors (Fig. 4). During fictive swimshown that simultaneous stimulation of the cDLF and rostral
ming, the mean ratios of HF-HE duty cycles ranged from 0@itaneous afferents on the shell bridge can elicit coordingted
to 0.5; for rostral scratching, these ratios ranged between Bydbrid motor patterns with characteristics of both the forwgrd
and 6.2. As first proposed by Stein and Johnstone (1986), thea@ém and rostral scratch (Earhart and Stein 2000).
differences are not unexpected, given that the powerstrokeAs demonstrated in several invertebrate systems, separate
phase of rostral scratching is during hip flexion, whereas tiensory or neuromodulatory inputs can reconfigure a sifgle
powerstroke of forward swimming is during hip extension. pattern-generating network to carry out multiple behavioral

We used dual-referent phase analysis to assess the onseffanctions (Harris-Warrick and Marder 1991). However, the
offset timing of knee extensor bursts relative to the hip cyckxistence or extent of shared neuronal elements underlying
during fictive swim and rostral scratch motor patterns. Oulifferent rhythmic movements has yet to be conclusively dem-
results confirmed and extended the qualitative observatiamsstrated in a vertebrate system (Marder and Calabrese 1996).
made by Stein and Johnstone (1986) for EMG recordings $hared neuronal elements have been proposed to mefdliat
moving animals. We found that bursts of activity from thevalking and scratching in dogs (Sherrington 1906a,b) and ¢ats
monoarticular knee extensor motor pool, FT-KE, did not sigBerkinblit et al. 1978; Gelfand et al. 1988), walking and pgw
nificantly change their phasing between rostral scratch asldake in cats (Carter and Smith 1986; Smith et al. 1986), and
forward swim motor patterns. In both cases, FT-KE dischargige distinct hindlimb motor rhythms induced by different nep-
occurred during the latter part of each HF burst. In contrast tochemicals in neonatal rat spinal cords (Cowley and Schmidt
this similarity, FT-KE has been shown to display distinctiy1994; Kiehn and Kjeerulff 1996). Among nonmammalian verg
different timing in each of the three forms of fictive scratchebrates, overlapping neural networks may underlie walk|r
reflex (rostral, pocket, and caudal) (Robertson et al. 1985; Steind hatching in chicks (Bekoff et al. 1987), swimming an&
1989). FT-KE bursts occur during HF in the rostral scratclstruggling in frog larvae (Soffe 1993), swimming and fagtg
during HE in the pocket scratch, and just after HE but befoescape responses in teleost fish (Svoboda and Fetcho 1986),
HF during the caudal scratch. Therefore unlike different fornand different forms of scratching in the turtle (Berkowitz ancg
of turtle scratching, rostral scratch and forward swim mot@tein 1994). A primary goal of our future studies will be {03
patterns cannot be discriminated based on FT-KE timiragsess the extent of shared interneuronal circuitry betwegn
within the hip activity cycle. However, the onset phase of th@vim and scratch central pattern generators in the turtle h @
biarticular knee extensors, IT-KE and AM-KE, may help tdimb enlargement. We have developed an in vitro preparatj¢h
discriminate between the forward swim and rostral scratch afi the turtle spinal cord with attached hindlimb nerves tha
some preparations. IT-KE, in particular, displayed distinct timexpresses fictive pocket scratch motor patterns in respon &1
ing differences in the two behaviors. In two different experielectrical stimulation of an identified cutaneous nerve (Cu r@
ments, IT-KE became activeefore HF during the rostral 1999; Currie and Lee 1996). Experiments are currently un er
scratch, butafter HF during the swim (Fig. 5A and B). It way to determine whether a modified version of this reduqegd
remains to be seen whether these differences in IT-KE timipgeparation can generate both sensory-evoked fictive scrgtéh
are also observed during EMG recordings from moving preptg and cDLF-evoked fictive swimming. If so, the in vitr
arations. approach could permit prolonged intracellular recording fr
hindlimb interneurons during electrically evoked fictive scrat
and swim motor patterns to directly address the issue of sh
CPG circuitry.

Our reset experiments demonstrate strong central interac-
tions between forward swim and rostral scratch neural net-This research was supported by National Science Foundation Grant IBN-
works. We found that shell stimulation could insert rostr&723973 to S. N. Currie. _
scratch cycles into an ongoing fictive swim motor pattern and/ddress reprint requests to S. N. Currie.
permanently reset the swim rhythm (Fig. 6); conversely, cDL&eceived 6 November 1998; accepted in final form 16 September 1999.
stimulation could insert swim cycles into an ongoing fictive
rostral scratch episode and reset the scratch rhythm (Fig. FprERENCES
These data expand on earlier observations made by Stein _ o . _
(1981) in an extended abstract. Stein described a IOW_SpiﬁéBgTELET, E. Circular Statistics in Biology New York: Academic Press,
turtle with deafferented hindlimbs in which DLF-evokedsexorr, A., Nussaum, M. P., SeicHi, A. L., AND CLIFFORD, M. Neural control
swimming movements were reset by a brief rostral scratchof limb coordination. I. Comparison of hatching and walking motor output
reflex. Those observations, combined with our present dat?gg(;rns in normal and deafferented chicBs.Neurosci.7: 2320-2330,
from |mmob|I|_zed anlmals, show that Sl_Jch interruptions reSLgt RKINBLIT, M. B.. DELAGINA, T. G., FELOVAN, A. G.. GELFAND, . M.. AND
from central interactions between swim and rostral ScratCFbRLOVSKY, G. N. Generation of scratching. Il. Nonregular regimes pf
neural networks, rather than from movement-related sensorgenerationJ. Neurophysiol41: 1058—-1069, 1978.
feedback. It is possible that these interactions are mediatedtekowitz, A. anp Laurent, G. Central generation of grooming moto
some degree by shared interneurons that participate in botPatterns and interlimb coordination in locuslsNeuroscil6: 8079-8091,
motor patterns; however, the existence of such cells ha_s yeEE kowiTz, A. AND STEIN, P.S.G. Activity of descending propriospinal axon
be demonstrated. The concept that common neural Circuitryy the turtle hindlimb enlargement during two forms of fictive scratching:
contributes to both the forward swim and rostral scratch isphase analyses. Neuroscil4: 5105-5119, 1994.
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