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Spinal Cord Segments Containing Key Elements of the Central 
Pattern Generators for Three Forms of Scratch Reflex in the Turtle 
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The immobilized, low-spinal turtle produces 3 forms of the 
fictive scratch reflex in response to tactile stimulation of 
specific sites on its body surface (Robertson et al., 1985). 
We used complete transections of the spinal cord at different 
rostrocaudal levels to reveal the minimum length of spinal 
cord sufficient to produce each scratch form. Additional tran- 
sections revealed the progressive loss of elements of the 
motor pattern and the eventual loss of rhythmogenesis. We 
have identified, therefore, spinal cord segments containing 
key elements of each scratch form’s central pattern gen- 
erator (CPG). 

The turtle spinal cord consists of 8 cervical segments (Cl - 
C8), IO dorsal segments (Dl-DIO), 2 sacral segments (Sl, 
S2) and about 16 caudal segments (Cal-Cal 6; Kusuma et 
al., 1979). The ceil bodies of motor neurons innervating the 
hindlimb muscles are located in the hindlimb enlargement, 
segments D8-S2 (Ruigrok and Crowe, 1984). The receptive 
field for the rostra1 scratch is innervated by segments D3- 
D6; the pocket scratch receptive field is innervated by seg- 
ments D6-D8; the caudal scratch receptive field is inner- 
vated by segments S2, Cal, and more caudal segments 
(Mortin and Stein, 1985). 

A rostra1 scratch motor pattern could be produced with as 
few as 5 or 6 segments, i.e., segments D5-D9 or D3-D8. The 
anterior 3 segments of the hindlimb enlargement, D8-DIO, 
could produce a pocket scratch motor pattern. A single seg- 
ment, either D7 or 08, is capable of rhythmogenesis in re- 
sponse to stimulation of sites in its part of the pocket re- 
ceptive field. A caudal scratch motor pattern could be 
produced by D8-End (the hindlimb enlargement and more 
caudal segments). The posterior 40-80% of the hirrdlimb 
enlargement is not necessary for the production of a rostra1 
or pocket motor pattern. The anterior segment of the en- 
largement is necessary for the production of a normal caudal 
scratch motor pattern. Key elements of the CPG for each of 
the 3 scratch forms reside in segments D7-DIO. The pattern- 
generating capacity of the anterior half of the hindlimb en- 
largement is greater than the posterior half; such an asym- 
metric distribution of pattern-generating elements in the en- 
largement of the spinal cord has been described for cat 
scratching (Deliagina et al., 1983). These results are con- 
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sistent with the hypothesis that the CPGs producing different 
motor patterns for the hindlimb share neuronal elements 
(Grillner, 1981; Robertson et al., 1985; Currie and Stein, 1988, 
1989). 

A wide variety of rhythmical behaviors in vertebrates, such as 
swimming, walking, and scratching, are produced within the 
CNS by central pattern generators (CPGs; for reviews, see Grill- 
ner, 198 1; Stein, 1984). A CPG is defined as the set of neurons 
within the CNS that, in the absence of movement-related sen- 
sory feedback, can produce the appropriate sequence of neural 
activities that underlie a behavior. Sensory feedback is essential 
for the adaptive functioning ofthese CPGs in an animal’s natural 
environment. The CPGs underlying several different vertebrate 
behaviors reside within the spinal cord; these have been iden- 
tified as spinal CPGs by recording the appropriate motor output 
after removing both phasic sensory feedback from the periphery 
and supraspinal influences (Stein, 1984). Which spinal cord seg- 
ments contain neurons involved in pattern generation? The an- 
swer to this will help direct future experimental work with single- 
cell recording techniques designed to identify the neurons and 
circuits responsible for vertebrate pattern generation. 

The turtle spinal cord contains a sensorimotor translator that 
produces 3 forms of the scratch reflex (Mot-tin et al., 1985; 
Robertson et al., 1985). Each form of the scratch exhibits a 
stereotypical motor output that directs the limb to rub against 
a set of receptive field sites covering a specific portion of the 
turtle’s body. The 3 forms of scratch in the turtle are produced 
by CPGs within the spinal cord (Robertson et al., 1985). Each 
scratch form can be distinguished from the other 2 forms by 
the timing and intensity characteristics of their motor patterns. 
For each form of the scratch, hip protractor (VP-HP) motor 
activity rhythmically alternates with hip retractor (HR-KF) mo- 
tor activity. Distinct for each form is the timing of activation 
of the monoarticular knee extensor (FT-KE) motor output in 
the activation cycle of the hip musculature. FT’-KE is active in 
a rostra1 scratch during the latter portion of VP-HP activation; 
FT-KE is active in a pocket scratch during HR-KF activation; 
FT-KE is active in a caudal scratch after HR-KF activation has 
already occurred (Robertson et al., 1985). 

This paper reports the identification of those spinal cord seg- 
ments that contain key elements of the CPG for each scratch 
form. We activated scratch motor output using natural stimu- 
lation within each scratch form’s receptive field. We monitored 
rhythmic hindlimb and respiratory motor output activated dur- 
ing each scratch form. We determined those spinal cord seg- 
ments that were sufficient and some that were necessary for the 
production of each scratch form’s motor pattern. Our technique 
had a major limitation: for each scratch form, we needed at 
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least one segment of that form’s receptive field connected with 
at least one segment that contained motor neurons active during 
that form. We could not determine whether or not additional 
elements of the rostra1 and pocket scratch generators are located 
in posterior enlargement segments. Our results are consistent 
with the hypothesis that there is sharing of neuronal elements 
involved in generating the 3 scratch forms. Portions of this work 
were described previously in an abstract (Mortin and Stein, 
1985) and in a doctoral dissertation (Mortin, 1987). 

Materials and Methods 
Adult turtles, Pseudemys scripta eleguns (n = 34; carapace length, lo- 
20 cm; weight, 200-800 gm) were used for this study. Each turtle was 
placed in &shed ice for a minimum of 1 hr prior to surgery to obtain 
hvuothermic anesthesia (Melbv and Altman, 1974: Maxwell. 1979: 
h&tin et al., 1985). Eve& turtie in this study ‘was fir& spinalized mid: 
way between spinal cord segments dorsal 2 and dorsal 3 (D2 and D3); 
D2 is the second of 10 dorsal (postcervical and presacral) spinal segments 
(Mortin and Stein, 1985; Mortin et al., 1985). AI1 further surgical pro- 
cedures were performed while the turtle was maintained in crushed ice, 
with the exception of the secondary spinal cord transections used to 
localize CPG elements of the scratch; these transections were performed 
at room temperature at the physiology set-up. 

Peripheral nerves were surgically dissected from the hindlimb for 
electroneurographic (ENG) recordings (Robertson et al., 1985; Mortin, 
1987). ENG recordings were obtained from 3 distinct regions: (1) the 
femoral nerve plexus of the hindlimb, including the nerves to VP-HP 
(puboischiofemoralis intemus, pars anteroventralis, a hip protractor and 
femoral rotator muscle), IT-KE (triceps femoris, pars iliotibialis, a knee 
extensor, hip protractor, and hip abductor muscle), AM-KE (triceps 
femoris, pars ambiens, a knee extensor and hip adductor muscle), and 
FT-KE (triceps femoris, pars femorotibialis, a pure knee extensor mus- 
cle), and the distal D8 (dD8) nerve (innervating respiratory muscles and 
other muscles of the pelvic girdle); (2) the sciatic nerve plexus of the 
hindlimb, including the HR-KF nerve (innervating flexor cruris, pars 
flexor tibialis intemus and several other muscles that retract the hip 
and flex the knee, and one muscle that adducts the hip); and (3) pe- 
ripheral nerves from pre-enlargement segments D6 and D7 innervating 
respiratory muscles (Bojanus, 18 19; Walker, 1973). The recording from 
each nerve was obtained via a pair of silver-wire electrodes in a pool 
of mineral oil. The ENG signals were amplified (100-l 000 Hz bandpass) 
and stored on FM magnetic tape for later analysis and filming. 

In addition to dissecting the peripheral motor nerves from one hind- 
limb, a long length of the spinal cord was exposed from the dorsal aspect 
(Mortin and Stein, 1985; Mortin, 1987). After removal from the ice, 
the turtle was allowed to warm to room temperature, and then im- 
mobilized with gallamine, a neuromuscular blocking agent, at a dosage 
of 6 mg/kg body weight. Scratch episodes, monitored with ENG re- 
cordings, were elicited by gentle mechanical stimulation of specific sites 
on the body surface at regular intervals throughout an experiment (see 
Mortin et al., 1985, for the names of stimulus sites on the shell). The 
spinal cord was transected completely, midway between adjacent dorsal 
roots at different levels, with a single cut using fine iridectomy scissors. 
The motor pattern produced in response to scratch stimulation was 
compared before and after each transection. Spinal shock is minimal 
in the turtle, as motor patterns could be elicited within a few minutes 
after each transection. If a scratch motor pattern could be elicited, then 
the spinal cord piece left intact was sufficient to produce that fictive 
scratch form. Changes in the motor output after a transection indicated 
that either (1) a key CPG element residing in the deleted segment(s) was 
lost, (2) motor neurons that contributed to the motor output had somata 
in the deleted segment(s), or (3) that enabling elements, e.g., primary 
afferents or cutaneous sensory intemeurons, for that scratch form’s CPG 
were removed. 

For each form of the scratch, the cycle period was measured from a 
number of representative scratch episodes in each reduced preparation. 
The cycle period was defined as the time from the onset or offset of 
activity in one motor nerve to the next occurrence of that same activity. 
Most often, cycle period was measured as the time from the onset of 
activity in one burst of the VP-HP nerve to the onset of VP-HP activity 
in the subsequent cycle. When the VP-HP nerve monitor was not avail- 
able, the nerve displaying the most regular and robust activation during 
each cycle was utilized. 

Results 
Rostra1 scratch generation 
The fictive rostra1 scratch motor pattern is characterized by the 
activation of the pure knee extensor nerve, FT-KE, during the 
latter half of the activation of the hip protractor nerve, VP-HP 
(Fig. 1A). Activation of VP-HP alternates with activation of the 
hip retractor nerve, HR-KF. VP-HP activation usually has a 
longer duration than HR-KF activation in the fictive rostra1 
scratch. The extreme of this difference in duration between the 
VP-HP and HR-KF bursts is a natural variation, termed an 
HR-KF deletion, seen during some rostra1 scratch episodes, in 
which the phase of activation of HR-KF is deleted and a second 
VP-HP burst occurs without an intervening HR-KF burst (for- 
merly called a B-phase deletion by Stein and Grossman, 1980; 
and Stein et al., 1982; see also Stein, 1985; Robertson and Stein, 
1988). The rostra1 scratch is further characterized by the se- 
quential activation of IT-KE (near the offset of HR-KF, e.g., 
Fig. lB), AM-KE, and then fl-KE, respectively. AM-KE, FT- 
KE, and VP-HP terminate their activity near the onset of HR- 
KF. 

Figure 1, a composite of scratch episodes from several ex- 
periments, shows that the posterior 2-4 segments of the S-seg- 
ment hindlimb enlargement are not necessary for the production 
of a rostra1 scratch motor pattern. Figure 1A shows a control 
fictive rostra1 motor pattern, initiated by stimulation of a site 
in the rostra1 receptive field, from an immobilized turtle spi- 
nalized between segments D2 and D3. The last trace in Figure 
1A is a recording from the dD8 nerve, containing motor axons 
that innervate several muscles adjacent to the hindlimb, in- 
cluding 2 respiratory muscles. During the rostra1 scratch, the 
dD8 nerve showed 2 bursts of activity, one coactive with VP- 
HP and the second coactive with HR-KF. The motor neurons 
whose axons project in the dD8 nerve are located mainly in 
segment D8. Thus, this nerve provides a monitor of the HR- 
KF phase of the rostra1 scratch that, in contrast to the HR-KF 
motor pool itself, is located in the most anterior segment of the 
enlargement. 

A preparation containing segments D3-DlO still produced 
the nerve synergies of the rostra1 motor pattern (Fig. 1B). In 
Figure lB, FT-KE was active during the latter half of VP-HP 
activity, and both of these nerves were quiescent during HR- 
KF activity. Other features that characterize the rostra1 scratch 
also remained unchanged compared with the control. Variations 
in the timing of IT-KE activity and the difference in cycle period 
are within the normal variability of rostra1 scratch episodes (cf. 
Fig. 1, A, B). A preparation containing segments D3-D9 pro- 
duced a rostra1 motor pattern (Fig. 1 C; the increased cycle period 
is discussed later). The sequence of activation of these nerves 
was the same as in the control. Thus, the posterior 60% of the 
enlargement, i.e., DlO, Sl, and S2, and all the caudal segments 
are unnecessary for the production of a rostra1 motor pattern. 

A D3-D8 preparation generated a nearly normal rostra1 motor 
pattern (Fig. 1, D, E). At this stage, the preparation had only 1 
of the 5 enlargement segments (D8), and therefore only a limited 
number of intact motor pools. Figure 1, D, E, shows the motor 
patterns elicited by stimulation within the rostra1 receptive field 
of such a 6-segment preparation, in 2 different turtles. In Figure 
1 D, the timing of activation of the first 4 motor nerves was very 
similar to that seen in the control. There was no activity in HR- 
KF, the last trace in D; its motor pool is located mainly in 
segments DlO, Sl, and S2 (Ruigrok and Crowe, 1984), which 
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Figure 1. The posterior 40-80% of the hindlimb enlargement is not necessary for the production of a rostra1 scratch motor pattern. The spinal 
cord segments that were intact for each preparation are labeled above each motor response in this and subsequent figures. Each episode shows 3 
cycles of a rostra1 motor pattern recorded in immobilized turtles. Six motor nerves were recorded in these preparations (see Materials and Methods). 
The dD8 N recording showed 2 distinct bursts in the rostra1 scratch, one coactive with VP-HP and the second coactive with HR-KF, it is likely 
that these represent separate motor pools. The stimulus positions that elicited each scratch response are as follows: A, M8.0; B, SP 1; C, SP 3.5; 
D, SP 3; and E, a site ventral to SP 2. 

have been removed in this preparation. Each successive burst 
of activity in VP-HP began at or near the offset of the previous 
VP-HP burst, indicating a deletion of the HR-KF phase. HR- 
KF deletions occurred with greater frequency after the removal 
of first segment DlO, and then D9 (Fig. 2). Figure 2 shows the 
percentage of cycles that displayed clear hip-retractor phases in 
each of 5 different preparations in one turtle. The trend outlined 
in this experiment was a general finding in all rostra1 scratch 
experiments. The loss of segment DlO, and even more so D9, 
resulted in a significant decrease in the probability of occur- 
rences of the hip-retractor phase of the rostra1 scratch. Key CPG 
elements producing the hip-retractor phase of the rostra1 scratch 
are located in segments D9 and DlO. 

In Figure lE, there were 2 bursts in the dD8 nerve for every 
burst in the VP-HP nerve; one was coactive with VP-HP, while 
the second, larger-amplitude burst was in antiphase with VP-HP 
activity. This second burst in the dD8 nerve demonstrates that, 
in some cases, a hip-retractor-correlated phase of nerve activity 
can occur in a D3-D8 preparation. There was no activity in the 
FT-KE nerve in this D3-D8 preparation (Fig. 1E). The turtle 
in D still showed some fl-KE nerve activity in the absence of 
segment D9, although this activity was reduced in amplitude 
from the control. The FT-KE motor pool most often is located 
in segment D9. Occasionally some FT-KE units are located in 
D8. In the majority of our experiments, there was no FT-KE 
activity when D9 was absent (Fig. 1E). Taken together, Figure 
1, D, E, indicates that a motor pattern showing many of the 
synergies of a rostra1 scratch can be produced in a D3-D8 prep- 
aration. Overall, in 6 out of 11 turtles segments D3-D8 showed 
nerve activity synergies unique to the rostra1 motor pattern. In 

00 
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Spinal Cord Preparation 
Figure 2. Plot showing the percentage of scratch cycles that exhibited 
a distinct hip retractor phase in 5 different spinal cord preparations in 
one turtle. Note that the percentage of cycles with hip retractor phases 
decreased to near zero with the loss of the posterior 80% of the hindlimb 
enlargement (D3-D8). After removal of segments DlOS2, which con- 
tain the motor pools for the hip retractor HR-KF, the hip retractor 
phase of the rostra1 scratch was monitored by recording from the dD8 
nerve. 
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F@UW 3. Rostra1 motor responses recorded in preparations consisting of 5 spinal cord segments or less. The stimulus positions used to elicit these 
motor responses: A, SP 2; B, the midpoint of the inguinal plate; C, M8.0; D and E, SP 1. The response shown in F was elicited by moving the 
hindlimb to a new position. 

13 turtles with D3-D9 intact, 9 produced motor pattern syner- 
gies with rostra1 scratch characteristics. In 12 out of 12 turtles 
with D3-DlO intact, stimulation in the rostra1 receptive field 
produced motor patterns with uniquely rostra1 characteristics. 
Therefore, the posterior 40-80% of the hindlimb enlargement 
is not necessary for the production of the synergies of a rostra1 
motor pattern. 

If the posterior 40-80% of the enlargement is unnecessary for 
the production of a rostra1 motor pattern, then what happens 
when the entire enlargement is removed? Figure 3, A, B, shows 
an experiment from one turtle designed to answer this by re- 
cording from motor pools outside of the enlargement. Figure 
3.4 shows 5 bursts of simultaneous activity in the D6 and D7 
nerves in a preparation with segments D3-D7 intact; Figure 3B 
shows 2 bursts of activity followed by weakly modulated activity 
in the D6 nerve in a preparation with segments D3-D6 intact. 
In controls, the D6 and D7 nerves were active mainly during 
the hip-protraction phase of the rostra1 scratch (data not shown). 
The motor responses shown in Figure 3, A, B (2 of the most 
vigorous seen in such preparations), indicate that rhythmoge- 
nesis can occur in response to rostra1 site stimulation in the 
absence of the hindlimb enlargement. With such limited mon- 
itors, it is not possible to determine if these spinal cord segments 
can produce motor pattern synergies that are specific to the 
rostra1 scratch form. However, some aspects of the rostra1 CPG 
must reside in segments anterior to segment D8. In 4 out of 4 
turtles, a D3-D7 preparation produced distinct bursts of activity 
in response to stimulation within the rostra1 receptive field. In 
3 out of 3 turtles, a D3-D6 preparation produced activity in 
the D6 nerve that showed rudimentary increases and decreases 
in a roughly rhythmical fashion. The rhythmogenic capabilities 
of the D3-D6 preparations were consistently weaker and more 
variable than those of the D3-D7 preparations, implying that 
key components of rostra1 scratch rhythmogenesis reside in seg- 
ment D7. 

What is the minimum length of spinal cord that can still 

produce a rostra1 motor pattern or basic rhythmicity? Figure 
3C shows a rostra1 motor pattern produced in a preparation 
consisting of segments D5-D9. The characteristic activation of 
FT-KE during the latter half of VP-HP activation and the oc- 
currence of a hip-retractor phase (the second dD8 :lerve burst 
here) after their offsets can be seen. Figure 30 shows a 4-segment 
preparation, D6-D9, that produced a motor response that dis- 
played many uniquely rostra1 scratch characteristics. Two cycles 
of response are shown. The first cycle showed a deletion of HR- 
KF. The timing of FT-KE activation, during the latter half of 
VP-HP activation, is characteristic of a rostra1 scratch. Also 
characteristic of a rostra1 motor pattern, AM-KE began its ac- 
tivity before FT-KE, while these 2 nerves showed similar offset 
times. Thus, this preparation, containing just 4 segments, pro- 
duced a response with many characteristics of the rostra1 motor 
pattern. In response to rostra1 receptive field stimulation, another 
4-segment preparation, D5-D8, produced a motor pattern 
showing coactivation of VP-HP and the dD8 nerve (data not 
shown). 

Figure 3, E, F, shows 2 different 3-segment preparations, D6- 
D8 and D8-DlO, respectively, that have only segment D8 in 
common. In response to rostra1 receptive field stimulation, the 
D6-D8 preparation produced 3 cycles of motor output that 
consisted of 3 bursts of coactivity in all 3 nerves (Fig. 3E). The 
D7 nerve recording showed some additional low-level activity 
that occurred during the brief quiescent periods of both VP-HP 
and the dD8 nerve; whether this activity represents a hip-re- 
tractor phase cannot be determined in this preparation, although 
this particular turtle did display low-level hip-retractor corre- 
lated activity in the D7 nerve in control preparations. Figure 
3F shows a unique response (n = 1). This D8-DlO preparation 
is separated from the rostra1 receptive field, the most posterior 
part ofwhich is innervated by segment D6. This motor response 
was elicited accidentally while repositioning the immobilized 
hindlimb to achieve better access to the pocket receptive field. 
The motor response displayed several rostra1 scratch charac- 
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teristics, in addition to some pocket scratch characteristics (Fig. 
3F). In each of these 2 cycles, FT-KE was coactive with VP- 
HP, a characteristic that is specific to the rostra1 scratch form. 
The shorter VP-HP burst in the second cycle is more charac- 
teristic of the pocket motor pattern. This second cycle also had 
a small second FT-KE burst during HR-KF activity; the timing 
of this second burst is characteristic of the pocket scratch. Based 
upon these factors, the 2-cycle response resembles one cycle of 
rostra1 scratch followed by a second cycle showing a mixture of 
rostra1 and pocket features. Such mixed responses were seen in 
response to transition zone stimulation (Robertson et al., 1985) 
and to simultaneous stimulation of sites in 2 different receptive 
fields (Stein et al., 1986). 

Preparations containing just segments D6-D7 produced weak 
bursts of activity in the D7 and D6 nerves in response to stim- 
ulation in the rostra1 scratch receptive field. Similarly, prepa- 
rations containing segment D6 alone produced activity in the 
D6 nerve that showed small fluctuations in amplitude (data not 
shown). The rhythmicity in the D3-D7 and D3-D6 preparations 
illustrated in Figure 3, A and B, respectively, combined with 
these experiments showing a lack of large-amplitude rhythmic- 
ity in either a D6-D7 or a D6 preparation, implies that (1) there 
is only a very limited capacity for rostra1 rhythmogenesis an- 
terior to the hindlimb enlargement, and (2) rostra1 rhythmo- 
genesis anterior to the enlargement may require either more 
anterior segments or a length of spinal cord longer than 2 seg- 
ments. 

One feature of the rostra1 motor pattern that changed as seg- 
ments were removed was cycle period. Figure 4A shows a plot 
of cycle periods for one experiment. The D3-End preparation 
produced rostra1 scratch cycles with a mean period just under 
3 sec. As more segments were removed, there was most often 
a gradual increase in the cycle period. The slight decrease in 
mean period in going from the D3-D 10 to the D3-D9 prepa- 
ration was due to the increase in the occurrences of hip-retractor 
phase deletions (see Fig. 2). Only 6% (3/52) of the cycles in the 
D3-DlO preparation showed an absence of the hip-retractor 
phase; 51% (33/65) of the cycles in the D3-D9 preparation 
showed an absence of the hip-retractor phase. The average cycle 
periods for the D3-D 10 and D3-D9 preparations were identical 
when we measured only those cycles that displayed a hip-re- 
tractor phase. The last 2 preparations were severely reduced in 
their rhythmogenic capabilities compared with preparations 
with enlargement segments intact. For the experiment illustrated 
in Figure 4.4, we tested the hypothesis that removal of segments 
resulted in rostra1 cycle periods greater than the control. Using 
a 1 -tailed Mann-Whitney U test, we confirmed this hypothesis 
at a significance level ofp < 0.01, except for the D3-D9 prep- 
aration, which was significantly greater than the control at a 
level of p < 0.03 (Siegel, 1956). The more highly reduced prep- 
arations, containing segments D3-D8, D3-D7, and D3-D6, re- 
spectively, showed a marked decrease in the number of cycles 
produced for each episode of stimulation (data not shown). 
Whereas a control scratch episode would cycle for the duration 
of the stimulation, these reducecd preparations would produce 
episodes of 5 cycles or less. 

Pocket scratch generation 
The fictive pocket scratch motor pattern is characterized by the 
coactivation of FT-KE with HR-KF and by their antagonistic 
relationship with VP-HP (Fig. 5A). FT-KE activity can occur 
during the initial part of HR-KF activation (Fig. 5A) or run 
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Figure 4. Plot of the mean cycle period of each preparation in one 
experiment for each scratch form: A, rostral; B, pocket; C, caudal. Error 
bars, SD of the mean. Note the steady increase in the mean cycle period 
and the concomitant increase in the variability of the cycle period as 
more segments are removed from each preparation. The number of 
cycles measured for each data point were as follows: A, 30 cycles or 
more; B, 36 cycles or more, except the D8 Alone preparation, which 
produced 12 cycles; C, 63 cycles or more. 

throughout the length of the HR-KF phase (Fig. 6B; see also 
Robertson et al., 1985). FT-KE sometimes displays 2 bursts of 
activity in the fictive pocket scratch, one at the onset of HR- 
KF activity and the other near HR-KF offset (data not shown). 
The pocket scratch is further characterized by the sequential 
timing of the onsets and offsets of IT-KE, AM-KE, and FT-KE, 
respectively (Fig. 5A). The AM-KE nerve begins its activity near 
the offset of IT-KE and continues its activation past the offset 
of VP-HP. This feature is different from the rostra1 scratch, 
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Figure 5. The posterior 4CL80% of the hindlimb enlargement is not necessary for the production of a pocket scratch motor pattern. This figure 
is a composite of scratch episodes from several turtles. A-D, Each episode shows 3 cycles of a pocket motor pattern recorded in immobilized turtles 
and elicited by stimulation of sites in the pocket receptive field, E, 2 peaks of activity in response to stimulation in the pocket receptive field, F, 
3 bursts of activity in response to stimulation of a site in the rostral-pocket transition zone (see Mortin et al., 1985). Note that the dD8 nerve 
recordings in A-C showed 2 bursts of activity in the pocket scratch, one coactive with VP-HP and the second with HR-RF (there is no HR-RF 
monitor in C). The stimulus positions that elicited each scratch response: A, F4; B and C, F6; D, F3.5; E, F8; and F, Fl 

where AM-KE turns off near the offset of VP-HP (cf. Figs. 54 
and 1A). 

Figure 5, a composite of scratch episodes from several ex- 
periments, shows that the posterior 2-4 segments of the hind- 
limb enlargement are not necessary for the production of a 
pocket scratch motor pattern. Figure 54 shows 3 cycles of a 
control pocket scratch. In the pocket scratch, the dD8 nerve 
showed 2 bursts of activity: the first coactive with VP-HP and 
the second coactive with HR-KF, these 2 bursts usually had 
similar amplitudes and thus were not easily distinguished from 
one another (Fig. 5A). The timing of the second dD8 nerve burst 
correlated most closely with HR-KP activity but not with FT- 
ICE. 

A D3-D 10 preparation produced a pocket motor pattern (Fig. 
5B). A D3-D9 preparation produced a normal pocket motor 
pattern, except for 2 minor changes (Fig. 5C’). First, the loss of 
segment DlO usually resulted in the loss of the HR-KF motor 
pool, which resides in segments DIO-S2. The dD8 nerve re- 
cording in Figure SC, however, showed that there still was a 
hip-retractor correlated phase of activity in the motor response; 
this burst in the dD8 nerve was coactive with FT’-KE, a char- 
acteristic unique to the pocket scratch. The second change seen 
at this stage was a reduction in the size and duration of the burst 
in IT-KE (cf. Fig. 5, A, C). The IT-KE motor pool is located 
largely in segments D8 and D9 (Ruigrok and Crowe, 1984); the 
reduction in IT-KE nerve activity that occurred with the loss 
of segment D 10 cannot be explained by the loss of IT-KE motor 
neurons. Therefore, this reduction in the IT-KE burst implies 
that there was an alteration in the intemeurons responsible for 

activating the IT-KE motor pool in the pocket scratch. A similar 
decrease in the activation of the IT-KE motor pool was not seen 
in the rostra1 scratch when DlO was removed (Fig. 3C and 
control in Fig. 1A). Thus, a specific component of the pocket 
CPG, responsible for activation of the IT-I@ motor pool, prob- 
ably resides in segment D 10; additional CPG elements involved 
in IT-KE activation reside in more anterior segments, as the 
remaining units were activated at the normal time. With the 
posterior 3 enlargement segments removed (Fig. 5C9, the se- 
quence of activation and inactivation of IT-KE, AM-KE, and 
FT-KE showed characteristics similar to the control pocket mo- 
tor pattern. 

A D3-D8 preparation produced a motor pattern that still 
displayed several characteristics specific to the pocket scratch 
(Fig. 5D). This preparation, with 80% of the enlargement re- 
moved, produced a rough alternation between the activity of 
VP-HP and FT-KE in this turtle. Most often, the FT-KE motor 
pool was lost with the removal of segment D9. In this example, 
FT-KE activity was still present. FT-KE had some activity 
throughout the response, but its frequency of activation in- 
creased greatly near the offset of VP-HP, and continued at this 
higher intensity throughout VP-HP quiescence. Additionally, 
the sequential timing of IT-KE, AM-KE, and FT-KE, was con- 
sistent with a pocket motor pattern (Fig. 5D). 

Without the enlargement, the turtle displayed a significantly 
reduced ability to produce rhythmical motor outputs (Fig. 5, E, 
F). A D3-D7 preparation produced 2 slow peaks of modulated 
activity in response to stimulation within the pocket receptive 
field (Fig. 5E). The D7 and D6 nerves showed none of the 
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Figure 6. Motor patterns recorded in response to pocket site stimulation in preparations consisting of 5 spinal cord segments or less. Note that 
2 different 3-segment preparations (C and D) produced motor patterns with pocketlike characteristics, as did the 2-segment preparation in F. Two 
different 1 -segment preparations showed rhythmical motor outputs (G and H). The stimulus positions used to elicit these responses: A, C, and El, 
F8; B, E, and F, F7; D, F!J; and G, F2. F2 is at the posterior edge of the rostral-pocket transition zone. 

discrete bursting and quiescence seen in other nerves in the 
previous preparations. A D3-D6 preparation displayed 3 bursts 
of activity in the D6 nerve in response to stimulation of a site 
in the rostral-pocket transition zone (Fig. 5F, see Robertson et 
al., 1985, for control transition zone responses). Whether this 
sensory stimulation activated the rostra1 or pocket generator or 
both cannot be determined by the D6 nerve recording. There 
are still some rhythmogenic capabilities within the spinal cord 
anterior to segment D7. 

What is the minimal extent of spinal cord that is sufficient to 
produce a pocket scratch motor pattern? Figure 6, a composite 
from 5 turtles, illustrates responses elicited in reduced prepa- 
rations containing 5 segments or less. Figure 6, A and B show 
pocket motor patterns produced in preparations consisting of 5 
and 4 segments, respectively. Segments D3-D5 are not neces- 
sary for the production of a pocket motor pattern. Two different 
3-segment preparations are illustrated in Figure 6, C, D, for 
comparison. The D6-D8 preparation in Figure 6C produced 3 
cycles of motor activity in response to pocket receptive field 
stimulation. AM-KE showed a pocket-specific timing, beginning 
near VP-HP onset and continuing past VP-HP offset (cf. Fig. 6, 
B, C). One change that was seen occasionally at this time was 
a decrease in the quiescent period of AM-KE. In the first cycle 
in Figure 6C, AM-IE activity never ended, but just decreased 
its frequency and amplitude prior to the onset of the next VP- 

HP burst. The second cycle of this episode shows a normal 
pattern: AM-KE activity stopped near the middle of the phase 
of VP-HP quiescence. The D8-DlO preparation produced a 
pocket motor pattern largely indistinguishable from controls 
(Fig. 60). There was a lot of overlap in the activities of VP-HP 
and HR-KF, but this was the case in control preparations for 
this turtle. All of the remaining pocket motor pattern charac- 
teristics were normal, except for a decrease in the intensity of 
IT-KE and AM-KE (cf. Fig. 6, A, D). Therefore, a j-segment 
preparation, consisting of only the anterior 60% of the enlarge- 
ment, can produce a pocket scratch motor pattern. A D7-D9 
preparation also produced a response that had pocket-specific 
nerve synergies, but with some alterations in the robustness of 
the rhythmicity (data not shown). Thus, 3 different 3-segment 
preparations, D6-D8, D7-D9, and D8-DlO, can produce a 
pocketlike motor pattern. Key elements of the pocket scratch 
CPG must reside in these segments. 

Figure 6, E, F, shows responses elicited by pocket site stim- 
ulation in 2 different 2-segment preparations. In a D7-D8 prep- 
aration VP-HP was active in bursts, with AM-KE and dD8 
nerve activities overlapping and continuing past cessation of 
VP-HP activity (Fig. 6E). There was no longer any distinction 
in phases in the dD8 nerve recording based upon differences in 
amplitude. The overall response in Figure 6E, however, is sim- 
ilar to the response seen in the D6-D8 preparation (cf. Fig. 6, 
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Figure 7. The posterior 80% of the hindlimb enlargement shows a reduced ability to produce a caudal scratch motor pattern. Each episode in 
this figure shows the motor response recorded in an immobilized turtle elicited by stimulation of sites in the caudal receptive field. A-C, Three 
cycles of response; D, roughly 2 slow and long bursts of activity in HR-RF, with a period of quiescence or decreased activity between these activity 
bursts; E, irregular modulations in HR-KF activity: this response was qualitatively different from those in any of the other 4 preparations. The 
stimulus positions that elicited each scratch response: A-D, M12.0; and E, the ventral posterior midpoint. 

C, E). A D8-D9 preparation produced 2 cycles that had char- 
acteristics specific for the pocket motor pattern (Fig. 60. FT- 
KE activity began near the offset of VP-HP activity. Also, the 
3 knee extensors displayed the characteristic pocket pattern of 
staggered and sequential onsets and offsets. The timing of AM- 
KE activation was specific to the pocket scratch, beginning after 
VP-HP onset and continuing past VP-HP offset. Thus, segments 
D8 and D9 contain key CPG elements sufficient for the pro- 
duction of a pocket motor pattern (Fig. 6F). This preparation, 
however, showed a reduced ability to display a rapid succession 
of cycles. Thus, segment DIO contains CPG elements that add 
to the robustness of the pocket motor pattern (cf. Fig. 6, D, F). 
A D6-D7 preparation displayed comodulation of weak activity 
in the D7 and D6 nerves (data not shown). These nerves were 
seen in control pocket experiments to display bursts of activity 
concurrent with VP-HP. There must be some rudimentary pock- 
et rhythmogenic capabilities in D7 and D6. 

Finally, Figure 6, G, H, shows motor responses elicited in 2 
different l-segment preparations. With just segment D7, the 
D7 nerve, our only possible monitor, showed rhythmical bursts 
of activity followed by periods of silence (Fig. 6G). The ro- 
bustness of the bursts was decreased with respect to controls, 
and the cycle period was increased. Still, there are rhythmogenic 
capabilities in some interneurons within segment D7. With just 
segment D8, stimulation within the pocket receptive field pro- 
duced 3 cycles of concurrent bursts of activity in AM-RF, VP- 
HP, and the dD8 nerve (Fig. 6H). The frequency of the activity 
in AM-KE and VP-HP was reduced compared with controls, 
but an organized and patterned response was still produced. The 
dD8 nerve was active throughout the response, but there was 
no distinct second peak of activity in the dD8 nerve per VP- 
HP burst, and thus no clear hip-retractor correlated phase of 
activity. Similarly, AM-KE did not continue past VP-HP offset 
as it does in control pocket responses. However, key elements 
involved in pocket scratch rhythmogenesis must reside in seg- 
ment D8. 

Figure 4B shows a plot of the mean cycle periods for a typical 
pocket scratch experiment. The control preparation, D3-End, 

produced a pocket scratch with a mean period of about 4 sec. 
The removal of the posterior 2 and even 3 segments of the 
enlargement did not appreciably alter the period ofthe response. 
The removal of D9 and then the anterior segments D3 and D4 
produced an increase in the cycle period to about 5 sec. The SD 
of the mean also increased, as the length of each cycle during 
an episode and among episodes became more variable. Finally, 
the sequential loss of segments D5, D6, and D7, resulting in 3-, 
2-, and 1 -segment preparations, respectively, produced a more 
dramatic increase in the cycle periods and in their SDS. In these 
highly reduced preparations, the mean cycle period had nearly 
doubled from control values. We tested the hypothesis that 
removal of segments resulted in pocket cycle periods greater 
than the control. Using a l-tailed Mann-Whitney U test, we 
determined that the preparations containing segments D3-D8 
or fewer segments produced cycle periods that were significantly 
greater than the control preparation 0, < 0.01; Siegel, 1956). 
Thus, although the motor pattern continued to exhibit some 
pocketlike characteristics, there was a loss in the robustness of 
the motor output as measured by cycle period for these reduced 
preparations. 

Caudal scratch generation 
The fictive caudal scratch motor pattern is characterized by the 
activation of FT-KE between the offset of HR-KF and the onset 
of VP-HP (Fig. 7A). The caudal scratch is also characterized by 
the nearly simultaneous onset and offset of all 3 knee extensors, 
IT-KE, AM-KE, and FT-KE, a feature that distinguishes the 
caudal scratch from the other 2 scratch forms. In addition, the 
activation of HR-KF usually is greater in amplitude and du- 
ration than the activation of VP-HP in the caudal scratch. The 
VP-HP burst displays a wide variation in intensity (amplitude 
and duration) in the caudal scratch. 

Figure 7 demonstrates that key elements of the caudal scratch 
CPG reside anterior to segment D9. The episodes illustrated in 
Figure 7 were obtained by stimulating sites in the caudal recep- 
tive field in 5 different spinal cord preparations from one turtle. 
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Figure 8. Segments D7 and D8 contain key elements of the caudal scratch CPG. Each episode of this figure shows 3 cycles of a caudal motor 
response from the same turtle. Note the characteristic activation of IT-KE and FT-KE near the offset of HR-KF activation, and the roughly 
alternating activation of VP-HP and HR-KF in A-D. The stimulus uositions that elicited each scratch response: A and C, A9; B, A8; D and F, A5; 
and E, Ai. 

Figure 7A shows 3 cycles of a caudal scratch in a D3-End prep- 
aration. Figure 7B illustrates the motor response elicited in a 
D9-End preparation. This preparation contained 80% of the 
hindlimb enlargement and all the caudal segments, including 
the innervation of the caudal receptive field. Several changes 
were seen in the caudal motor pattern at this stage. First, the 
cycle period increased significantly. A caudal scratch with a 
period of about 3 set (Fig. 7A) increased to more than 10 set 
(Fig. 78). Second, there was no activity in VP-HP; tapping the 
dorsum of the foot in this preparation also elicited no activity 
in VP-HP, indicating a probable loss of the VP-HP motor pool. 
Other D9-End preparations showed this same absence of VP- 
HP nerve activity (4/9), while the remainder showed some 
amount of VP-HP activity (5/9). The former turtles displayed 
a “prefixed” organization of the location of their motor pools 
within the spinal cord; the latter displayed a “postfixed” orga- 
nization (Sherrington, 1892; Cruce, 1974; Mortin, 1987). Note, 
however, that the phase of the caudal scratch cycle where VP- 
HP would normally be active, i.e., after the offset of FT-KE and 
before the onset of HR-KF, was absent in Figure 7B. The 3 knee 
extensors began their activities near the offset of HR-KF activity 
and remained coactive, as in control caudal scratches. If this 
were a normal caudal motor pattern, however, we would see a 
gap between the offset of the knee extensor nerve activites and 
the onset of the next HR-KF burst. One phase of the caudal 
motor pattern, therefore, was missing. The major effects in los- 
ing segments D3-D8 were (1) a large increase in the cycle period 
and (2) the loss of the exclusive hip-protractor phase of the 
cycle. The remaining synergies displayed by this preparation 
were similar to control caudal motor patterns. 

The removal of segment D9 further increased the cycle period 
of the caudal scratch motor response (Fig. 7C). The activity in 
the 3 knee extensors, IT-KE, AM-KE, and FT-KE, was lost at 
this stage; their motor pools usually are located in segments D8 
and D9. The only monitor at this stage was HR-KF, in response 
to stimulation of a caudal receptive field site, there was a clear 
rhythmicity in HR-KF (Fig. 70. This rhythmical activation 

and quiescence in HR-KF continued even after the removal of 
segment D 10 (Fig. 70). The motor response at this stage was a 
very slow and graded rhythmic increase and decrease in HR- 
KF activity. Two slow bursts can be seen in Figure 70, separated 
by a period of small-amplitude and low-frequency HR-KF ac- 
tivity. 

The removal of segment Sl tended to disrupt any clear and 
regular on and off aspects of the activity in HR-KF (Fig. 7E). 
This preparation, S2-End, produced a motor output in HR-KF 
that was modulated in a highly irregular manner. Little, if any- 
thing, remained from the original caudal motor pattern. There 
were roughly 4 peaks in the amplitude of the HR-KF activity, 
with variable amplitude and frequency activity throughout the 
response (Fig. 7E). This example was the most rhythmical of 
all the responses elicited in this preparation. Therefore, segment 
S2 and the caudal segments (- 16) contain very little of the 
caudal scratch CPG, and produced at best only very rudimentary 
and highly irregular rhythms. 

What segments, from D3 through D8, are responsible for the 
dramatic increase in the cycle period and for the loss of the 
exclusive hip-protractor phase that was seen in the second prep- 
aration of the previous figure? Figure 8 shows one experiment 
designed to answer this question. Figure 8A shows 3 cycles of 
a caudal motor pattern. The coactivation of the 2 knee extensors 
shown here, IT-KE and FT-KE, occurred during the gap between 
the offset of HR-KF and the onset of VP-HP. Removing seg- 
ments D3-D5 leaves a DbEnd preparation and had no no- 
ticeable effect on the caudal motor pattern (Fig. 8B). The further 
removal of segment D6 produced only minor changes in the 
recorded motor patterns (Fig. 8c). The motor response showed 
most of the characteristics of the control caudal pattern. There 
was no FT-KE activity in the first cycle of this 3-cycle response, 
and IT-KE showed a weak burst of activity in the last cycle; 
these variations were sometimes seen in control caudal scratch 
cycles, but they occurred more frequently in D7-End prepara- 
tions. Thus, segments D3-D6 are not necessary for the pro- 
duction of a caudal scratch. Segment D6, however, may be 
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involved in reinforcing certain aspects of the caudal motor pat- 
tern. 

Figure 8D shows a small, yet reliable change that generally 
occurred after the removal of segment D7, which leaves a D8- 
End preparation. As shown in D, IT-KE began in the normal 
way, coactive with FT-KE; IT-KE activation, however, contin- 
ued past the offset of FT-KE and partially overlapped the start 
of VP-HP. In addition, the duration of VP-HP activation be- 
came shorter and overlapped the first part of HR-KF. These 
minor changes were seen in other experiments, confirming that 
they are most likely effects due to the loss of segment D7. The 
D9-End preparation in this turtle showed an altered caudal 
motor output (Fig. 8E). As we saw in Figure 7B, the normal 
phase of VP-HP activity was absent as HR-KF activity com- 
menced shortly after IT-KE and FT-KE activities ceased. In 
this turtle, however, some of the VP-HP motor pool was still 
intact, as tapping the dorsum of the foot to elicit a flexion reflex 
activated VP-HP motor neurons (data not shown). In this ex- 
periment, therefore, many of the interneurons responsible for 
activation of the VP-HP motor pool during the caudal scratch 
were located in segment D8. A few VP-HP units were activated 
in Figure 8E, but nothing like the robust bursts of activity seen 
in earlier preparations. Figure 8E also shows that the cycle pe- 
riod of the motor response, which had been steadily increasing 
with each successive lesion, increased dramatically with the 
removal of segment D8. There was still, however, a coactivation 
of the 2 knee extensor nerves near the offset of HR-KF; this 
feature is specific to the caudal motor pattern. Thus, segment 
D8 contains key elements involved in the generation of the 
exclusive VP-HP phase in the caudal scratch and also helps 
maintain the periodicity of the motor pattern. 

A D 1 O-End preparation continued to show rhythmical bursts 
of HR-KF activity followed by quiescent periods; the other 
motor pools were lost at this stage (Fig. SF). Whether any nerve 
activity occupied the phase of the rhythm when HR-KF was 
quiescent cannot be determined by this experiment. In another 
experiment, IT-KE activity alternated with HR-KF activity in 
a DlO-End preparation (data not shown). 

Figure 4C shows a plot of the mean of the cycle period for 
the 6 preparations from the turtle shown in Figure 8. In the 
control preparation, D3-End, stimulation of sites in the caudal 
receptive field produced scratch episodes consisting of 8 cycles 
or more, with a period of just over 3 sec. As segments were 
removed from the anterior end, there was a steady and gradual 
increase in the cycle period (Fig. 40. The largest increase in 
the cycle period occurred when segment D8 was removed, even 
though the VP-HP phase of the cycle was lost. The mean period 
increased again after segment D9 was removed. We tested the 
hypothesis that removal of segments resulted in caudal cycle 
periods greater than the control. Using a 1 -tailed Mann-Whitney 
U test, we determined that every reduced preparation in this 
experiment had a significantly greater cycle period than the con- 
trol (p< 0.01). The cycle periods for each preparation were 
significantly greater than the cycle periods for the previous prep- 
aration at a significance level of p < 0.0 1, except the final prep- 
aration, DlO-End, which had a greater cycle period than the 
D.9-End preparation at a significance level of p -c 0.02 (Siegel, 
1956). Figure 4C also shows that there was a steady increase in 
the variability of cycle periods as more segments were removed. 
Similar changes were described for the rostra1 and pocket scratch 
experiments. Caudal scratch episodes averaged around 8 cycles 
per stimulation sequence with segment D8 intact; removal of 

segment D8 resulted in scratch episodes that averaged just over 
5 cycles. The additional removal of segment D9 resulted in even 
fewer cycles per episode; there was also less variability in the 
number of cycles per episode at this stage. Thus, segments D8 
and D9 appear to contain key elements involved in the pro- 
duction of the caudal motor pattern. 

Discussion 

In the immobilized turtle, a preparation containing 3 spinal cord 
segments can produce pocket scratch motor output in response 
to tactile stimulation within the pocket scratch receptive field 
(Fig. 60). These segments, D8-D 10, comprise the anterior 60% 
of the hindlimb enlargement. This establishes that (1) these 3 
segments contain sufficient neural circuitry to generate the syner- 
gies of the pocket scratch motor output and (2) key elements of 
the pocket scratch CPG are located in these segments. One spinal 
cord segment, either D7 or D8, can produce rhythmical bursting 
and quiescence in motor neurons in response to stimulation of 
sites in the pocket scratch receptive field (Fig. 6, G, H). Each of 
these 2 segments contains sufficient neuronal elements for motor 
rhythmogenesis. Similar results have been obtained for the gen- 
eration of the swim rhythm in the lamprey: 2-4 spinal segments 
are sufficient to generate a rhythmic motor pattern (Cohen and 
Wallen, 1980; Grillner et al., 1982). 

For each of the 3 forms of the scratch, key CPG elements 
reside in the anterior 60% of the hindlimb enlargement and in 
the segment rostra1 to the enlargement. The rhythmogenic and 
pattern-generating capabilities of the posterior 40% of the en- 
largement, as seen for caudal scratch generation, are extremely 
limited (see Fig. 7). These posterior enlargement segments, Sl 
and S2, are not necessary for the production of rostra1 and pocket 
scratches (Figs. 1 B and 5B, respectively). There is, therefore, an 
asymmetrical organization of CPG elements within and around 
the hindlimb enlargement; the anterior portion of the enlarge- 
ment shows a greater capacity for producing the rhythmic syner- 
gies underlying each of the 3 scratch forms than the posterior 
portion of the enlargement. 

A similar asymmetric organization has been described for the 
spinal circuitry underlying scratching in the cat (Berkinblit et 
al., 1978a, b; Deliagina et al., 1983). The hindlimb enlargement 
in the cat consists of the 5 segments L4-L7 and Sl (Romanes, 
1964); these segments are homologous to spinal segments D8- 
D 10, S 1, and S2 in the turtle (Ruigrok and Crowe, 1984). Im- 
mobilized, decerebrate cats produce a fictive scratch motor out- 
put in response to stimulation of either the pinna or upper 
cervical segments of the spinal cord (Deliagina et al., 1975, 
198 1). A complete transection between spinal segments L5 and 
L6 produced a preparation containing L5 and more anterior 
segments; this preparation, without the posterior 60% of the 
hindlimb enlargement, generated rhythmical scratch-like activ- 
ity in response to stimulation of segment C2 (Berkinblit et al., 
1978a). The removal of 1, and then 2 additional segments, L5 
and L4, respectively, produced preparations that, in response 
to scratch stimulation, still generated rhythmic activity but with 
decreased vigor (Berkinblit et al., 1978a). 

In a more extensive series of experiments utilizing localized 
cooling and selective lesions of different spinal cord regions, 
Deliagina et al. (1983) confirmed the conclusion that the anterior 
half of the hindlimb enlargement plays a crucial role in gener- 
ating scratching in the cat. A preparation with L4 and more 
rostra1 segments intact produced stable scratch-like rhythms. In 
addition, segment L5, “isolated” by selective lesioning of the 
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surrounding segments’ gray matter, was capable of rhythmogen- 
esis in response to pinna stimulation. The posterior half of the 
enlargement in the cat, segments L6, L7, and Sl, generally was 
not capable of generating scratchlike rhythms; after a lesion of 
the gray matter of segments L4 and L5, continuous pinna stim- 
ulation produced only a couple of slow and weak bursts of 
activity in more posterior segments after a prolonged delay (> 10 
set; Deliagina et al., 1983). A similar dependence upon the 
anterior half of the hindlimb enlargement has also been dem- 
onstrated for cat stepping (Afelt et al., 1973; Grillner and Zang- 
ger, 1979). Further work with other limbed vertebrates is re- 
quired to establish whether the asymmetric construction of the 
limb enlargement revealed in turtle and cat is a general feature 
of spinal cord organization. 

Key elements of the CPGs for all 3 forms of the scratch in 
the turtle are located in segments D7-DlO. The localization of 
key CPG elements for each scratch form within the same regions 
of the spinal cord is consistent with the hypothesis that there 
may be shared neuronal components among the scratch CPGs. 
One model of spinal cord interneuronal organization that pos- 
tulates shared neuronal elements is the “unit burst generator” 
hypothesis (Grillner, 198 1). This model is a modification of the 
half-center hypothesis, originally postulated by Brown and ex- 
tended by Lundberg and Jankowska (Brown, 1911; also see 
Jankowska et al., 1967a, b; Lundberg, 198 1). We have extended 
the Grillner hypothesis to describe a model for the CPGs re- 
sponsible for the 3 forms of scratch in the turtle (Robertson et 
al., 1985). Both Grillner’s and our hypotheses postulate a hip 
protraction (flexion) unit burst generator antagonistic to a hip 
retraction (extension) unit burst generator. In addition, these 
hypotheses postulate that the interneurons comprising each unit 
burst generator are active during the production of each of sev- 
eral forms of a task. We postulate that different forms of the 
scratch are produced by different synaptic linkages between these 
hip unit burst generators and a knee extension unit burst gen- 
erator (Robertson et al., 1985; Stein et al., 1986). Direct re- 
cordings from the neurons responsible for the generation of 
motor patterns are now required to examine these hypotheses 
further. 

Our work provides additional support for unit burst generator 
hypotheses by our demonstration that there is a differential 
localization of the interneurons that control hip protraction from 
those that control hip retraction. In the rostra1 scratch, the re- 
moval of segment DlO, and then D9, produced a sequential 
decrease in the probability of occurrences of the hip retractor 
phase (Fig. 2). This suggests that interneurons controlling hip 
retraction are located mainly in segments D9 and D 10. In these 
reduced preparations, the remaining segments generate normal 
timing characteristics, including robust bursts of hip protractor 
activity (e.g., Fig. 1, D, E). Thus, for the rostra1 scratch, inter- 
neurons controlling hip protraction are located anterior to seg- 
ment D9, most likely in segments D7 and D8. In the pocket 
scratch, the 3 segment preparation D8-D 10 produced a pocket 
motor pattern (Fig. 60). Interneurons controlling both hip pro- 
traction and hip retraction reside in these segments. Either seg- 
ment D7 or D8 alone produced rhythmic bursts of activity in 
nerves synergistic to the hip protractor (Fig. 6, G, H). Intemeu- 
rons controlling hip protraction, sufficient for the production of 
rhythmical bursts of activity, reside in segments D7 and D8. 
Our results with the pocket scratch are consistent with the notion 
that interneurons controlling hip retraction reside largely in seg- 
ments D9 and DlO. In the caudal scratch, the loss of segment 

D8, and to a lesser extent D7, resulted in the loss of the exclusive 
hip protractor phase of the motor pattern (Figs. 7B; 8, D, E). 
Again, this implicates segment D8 as a site of interneurons 
controlling hip protraction, with some elements in segment D7. 
With a DlO-End preparation, the turtle spinal cord still pro- 
duced rhythmic bursts in the hip retractor nerve (Figs. 7C, 80. 
This regular activation and inactivation of the hip retractor mo- 
tor pool broke down as segments D 10 and then S 1 were removed 
(Fig. 7, D, E). These results implicate segment D 10 (and possibly 
S 1) as containing interneurons controlling hip retraction in the 
caudal scratch. Thus, for the control of a given direction of hip 
movement, the same spinal cord segments are implicated for 
each of the 3 forms of the scratch: key elements of the hip 
protractor unit burst generator are located primarily in segments 
D7 and D8 and key elements of the hip retractor unit burst 
generator are located primarily in segments D9 and D 10. Direct 
recordings from CPG interneurons within the turtle spinal cord 
are necessary to test these implications. 

Our work is consistent with the hypothesis that some of the 
CPG interneurons for each scratch form are shared (Grillner, 
198 1; Robertson et al., 1985; Currie and Stein, 1988; Robertson 
and Stein, 1988). If CPG interneurons are shared, future work 
is required to determine whether the activation pattern of each 
shared CPG interneuron is different or the same for each form 
of the scratch. It is possible that there are CPG elements unique 
for each scratch form. Further work is required to locate these 
elements and to characterize how they interconnect with the 
shared CPG interneurons. In crustaceans, neuromodulators ac- 
tivate different linkages among CPG interneurons to generate 
different motor patterns (Marder, 1988). Further work with the 
turtle scratch may reveal whether neuromodulators play a role 
in producing diverse motor patterns in the vertebrate spinal 
cord. 
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