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Abstract. The pyloric pattern approximately maintains phase over a three- to fivefold frequency range when
the pattern is defined by the pacemaker burst beginning. However, in this reference frame certain pattern elemen
maintain phase better than others, which suggests phase-maintaining subgroups might exist. Reanalysis of these d
in reference frames defined by each element shows the pattern contains two groups of pattern elements within whic
phase is well maintained but between which maintenance is relatively poor. A third element shows intermediate
maintenance with each group. If ventricular dilator neuron burst beginning (VDB) is chosen as pattern beginning,
all members of one group occur early in the pattern, all members of the other occur late in the pattern, and the
intermediate element occurs between the groups. Thus, at least for phase maintenance, VDB is a “natural” pylori
pattern beginning. These results suggest full description of complex patterns is best achieved by analysis in mar
reference frames.

Keywords: stomatogastric system, pyloric neural network, crustacea (lotRamulirus interruptuy motor
pattern, phase maintenance

Introduction rhythmic patterns appear different in different refer-
ence frames, and certain interrelationships among neu-
I have shown that, when the beginning of pyloric dilator ronal activities are most easily discerned in certain
(PD, PDB) neuron activity is chosen to define pattern reference frames.
beginning, the pyloric network maintains phase fairly In order to fully appreciate this issue, it is useful
well (i.e., delays from PDB to the other pattern ele- to provide a theoretical example. Figure 1 shows a
ments change proportionally with period) over a three- rhythmic pattern comprising three neurons A, B, and
to fivefold frequency range. However, it was apparent C with the following relationships (for simplicity, only
that, inthis reference frame, certain of the pattern’s ele- the beginnings of neuronal activities are considered):
ments maintained phase considerably better than others
(Hooper, 1996). This could arise because the network ¢ Neuron A is an endogenous oscillator (it rhyth-
is divided into subsets within which phase is well main- mically depolarizes and fires bursts of action
tained but between which it is not. | therefore desired  potentials).
to fully characterize the response of this network as fre- ¢ Neuron B fires with a constant delay after neuron A's
guency changes, and to identify any constant delay or activity regardless of cycle period (neuron B shows
constant phase subsets within it, by determining the de-  no phase compensation as cycle period is altered).
lay changes with respect to all pyloric pattern elements, e Neuron C's delay after neuron B varies proportion-
not just PDB. This characterization is difficult because  ally with cycle period (the time from the beginning
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Figure L Delay and phase relationships are more apparent in certain reference frames. The three panels show the same pattern at thr
frequencies in, respectively, neuron A, neuron B, and neuron C reference frames (gray boxes represent the first burst of the next cycle). No
that the pattern appears different in different reference frames; this illusion persists even when several cycles are drawn. Insets are the delay a
phase plots associated with each panel. The pattern’s phase relationships as cycle frequency changes are as follows: the delay from the beginr
of neuron A activity to the beginning of neuron B activity is constant; the delay from the beginning of neuron B activity to the beginning of
neuron C activity varies proportionally with changes in neuron A's (the network’s pacemaker) period (neuron C maintains phase perfectly with
neuron B). These relationships are most apparent in certain reference frames. For instance, the horizontal line for neuron B’s delay in neuron A
reference frame (A) shows neuron B maintains constant delay with respect to neuron A, and the horizontal line for neuron C’s phase in neurol
B’s reference frame (B), and for neuron B'’s phase in neuron C’s reference frame (C), show that neurons B and C maintain phase perfectly witl
each other.
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of neuron B’s activity to the beginning of neuron C’s in this preparation (Hooper, 1996). In brief, stomato-
activity doubles when neuron As period doubles, gastric nervous systems were removed from the animal
and hence neuron C maintains perfect phase with and continuously superfused with chilléhnulirus
neuron B). saline. Extracellular nerve recordings and intracel-
lular neuron recordings were used to identify the
Figure 1 shows the pattern, and the associated delaypyloric neurons (Selverston et al., 1976), and pyloric
and phase plots (insets), at three frequencies (each tracérequency was altered by current injection into the an-
in a given panel represents one frequency) using eachterior burster (AB) neuron. Data were recorded on
neuron’s beginning (A, neuron A; B, neuron B; C, neu- chart recorder and digital tape. The delays between
ron C) as pattern reference point. There are two points PDB and the other pattern elements (beginnings and
to make about this figure. First, even though the same endings of the activities of the pyloric neurons) were
pattern is shown in each panel, choosing different pat- measured either by hand or using Spike Il (Cambridge
tern definers results in patterns that appear different Electronic Design) scripts. These data in the PDB ref-
(this illusion persists even when several cycles of the erence frame were then transferred to a Macintosh
pattern are drawn). Second, the pattern’s phase re-Quadra 950. All subsequent analyses (transformation
lationships are easier to discern in certain reference to other reference frames, phase calculation) were per-
frames. For example, it is immediately apparent from formed using scripts in Kaleidagraph (Synergy Soft-
the delay plot in A that neuron B maintains constant ware). Statistical analyses (two-tailed Studettsst)
delay after neuron A, and from the phase plots in B and were performed using JMP Statistical Visualization
C that neurons B and C maintain constant phase. In a(SAS Institute, Inc.).
small, idealized pattern such as this, these relationships
can be deduced in any reference frame (e.g., the equal ,
slopes of the neuron B and C phase lines in neuron 'ransformation to Other Reference Frames
As reference frame imply neurons B and C maintain
perfect phase). However, in a larger pattern (the py-
loric pattern has ten elements) with natural variability,
it would be extremely difficult to deduce the pattern’s
timing relationships from analyses in a single reference
frame.

Figure 2 shows a diagram of two pyloric cycles in the
PDB reference frame. In this frame the pattern’s order
withinasingle cycle is (1) PD neuron activity beginning
(firsttrace; PDB), (2) PD neuron activity ending (PDE),
(3) nearly simultaneous beginnings of lateral pyloric

These considerations suggested that the pyloric (LP) and inferior cardiac (IC) neuron activity (second

phase data should be reanalyzed using each patterﬁanq f_ou[)th t_rac_es; LE_B(’j ICB)’_(4) pyloric (Fr:Y) nZL_Jron
element as pattern definer. This reanalysis shows that2Ctivity beginning (third trace; PYB), (5) the endings

the pyloric pattern appears to contain two groups of pat- of LF.) and IC neuron activit.y.(LPE, !CE.)' (6). ventricu.-
tern elements within which phase is well maintained lar dilator (VD) neuron activity beginning (fifth trace;

but between which phase is comparatively poorly VDB), and () the endings of PY and VD neuron activ-

maintained. These results thus suggest that, unless (PYE, VDE). These data can be transformed to the

phase maintenance within a pattern is nearly perfect other possible reference frames (PDE, LPB'.LPE’ PYB,
(DiCaprio, 1997), a complete description of phase re- PYI.E‘ VDE.” VDI.E’ ICB, and ICE) by appropnate alge-
lationships in complex, multiunit patterns is best ob- braic mampyla’qon ofthe PDB data. Figure 2 shows the
tained using all pattern elements as reference frametransformatlon Into the VDB reference frame: For ex-
definers. ample, VDB to PDB time equals PDB to PDB time (cy-
Some of this work has been previously published in cle pe_riod in the PDB _refere_nce frame) minus PDB to
abstract form (Hooper, 1995). VDB time. These mampulauon; were used to calculate
delays of all pattern elements in all reference frames.
Phase was then calculated as phasielay/period.

Methods The data shown here were drawn from 13 prepa-
rations and comprise some 16,000 points in the PDB
General reference frame. The database in all reference frames

comprises some 160,000 values (in certain preparations
All dissections, electrophysiology, and data acquisi- notall neurons were active). PDB reference frame data
tion were performed as is standard for phase analysishad already been extensively checked (Hooper, 1996).
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PDB reference frame extremes, and were more than twofold different from
the group average. Excluded data are shown as fine
/'/\ dashed lines on Figs. 3 to 6.
VDB-PDE
[ ————»
PD _ Results
VDB-PDB - Figures 3 through 6 show phase plots of four (ICB,
LP :i':\’/%'épf; R LPB, PYE, and PDE) pattern elements in all refer-
il ence frames (PDB, PDE, LPB, LPE, PYB, PYE, VDB,
<~ \VDB-PYE VDE, ICB, and ICE). In each plot solid lines are lin-
PY «—VDB-PYB— " ear fits to the data from individual preparations, fine
dashed lines are data from preparations excluded from
IC [ ||evDB-iICB—=[ ] grouped analysis (see Methods), and the coarse dashed
| [|e—vDB-icE1+— lines with open diamonds, solid squares, and solid cir-
cles are, respectively, the average of the fits and the
vD 3 *VDB-VDE = perfect phase compensation and constant delay lines
VDB-VDB calculated from the average of the fits (see Hooper,

(cycle period) 1996)
\/_/ It is apparent from these figures that the various

i nts maintain ph r (the aver
VDB reference frame pqunc gleme ts ma tg phase bette' (the average
fit line is closer to horizontal) in certain reference
Figure 2 Transformation from PDB to VDB reference frame. Two ~ frames. ICB (Fig. 3) maintains phase well (panels sur-
cycles of the pyloric pattern in the PDB reference frame are shown. rqunded by solid rectangles) in ICE, LPB, LPE, and

The pyloric pattern element ordering is PDB, PDE, LPB and ICB, .
PYB, LPE and ICE, VDB, PYE, and VDE, after which the pattern PYB reference frames (average slopé.04), main

repeats. PDB reference frame data can be transformed into any othertains phase moderately (panel surrounded by dashed
reference frame by algebraic manipulation. For example, VDB to rectangle) in the PDE reference frame (average slope
PDB delay equals PDB to PDB delay (period in the PDB reference 0.13), and maintains phase comparatively poorly in
frame) minus PDB to VDB delay. PDB, PYE, VDB, and VDE reference frames (average
slope>0.2 for all). LPB (Fig. 4) maintains phase well
The validity of the transformed data was checked in in ICB, ICE, LPE, and PYB reference frames, moder-
two ways. First, the delays calculated by each of the ately in the PDE reference frame, and comparatively
nine transformation scripts were verified by hand for poorlyin PDB, PYE, VDB, and VDE reference frames.
all elements in one cycle of one preparation. Second, PYE (Fig. 5) maintains phase well in PDB, VDB, and
for each preparation the data of each type (e.g., ICB VDE reference frames, moderately in the PDE refer-
delay) in every reference frame (a total of some 2,160 ence frame, and comparatively poorly in ICB, ICE,
graphs) were plotted over the entire frequency range LPB, LPE, and PYB reference frames. PDE (Fig. 6)
and visually checked for outliers; the transformation maintains phase moderately (average slope approxi-
of these outliers was then verified. mately 0.1) in all reference frames except VDE (aver-
In the PDB reference frame, phase maintenance of age slope 0.18).
certain pattern elements was anomalous in four prepa- This dependence of phase maintenance on reference
rations in which the PY or IC neurons were silent or frame can be shown more succinctly by plotting the av-
only weakly active, and in one preparation in which erage (dark bars) and constant delay (light bars) phase
PD neuron burst duration did not change as period was slopes for all elements in all reference frames (Fig. 7)
altered (Hooper, 1996). The data from these prepa- (reference frames (ordinate) have been ordered to group
rations were closely examined in the other reference frames with similar average slopes). There are two
frames. Data for a pattern element from these prepa- points to make about this figure. First, as was also seen
rations were excluded from grouped analyses (Figs. 7 when phase was analyzed in the PDB reference frame
and 8) if (1) their delays did not vary linearly with pe- alone (Hooper, 1996), most elements show moderate
riod or (2) the slope or intercept of linear fits to the to large phase compensation (compare light and dark
data in either the delay or phase representations werebars. Negative slopes are overcompensation (delays



Pyloric Pattern Comprises Two Phase-Maintaining Subsets 211

ICB Phase vs. Pyloric Frequency in ...
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Figure3 ICB maintains phase well (average phase lines are close to horizontal) in ICE, LPB, LPE, and PYB reference frames (solid rectangles)
moderately in PDE'’s reference frame (dashed rectangle), and comparatively poorly in PDB, PYE, VDB, and VDE reference frames. Each plof
shows (in the reference frame indicated in the plot's upper left corner) linear fits to the ICB phase=¢telag/period) data from individual

preparations (solid lines), the average of these fits (coarse dashed line with open diamonds), and the perfect phase (coarse dashed line with s
squares) and constant delay (coarse dashed line with solid circles) lines calculated from the average fit. Also shown (fine dashed lines) are de

from preparations that were excluded from group analysis (see Methods).
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LPB Phase vs. Pyloric Frequency in ...
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Figure4 LPB maintains phase well (average phase lines are close to horizontal) in ICB, ICE, LPE, and PYB reference frames (solid rectangles)
moderately in PDE’s reference frame (dashed rectangle), and comparatively poorly in PDB, PYE, VDB, and VDE reference frames. See Fig. :
legend for definitions of lines and symbols.
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PYE Phase vs. Pyloric Frequency in ...
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Figure 5 PYE maintains phase well (average phase lines are close to horizontal) in PDB, VDB, and VDE reference frames (solid rectangles),
moderately in PDE’s reference frame (dashed rectangle), and comparatively poorly in ICB, ICE, LPB, LPE, and PYB reference frames. See
Fig. 3 legend for definitions of lines and symbols.
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PDE Phase vs. Pyloric Frequency in ...
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Figure 6 PDE maintains phase moderately in almost all reference frames (dashed rectangles). In all plots except VDE the average phas
slope (coarse dashed line with open diamonds) is moderate, and there is no segregation between good and comparatively poor phase maintair
similar to that shown in Figs. 3 to 5. See Fig. 3 legend for definitions of lines and symbols.
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Average (D) and Uncompensated [O) Phase Slopes in Different Reference Frames
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Figure 7. Plots of average (dark bars) and constant delay (light bars) phase slopes of all pattern elements in all reference frames. Each plc
shows phase slopes of the noted pattern element in all reference frames. Almost all pyloric elements, regardless of reference frame, shc
moderate to large phase compensation (compare dark and light bar amplitudes). Rectangles surround reference frames in which the patte
element maintains phase well. Reference frame order has been arranged to maximize these groupings and is the same in all plots (except t
each plot's own pattern element, of course, is lacking as a reference frame). Two groups (left rectangles for LPB, LPE, ICE, ICB, PYB; right
rectangles for VDE, PDB, PYE, and VDB) in which phase is well maintained are apparent. PDE shows moderate phase maintenance in al
reference frames. Constant-delay phase slopes are averages of constant-delay phase lines calculated individually for each preparation. Er
bars are standard deviations of the mean.
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A. Pattern Element Phase Slopes
in All Reference Frames
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Figure 8 A: Matrix of pattern element average phase slopes in all reference frames. Columns are the reference frames and rows are th
pattern elements (e.g., LPB’s average phase slope in LPE’s reference frame is 0.00, in ICE’s reference frame is 0.04, etc.). Pattern eleme
and reference frame order are the same as in Fig. 7. Two phase-maintaining groups (LPB, LPE, ICE, ICB, PYB (subset 1, upper left dark
rectangle) and VDE, PDB, PYE, VDB (subset 2, lower right dark rectangle); all phase stap@g, average of magnitudes0.04 for both

groups) are immediately apparent. The two groups maintain phase comparatively poorly with each other (be6tkloperst 0.30, average

of magnitudes 24 + 0.04). PDE (gray) maintains phase moderately with each group (best slope 0.05, worst 0.18, average of magnitudes
0.10+ 0.03). Statistical significance of groupings (using values above the diagonal): the LPB, LPE, ICE, ICB, PYB and the VDE, PDB, PYE,
VDB groups each differ from PDE at < 0.001. Each subset and PDE differ from the outgroup (the values in the upper right lpox) @0D01.

B: If VDB is chosen as pattern definer, these groups can be associated with temporally related groups of pyloric activity. When VDB begins the
pattern (see Fig. 2), the next three elements are PYE, VDE, and PDB. These four elements also form the phase-maintaining group (subset
in the lower right of Fig. 8A. PDE is the next pattern element and also maintains phase moderately with both phase-maintaining groups. ICB,
LPB, PYB, ICE, and LPE constitute both the upper left phase-maintaining group (subset 1) and the next pattern element sequence. LPE ar
VDB do not maintain phase well, which is represented by the gap between them.

more than double with period doubling)). Second, there  The dependence of pyloric element phase mainte-
appear to be two distinct subsets (rectangles) of the pat-nance on reference frame is now immediately apparent.
tern within each of which phase is well maintained but LPB, LPE, ICE, ICB, and PYB (dark rectangle, upper
between which phase is comparatively poorly main- left corner) all maintain phase in each other’s reference
tained. The first subset consists of LPB, LPE, ICE, frames within a slope oft0.07 (average of magni-
ICB, and PYB and second of VDE, PDB, PYE, and tudes, 003+0.02). VDE, PDB, PYE, and VDB (dark
VDB. rectangle, lower right corner) maintain phase in each

These relationships can be more clearly seen in a other’s reference frames within a slope-08.10 (av-
matrix of pattern element average phase slope ver- erage of magnitudes, @+ 0.03). Pattern elements
sus reference frame (Fig. 8A). In this matrix reference in one group maintain phase comparatively poorly in
frames are the columns and pattern elements are thereference frames defined by the other group’s elements
rows (e.g., LPB has a slope of 0.00 in the LPE refer- (upperrightand lower left rectangles; bestslefkl7,
ence frame, a slope of 0.04 in the ICE reference frame, worst 0.30, average of magnitude24+ 0.04). PDE
etc.). In theory, the corresponding values above and phase slopes in the various reference frames, and the
below the diagonal (e.g., LPB in the LPE reference slopes of the other pyloric elements in the PDE refer-
frame and LPE in the LPB reference frame) in this ma- ence frame (gray), are intermediate between good and
trix should be equal in magnitude and opposite in sign. relatively poor phase maintenance (best 0.05, worst
In fact, the magnitudes of all corresponding pairs are 0.18, average of magnitudeslO + 0.03), and thus,
very close (maximum difference 0.03), and none are at least on an observational level, PDE links the two
statistically different even gt < 0.2. group’s activities.
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Consideration of these data and the pattern elementnecessarily maintain phase perfectly in that frame (zero
orders obtained using different pattern definers reveals delay gives zero phase regardless of frequency). This
that if the pattern is defined by the beginning of VD explanation is probably correct for some “ending-
neuron activity (VDB), the phase-maintaining subsets beginning” pattern element pairs (e.g., PYE phase
in Fig. 8A can be associated with temporally related maintenance in the PDB reference frame). However, it
groups of pyloric activity. That is, as is shown in cannot explain most phase maintenances because gen-

Figs. 8B and 2, if VDB is chosen to start the pat-

tern, the next three pattern elements are PYE, VDE,
and PDB. These four elements also form the lower
right phase-maintaining group (subset 2) shown in
Fig. 8A. The next pattern element is PDE, which main-
tains phase moderately with both groups in Fig. 8A.
ICB, LPB, PYB, ICE, and LPE constitute both the

erally there is a significant overlap or delay (see Fig. 2)
between the ending of a pyloric neuron’s activity and
the beginning of the activity of the neurons that inhibit
it (for example, there is a significant overlap between
LPE and PYB, and a significant delay between LPE
and VDB, even though the PY and VD neurons inhibit
the LP neuron). Furthermore, it cannot explain why the

next sequence of pattern elements, and the upper leftbeginnings of neuronal activities maintain phase well
phase-maintaining group (subset 1) in Fig. 8A. LPE in “beginning” reference frames (e.g., LPB maintains
and VDB do not maintain phase well (slope 0.23), phase well in ICB and PYB time). The most parsimo-
which is represented in Fig. 8B by the gap between nious conclusion is thus that the pyloric pattern actually
them. contains two phase-maintaining subsets.

Discussion Is the Correlation between Phase Maintaining
Subsets and Pattern Element Order Significant?
These data show that the pyloric pattern contains two

subsets within which phase is well maintained (phase The correlation between the two phase-maintaining
slope <0.04). Relative to the maintenance observed groups and pyloric pattern element order when VDB
within a subset, each subset maintains phase moder-defines the pattern is striking, but to correctly inter-
ately (slope approx. 0.1) with another pattern element, pret this observation it is necessary to calculate the
PDE, and maintains phase with the other subset com-likelihood this association arose by chance. Consider
paratively poorly (slope approx. 0.2). These conclu- the 10-element sequence ABCDEFGHIJ. The corre-
sions are consistent with data analyzed only in the lation between grouping and order noted in Fig. 8B is
reference frame defined by the pyloric pacemaker equivalentto all permutations of this sequence in which

(PDB column in Fig. 8A; Hooper, 1996). However,
they would have been difficult to draw, and much
less firm, without performing analyses in all reference
frames.

Considerable efforts were made to identify trivial

ABCD and FGHIJ are kept together (ABCD-E-FGHIJ,
ADCB-E-FGHIJ, ADCB-E-GHJIF, etc.) plus (since
the sequence does not have a defined beginning, i.e.,
it could also be BCDEFGHIJA) all permutations in
which BCDE and GHIJA are kept together plus all per-

explanations of these results. One such explanation mutations in which CDEF and HIJAB are kept together,
would be that the differing degrees of phase mainte- etc. The number of such permutations is 10 (the num-
nance are related to the differing pattern element ordersber of sequence beginnings) times 4! (the number of
in the various reference frames (e.g., perhaps elementgpermutations of 4 objects taken 4 at a time) times 5!
that occur earlier in a given frame always maintain bet- (the number of permutations of 5 objects taken 5 at a
ter phase). Although this is true when VDB is chosen time). There are 10! possible permutations of the se-
as pattern definer, it is not true in general (e.g., VDB quence, and hence the likelihood of the observed cor-
is late in the PDB reference frame and maintains phaserelation is(10)(4!)(5!)/10! = 1/126 or 0.8%.
well, whereas LPE is early and does not; ICB is early  This correlation is thus unlikely to be due to chance,
in the LPB reference frame and maintains phase well, and hence, at least with respect to phase maintenance,
whereas VDE is late and does not). VDB represents a “natural” pattern defining element.
Tight phase maintenance also “trivially” arises if When the pattern is observed from this perspective, it
the pattern element used to define the reference frameconsists of early (VDB, PYE, VDE, and PDB) and late
inhibits a pattern element with zero delay, since the (ICB, LPB, PYB, ICE, and LPE) phase-maintaining
ending of the inhibited neuron’s activity will then  groups joined by PDE.
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Implications for Pyloric Pattern Generation

The mechanisms underlying pyloric phase mainte-
nance are only beginning to be explored (Hooper,
1994), but three points should be made here. First,
there is no obvious correlation between the observed

network function, (2) our inability to predict all aspects
of network function even in extremely well-described
networks, and (3) the possibility that other apparently
unitary networks may similarly contain as yet unde-
scribed substructure.

Second, it is important to again note that it would

phase-maintaining subsets and the network’s synaptichave been extremely difficult to arrive at the interpre-

connectivity. Second, the separation of the beginning
and ending of PD and PY neuron activities to different
subsets may initially be surprising. However, pyloric

neuron activity beginning and ending are induced by
different neurons (Selverston et al., 1976) and involve
different mechanisms (Russell and Hartline, 1982). It
is thus not unexpected that neuron activity beginning
and ending could be relatively uncorrelated.

Third, the fact that PDE is an observational link be-
tween the subsetsi®tevidence that PD neuron activ-
ity mechanistically links them, and the division of the
pyloric pattern into different phase-maintaining groups
is not evidence that pattern elements in one phase-
maintaining group are not mechanistically involved in
determining the timing of the other group’s pattern el-
ements (e.g., the VD neuron is almost certainly in-
volved in determining IC neuron timing (Hooper and
Moulins, 1990)). The pyloric network has a highly
interconnected synaptic connectivity pattern, and py-
loric activity is a distributed function of the entire net-
work (Warshaw and Hartline, 1976; Hartline, 1979;
Miller and Selverston, 1982b; Selverston et al., 1983a,
1983b; Marder, 1984; Selverston and Moulins, 1985;
Hooper and Marder, 1987; Hooper and Moulins, 1990;
Kepleretal., 1990; Marder etal., 1993). Consequently,
causal mechanisms cannot be derived from simple ob-
servations of whole network activity.

Implications for Other Systems

Two aspects of this work are of particular concern with

respect to the description and analysis of systems in
general. First, the pyloric network has been inten-

sively studied over the past twenty-five years and is
among the best understood of all neural networks. It
is striking that despite this work the possible presence
of two subsets within the network has not been noted
before. This, of course, is solely because the particular

tations presented here without analyzing the data in
multiple reference frames, and that describing multi-
phase patterns (that do not maintain phase perfectly)
in only one reference frame could introduce percep-
tual biases. For instance, there is a strong temptation
in pacemaker-driven networks to use this element as
pattern definer and to identify pacemaker activity as
the central aspect of network activity. The data shown
here, however, show no clear hierarchical ascendancy
of the pacemaker ensemble (represented by the PD
neuron) in pyloric phase maintenance (Fig. 8), even
though the pacemaker ensemble strongly inhibits all
other network neurons (Selverston et al., 1976; Eisen
and Marder, 1982) and is generally the network’s rhyth-
mic driver (Selverston, 1977; Miller and Selverston,
1982a). This work thus suggests that multiphase pat-
terns are best described by analysis in many refer-
ence frames, and that it is necessary to guard against
possible perceptual biases when such analyses are not
performed.
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