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Multiple Oscillators Provide Metastability in Rhythm Generation
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Biological rhythms such as cardiac and circadian rhythms arise
from activity of multiple oscillators with dispersed intrinsic
frequencies. It has been proposed that a stable population
rhythm, fundamental to normal physiological processes, can be
achieved in these systems by synchronization, through mutual
entrainment, of individual oscillators. Mutual entrainment, how-
ever, is unlikely to be the mechanism underlying the generation
of a stable rhythm in a population of multiple weakly coupled or
uncoupled oscillators. We have recently identified such a pop-
ulation that is involved in the sympathetic regulation of vascular
tone in a thermoregulatory circulation. In this paper, we inves-
tigate the stability of the output rhythm of these sympathetic
oscillators by subjecting the system to a periodic driving force
(the lung inflation cycle-related activity). We show that a pop-
ulation rhythm coupled to the drive can remain stable over a

much wider driving frequency range compared with that of any
one of its constituent oscillators. This population rhythmicity
still exists despite the fact that the dominant frequencies of
individual oscillators are not necessarily 1:1 frequency-locked
to the drive. We provide evidence to show that this population
metastability is achieved through linear and nonlinear dynamic
interactions between the driving force and single sympathetic
oscillators. Our study suggests that the generation of a stable
population rhythm can exist even in the absence of mutual
entrainment of its constituents, and this allows the population
to generate a stable and flexible patterned response.

Key words: postganglionic sympathetic neuron; neural oscil-
lator; synchronization; entrainment; nonlinear dynamics; blood
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In vertebrates, the genesis of essential biological rhythms, such as
cardiac (DeHaan and Hirakow, 1972; Sano et al., 1978) and
circadian (Welsh et al., 1995; Herzog et al., 1998) rhythms,
involves oscillatory activity generated by multiple oscillators.
There is considerable demand for stability in these rhythms, yet
the population is often composed of oscillators with dispersed
intrinsic frequencies (f;n1s). This raises the issue of how the
constituent oscillators interact so that a stable population rhythm
emerges. Mutual entrainment (i.e., frequency-lock) (Winfree,
1980) of individual oscillators, in the absence of an external
driving force, has been proposed as a mechanism of synchroni-
zation to generate, for example, cardiac (Jalife, 1984; Michaels et
al., 1986) and circadian (Liu et al., 1997) rhythms. An alternative
organization has been established in a multiple oscillator popu-
lation influencing vascular conductance (Johnson and Gilbey,
1994, 1996; Chang et al., 1999b), where the individual oscillators
are weakly coupled or uncoupled (Chang et al., 1999b). In this
type of system, individual oscillators can still be entrained to a
common periodic drive (Winfree, 1980; Chang et al., 1999b).
However, such a mechanism is unlikely to be sufficient for pro-
ducing a stable population rhythm, coupled to a driving force,
over a very large frequency range, because for biological oscilla-
tors, 1:1 entrainment frequently operates only when the driving
frequency is close to the intrinsic frequency of the driven oscil-
lator (Glass and Mackey, 1988). The demand for stability of
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population rhythms across a wide driving frequency range may be
particularly important for coordinating activity of the sympathetic
nervous system and other rhythm-generating circuits such as the
respiratory network (Gilbey and Spyer, 1997).

In this paper we investigated the underlying coupling dynamics
that may contribute to stability and flexibility in a multiple oscil-
lator network of this type. We did this by examining the
frequency-dependent characteristics of the oscillator population
in response to an external periodic input: lung inflation cycle
(LIC)-related activity (Lipski et al., 1977). The oscillator activity
can be conveniently monitored at single and population levels by
recording the discharge behavior of postganglionic neurons
(PGNs). Previous work has established that individual PGNs
(sample size >100) exhibit a distinct intrinsic rhythm in their
discharges that has a frequency ( f;n) Within a range of ~0.4-1.2
Hz (Johnson and Gilbey, 1996; Chang et al., 1999b; and our
unpublished observations). We provide evidence to show that,
even outside the intrinsic frequency range of individual oscilla-
tors, a periodic input across a wide frequency range can produce
a stable population rhythm. We demonstrate that a population
rhythm emerged, even when individual oscillators did not exhibit
1:1 entrainment. Over a narrow LIC frequency range, near their
intrinsic frequency, individual oscillators showed stable coupling
and high coherence with LIC-related activity. Outside this range,
coherence dropped precipitously at single oscillator level. In
comparison, at the population level the 1:1 frequency response
range was extended. We provide evidence to show that this
feature arises from linear and nonlinear dynamic LIC-PGN
interactions at the single oscillator level, which with their intrinsic
frequency spread confers the population with metastability for
rhythm genesis. In the sympathetic system, this metastability of
synchronized neural activity is likely to be important for provid-
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ing graded control of blood flow at the vascular end organ. In
more general terms, complexity of single oscillator behavior may
provide a mechanism for producing stable and flexible output in
various rhythmic activities generated by multiple oscillators.

Part of this work has been published previously as an abstract
(Chang et al., 1999a).

MATERIALS AND METHODS

General preparation and maintenance. All experiments were performed in
accordance with the Animal (Scientific Procedures) Act, UK, 1986.
Eighteen male Sprague Dawley rats (235-350 gm) were anesthetized
with pentobarbitone (60 mg/kg, i.p.), supplemented with a-chloralose
(5-10 mg, i.v.) when required. An adequate anesthetic level was indicated
by the stability of blood pressure (BP) and respiratory activity, monitored
by diaphragm EMG, and the absence of both corneal and paw-pinch
withdrawal reflexes. The femoral artery and vein were cannulated for
monitoring BP and infusing drugs, respectively. The urinary bladder was
cannulated to ensure an unobstructed urinary flow. The esophageal
temperature was monitored and maintained at 36.5-37°C using a heating
blanket. LICs were recorded using tracheal pressure (TP) waves. Using
hyperoxia induced by artificial ventilation with ~95% oxygen, all exper-
iments were performed during central apnea to minimize influence from
central respiratory activity (Chang et al., 1999b). Quiescence of respira-
tory activity was indicated by the absence of diaphragm EMG activity.
Samples of arterial blood (70 ul) were taken regularly (~20-40 min) for
gas and pH analyses.

Neural activity recording. The caudal ventral artery (CVA) of the tail
was exposed, and the overlying connective tissue was removed. The CVA
was then positioned in a bath filled with Krebs’ solution. Using glass
microelectrodes (internal diameter of the tip, 20-100 wm), single PGNs
(n = 21 from 12 animals) were recorded focally from the surface of the
CVA, and 10 of these were recorded in pairs (five pairs). PGN activity
was monitored on a digital oscilloscope, and activity from single PGNs
was identified by a consistent spike waveform and amplitude. For detail
of the focal recording technique, see Johnson and Gilbey (1994, 1996)
and Chang et al. (1999b). Population PGN activity (n = 6 from six
animals) was recorded from the ventral collector nerve (VCN), which
contains ~80% of the PGN axons innervating the CVA (Sittiracha et al.,
1987). The VCN was isolated from the tail, cut, desheathed, and im-
mersed in a bath of paraffin oil. The distal end was crushed. Biplolar
platinum hook electrodes were used to record nerve activity. In whole-
nerve experiments, the cauda equina was cut at LS level to remove
contamination of somatic motor activity (Sittiracha et al., 1987; Smith et
al., 1998). A previous study has established that using this preparation,
activity recorded from the VCN is sympathetic in nature (Chang et al.,
1999b).

Data collection. Neural activity was processed as described previously
(Chang et al., 1999b). Briefly, PGN and diaphragm EMG activity were
amplified and filtered (bandpass, 300-1000 Hz). VCN and diaphragm
activity were rectified and smoothed (time constant, 100 msec). Data of
5 and 8 min length were recorded for single PGN and population PGN
experiments under each ventilation condition (see Experimental proto-
cols), respectively. Data were stored on tape for off-line analysis. In
addition, BP, TP, single PGN activity, and smoothed VCN and dia-
phragm activity were converted to digital signals and sent to computer for
analysis (sampling rate: 13.3 kHz for single PGN activity; 100 Hz for
smoothed VCN and diaphragm activity). Using spike processors and a
pulse-generating interface, transistor-to-transistor logic pulses were gen-
erated from the action potentials of single PGNs and the inflation phase
of TP. These pulses were used to construct autocorrelograms and
LIC—PGN cross-correlograms (Chang et al., 1999b).

Experimental protocols. finrs in single and population PGN activity,
was first determined during “free-run” using high LIC frequency (1.9-2.5
Hz) and low tidal volume (1-1.2 ml) to “unlock” LICs and PGN activity.
The frequency-dependent responses were examined by varying LIC
frequency ( fi;c) while maintaining a constant high tidal volume (2-2.5
ml). Initially, f; ;- was adjusted to near f;r of PGN activity, and stable
1:1 entrainment was established. To demonstrate that this was not a
chance phenomenon, f; ;- was tested for two or three separate steps (0.1
Hz) away from f to confirm that 1:1 entrainment did not occur just at
one single f; ;. After this, f; ;- was increased in 0.2 or 0.3 Hz steps up to
~1.5-1.8 Hz. Some single PGNs (n = 8) were not carried through the
whole frequency range of f; ;- because of difficulties in maintaining stable
recording conditions. To test whether hypocapnia affected the discharge
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patterns of PGN activity, while maintaining a central apneic state, CO,
(<5%) was given to the rats in half of the whole nerve experiments when
hypocapnia developed during periods of high frequency and high tidal
volume ventilation. The amount of CO, given was adjusted to keep
Pac, close to the normal physiological range (~35-40 mmHg), and the
discharge behavior of VCN activity from experiments in which Paco,
was and was not clamped was compared.

Data analysis. Spectral analysis was used to determine the frequencies
of rhythmical components in neural activity and LIC. For single unit
experiments, spike trains of PGN activity were first transformed to event
count time series (counts every 10 msec) before spectral analysis (Rosen-
berg et al., 1989). The time series of PGN event counts, VCN activity,
and TP waves were divided into half-overlapping blocks (length, 20.48
sec). The linear trend in each block was removed and windowed by a
Hanning taper, followed by 2048-point Fast Fourier Transformation
(Bendat and Piersol, 1986). The overall autospectrum was generated by
averaging the autospectrum from each block. In all the autospectra,
maximal power density was normalized to 1 for a direct comparison of
dominant frequencies across different activities. The spectral resolution
was 0.049 Hz/bin. The dominant rhythm of single PGN frequency was
first confirmed by the presence of rhythmicity in the self-triggered
autocorrelogram (Perkel et al.,, 1967a), and the exact frequency was
determined from the autospectrum. For population PGN activity, the
dominant frequency was defined as the frequency of the spectral peak
associated with highest power density.

The coupling strength at a particular frequency between paired activ-
ities (single PGN—single PGN, LIC—single PGN, LIC—population
PGN) was evaluated by squared coherence (abbreviated as coherence)
(Bendat and Piersol, 1986). The coherence is a bound parameter with 1
indicating perfect correlation and zero indicating no correlation. Data of
frequency and coherence are displayed as median and first to approxi-
mately third interquartile range. The LIC—PGN cross correlogram
(Perkel et al., 1967b), triggered by the inflation phase of TP waves, was
used to measure the phase difference between them. The temporal
stability of this phase difference was evaluated by LIC—PGN correlation
raster plots (CRP) (Chang et al., 1999b). Similar to the cross-
correlogram, the CRP demonstrates the phase relationship between the
triggers (LICs) and the dependent event activity (PGN activity). The
dependent events are plotted according to their peri-trigger lags. This
process is reset every time another trigger is added. However, instead of
accumulating events in bins over the analysis period (as for a cross-
correlogram), for CRPs the relationship between triggers and dependent
events is plotted for each trigger. This reveals temporal stability and
provides an assessment of phase difference. The presence of dense
vertical bands in the CRP would suggest that constancy of phase differ-
ence is a stationary feature across time. However, it does not necessarily
indicate that only one single phase difference exists. For example, phase
difference under conditions of 2:1 entrainment alternates between two
stable values from cycle to cycle, and this would also produce vertical
striations in the CRP. To evaluate the distribution of phase differences
across a whole cycle of the PGN dominant rhythm, the CRP was reor-
dered by the first post-LIC interevent intervals [termed reordered cor-
relation raster plot (RCRP)]. This enables PGN events with distinct
stable phase differences to LIC to cluster in different dense vertical
bands. In addition, for uncorrelated LICs and single PGN activity,
RCRP also provides information about the randomness of phase shift
between them because in this case their phase difference will be any
value in the cycle of the PGN rhythm and produce a slanted band
covering the whole cycle in the RCRP. Complementary to CRP, RCRP
provides further information regarding the temporal characteristics of
phase difference (Chang et al., 1999b). The CRP and RCRP were divided
into small quadrats (0.05 sec by 10 trigger events), and the PGN events in
each quadrat were counted as a measure of the event density. The event
density of these raster plots was displayed using a gray scale.

The changes of parameters across the range of f; - tested were eval-
uated by linear regression. A deviation of the slope of the regression line
from zero was considered to be significant if p < 0.05 (Student’s ¢ test)
(Glantz, 1996).

RESULTS
Condition of animals

The scatter plots in Figure 1 summarize the changes of physio-
logical parameters (BP, Pa,, Paco, pH) in response to fic
variations. The significance of covariation between these param-
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Scatter plots of physiological parameters across different f; s. Significant change of the parameters, evaluated by whether the slope of the

regression line deviates from zero, is indicated by an asterisk (¢ test, p < 0.05). A, Whole nerve experiments. i, ii, No significant change across different
fuics is present in the mean arterial pressure (MAP) and Pag, as fy ¢ varies. iil, iv, When fy ;¢ is high and no CO, is added ( filled circles, solid line),
respiratory alkalosis develops with low Pac, and high pH (¢ test for zero slope, p < 0.001 for both). The Pac, and pH do not change significantly across
different f; ;s in experiments in which CO, is added (open circles, dotted line). B, Single PGN experiments. i, No significant change across different f; ;s
is present in MAP as f; ;¢ is changed. ii, A borderline negative trend (¢ test for zero slope, p = 0.048) in Pag, is observed when f; ;¢ is increased. ii, iv,
Respiratory alkalosis develops with low Pac, and high pH (¢ test for zero slope, p < 0.001 for both) during periods of high f; ;c.

eters and f} ;- was assessed by linear regression. There was no
significant influence of f; ;~ on BP (Fig. 14i, 1Bi), which is con-
sistent with previous studies in rats (Marshall, 1994). No signifi-
cant change of Pa,, was found in the whole-nerve experiments
(Fig. 1Aii), although a borderline negative trend was observed in
the single PGN experiments (7 test for zero slope of the regression
line, p = 0.048) (Fig. 1Bii). When f; ;~ was high, respiratory
alkalosis developed as a result of pulmonary alveolar hyperven-
tilation in experiments in which no CO, was added. Under such
conditions, Pac o, dropped and pH increased (Fig. 14, Aiv, Biii,
Biv, filled circles). Respiratory alkalosis was prevented in half the
whole nerve experiments by adding CO, (Fig. 1A4iii, Aiv, open
circles). The discharge behavior of VCN activity was not different
under the two conditions (see below).

Behavior of single PGN or PGN pairs

Figure 24 shows a typical example of single PGN neurograms
and TP waves (LICs) and their associated autospectra from an
experiment in which two PGNs were recorded simultaneously.
Under free-run conditions, each single PGN exhibited a dominant
finer in its discharges (median frequency, 0.69 Hz; interquartile
range, 0.66—0.73 Hz). In the five pairs in which two PGNs were
recorded simultaneously, the f;y1s of the paired PGNs were
never the same (f;n1 for PGNI1: 0.78 Hz, PGN2: 0.69 Hz; f; |,
2.00) (Fig. 2A4i). This is consistent with previous findings (Chang
et al., 1999b) and provides good evidence that this is a multiple
oscillator population, with each oscillator having a characteristic
intrinsic dominant rhythm. The LIC—PGN coherence spectra

for the same periods of data for the two units are shown in Figure
3. Under free-run conditions, coherence at f ;- between LIC-
PGN and PGN-PGN was near zero as revealed in Figure 347, and
no fixed-phase relationship between LICs and PGN activity was
observed as demonstrated in the cross-correlogram (Fig. 44i; the
unit is the same as PGN1 with the same period of data in Figs.
2Ai, 3A4i). The PGN events distributed uniformly in the CRP (Fig.
4Aii) and spanned the whole cycle of the PGN dominant rhythm
as revealed in the RCRP (Fig. 4A4iii), suggesting that phase
differences between LIC and PGN activity changed constantly,
i.e., they were asynchronous. Moving f; ;¢ into fin range led to
stable 1:1 entrainment with high LIC—PGN coherence at f; ;¢
(0.60 Hz) (Figs. 2Aii, 3Aii), and in cases in which two PGNs were
recorded simultaneously, this resulted in high coherence between
the two (Fig. 34ii). The PGN activity was periodically synchro-
nized to LICs as shown in the LIC—PGN cross-correlogram
(Fig. 4Bi; the unit is the same as PGN! with the same period of
data in Figs. 2Aii, 3A4ii). The presence of a single LIC—=PGN
phase difference with high temporal stability was revealed by the
dense vertical striations in the CRP and RCRP (Fig. 4Bii, Biii).
This demonstrates that the 1:1 coupling between LICs and PGN
activity became a strong and steady feature across time. LIC—
PGN 1:1 entrainment with high coherence was retained through
a range of different f; ;s (e.g., 0.70 Hz) (Figs. 2Aiii, 3Aiii) above
which 1:1 entrainment probability started to decline. The exact
1:1 frequency-lock range of different PGNs was rarely the same,
presumably reflecting the spread of f; s within the population.
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Figure 2. Frequency-dependent entrainment of PGN activity to LICs. A, Real time data (left panel ) and superimposed autospectra (right panel ) of dual
recorded PGNs (dotted and dashed lines) and TP (LIC, solid line). i, Both neurons show an intrinsic dominant rhythm ( f;xr for PGNI and PGN2, 0.78

1:1 entrainment results. iv, At f; ;c = 0.81 Hz, the PGN with the higher fin+ (PGNI) still shows entrainment but the other unit (PGN2) fails to lock. v—vi,
At higher f; ;s (0.97-1.41 Hz) both units are not entrained to LICs. The small peak at f; ; (arrowheads in iv, v) indicates minor LIC-related rhythmical
components, suggesting relative coordination. Calibration: 25 uV (PGN), 10 mmHg (TP). B, Real time data (left panel ) and superimposed autospectra
of the PGN population (VCN, dotted line) and TP (LIC, solid black line). i, During free-run conditions ( f; ;c: 1.97 Hz), the population PGN activity reveals
a broad peak (modal frequency, 0.64 Hz) representing the spread of f; s within the population. ii—iv, Moving f; ;¢ into this range ( f;c: 0.59-0.78 Hz)
results in a single narrow peak at fi ;- indicating that activity of most PGNs is 1:1 entrained to LICs. v—vi, At higher ventilation frequencies (1.00-1.35
Hz, v—vi) a narrow peak at f ;- is still preserved although some PGNs escape 1:1 entrainment as indicated by minor peaks in the f; range (v, vi, arrows).

Calibration: 0.5 wV (VCN), 10 mmHg (7P).

The phenomenon of differential frequency-lock is exemplified in
Figure 2A4iv. When f; ;- was increased to 0.81 Hz, although the
PGN with higher, fi 1 (PGN1) was still 1:1 entrained to LICs; the
other with lower f;+ (PGN2) was not. When f; ;~ was increased
further, single PGNs could not maintain 1:1 entrainment to LICs
[fiic: 0.97 Hz (Fig. 2A4v) and 1.41 Hz (Fig. 2A4vi)]. However, it
should be emphasized that the deviation of the dominant PGN
frequency from f; ;- did not exclude the possibility of the exis-
tence of a minor LIC-related component. This occurred espe-
cially when f; ;~ was just above the 1:1 entrainment frequency
zone (Fig. 2A4iv, PGN2, arrowhead; Fig. 2Av, PGN1, arrowhead).
This provides an explanation for those cases in which high
LIC—PGN coherence at f; | was still preserved despite a differ-
ent dominant PGN rhythm (e.g., coherence, 0.67 for PGN2 in Fig.
34iv and 0.36 for PGNI in Fig. 3Av). This nondominant LIC-
related activity arose from intermittent “attraction” of the PGN

oscillator to the LICs, a phenomenon reminiscent of relative
coordination (von Holst, 1939; Ayers and Selverston, 1979;
Rosenblum and Turvey, 1988). In the LIC—PGN cross-
correlogram, it manifested itself as periodic LIC-related peaks
standing out of a non-LIC modulated level [(Fig. 4Ci) the unit is
the same as PGNI1 with the same period of data in Figs. 24y,
34v]. This dynamic feature of LIC-PGN interaction is clearly
shown in the CRP where vertical bands with varied event density
across time were present in a phase-drift background (Fig. 4Cii),
suggesting that PGN activity was intermittently and transiently
locked to LICs. This was further supported by the RCRP in
which short vertical bands (arrows) were superimposed on the
cycle-spanned PGN event striations (Fig. 4Ciii). When f |~ was
moved further away from the fi;\ range of PGNs, LIC—>PGN
and PGN—PGN coherence dropped sharply (Fig. 34v, 34vi), and
the probability of LIC-PGN lock decreased as suggested in
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Figure 3. Frequency response of coupling strength between PGN activ-
ity and/or LICs. The strength of coupling is evaluated by the coherence
spectrum. The neural and LIC activities are the same as those in Figure
2. fuies are indicated by filled circles. A, LIC—single PGN (dotted and
dashed lines) and single PGN—single PGN (solid line) coherence spectra.
i, During free-run (f;c: 2.00 Hz), LIC>PGN and PGN—PGN coher-
When fi ;¢ is moved close to the f;yr of the PGNs (f;;c: 0.60-0.70 Hz),
strong LIC-PGN coupling strength at f; ;- emerges as revealed by the high
coherence between them. iv, The strong coupling at f; ;¢ is still preserved
although the dominant frequency of one unit, PGN2, is different from f ;¢
when f; ;¢ is increased to 0.81 Hz (compare with Fig. 2A4iv), a phenome-
non believed to arise from relative coordination. v-vi, When fi ¢ is
increased further, the coherence and therefore the coupling strength at
fuc drop (fue: 0.97-1.41 Hz). B, LIC—VCN (population PGN) coher-
ence spectra. i, Under free-run conditions ( fi ;c: 1.97 Hz), the LIC—=VCN
coherence at fi ;¢ is low, suggesting that most single PGNs are not coupled
through LICs. ii—v, When f; ;¢ is moved into the range of PGN f;, high
coherence emerges and is maintained through a wide f; ;. range (0.59-
1.00 Hz). vi, Although a moderate drop is observed, the coherence
remains high although f; ;¢ is above the fi range (fyc: 1.35 Hz).
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Figure 4. Phase relationships between single PGN activity and LICs. The
neural and LIC activities are the same as those in Figures 2 and 3 (PGN1).
The relative positions of the LIC occurrences are indicated by filled circles.
A, Free-run. During free-run (fy ;¢ 2.00 Hz), the LIC-PGN cross-
correlogram is essentially flat, suggesting noncorrelation (/). Constant
phase-drift across time during these periods is indicated by the uniform
distribution of PGN events in CRP (if) and their cycle-spanning pattern in
RCRP (iii) B, 1:1 entrainment. When f; ;- is moved into fxr range ( fic:
0.60 Hz), 1:1 entrainment emerges, and the cross-correlogram shows a
pattern of rhythmical synchronization (7). A stationary fixed-phase rela-
tionship between PGN activity and LICs is revealed as stable vertical bands
in both CRP (if) and RCRP (iii). C, Relative coordination. When f; ;- was
moved away from fiyr (0.97 Hz), intermittent periods of phase-lock oc-
curred, and it was manifested as LIC-related periodic peaks superimposed
on a background level in the cross-correlogram (7). The dynamic nature of
this phase-lock is indicated by intermittent vertical bands with variable
density in CRP (i) and vertical bands (arrows) superimposed on cycle-
spanning bands in RCRP (iif). D, Asynchrony. When f; | is moved farther
away from PGN fiyt (fue: 141 Hz), a pattern similar to that during
free-run (compare with A4), suggestive of complete asynchrony, appears.
(i, cross-correlogram; if, CRP; iii, RCRP). Event density in CRP and RCRP
is indicated by the gray scale bar.

the-cross correlogram [(Fig. 4 Di) the period of data and the unit
(PGN1) are the same as in Figs. 2A4vi, 34vi], with CRP and RCRP
(Fig. 4 Dii, 4 Diii) having an asynchronous pattern similar to those
under free-run conditions (Fig. 4, compare A4, D).
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Figure 5. High-order rational frequency-lock. A, 2:1 frequency-lock and
B, 3:1 frequency-lock. The respective frequency-locking ratio is suggested
by the alignment of the first peak in the PGN autocorrelogram (A4i, Bi)
with the second and the third peak in the LIC autocorrelogram (Aii, Bii),
respectively. A direct read-out of the 2:1 and the 3:1 frequency relation-
ships is provided in their autospectra in which fi - (LIC, solid line)
coincides with the first harmonic frequency and the second harmonic
frequency of PGN activity (dashed line), respectively (Aiii, Biii). Although
the phase difference shows a stationary feature across time as revealed by
the vertical bands in the CRP (Aiv, Biv; the relative positions of the LIC
occurrences are indicated by filled circles), the RCRP demonstrates that
the phase differences are grouped into two distinct clusters for 2:1 lock
and three distinct clusters for 3:1 lock (arrowheads in Av and By, respec-
tively). Event density in CRP and RCRP is indicated by the gray scale bar.

In some PGNs, when f;;- was high, high-order rational
frequency-lock ratios, other than 1:1, were apparent. This is
exemplified by 2:1 frequency-lock in Figure 54. The alignment of
the second peak in the LIC autocorrelogram and the first peak in
the PGN autocorrelogram (Fig. 54i, Aii) and the coincidence of
fric and the first harmonic frequency of the PGN dominant
rhythm (Fig. 5A4iii) suggest a 2:1 relationship. The stationary
phase difference across time (Fig. 54iv) was grouped into two
distinct clusters (Fig. 54v), a state consistent with 2:1 frequency-
lock. Although a systematic search for the whole range of other
high-order frequency-lock states was not the purpose of this
study, a 3:1 relationship was observed in one experiment when
fric was increased to 2.41 Hz while a high tidal volume was
maintained (Fig. 5Bi, 5Bii). The temporal stability and three-
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cluster grouping of the phase differences was apparent as shown
in the CRP and RCRP (Fig. 5Biv, 5Bv).

In summary, high probability of 1:1 entrainment between LICs
and single PGN activity could only be achieved when f; ;- was
close to the finr of the PGN. As f; ;- was moved away from PGN
fin a tight coupling between LICs and the PGN could not be
maintained, but instead a state of relative coordination with PGN
activity being “attracted” to LICs emerged intermittently. When
fLic was increased farther away from PGN f; 1, an asynchronous
pattern dominated their interaction. At these high f; ;s high-
order rational frequency-lock other than 1:1 lock occurred in
some PGNs. The change of frequency-dependent LIC-PGN cou-
pling strength was reflected in the interaction between PGNs:
high PGN—PGN coherence resulted from tight LIC-PGN cou-
pling. As PGN activity was dissociated from LICs, the coherence
between PGNs dropped.

The change of discharge patterns of single PGNs is
not associated with a significant change of

discharge rate

To test whether the change of discharge patterns in response to
fLic variations induced a change in the neuronal excitability, the
mean discharge rate (MDR) of the single PGNs across different
fric was calculated and compared. Under free-run conditions, the
median of the MDR of the single PGNs was 1.23 Hz (range,
0.75-2.71 Hz) (n = 21 PGNs from 12 animals). The comparison
across the range of f; ;s tested was performed on the normalized
MDR (normalized by the MDR during free-run) because of the
wide variation of the MDR [see also Johnson and Gilbey (1996)
and Chang et al. (1999b)]. Although a positive trend was observed
in the normalized MDR as f; ;c was increased, it was not signif-
icant (¢ test for zero slope of the regress line; n = 100 cases for all
the 21 PGNs across all the f; ;s tested; p = 0.055). This supports
the notion that the neuronal excitability did not change signifi-
cantly when f; ;- was varied.

Behavior emergent from the PGN population

In the second type of experiment, we investigated the interaction
between LICs and population PGN activity. The VCN discharge
behavior in response to f; ;- changes was similar in experiments
with Pac e, clamp or without Pacq, clamp during hyperventila-
tion. A typical example (without Pacq, clamp) showing the real
time data and autospectra of the VCN and TP waves, and their
coherence spectra, is shown in Figures 2B and 3B, respectively.
Under free-run conditions, the VCN autospectrum revealed a
single broad peak (median peak frequency, 0.73 Hz; interquartile
range: 0.63-0.78) (Fig. 2Bi), and LIC—VCN coherence at fj ;-
was low (Fig. 3Bi). Single PGNs, recorded under the same con-
ditions, exhibited a range of dominant frequencies and were
weakly correlated or uncorrelated as described previously, sug-
gesting that the population rhythm did not arise from mutual
entrainment among the individual oscillators, but instead repre-
sented an average of the fi\ range emergent from the whole
oscillator pool (Christakos, 1986, 1994). Moving f; c into this
finr range yielded a single narrow peak in the autospectra (0.59-
0.78 Hz) (Fig. 2Bii-iv) with high coherence (Fig. 3Bii-iv), sug-
gesting that most PGNs in the population were 1:1 entrained to
fric- This finding was consistent with the observation at single
PGN level. At high f; ;- however, in contrast with single PGN
recordings, the sharp dominant peak at f; ; (1.00-1.35 Hz) (Fig.
2 Bv-vi) was preserved, although some PGNs must have escaped
1:1 entrainment, as suggested by the appearance of minor peaks
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in finr range (Fig. 2Bv-vi, arrows). At these high f s, strong
LIC-VCN coupling with high coherence was maintained (f;
1.00-1.35 Hz) (Fig. 3Bv-vi), although a moderate drop was ob-
served as f; ;- was moved farther away from the f, range (Fig.
3, compare By, Bvi).

In summary, like the strong LIC-PGN 1:1 coupling observed at
single PGN level, when f; ;- was close to the PGN f; range,
population PGN activity displayed prominent LIC-related rhyth-
mical activity. However, in contrast to the findings in single
PGN:s, at high f; s, the dominant population rhythm still main-
tained 1:1 frequency-lock to LICs with only a moderate decline of
LIC-population PGN coupling strength (see below).

Comparison of the discharge behaviors of single PGN
and population PGN activity

The difference in single and population PGN behaviors in re-
sponse to changes of f| ;- is summarized in Figure 64-C. The f| ;¢
range where the dominant PGN rhythm could maintain 1:1 lock
to fiic was wider for population PGN activity than for single
PGN activity (Fig. 64). When f; ;- was increased stepwise, the
dominant population rhythm could follow f; ;. faithfully (dotted
line), yet single PGN dominant frequencies remained close to
their f;r range (Fig. 64, shaded area). This driving frequency-
related coupling depended on the frequency discrepancy between
fric and fir. As illustrated in Figure 6B, although it is evident
that population activity could maintain 1:1 frequency-lock (bot-
tom dotted line) to LICs even when their frequency difference was
up to 1.0 Hz, this frequency difference zone for 1:1 lock was
restricted to around —0.2~0.2 Hz (shaded area) for single PGNs.
In some cases, high-order rational frequency-lock between single
PGNs and LICs such as 2:1 were apparent (Fig. 6B, top dotted
line). In both cases, coherence dropped significantly as f; ;- was
moved away from f; 1 [# test for zero slope for the regression line,
p < 0.001 for both cases; single PGNs, filled circles and solid line;
population PGNS, open circles and dotted line (Fig. 6C)]. However,
the decline in coherence was moderate at population level com-
pared with that at single unit level (¢ test for equal slope, p <
0.001). The loss of entrainment of single PGNs to LICs was
accompanied with reduction of coherence between two pair-
recorded PGNs (¢ test for zero slope, p < 0.001), and it is
apparent that PGN—PGN coherence was higher when both units
were 1:1 entrained to LICs [solid triangles, both units were en-
trained to LICs, vs open squares, at least one unit was not en-
trained to LICs (Fig. 6D)].

DISCUSSION

In this paper we reveal clear differences between the activity
arising from a multiple oscillator population and that of its
constituent single oscillators. It has been proposed that an auton-
omous central oscillator is responsible for the quasiperiodic ac-
tivity recorded from a peripheral sympathetic nerve (Gebber,
1980). However, the findings from our previous study (Chang et
al., 1999b) and the present work demonstrate that instead of a
single oscillator driving VCN sympathetic nerve activity, the
rhythm is generated by multiple oscillators with different intrinsic
frequencies. The discharge behavior of the VCN activity should
be considered as an emergent collective property of this oscillator
population in which the synchronized discharges of even a small
fraction of the population will produce a robust population
rhythm (Elul, 1972). Our study shows that a stable output rhythm
coupled to a periodic drive can be maintained across a wide
driving frequency range in such a population, each constituent
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Figure 6. Summary scatter plots showing entrainment of single PGNs
(filled circles) and population PGN (open circles) to LICs (A-C) and the
change of coherence between paired PGNs (D). A, Dominant frequency
(fpgn) for single PGNs and population PGN plotted against f; ;¢ illus-
trates the difference in distribution of fpgns When fi ¢ is changed. Al-
though fpgn of single PGN activity remains close to the fjyr range
(shaded area) when fi - is increased, fpgn Of population activity can
maintain 1:1 lock (dotted line) to LICs over a much wider range. B, The
frequency ratio, f; ;¢ /fpgn s plotted against the frequency difference, f ;¢ —
fint provides evidence for frequency lock at 2:1 (top dotted line) as well
as 1:1 (bottom dotted line). 1:1 entrainment for single PGNs is only
possible when fi1c — gt is less than ~0.2 Hz (shaded area), whereas
population fpgn can follow fi- faithfully over a broader range.
C, LIC—>PGN coherence at fi ;c plotted as a function of f; yc — gnt shows
the decline of coherence at the single neuron (solid line) and the popu-
lation (dotted line) levels (¢ test for zero slope of the regression lines; single
PGNs: p < 0.001, population PGNs: p < 0.001). The coherence drop is
more moderate for population PGN activity than single PGN activity
when f; | is moved away from f; - (¢ test for equal slope of the regression
lines, p < 0.001). D, The drop of LIC—PGN coherence as fic is
increased is accompanied by decline of PGN—PGN coherence (¢ test for
zero slope of the regression line, p < 0.001). Higher coherence and
therefore stronger coupling strength at f; | result when both units are 1:1
entrained to LICs (filled triangles, both PGNs are entrained, vs open
squares, at least one PGN is not entrained).

oscillator exhibiting different LIC-PGN coupling dynamics as a
result of the spread of f;rs. We suggest that this stable feature at
the population level arises from the underlying linear and non-
linear interactions between the individual oscillators and the
common drive.

Rhythm generation from a population of weakly
coupled or uncoupled oscillators

Under free-run conditions in which each single PGN is “un-
locked” so that it produces different intrinsic rhythms, a dominant
rhythm still emerges from the population (Chang et al., 1999b).
This finding is consistent with previous theoretical studies that
predicted that a population of weakly coupled or uncoupled
multiple oscillators is capable of generating a prominent rhythm
if the fin s are restricted to a narrow frequency range (Christa-
kos, 1986, 1994). This provides an alternative to the model

<
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suggested in cardiac (Jalife, 1984; Michaels et al., 1986) or circa-
dian (Liu et al., 1997) rhythm generation, in which mutual en-
trainment between constituent oscillators is necessary to explain
the emergence of a population rhythm. We also show that at the
population level there is a preservation of high coherence with
LICs and a broader 1:1 frequency-locking zone compared with
that of single PGNs. Our evidence suggests that this arises from
three principal effects. The first is caused by the spread of intrin-
sic frequencies within the oscillator population. This allows a
proportion of the pool to remain 1:1 entrained over a much wider
driving frequency range than any single oscillator. However, at
frics above the fir range of single PGNs, we suggest that a
second phenomenon, relative coordination, contributes to the
maintenance of high coherence. Relative coordination describes
interactions in which oscillators are not synchronized but never-
theless exhibit intermittent and transient periods of phase-lock
(von Holst, 1939; Kelso, 1995). The state of relative coordination
disengages the single PGN from a state of tight 1:1 entrainment
while maintaining weak coupling to LICs. We suggest that tran-
sient phase-lock will become a relatively stable feature at the
population level, because at any given moment, there is a high
probability that a subpopulation of PGNs will be phase-locked to
LIC. Third, we propose that high-order rational frequency-
locking also occurs. This would tend to channel single PGNs into
a finite number of phase differences, which would prevent con-
tinuous phase-drift and contribute to the preservation of high
coherence with LICs. The driving frequency-dependent interac-
tion is also supported by the observation that while maintaining a
constant drive strength (i.e., tidal volume), a transition of cou-
pling states from tight 1:1 entrainment to complete asynchrony
between PGNs and LICs can arise from a small increase of fj ;c.
It must be emphasized that the mechanism underlying 1:1
frequency-lock between the dominant population rhythm and
fric was different at different f ;s. When f; ;- was close to the
center of the fi range of the PGN population, tight 1:1 entrain-
ment of most PGNs probably accounted for the frequency-lock at
the population level. However, when f; ;~ was moved away from
the f;nr range, with the resultant dissociation of PGN frequencies
from f;,c, the phase stabilizing effect observed in phenomena
such as relative coordination and high-order rational frequency
lock contributed to the maintenance of LIC-population PGN
coupling.

In previous work in which a stable frequency-lock state in
multifiber sympathetic activity was maintained across a wide
driving frequency range, it was argued that this provided evi-
dence indicating that sympathetic activity was not generated by
an oscillator (Bachoo and Polosa, 1987). However, the findings
from the present study provide evidence that oscillators do un-
derlie sympathetic activity, and the phenomena of frequency-lock
across a wide driving frequency can be explained by complex
underlying dynamic processes at a single neuron level.

Functional implication of rhythm genesis in a
population composed of multiple weakly coupled or
uncoupled oscillators

Taken together, the driving frequency-dependent dynamics (of
single oscillators) such as 1:1 entrainment, relative coordination,
higher-order rational frequency-lock, and asynchrony are against
a linear model in which frequency invariance is characteristic
(Pavlidis, 1973; Bendat and Piersol, 1986). In contrast, they are
consistent with nonlinear behaviors predicted from the theory of
periodically driven biological oscillators (Pavlidis, 1973; Glass and
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Mackey, 1988; Hilborn, 1994; Kelso, 1995). At the level of single
oscillators, we suggest that the dynamic transition between the
states of 1:1 entrainment, relative coordination, higher-order ra-
tional frequency-lock, and asynchrony results in large changes in
the coupling strength with LICs, but at the level of the population
of oscillators (with a spread of f;y1s), these LIC-PGN coupling
fluctuations become smoothed and graded. This suggests that a
population of weakly coupled or uncoupled oscillators is partic-
ularly suitable for producing patterned output activity and gen-
erating rapid and adaptive responses. If a system behaves like a
single oscillator, it is expected that a moderate change of the
driving parameters may cause a prominent change of the degree
of synchrony between the driving force and the system owing to
the underlying nonlinear coupling dynamics (Guevara et al., 1981;
Petrillo and Glass, 1984). This is disadvantageous in a system in
which the demand for stability is of paramount importance. On
the other hand, it has been suggested that persistence of a global
synchronous state of neurons has limited ability for information
processing in the CNS (Singer, 1993). The disengagement of
synchronous individual neurons is particularly important in the
sympathetic nervous system controlling vascular resistance where
the target organ behaves like an “integrator” with individual
vascular smooth cells connected through gap junctions (Christ et
al., 1996). A persistence of a synchronous state would most likely
result in prolonged high vascular tone that may be harmful
because coactivation of sympathetic nerve fibers innervating an
artery, i.e., synchronization of PGN activity, has been shown to
have a prominent effect on the contraction of the arterial smooth
muscle (Hirst and Edwards, 1989). Our study shows that although
retaining the capability to rapidly desynchronize neurons, the
CVA PGNs can generate graded and smoothed synchronous
activity coupled to the common drive, LIC-related activity. Al-
though the influence of the strength of the periodic drive, i.e., the
tidal volume, on the PGN oscillators was not investigated in the
present study, our previous study has shown that the degree of
synchronization between them can also be adjusted by varying
the input strength (Chang et al., 1999b). In addition, the change
of the PGN discharge behavior is not accompanied by a signifi-
cant change of the discharge rate. This suggests that a wide range
of PGN discharge patterns may be generated, without concomi-
tant change of neuronal excitability, by changing the input param-
eters, either amplitude or frequency. The ability of the sympa-
thetic nervous system to generate input-dependent patterning
implies that temporal coding, as proposed in the cerebral cortex
(Singer, 1996; Fetz, 1997), is used by this system to coordinate
PGN activity, for example, to provide differential cardiovascular
support to animals under stress (Vissing, 1997). Therefore, we
propose that the principle of dynamic interactions of weakly
coupled or uncoupled multiple oscillators in response to a driving
force provides the system with metastability and allows it to
respond in a graded dynamic manner to changes of input.
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