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Abstract

Low-frequency ultradian and high-frequency insulin secretion
pulses were studied in normal subjects and in metabolically
stable pancreas transplant recipients. Insulin secretion pulsati-
lity was evaluated after deconvoluting the pulsatile plasma C
peptide concentrations with its kinetic coefficients. In normal
subjects, ultradian insulin secretion pulses with periodicities of
75-115 min were consistently observed during the 24-h secre-
tory cycle. Pulse period and relative amplitude during the over-
night rest (95±4 min and 27.6±2.4%) were similar to those
during the steady state of continuous enteral feeding (93±5 min
and 32.6±3.3%). Sampling at 2-min intervals revealed the pres-
ence of high-frequency insulin secretion pulses with periodici-
ties of 14-20 min and an average amplitude of 46.6±5.4%. Pan-
creas transplant recipients had normal fasting and fed insulin
secretion rates. Both low- and high-frequency insulin secretion
pulses were present. The high-frequency pulse characteristics
were identical to normal. Low-frequency ultradian pulse peri-
odicity was normal but pulse amplitude was increased. Thus,
ultradian insulin secretory pulsatility is a consistent feature in
normal subjects. The low- and high-frequency secretion pulsa-
tilities are generated independent of extrinsic innervation. Auto-
nomic innervation might modulate low-frequency ultradian
pulse amplitude exerting a dampening effect. (J. Clin. Invest.
1992. 90:545-553.) Key words: Cpeptide * deconvolution * De-
tect * kinetic-coefficients * pulse characteristics

Introduction

Pancreatic insulin secretion is a highly dynamic process exhibit-
ing temporal variations during the 24-h secretory cycle. In ad-
dition to meal-stimulated responses and circadian rhythmicity,
high-frequency pulsations occurring at a periodicity of 9-14
min commonly referred to as oscillations have been observed
in humans, rhesus monkeys, baboons, and dogs ( 1-7). In 24-h
sampling protocols with either three meals (8), continuous en-
teral nutrition (9), or intravenous glucose (10), lower-fre-
quency or ultradian pulses with mean periodicities of 80-120
min have also been reported.
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The potential physiological role of pulsatile insulin secre-
tion has been reviewed recently ( 11). Analogous to engineer-
ing systems, the frequency-encoded regulation of insulin-glu-
cose homeostasis should be more precise and economical when
target organ exposure occurs in an interrupted rather than in a
continuous mode. Comparing high-frequency pulsatile versus
continuous insulin administration, the pulsatile mode results
in greater hypoglycemic effects (12), greater suppression of
hepatic glucose production ( 13), more pronounced inhibition
of arginine-stimulated glucagon secretion ( 14), and higher in-
sulin-specific binding to monocytes ( 12). More recently, it has
been suggested that the physiologically occurring mode of pul-
satile insulin delivery provides an optimal concentration differ-
ential and time frame for the reduction and return of cell sur-
face insulin receptors in perifused rat hepatocytes ( 15). In all of
these studies, the frequency and amplitude of administered in-
sulin simulated the high-frequency oscillatory mode. Whether
the low-frequency ultradian pulsatile mode exerts similar or
complementary functions is unknown.

That the high-frequency pulsatile insulin secretion is gener-
ated within the pancreas is supported by the finding of regular
pulsations during the in vitro perfusion of isolated canine pan-
creata (16). Cholinergic and adrenergic receptor blocking
agents added to the perfusion medium do not influence this
mode, indicating that its generation is not controlled by classi-
cal autonomic innervation. Ganglionic nerve blocking agents,
on the other hand, result in shorter periodicity and irregular
amplitude pulsations, suggesting the existence of an intrapan-
creatic ganglionic system serving as a pacemaker and/or an
integration center (17, 18). More recently, Longo et al. (19)
suggested that the high-frequency insulin secretion pulsatility
represents an intrinsic feature of the # cell, driven by periodic
fluctuations in intracellular calcium and metabolic activity.
Detailed characteristics of the low-frequency ultradian insulin
secretion pulses and their relationship to the ,3 cell activity are
unclear. Furthermore, generation and regulation of these
pulses and, in particular, the role of extrinsic autonomic inner-
vation are unknown.

The present study was undertaken to characterize the ultra-
dian insulin secretion pulsatility during the unstimulated and
nutrient-stimulated states and to define the role of extrinsic
innervation in the generation and regulation of these pulses.
Low-frequency ultradian and high-frequency pulsatile insulin
secretion modes were evaluated in healthy normal subjects and
in metabolically stable pancreas transplant recipients. The lat-
ter should provide an in vivo model of pancreatic denervation.

Methods

Subjects
Normal subjects. Eight nonobese normal women (body mass index:
20.2-23.4 kg/ m2) participated in the study. Their weight was stable for
2 2 mobefore the study. Subjects were healthy without evidence sug-
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gestive of diabetes mellitus or other endocrine disease, hypertension, or
heart disease. These disorders were excluded by history, physical exami-
nation, electrocardiogram, and chest x ray. Normal values for glucose
tolerance, liver, kidney, and thyroid function were ascertained by labo-
ratory studies. Subjects' clinical characteristics are shown in Table I.

Pancreas transplant recipients. Six subjects (four womenand two
men) with a history of insulin-dependent diabetes mellitus for 17-29 yr
(mean±SEM: 22.3±1.6) were studied 4-10 mo (6.4±1.3) after pan-
creas transplantation. They also received kidney transplants. Cadaveric
kidney and whole pancreas grafts were implanted in the pelvic region.
Exocrine pancreatic secretion was drained directly into the urinary
bladder by duodenocystostomy (20). Arterial blood supply was estab-
lished via an anastomosis between the iliac artery (recipient) and the
reconstructed splenic superior mesenteric arteries (donor). Insulin is
delivered directly into the systemic circulation via an anastomosis be-
tween the external iliac vein (recipient) and the portal vein stump
(donor). All extrinsic innervation had been severed during the explan-
tation and procurement procedures.

The transplant recipients were of normal weight (body mass index:
20.2-26.7 kg/im2; Table I) and had good renal function (serum creati-
nine 1.45±0.16 mg/dl). At the time of the study, none of the subjects
required exogenous insulin supplementation. Subjects were metaboli-
cally stable, their fasting and random plasma glucose levels being
within the normal range. Subjects continued to take their immunosup-
pressive medications consisting of Cyclosporine A (range 400-500 mg/
d), azathioprine (range 50-100 mg/d), and prednisone (range 15-20
mg/d).

Studies were performed at the Clinical Research Center ofthe Medi-
cal College of Wisconsin. The study protocol was approved by the
Institutional HumanResearch Review Committee. Written informed
consent was obtained from each subject before investigation.

Experimental procedures
Evaluation of low- and high-frequency pulses in plasma C-peptide lev-
els. In the normal subjects, low-frequency ultradian insulin secretion
pulse characteristics were evaluated during two phases: 12 h of continu-

ous enteral nutrition and 12 h of overnight rest. Continuous enteral
nutrition was chosen to provide a constant pancreatic stimulus, thus
avoiding the large secretory increments accompanying oral feeding and
the potential impediment of these on ultradian pulse differentiation
and detection. Studies in normal subjects demonstrated consistent peri-
odicity and pulse characteristics between the overnight and nutrient-
stimulated phases (see Results). Furthermore, after the initial response
to feeding, the insulin secretion profile reached an apparent steady state
during the last 8 h. To reduce the total amount of blood withdrawn in
the transplant recipients, ultradian pulse evaluation was limited to the
last 8 h of the enteral feeding period. Blood samples were continuously
removed over 10-min periods (1/6 to '/I2 the anticipated periodicity)
using an automated withdrawal system.

A feeding tube (Frederick Miller Feeding Tube SetR, Cook, Bloom-
ington, IN) was placed into the lower third of the duodenum under
fluoroscopic control. A liquid formula (TwoCal HNR; Ross Laborato-
ries, Columbus, OH, containing 17%protein, 40% fat, and 43%carbo-
hydrates) was administered at a rate of 150 kcal/h. Nutrient flow was
maintained constant using a feeding pump (KangorooR 324; Sher-
wood Medical Industries Inc., St. Louis, MO). Enteral feeding was
started at 9:00 a.m. and continued until 9:00 p.m.

Blood samples were drawn from a peripheral arm vein using a
thrombo-resistant needle and tubing set (Kowarski-Dakmed 25200;
Dakmed Inc., Buffalo, NY) connected to a peristaltic continuous with-
drawal pump (Dakmed Ambulatory Withdrawal Pump, model ML6-
5H; Dakmed Inc.). The pump speed was adjusted to obtain blood
volumes of 2.2 ml over each 10-min interval. To prevent clotting at the
tube end, heparin (10,000 U/ml) was infused into the proximal 6 cm
of the tubing at a rate of 1 Ml/min using a syringe-driven pump (Beta-
tron II, model 9200; CPI/Lilly, St. Paul, MN). Blood was collected in
heparinized tubes placed in a fraction collector (Retriever 11R, Isco,
Lincoln, NE). Blood samples were kept on ice until centrifuged, and
plasma was stored at -70°C until assayed. Samples were analyzed for
determination of plasma C-peptide. Another aliquot was analyzed for
insulin and glucose levels. Pilot studies have demonstrated that the
amount of heparin delivered into the sample had no significant effect
on the radioimmunoassayable hormone levels.

Table L Clinical Characteristics of the Study Groups

Glucose Insulin

Subject Age Weight BMI Fasting Fed Fasting Fed

yr kg kg/r mg/dl tsU/ml

Normal subjects
1 27 60 23.4 78 87 9.1 12.4
2 41 57 23.1 86 103 3.7 16.7
3 34 54 20.3 81 97 10.5 18.0
4 38 58 21.6 84 99 8.2 22.4
5 28 57 20.2 81 97 4.3 16.6
6 23 55 21.8 79 103 5.0 16.9
7 26 61 21.6 81 93 5.3 15.7
8 28 65 21.0 82 90 9.0 15.2
Mean±SEM 31±2.2 58±1.3 21.6±0.4 81.5±0.9 96.1±2.1 6.9±1.0 16.8±1.0

Pancreas transplant recipients
1 26 60 26.7 71 79 28 89
2 31 69 23.6 93 118 23 65
3 36 54 21.9 99 112 13 32
4 34 56 23.4 86 102 35 110
5 43 56 20.2 84 95 25 63
6 33 73 25.5 77 156 17 72
Mean±SEM 34±2.3 61±3.2 23.6±1.0 85.0±4.2 110.3±10.7 23.5±3.2* 71.8±10.7*

* Significantly different from normal subjects, P < 0.001 or less. BMI, body mass index.
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High-frequency insulin secretion pulsations were evaluated during
a 90-min period after an overnight fast. Blood sampling was performed
over 2-min intervals (1/5 to /1o the anticipated periodicity).

C-peptide kinetic coefficients. Kinetic coefficients of C-peptide turn-
over were determined in each individual as described previously (21,
22). Calculation of insulin secretion rate was based upon the rationale
that insulin and C-peptide are secreted from the pancreas in equimolar
amounts and that C-peptide, unlike insulin, is not significantly ex-
tracted by the liver. Thus, pancreatic insulin secretion can be estimated
by deconvoluting the plasma C-peptide concentrations using the ki-
netic coefficients of C-peptide in each individual.

After an overnight fast, an intravenous catheter was inserted into an
antecubital vein for the administration of a C-peptide bolus. A forearm
vein of the contralateral arm was retrogradely cannulated by an intrave-
nous catheter for blood sampling. The forearm was placed in a warm-
ing chamber kept at 70'C. Basal C-peptide levels were determined in
arterialized venous blood samples obtained at 10-min intervals over a
30-min period. An intravenous bolus containing 50 nmol Biosynthetic
Human C-Peptide (kindly provided by Eli Lilly and Company, Lilly
Research Laboratories, Indianapolis, IN) diluted in saline was admin-
istered. Blood samples were taken at 2-4-min intervals during the first
hour and at 10-20-min intervals during the second hour.

Analytical procedures
Radioimmunoassay of plasma C-peptide was performed using a spe-
cific antibody to human C-peptide (Incstar Corp., Stillwater, NM). All
samples were measured in triplicate. To assess the stability and reliabil-
ity of the radioimmunoassay, quality controls were performed as sug-
gested by other studies of hormone pulsatility (23). Seven pool sera of
increasing C-peptide concentrations were used to evaluate the intra-
and interassay coefficients of variation (CV).' Variance was calculated
according to Rodbard (24) using the program CLR ANOVA(Clear
Lakes Research, Houston, TX). The intraassay CVranged between 2.8
and 5.4% and the interassay CVbetween 5.9 and 9.5% over a concen-
tration range of 1.6-8.2 ng/ml. A solid-phase radioimmunoassay
(Coat-a-Count Insulin; Diagnostic Products Corp., Los Angeles, CA)
was used for the measurement of plasma insulin. Plasma glucose con-
centrations were measured by the glucose oxidase method using a Glu-
cose Analyzer 2 (Beckman Instruments Inc., Brea, CA).

Calculations and data analyses
C-peptide turnover kinetic coefficients and insulin secretion rate. The
plasma disappearance curve of C-peptide after the Biosynthetic Hu-
man C-Peptide bolus injection was analyzed using a mathematical two-
compartment model representing the plasma and the extravascular
pool(s). K0, is the fractional removal rate and K,2 and K2, are the
equilibration constants between the two compartments. Compartmen-
tal analysis was performed using the SAAMprogram (25). In normal
subjects, mean C-peptide kinetic coefficients were as follows: K0,:
0.0471±0.0019, K,2: 0.0324±0.0053, and K2,: 0.0359±0.006 min-'.
In the kidney/pancreas transplant recipients, the fractional removal
rate K01 was reduced to 0.0221±0.0015, and K,2 and K2, averaged
0.0397±0.0050 and 0.0680±0.0131 min-'.

The integro-differential equations used to deconvolute plasma C-
peptide were those described by Eaton and co-workers (26). Conver-
sion of C-peptide to insulin equivalents was based upon a mol wt of
3,300 for C-peptide and 6,000 for insulin and a relationship of 40 ng for
each milliunit of insulin. Plasma volume was calculated as 4.1% of
ideal body weight± 1% of subject's actual body weight.

Pulse detection and characterization, variance analysis. Before
pulse detection, random fluctuation in triplicate C-peptide measure-
ments due to the radioimmunoassay was determined using the pro-
gram Predetect (27). Considering five different variance models, the
best model characterized by the smallest mean square error was entered
into the peak detection program Detect (27, 28). The presence of low

1. Abbreviation used in this paper: CV, coefficient of variation.

frequency ultradian and high frequency pulses was first tested by exam-
ining the plasma C-peptide concentration data using the same pro-
gram. This action was necessary to exclude false pulsatile patterns cre-
ated by the deconvolution process itself. Data were also evaluated sta-
tistically to ensure that differences between peaks and nadirs exceeded
three times the standard error of the triplicate C-peptide measurements
at this level. In pilot studies, the efficacy of the Detect versus Cluster
(29) program was compared, and a close agreement in pulse detection
and periodicity was observed.

The peak detection module of Detect identifies the beginning and
end of each pulse by testing the slope of the curve over four, three, and
two points and comparing these with successively more stringent crite-
ria to determine whether the curve is increasing, decreasing, or remain-
ing at the same level. The criteria for identifying a significant rise or fall
include the variance model after adjusting for the effect of deconvolu-
tion. Based on the variance at each point, a threshold is set to separate
the signal (the pulse) from the noise (random variation in the means).
To further reduce the variability, smoothing of the data is performed by
a 1-2-1 polynomial smoother (1/4 the earlier value plus 1/2 the current
value plus 1/4 the next value). Compared with the C-peptide analyses,
the deconvolution and smoothing processes did not influence the de-
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Figure 1. Mean plasma glucose and insulin concentrations and mean
insulin secretion rate during nutrient stimulation ( 12 h) and over-
night rest ( 12 h) in normal subjects. Blood samples were continuously
withdrawn over 10 -min periods using an automated withdrawal sys-
tem. Results are means- obtained from eight subjects.
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Figure 2. Low-frequency ultradian pulsatility of plasma C-peptide
and insulin secretion rate during continuous enteral feeding in a nor-

mal subject. C-peptide concentrations were deconvoluted using the
individual C-peptide coefficients to calculate the insulin secretion
rate. Data were subjected to polynomial smoothing before pulse de-
tection.

tection and periodicity of the pulsatile patterns. Identical procedures
were used to compare the pancreas transplant recipients to control
subjects.

Pulses were characterized in terms of duration (width of each indi-
vidual pulse), interval (width between pulses), and period (duration
plus prepulse interval), pulse maximum (highest value within the
pulse), nadir (lowest value before pulse increment), absolute ampli-
tude (difference between maximal height and nadir), and relative am-

plitude (percent maximum increase above nadir). In each individual
data set, the CVfor pulse period, maximum, and nadir was calculated.

Data are presented as mean±SEM. Paired and unpaired t tests were

used for data comparison within and between subject groups, respec-
tively.

Results

Low- and high-frequency insulin secretion pulse characteristics
in normal subjects. In normal subjects, insulin secretion aver-

aged 23.7±1.7 U/24 h of which 15.8± 1.0 Uwas released dur-
ing 12 h of enteral feeding and 7.9±0.8 Uduring the remaining
12 h of overnight rest. During these two phases, peripheral
insulin averaged 18.9±1.3 and 6.5±1.0 ,uU/ml and glucose
97.1±1.8 and 83.5±1.3 mg/dl. Initiation of enteral feeding re-

sulted in a pronounced initial secretory response reaching a

peak of 41.9±4.1 mU/min after 59±5 min and a nadir of
15.0±1.4 mU/min after 140±13 min. After this initial re-

sponse, an apparent steady state in insulin secretion was ob-
served. During the last 8 h of the feeding protocol, insulin se-
cretion rate averaged 1.25±0.09 U/h, and plasma insulin and
glucose concentrations averaged 16.8±1.0 ,U/ml and
96.1±2.1 mg/dl, respectively. During the last 8 h of the over-

night steady state, insulin secretion rate decreased to approxi-
mately half and averaged 0.65±0.07 U/h. The corresponding
plasma insulin and glucose concentrations were 6.5±1.0 qU/
ml and 83.3±1.3 mg/dl. Fig. 1 shows the time course of insulin
secretion rate and corresponding peripheral plasma insulin and
glucose concentrations during the 24-h study period.

Figs. 2 and 3 show examples of the time course changes in
plasma C-peptide concentrations and the corresponding pro-
files in insulin secretion rates. Although ultradian pulses could
have been detected earlier, only the steady state 8-h periods of
feeding and overnight rest were subjected to pulse analysis.
Thus, a 4-h equilibration period was allowed to avoid potential
masking effects of feeding initiation and cessation on pulse
characteristics.

In all subjects, low-frequency ultradian insulin secretion
pulses were observed during both the nutrient-stimulated and
unstimulated states. Pulses appeared to be broad with short
intervals between increments and decrements, suggesting a
monophasic rather than a biphasic cycle pattern. During con-
tinuous enteral feeding, mean pulse duration, interval, and pe-
riod were 81±5, 1 1±1, and 93±5 min, respectively (Table II).
Individual pulse periods ranged between 75 and 115 min.
Mean pulse maximum, nadir, and amplitude were 24.4+1.5,
16.5±1.5, and 7.9±0.8 mU/min, respectively. The relative
pulse amplitude represented 32.6±3.3% of maximum pulse
height. During the steady state of overnight rest, ultradian insu-
lin secretion pulses were also observed. The mean duration,
interval, and period were 85±4, 10±0, and 95±4 min, respec-
tively, and did not differ from those values observed during
continuous enteral feeding. The twofold lower insulin secre-
tion rate was well reflected by twofold lower pulse maximum,
nadir, and amplitude (12.3±1.2, 8.9±1.1, and 3.4±0.4 mU/
min, respectively). Thus, the relative pulse amplitude aver-
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Figure 3. Low-frequency ultradian pulsatility of plasma C-peptide
and insulin secretion rate during overnight rest in a normal subject.
Data were deconvoluted and smoothed as described in Fig. 2.
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Table II. Ultradian Insulin Secretion Pulse Characteristics in Normal Subjects

Relative
Subject Duration Interval Period Maximum Nadir Amplitude amplitude ISR

min mU/min % U/h

Continuous enteral nutrition
(8-h steady state)

1 95 15 110 21.1 10.2 10.9 52 0.94
2 105 10 115 30.2 19.0 11.2 37 1.57
3 65 10 75 20.5 14.9 5.6 27 1.15
4 68 10 78 24.0 17.8 6.2 26 1.23
5 74 10 84 23.5 14.8 8.7 37 1.16
6 76 10 86 18.6 12.5 6.1 33 0.90
7 88 10 98 28.5 21.4 7.1 25 1.50
8 80 14 94 28.4 21.4 7.0 24 1.53
Mean±SEM 81±5 11±1 93±5 24.4±1.5* 16.5±1.5* 7.9±0.8* 32.6±3.3 1.25±0.09*

Overnight rest
(8-h steady state)

1 76 10 86 8.2 6.1 2.1 26 0.44
2 80 10 90 13.6 9.7 4.0 29 0.70
3 95 10 105 12.4 7.2 5.2 42 0.62
4 90 10 100 12.1 9.1 3.0 25 0.65
5 80 10 90 11.3 8.9 2.4 21 0.60
6 78 10 88 7.5 5.2 2.3 31 0.40
7 107 10 117 17.9 13.5 4.4 25 0.96
8 72 10 82 15.2 11.8 3.4 22 0.82
Mean±SEM 85±4 10±0 95±4 12.3±1.2 8.9±1.1 3.4±0.4 27.6±2.4 0.65±0.07

* Significantly higher than overnight rest period, P < 0.001 or less.

aged 27.6±2.4%, which is similar to that observed during the glucose concentrations averaged 6.9±1.0 mU/ml and
fed state. 81.5±0.9 mg/dl, respectively. Sampling at 2-min intervals re-

In the fasting state during the 90-min sampling period, in- vealed high-frequency pulsations with short interpulse inter-
sulin secretion averaged 0.61±0.06 U/h. Plasma insulin and vals. The mean duration, interval, and period were 14.6±0.7,

Table II1. Oscillatory Insulin Secretion Pulses (Fasting State)

Relative
Subject Duration Interval Period Maximum Nadir Amplitude amplitude ISR

min mU/min % U/h

Normal subjects
1 11.4 2.0 13.6 15.4 4.1 11.3 73 0.58
2 15.0 2.0 17.0 14.0 7.4 6.6 47 0.65
3 12.8 2.0 14.8 7.0 3.2 3.8 55 0.33
4 17.6 2.0 19.6 13.0 7.6 5.4 41 0.63
5 14.0 1.6 15.6 9.9 6.7 3.2 32 0.75
6 16.0 2.0 18.0 10.2 7.2 3.0 29 0.52
7 16.0 2.0 18.0 17.6 7.0 10.6 60 0.51
8 13.6 2.0 15.6 18.6 11.9 6.6 36 0.91
Mean±SEM 14.6±0.7 2.0±0.05 16.6±0.7 13.2±1.4 6.9±0.9 6.3±1.1 46.6±5.4 0.61±0.06

Pancreas transplant recipients
1 15.6 2.0 17.6 16.6 6.9 9.7 58 0.72
2 17.0 3.0 20.0 18.0 5.4 12.6 70 0.65
3 14.4 2.4 16.8 7.9 4.4 3.5 44 0.35
4 10.6 2.0 12.6 11.0 4.8 6.2 56 0.56
5 14.0 2.0 16.0 14.5 6.7 7.8 54 0.57
6 11.2 3.6 14.8 10.7 X 5.0 5.7 53 0.48
Mean±SEM 13.8±1.0 2.5±0.3 16.3±1.0 13.1±1.6 5.5±0.4 7.6±1.3 55.8±3.5 0.56±0.05

No significant differences between study groups.

Insulin Secretion Pulses and Extrinsic Innervation 549



I EntWal fadin 150 koah I

GLUCOSECONCENTRATION(mg/dl)

INSULIN CONCENTRATION(IU/ml)

INSULIN SECRETIONRATE (mU/mhi)

9.00 13:00

Cock Tme

21:00

Figure 4. Mean plasma
glucose and insulin con-

centrations and mean

insulin secretion rate
during the steady state
(8 h) of continuous en-

teral feeding in pancreas

transplant recipients.
Blood samples were
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ing an automated with-
drawal system. Results
are means obtained
from six subjects.

2.0±0.05, and 16.6±0.7 min, respectively, with individual pe-
riods ranging between 13.6 and 19.6 min (Table III). Mean
pulse maximum, nadir, and amplitude were 13.2±1.4,
6.9±0.9, and 6.3±1.1 mU/min, respectively. The relative
pulse amplitude averaged 46.6±5.4% of maximum pulse
height.

Low- and high-frequency insulin secretion pulse character-
istics in pancreas transplant recipients: influence of extrinsic
innervation. The pancreas transplant recipients were metaboli-
cally stable. The mean insulin secretion rate during the 8-h
steady state of feeding was similar to normal (1.25±0.11 vs.
1.25±0.09 U/h; P > 0.05). Mean plasma glucose was slightly
higher ( 10± 11 vs. 96.1±2.1 mg/dl; P> 0.05) whereas periph-
eral plasma insulin level was increased by approximately four-
fold (71.8±10.7 vs. 16.8±1.0,gU/ml; P < 0.001). These char-
acteristics are shown in Fig. 4.

Transplanted subjects exhibited strong low-frequency ul-
tradian pulse patterns with periodicity parameters similar to
normal. Mean pulse duration, interval, and period were
75.8+5.8, 10.5+0.5, and 86.3±6.1 min, respectively. Individ-
ual periods ranged between 64 and 106 min (Table IV). The
CV in pulse periods averaged 25±4% and was not significantly
different from that found in normal subjects (20+2%; P
> 0.05). However, the pulse maxima and nadirs exhibited
more pronounced excursions, resulting in significantly greater
amplitudes (16.1±3.6 vs. 7.9±0.8 mU/min; P = 0.023). The
mean relative pulse amplitude was also increased (53±5 vs.
33±3%; P = 0.004). The higher maxima and lower nadirs ex-
hibited significantly larger variability from pulse to pulse. The
CV for the maximum height was 16.6±2.0% (normal:
9.3+1.7%; P = 0.022) and for the nadir was 35.9±8.7% (nor-
mal: 12.2±2.3%; P = 0.017). Fig. 5 shows results obtained
from a pancreas transplant recipient.

During the 90-min sampling period in the fasting state, the
mean insulin secretion rate was 0.56±0.04 U/h, which is simi-
lar to normal (0.61±0.06 U/h; P > 0.05). Plasma glucose was
also normal (85±4 vs. 82±1 mg/dl; P> 0.05) whereas periph-
eral insulin concentration was threefold higher (23.5±3.2 vs.
6.9± 1.0,gU / ml; P< 0.001) . High-frequency secretion pulsatil-
ity was present in all transplanted subjects with periodicity pa-
rameters identical to normal (Table III). Individual periods
ranged between 12.6 and 20.0 min. The means of maximum,
nadir, and amplitude were also not different from normal, re-
sulting in a similar relative amplitude (55.8±3.5 vs.
46.6+5.4%; P> 0.05). Fig. 6 shows the high-frequency insulin
secretion oscillatory pattern in a pancreas transplant recipient
compared with that of a normal subject. Data analysis exclud-

Table IV. Ultradian Insulin Secretion Pulse Characteristics with Continuous Enteral Nutrition (8-h steady state)

Relative
Subject Duration Interval Period Maximum Nadir Amplitude amplitude ISR

min mU/min % U/h

Pancreas transplant
recipients

1 80 10 90 33.7 15.9 17.7 53 1.46
2 93 13 106 45.4 12.2 33.0 73 1.62
3 54 10 64 21.7 11.1 10.6 49 0.96
4 72 10 82 22.3 9.4 12.9 58 0.99
5 88 10 98 26.3 13.3 13.1 50 1.13
6 68 10 78 27.3 17.9 9.4 35 1.32
Mean±SEM 75.8±5.8 10.5±0.5 86.3±6.1 29.5±3.6 13.3±1.3 16.1±3.6* 53+5* 1.25±0.11

Normal subjects
Mean±SEM 81.4±4.9 11.1±0.7 92.5±5.1 24.4±1.5 16.5±1.5 7.9±0.8 32.6±3.3 1.25±0.09

* Significantly higher than normal, P < 0.025 and less.
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Figure 5. Low-frequency ultradian pulsatility of plasma C-peptide
and insulin secretion rate during the steady state (8 h) of continuous
enteral feeding in a pancreas transplant recipient. C-peptide concen-
trations were deconvoluted using the individual C-peptide coefficients
to calculate the insulin secretion rate. Data were subjected to polyno-
mial smoothing before pulse detection.

ing the two male subjects in the transplanted group did not
influence these conclusions.

(10) while avoiding potential masking effects of the large
meal-induced insulin secretory responses during interrupted
feeding (8).

In normal subjects, ultradian pulse periodicity and relative
amplitude were uninfluenced by the level of insulin secretion
and were preserved during the 24-h secretory cycle. This con-
sistency suggests that this mode of insulin secretion pulsatility
is tightly regulated. The pancreatic low-frequency pulse peri-
odicity was approximately similar to the ultradian rhythmicity
of hypothalamically driven pituitary hormone release (29-31 ).
This suggests that pancreatic insulin secretion might be cou-
pled to a commoncentral pulse generator. Ultradian secretion
of pituitary hormones (e.g., luteinizing and growth hormones)
when determined after deconvolution of the plasma concentra-
tion with the metabolic clearance kinetic coefficients exhibit
punctuated burst-like peaks (32-34). Insulin secretion pulses
on the other hand demonstrated an intervening tonic mode
that amounted to - 70% of the apparent maximum pulse
height. The reason for this discrepancy is unknown. One possi-
ble explanation is that the ultradian insulin release profile
might represent a combination of two main secretory processes
representing a "pulsatile" and "tonic" mode. Alternatively, ul-
tradian B cell insulin secretion, like pituitary hormones, occurs
in punctuated burst-like pulses and the apparent tonic mode
results from fusion of overlapping pulses.

20 -

10 -

Discussion

A
INSULIN SECRETIONRATE (mU/min)

In normal subjects, low-frequency ultradian insulin secretion
pulses with periodicities of 75-115 min were consistently ob-
served during the 24-h secretory cycle. Pulse periodicity and
relative amplitude were similar in the overnight period and
during the steady state stimulation of insulin secretion by con-
tinuous enteral feeding. High-frequency sampling confirmed
the presence of high-frequency insulin secretion pulsations
with a periodicity of 14-20 min in the fasting state. Pancreas
transplant recipients demonstrated both low-frequency ultra-
dian and high-frequency insulin secretion pulses. The high-fre-
quency pulse characteristics were similar to normal. The low-
frequency ultradian pulse periodicity was also normal. Both
the absolute and relative ultradian pulse amplitude, however,
were significantly larger.

In the present study, pulsatility characteristics were evalu-
ated after deconvoluting the pulsatile fluctuations in plasma
C-peptide concentrations and calculation of insulin secretion
rates (21, 22). This allowed evaluation of insulin delivery into
the prehepatic compartment. The potential dampening effect
of hepatic insulin extraction when pulsatility evaluations were
performed on peripheral plasma insulin concentrations ( 1-6,
9) was, therefore, avoided. Continuous enteral feeding pro-
vided a more physiological stimulus than intravenous glucose

20 -
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B
INSULIN SECRETIONRATE (mU/min)
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Figure 6. High-frequency pulsatility of insulin secretion rate in (A) a
normal subject and (B) a pancreas transplant recipient. After an
overnight fast, blood samples were continuously withdrawn over 2-
min intervals and analyzed for plasma C-peptide concentrations. In-
sulin secretion rates were calculated from the plasma concentrations
and the kinetic coefficients of C-peptide. Data were subjected to
polynomial smoothing before pulse detection.
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The high-frequency insulin secretion pulsatility showed a
periodicity of 16 min, which is slightly longer than previ-
ously reported from analysis of peripheral insulin concentra-
tion data. The demonstration of high-frequency secretory pul-
sations in human pancreas explants in vivo proves that their
detection in the in vitro and ex vivo systems is not an artifact of
the perfusion or other unphysiological settings. This high-fre-
quency mode appears to be superimposed on the broader, low-
frequency ultradian pulses. High-frequency sampling, neces-
sary to evaluate this pulse mode over extended periods, has
limited accurate assessment of this relationship. In one subject
studied by Simon et al. (9), high-frequency pulsations were
superimposed on ultradian pulses. In a 2-min sampling proto-
col, we also observed superimposition of similar high-fre-
quency pulsations on ultradian pulses detected during periods
of fasting and enteral feeding (unpublished results).

Pancreas transplant recipients served as an in vivo model of
autonomic pancreatic denervation. Subjects were metaboli-
cally stable with normal fasting and nutrient-stimulated
plasma glucose and insulin secretory rate. Subjects presented
with peripheral hyperinsulinemia, presumably due to drainage
of secreted insulin directly into the systemic circulation. In-
deed, the coexistence of normal secretion rate suggests that the
hyperinsulinemia is caused by decreased metabolic clearance
of the hormone. Bypassing the large hepatic extraction during
the first portal passage (35) is, therefore, likely to be a factor.
Onthe other hand, the decreased C-peptide fractional removal
rate suggests that diminished renal clearance of peptides (in-
cluding insulin) may also contribute to the hyperinsulinemia.
Our findings are supported by the recent report by Katz and
co-workers (36). They observed elevated plasma C-peptide lev-
els in patients with kidney transplants. The degree of elevation
was similar to that observed in patients who had received the
combined kidney/pancreas transplants. Plasma insulin levels,
however, were higher in the latter group.

Our data is the first demonstrating that in vivo occurring
insulin secretion pulsatilities are generated independent of ex-
trinsic innervation. The grafts exhibited both the high- and
low-frequency pulsatility patterns. Insulin secretion high-fre-
quency pulsations were identical to normal, excluding any sig-
nificant role of the extrinsic innervation on their characteris-
tics. These in vivo findings are consistent with those found with
the isolated canine pancreas ( 17, 18) and suggest that these
pulses are likely to be generated via islet or B cell activities
( 19). The detection of low-frequency ultradian insulin secre-
tion pulses with normal duration, interval, and period in sub-
jects with denervated pancreas excludes a direct role for the
autonomic nervous system in the generation of this form of
pulsatile release. An indirect mechanism mediated via circulat-
ing or local neurohumoral factors, however, can not be ex-
cluded. On the other hand, denervation was associated with
approximately twofold larger pulse amplitudes shifting the pro-
portion of the pulsatile mode from 30 to 53% of the maxi-
mumpulse height. Our data, thus, raises the intriguing ques-
tion whether extrinsic innervation could play a physiological
role preventing extreme excursions in pulsatile hormone re-
lease and hence participate in the tight regulation of this pulsa-
tile mode observed in normal subjects. Whereas the low-fre-
quency ultradian secretory pulses exhibited significant in-
creases in pulse amplitude, no significant abnormalities were
observed with the high-frequency pulses. These differences sug-
gest that the generation and possibly the regulation of these two

forms of pulsatile modes are mediated by independent or dis-
tinct mechanisms.

Finally, we do recognize the fact that the pancreas trans-
plant recipients were receiving immunosuppressive medica-
tions and the possibility that these influenced our conclusions.
The most striking finding in this study, however, is the pres-
ence and not the absence of normal periodicity of both the low-
and high-frequency secretory pulsatilities despite extrinsic de-
nervation, organ procurement, and immunosuppressive
medication. Furthermore, the relative pulse amplitude of the
low-frequency ultradian mode was increased and not de-
creased. The high-frequency mode, on the other hand, was nor-
mal. It is therefore unlikely that these pulses are generated and
selectively regulated by the medications received.

In conclusion, ultradian insulin release pulses represent a
consistent feature of the 24-h secretory cycle in normal sub-
jects. Pulse periodicity and relative gradient between maxi-
mumand nadir were similar in the unstimulated and nutrient-
stimulated states. The presence of ultradian pulses with normal
periodicity in pancreas transplant recipients excludes direct
role of extrinsic innervation in the pulse-generating process.
The larger pulse amplitude suggests that innervation might be a
necessary modulator, exerting dampening effects.
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