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Abstract

Type 2 diabetes (T2DM) results when increases in beta cell function and/or mass cannot 

compensate for rising insulin resistance. Numerous studies have documented the longitudinal 

changes in metabolism that occur during the development of glucose intolerance and lead to 

T2DM. However, the role of changes in insulin secretion, both amount and temporal pattern has 

been understudied. Most of the insulin secreted from pancreatic beta cells of the pancreas is 

released in a pulsatile pattern, which is disrupted in T2DM. Here we review the evidence that 

changes in beta cell pulsatility occur during the progression from glucose intolerance to T2DM in 

humans, and contribute significantly to the etiology of the disease. We review the evidence that 

insulin pulsatility improves the efficacy of secreted insulin on its targets, particularly hepatic 

glucose production, but also examine evidence that pulsatility alters or is altered by changes in 

peripheral glucose uptake. Finally, we summarize our current understanding of the biophysical 

mechanisms responsible for oscillatory insulin secretion. Understanding how insulin pulsatility 

contributes to normal glucose homeostasis and is altered in metabolic disease states may help 

improve the treatment of T2DM.
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INTRODUCTION

Type 2 diabetes (T2DM) is associated with both a reduction in beta-cell mass and impaired 

beta-cell function. Less attention has been paid to beta cell function, which may begin to 

decline prior to the reduction in beta cell mass or the development of T2DM [1]. For 

example, the early loss of first phase secretion has long been considered a hallmark of 

T2DM [2][3][4]. From a therapeutic standpoint, improving insulin secretion 

pharmacologically is a more realistic alternative to stimulating beta cell mass expansion, in 

part because the latter is likely to occur on a much slower time scale than improvements in 

beta cell function. Even in rodents, where robust changes in beta cell mass can occur, beta 

cell function changes more rapidly and more markedly than mass [5]. Compensatory 

changes in beta cell function would be expected to be even more important in humans, 

where mass expansion is two orders of magnitude slower [6][7][8].

As is the case for other hormones, insulin is secreted from the pancreas in a pulsatile manner 

in both experimental animals and humans, and in patients with T2DM and other metabolic 

disorders the pattern of pulsatile release is disturbed. Thus, soon after the first report that 

fasting plasma insulin and glucagon levels oscillate in non-human primates in vivo ([9]), 

Turner’s group in the UK demonstrated that pulsatility occurs in healthy human subjects 

[10] and found disturbed pulsatility in subjects with T2DM [11].

The main focus of this review is the pulsatile insulin secretion of humans, particularly ‘fast 

oscillations’ in plasma insulin that have a period reported to range from 5–15 minutes. 

Readers with a special interest in ultradian insulin oscillations (period ≈ 80–180 minutes) 

are directed to other reviews [12].

Insulin levels oscillate in fasted humans

Lang and colleagues were the first to report insulin oscillations in the peripheral circulation 

of fasted but otherwise healthy human subjects. The oscillations they observed had a mean 

period of 15 minutes or so [10]. Peripheral blood was sampled once per minute for a total 

duration of 1–2 hours. An example from their paper shows, at least initially, clear 

oscillations in insulin, C peptide, and glucose concentrations in peripheral blood, as shown 

in Fig. 1. The continuous lines depict three-minute moving averages of the data, while the 

dashed lines show the raw, unsmoothed data. Small oscillations in glucose are also apparent 

in the lower part of the figure, but are difficult to resolve.

Using records such as this, Lang et al applied autocorrelation to aid in pulse detection. 

Autocorrelation involves creating a mirror image of smoothed time series data, translating it 

stepwise along the original data, and then calculating a correlation coefficient for each time 

point in the interval. Plots of these coefficients reveal peaks that occur at multiples of the 

dominant oscillation period(s). Although Lang et al and other early studies of in vivo insulin 

pulsatility [13] reported an oscillation period of 10–15 minutes, more recent studies have 

determined the in vivo period of insulin oscillations to be closer to 5 minutes. In a later 

section, we will discuss why limitations in the technical approaches that were available at 
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the time are likely to explain the prolonged insulin periods originally reported in this 

literature.

Individuals with T2DM have impaired insulin pulsatility

Using the same approach, Lang et al [11] reported that individuals with diabetes (their mean 

fasting glucose was 7 mM) displayed shorter and highly irregular oscillations having a mean 

period of 8.8 minutes (vs. controls having a period of 10.7 minutes). Later studies confirmed 

the impaired insulin pulsatility of T2DM patients (e.g.[14], [15], [16]; but see [17]).

O’Rahilly et al [18] extended these studies in individuals with T2DM to their first-degree 

relatives who lacked fasting hyperglycemia, to see whether pulsatility defects were an early 

event in the progression to diabetes. Control subjects were matched by age, gender and BMI 

to the relatives of patients with diabetes. While the control subjects exhibited regular insulin 

oscillations, these were lacking in relatives of T2DM subjects. However, the relatives 

studied were already glucose intolerant and insulin resistant and had reduced first phase 

insulin secretion, so the loss of pulsatility may have been secondary to reduced pulse 

amplitude, which may have reduced the signal-to-noise ratio.

In a similar study, Schmitz et al studied the transition from normal to abnormal glucose 

tolerance to fasting hyperglycemia to determine whether the loss of first phase and pulsatile 

secretion was due to intrinsic beta cell defects or glucotoxicity [19]. Insulin action and 

insulin pulsatility were measured in healthy offspring of T2DM patients vs. controls 

matched by age, gender and BMI.

Approximate entropy (ApEn), a measure of the likelihood that a similar pattern of observed 

activity will be repeated in a given time interval was used to gauge the level of irregularity 

of plasma insulin pulses; consistent with the general sense that entropy quantifies disorder, 

high ApEn indicates less regular pulses. Both first-degree relatives and their matched 

controls had normal OGTTs and no differences were noted in their plasma glucose or insulin 

levels. However, the relatives of T2DM patients had decreased insulin sensitivity, increased 

ApEn, and lacked regular autocorrelations. The data were interpreted as supporting the 

hypothesis that the relatives of diabetic subjects have an intrinsic beta cell defect that 

precedes the development of hyperglycemia as diabetes progresses. These data do not, 

however, indicate whether the beta cell defect precedes the onset of insulin resistance.

To test whether type 1 diabetes is also linked to changes in pulsatile secretion, Bingley et al 

(1992) studied insulin pulsatility in subjects who tested positive for a type 1 biomarker, islet 

cell antibody (ICA; [20]). Plasma glucose levels were similar in ICA-positive subjects and 

controls after an overnight fast. However, whereas control subjects exhibited a dominant 

pulse period, as determined by autocorrelation, regular insulin oscillations were lacking in 

ICA positive subjects, and only faster, highly irregular oscillations were observed. However, 

the authors had no way to assess beta cell mass, which could have been reduced in subjects 

who were ICA positive.
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Abnormal insulin pulsatility and increased insulin resistance

From an evolutionary standpoint, it is likely that the highly complex and tightly controlled 

nature of pulsatile insulin release confers a survival advantage to the organism because 

maintenance of the machinery for pulsatility is costly. Modeling of beta cell exocytosis has 

shown that one possible advantage of pulsatile insulin secretion is that it may permit more 

insulin to be secreted by allowing the “readily releasable pool” of insulin granules (or RRP), 

sufficient time to be refilled during the resting intervals between pulses of secretion[21].

Pulsatile insulin may also act more efficiently on insulin target tissues [11]. Thus, exposing 

insulin receptors to continuous insulin might down regulate or internalize the insulin 

receptor, leading to reduced insulin action, and this might be mitigated by releasing insulin 

in an intermittent fashion [22–24]. Post-receptor signaling defects may also contribute, as 

discussed later. Goodner et al measured insulin binding to isolated hepatocytes to test the 

plausibility of this concept [22]. After being exposed to insulin, insulin receptors are rapidly 

internalized and only reappear at the cell surface after a recovery period. Once insulin 

receptors have been autophosphorylated, release bound insulin, and are then 

dephosphorylated, they return to the cell surface, a process that is broadly compatible with 

the timing of insulin pulsatility [24].

Interestingly, recent work suggests the possibility that zinc, which is co-released with insulin 

by the beta cell [25] may suppress hepatic insulin clearance by inhibiting insulin receptor 

internalization by the liver [26]. However, it is unlikely this mechanism confounds studies of 

the effects of insulin pulses on hepatic insulin clearance as large amplitude insulin pulses, 

whether they are experimentally imposed [27] or secreted endogenously result in more 

extensive insulin clearance than smaller pulses as demonstrated in dogs [28], rats [29] and 

humans [30], as discussed below.

Using hyperinsulinemic euglycemic clamp, it was reported that 20 hours of insulin exposure 

(vs. a saline control) at a constant glucose level decreased insulin action in healthy 

volunteers, as evidenced by decreased insulin-induced glucose disposal and a reduction in 

insulin sensitivity.

To test whether the distribution of abdominal body fat and peripheral insulin sensitivity were 

associated with changes in insulin pulsatility, Peiris et al [31] measured oscillations in 

plasma insulin during fasting in subjects whose peripheral insulin sensitivity was determined 

using glucose clamp. Insulin pulse interval appeared to be positively correlated with 

peripheral insulin sensitivity, such that insulin sensitivity increased as the measured period 

of insulin pulses increased from 7 to 12 minutes. No correlation was found between basal 

insulin levels and peripheral insulin sensitivity. These results suggest that sufficiently long 

rest periods between pulses are required to avoid decreased insulin sensitivity.

Another study of the possible linkage between insulin pulse frequency and peripheral insulin 

action compared T2DM and control subjects after an overnight fast [15]. Blood from the 

dorsal hand vein was sampled once every two minutes for 90 minutes, and the resulting 

insulin time series analyzed was using the PULSAR algorithm. Hepatic glucose production 

and glucose utilization were determined using hyperinsulinemic euglycemic clamp and an 
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infusion of 3H-glucose tracer. Levels of fasting glucose and insulin were greater in subjects 

with diabetes, while glucose clearance and insulin sensitivity were higher in controls, 

indicating that T2DM subjects had increased peripheral insulin resistance and greater 

hepatic glucose output. The number of pulses observed was positively associated with 

decreased glucose clearance, especially in subjects with diabetes, as in [31]. In addition to 

being more frequent, the insulin pulses observed were more irregular in T2DM subjects. The 

results were interpreted in support of the hypothesis that abnormal insulin secretion and 

impaired insulin action are linked.

An alternative explanation for the findings of the latter two studies is that the observed 

inverse relationship between measured pulse frequency and insulin sensitivity was driven by 

the detection of a higher proportion of pulses in insulin resistant individuals in which insulin 

pulse amplitude might reasonably be expected to be enhanced. This explanation gains 

credence given the difficulties of insulin pulse detection at the time of the studies. Another 

consideration is that hepatic glucose production could have been affected by glucagon 

pulses, which were not assessed in the above studies. We discuss this further below.

Difficulties measuring insulin pulses under fasting conditions in the peripheral circulation, 
especially using older methods

Most of the studies of peripheral insulin pulsatility discussed so far were carried out in 

fasted human subjects whose plasma insulin levels approached the limits of detection of the 

insulin assays available at the time (prior to 1990). Also, peripheral insulin levels are low 

due to extensive hepatic insulin extraction, the relatively small amount of insulin secreted 

under basal conditions, and because plasma insulin is diluted by the peripheral circulation. 

In addition to the technical difficulties involved in measuring the low insulin levels, the 

analytical techniques and computing power available to detect and quantify insulin 

pulsatility were not as advanced 20 years ago as they are today.

These factors must therefore be kept in mind when considering the significance of the older, 

albeit clearly pioneering, research to our current understanding of insulin pulsatility. In 

particular, older reports concluding that insulin oscillates in the periphery with periods 

exceeding 4–6 minutes or concluding that pulsatility is more irregular or varies in period in 

T2DM subjects are not definitive at best. Also, the possibility that insulin pulse frequency 

contributes to the development of insulin resistance in T2DM patients, while highly 

interesting, remain to be confirmed using more up to date methodology. Those readers 

interested in more detailed and in depth discussions of the strengths and weaknesses of the 

different approaches used to detect and quantify insulin pulses in vivo and in vitro are 

referred to [32][33][34][35].

In our view, the most reliable data obtained to date that most convincingly demonstrate the 

functional importance of pulsatile insulin secretion come from studies where insulin was 

directly measured in the hepatic portal circulation using quantitatively validated methods to 

detect the pulses and determine their period. In most of the newer studies period is generally 

invariant and in the range of 4–6 minutes [36][37][38][35]. It is of interest that insulin is 

secreted from isolated islets with a similar pulse period [39][40][41][42].
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Pulsatile insulin regulates hepatic function more efficiently

Insulin pulses in the hepatic portal circulation are larger than those in the peripheral 

circulation; these larger pulses suppress hepatic glucose production by activating hepatic 

insulin receptors. [43][30]. Many studies have shown that insulin administered in a pulsatile 

pattern augments insulin modulation of hepatic glucose ([44][45][30][46][37]; but see [47]

[48]). Bratusch-Marrain et al showed that pulsed insulin more effectively suppressed hepatic 

glucose output than continuous insulin in Type 1 patients, which they interpreted as showing 

that pulsatile insulin increased the insulin sensitivity of the liver[44].

More recent studies have continued to explore the ramifications of pulsatile insulin action on 

liver function. In [30], pulsatile insulin secretion regulated hepatic insulin extraction, and in 

so doing, systemic insulin delivery. Large pulses of insulin presented to the liver via the 

hepatic portal circulation (under conditions where endogenous insulin secretion was 

inhibited experimentally by an infusion of exogenous somatostatin) were more extensively 

extracted than small insulin pulses or constant insulin, thus limiting the variation in 

peripheral pulse amplitude homeostatically. In contrast, insulin pulses of reduced amplitude 

were less extensively extracted by the liver, which resulted in relatively greater systemic 

insulin levels. These features account for the strong attenuation of insulin pulses in the 

periphery, which is much greater than expected based on dilution in the circulation alone.

Matveyenko and colleagues studied the relative effectiveness of infusing either pulsatile or 

continuous insulin into the portal circulation, keeping the total amounts of insulin fixed, and 

then compared downstream insulin receptor signaling in the livers of animals at different 

time points [37]. They found that liver insulin receptor signaling was potentiated by pulsatile 

compared to continuous insulin administration. Not only did pulsed insulin blunt the rise in 

plasma glucose seen with continuous insulin in T2DM, but post-insulin receptor signaling in 

biopsied liver (as evidenced by immunoblotting liver lysates with phosphospecific 

antibodies) was clearly facilitated by pulsatile vs. continuous insulin delivery. As shown in 

Fig. 2, measuring liver phospho-IRS1 and PI3K activation revealed increased activation 

when pulsatile rather than continuous insulin was imposed in the portal circulation. In 

addition, greater activation of the more distal insulin signaling molecules Akt and Foxo was 

also seen. An important advantage of the study was its use of portal catheterization to 

circumvent difficulties inherent in trying to alter hepatic insulin responses by changing 

systemic insulin levels. While a previous study failed to find differences in the ability of 

pulsatile and continuous insulin to inhibit hepatic glucose output [48], the higher insulin 

levels that were used completely suppressed hepatic glucose output, which might have 

prevented the authors from differentiating the two methods of insulin administration.

The relationship between pulsatile insulin and insulin resistance

We have discussed evidence that pulsatile insulin delivery is more efficacious, at least for 

the liver. In addition to receptor down-regulation, discussed previously, negative feedback 

within the insulin signaling pathway is a likely candidate, and may involve S6 kinase and/or 

PKC targeting of IRS-1 [23][49]. Rest periods that occur between bursts of granule 

exocytosis during pulsatile secretion would allow the negative feedback present in the 

insulin signaling pathway sufficient time to decay away.
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We show here, for the first time, with a mathematical model for insulin action that in the 

presence of negative feedback, it is advantageous to present insulin to its targets in a 

pulsatile manner. Square waves of insulin were compared to continuous insulin using the 

model of Sedaghat et al [49]. As shown in Fig. 3, pulses of insulin produce pulses in the 

percentage of phospho-Akt, an index of insulin receptor pathway activation.

The model with negative feedback shows higher peak Akt activation in response to pulses 

(solid lines) than to continuous insulin (dashed lines). The increased peak Akt activation 

from negative feedback results from recovery of the insulin signaling in the target tissue 

from the negative feedback during the silent phases that follow each pulse of insulin 

response. Note that despite differences in peak Akt activation, activation averaged over the 

pulses is not much affected. In the absence of negative feedback, in contrast, the increase in 

the peak is nearly abolished, and the mean response is lower than the pulsed input. We view 

the lower peak response to steady insulin as a “frictional effect” in the sense that it is 

immediately relieved when pulses resume after a hiatus.

It is not clear if this frictional effect is related to chronic insulin resistance, but both are 

thought to involve inhibition of IRS-1 by serine phosphorylation, as mentioned above. There 

is evidence that chronic hyperinsulinemia, which can be imposed experimentally by 

transplanting extra islets into mice [50] or by increasing insulin secretion by blocking leptin 

receptors on the beta cells of mice [51] can lead to insulin resistance, but it is not clear 

whether the insulin resistance would be relieved by lowering insulin or how rapidly this 

would occur. Shimomura et al exposed isolated hepatocytes to high insulin to produce 

insulin resistance [52], and found that it was reversed 24 hours after washing out the insulin. 

Similarly, Alemzadeh et al [53] reduced insulin resistance in normoglycemic, highly insulin 

resistant subjects by partially suppressing insulin secretion with diazoxide. The subjects 

studied were also on a weight-loss regimen, which raises the possibility that some of the 

improvement in insulin action observed was due to the increased weight loss in diazoxide 

rather than inhibition of insulin secretion per se.

Physiological glucose modifies the amplitude but generally not the frequency of insulin 
pulse bursts

In principle, an increase in plasma glucose could increase plasma insulin by increasing the 

amplitude (sometimes referred to as the “burst mass” or “pulse mass”), altering the 

frequency of the insulin pulses, increasing plateau fraction or all three. Matthews et al [54] 

observed that elevated glucose increases the mass but not the frequency of plasma insulin 

bursts, and this has been confirmed in numerous studies ([55][56][57]). The action of 

glucose mainly to increase insulin pulse amplitude has also been observed in isolated human 

islets, where small numbers of islets could be perifused while insulin was sampled in their 

effluent [39].

In an in vivo study of canine insulin secretion, where plasma glucose was increased 

following glucose ingestion, both the amplitude and the frequency of portal vein insulin 

pulses were increased by the sugar ([58]; Fig. 4A). As can be seen in Fig. 2 of their paper, 

which shows portal vein insulin profiles for two representative dogs, the insulin pulses of the 

portal system were large and the effect of glucose ingestion was dramatic (however, 
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ingestion of course invokes not only the direct actions of glucose on the pancreatic islets, but 

also incretins secreted by the gut which in turn potentiate secretion). Their Fig. 3, using 

deconvolution to calculate underlying secretory rates, confirms the profound effect of 

glucose to amplify secretory burst mass in this example. Quantification of each subject’s 

response to glucose, for both insulin pulse frequency and mass, in their Fig. 4 shows that 

both frequency and mass increase postprandially. However, it is possible that the assay that 

was employed did not distinguish smaller insulin pulses that might have been present under 

low glucose conditions, which would have underestimated the basal insulin pulse frequency. 

If this was the case, the net effect of ingested glucose on pulse frequency (but not amplitude) 

might have been much smaller.

Using indwelling intrahepatic shunts to sample the portal circulation of human subjects, 

Song et al (2000) carried out a study of insulin pulsatility that included measurements from 

the portal vein [59]. As shown in Fig. 4B, simultaneous sampling of both the portal and 

arterial circulation under glucose clamp demonstrated that levels of insulin in the portal vein 

were far greater than in the periphery, and moreover that hyperglycemic clamp resulted in an 

increase in the amplitude of the insulin pulses [53]. Deconvolution was used to determine 

the underlying insulin secretory rates, as in other studies, and showed that increasing glucose 

increased the size of insulin pulses in both the portal and arterial circulation.

Ultradian oscillations and their entrainment by small glucose fluctuations are disrupted in 
T2DM

Besides “fast” oscillations having a period of 6–15 minutes, slower “ultradian” insulin 

oscillations having a period of 80–180 minutes have also been observed in longer duration 

studies. In a study of 16 T2DM patients vs. 14 matched control subjects, where blood was 

sampled at 15–20 minute intervals for up to 24 hours and three meals were provided 

between 9 AM and 11 PM, changes in ultradian pulsatility were observed in the diabetic 

subjects. While ≈ 8 pulses of insulin were detected during the measurement period (1 pulse 

every 2 hours) in both controls and diabetics, the pulses of the diabetic subjects were of 

diminished amplitude, occurred less frequently paired with a glucose pulse, and were more 

irregular [60]. Polonsky’s group has shown that entrainment, the process whereby small, 

subthreshold changes in plasma glucose regulate the insulin pulsatility of islets and 

contribute to their synchronization, is lost in T2DM patients [61, 62].

In a study of both healthy and diabetic obese subjects, diurnal insulin pulsatility was 

identified as the occurrence of 10 insulin oscillations over a 12 hour period. A decrease in 

the number of pulses was observed in the obese diabetic subjects, and an increase in pulse 

amplitude was noted after weight loss occurred. The insulin pulses of obese controls had the 

largest amplitude, while subjects with overt T2DM had pulses of the lowest amplitude. In 

addition, the pulsatile insulin secretion elicited by the administration of secretagogues was 

reduced in frank diabetic as well as subclinical T2DM subjects with fasting hyperglycemia 

[14]. The insulin pulses observed for healthy obese subjects were regular in appearance, 

while those of T2DM patients were markedly disorganized. The cross-sectional nature of 

this study, however, precludes assessment of whether the changes in the ultradian 

oscillations were a cause or consequence of the pre-diabetic and diabetic states.
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Pulsatility of other islet hormones

Although the focus of this review is pulsatile insulin release and its metabolic consequences, 

glucagon and insulin have reciprocal actions on blood glucose, and reciprocal oscillations in 

glucagon have also been reported. These oscillations have been observed in isolated islets in 

vitro, albeit at high glucose levels (20 mM); see [63][42]. As insulin [64][65]and 

somatostatin [66][67] restrain glucagon secretion, glucagon pulses likely occur because 

constant glucagon secretion is periodically inhibited by pulses of secretion from beta and 

delta cells. There is evidence that glucagon secretion from the alpha cell can be intrinsically 

pulsatile [68][69], but this would not be manifest in secretion from islets because, in contrast 

to beta cells, alpha cells are not coupled to each other by gap junctions. Anti-synchronous 

oscillations of glucagon and insulin have also been observed in vivo [70][9][71]. Human 

glucagon and insulin levels were reported to exist in an inverse relationship in control 

subjects, but not subjects exhibiting impaired fasting/postprandial glucose together with 

elevated glucagon [72]. Assuming the hormones normally oscillate in an anti-synchronous 

manner in vivo, as has been proposed [73], this raises the question of what would be the 

physiological benefit, as the two hormones seem to be working at cross purposes. Recent 

data [74] have revealed that glucagon can directly contribute to the loss of insulin secretion 

by stimulating secretion from the liver of kisspeptin, a peptide that inhibits insulin secretion. 

The loss of the anti-synchronous oscillations of the two hormones would then be both a 

symptom of the impairment in insulin secretion and a contributor to that process.

In addition to glucagon, somatostatin, which is secreted from delta cells of the islet is also 

pulsatile, and occurs in synchrony with insulin [63][42]. Such oscillations would not be 

possible unless the delta cells were stimulated by the beta cells, possibly through GABA or 

ATP [75] as the delta cells, like the alpha cells, are not coupled to each other. Another islet 

hormone, amylin, which is co-stored in the beta cell with insulin in large dense core granules 

also shows pulsatile secretion, with a mean period of around 5 minutes [76]. ATP, also co-

released with insulin, is hydrolyzed to adenosine, which appears to play a role in 

maintaining reciprocal glucagon and insulin as the out-of-phase pattern is lost in adenosine 

A1 receptor null mice [77]. A common theme of all these oscillations is that they appear to 

be orchestrated by the core machinery driving insulin oscillations in the beta cells, rather 

than being intrinsic to the otherwise uncoupled alpha and delta cells.

Mechanisms governing the intrinsic pulsatility of an islet

It has been known since the 1970s that pulsatility is intrinsic to the pancreatic islet, when 

Dean and Matthews showed that even after being completely isolated, individual mouse 

islets exposed to glucose concentrations > 7 mM were electrically active. This activity 

consisted of bursts of action potentials riding on plateau depolarizations that occurred every 

15 seconds or so in the steady state [78]. Single dispersed beta cells are also pulsatile [79]. 

Later work established that beta-cell electrical activity is dependent on the influx of Ca2+ 

ions [80][81], that its oscillations increase in duty cycle or plateau fraction as glucose 

increases [80, 82, 83], and that it leads to the rise in beta cell intracellular free Ca2+ that 

drives the periodic exocytosis of insulin from the beta cells [79].
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The advent of free Ca2+ measurements in islets using the dye fura-2 established that islets 

with oscillatory periods in the range of 3–5 minutes could be commonly observed (slower 

electrical changes had been seen earlier as well; see [84, 85]). The slower patterns are of 

particular interest here as their periodicity corresponds to that of plasma insulin seen in vivo, 

as described above.

Many hypotheses have been proposed to account for islet pulsatility, and some of these have 

been formalized as mathematical models. Readers are referred to earlier reviews for an 

overview of the different mechanisms proposed for islet oscillations ([86, 87],[88],[89],[90–

92],[93]).

Islet modelers face many challenges. First, islets have a wide dynamic range as glucose 

varies, and islet activity can range from seconds to many minutes [41]. This flexibility 

possibly contributes to the ability of the beta cell to regulate insulin secretion very precisely 

in a dynamic milieu. Second, while models of oscillations of human islets are now becoming 

available [92, 94], much less is known about the basic biophysical properties of human 

islets, including their electrical activity. This stems from the greater heterogeneity of human 

subjects along with the fragility of human islets and their limited availability to researchers; 

even those that have become more widely available at the time of this writing can be of 

highly variable quality. Thus, it is still necessary to carefully model mouse islets, with an 

eye to extending and adapting these models to humans as more high quality data appear in 

the literature.

As pulses in plasma insulin result from the synchronized activity of many intrinsically 

oscillatory islets, and humans exhibit pulsatile insulin in the circulation similar to that of 

rodents, it is expected that isolated human islets, like those of mouse or rat, should show 

glucose-dependent slow oscillations. However, and surprisingly, this issue has been 

somewhat controversial. Thus, while oscillations in intracellular free Ca, and in some 

instance, bursts of electrical activity have been reported in isolated human islets ([95][96, 

97][98]; Merrins and Satin, unpublished), it has also been claimed that human islets lack 

regular oscillations [99]. As the cellular architecture of the human islet lacks the 

stereotypical pattern seen in rodents, where there is a pronounced alpha cell mantle and beta 

cell core, it has been claimed that human and rodent islets function in fundamentally 

different ways. Indeed, the specific ion channels expressed in human beta cells are different 

from those of mouse, with rapidly inactivating T type Ca channels and voltage gated Na 

channels playing prominent roles in human, but not mouse, beta cells [100, 101]. 

Nonetheless, observations of isolated human islets confirm that, despite important 

differences in ion channels and spiking patterns, they exhibit slow oscillations and 

synchrony similar to those of rodents [73, 95, 96, 98].

Our current model of islet oscillations, which we call the Dual Oscillator Model (DOM), 

consists of a slow metabolic oscillator based on the glycolytic enzyme phosphofructokinase 

(PFK), and an electrical or ionic oscillator, which is mediated by negative feedback of 

intracellular free Ca on KCa channels and changes in ATP/ADP acting on the ATP-sensitive 

potassium channels of the beta cell (KATP channels; FIG. 5.;[41, 102]). Tornheim originally 

proposed that slow oscillations in the activity of the M-isoform of PFK1 could result from 
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the allosteric activation of PFKm by its product, fructose-1-6-bisphosphate (‘FBP’; [103]). 

According to this hypothesis, the cyclic activity of PFK leads to slow oscillations in ATP/

ADP, which cyclically regulate KATP channel activity in the beta cell plasma membrane. 

The oscillations in KATP conductance in turn produce oscillatory membrane depolarization 

and action potentials, resulting in the increase in Ca that triggers insulin granule exocytosis. 

Our model combines this scenario with a model for ion channels and Ca handling by the 

endoplasmic reticulum. An additional component of the DOM not addressed in the scenario 

of Tornheim is the mitochondria, which couple glycolytic oscillations to oscillations in 

oxidative phosphorylation and ATP production [102, 104].

In the DOM, cytosolic Ca oscillations are not mandatory for slow oscillations in metabolism 

to occur, and we have investigated this possibility in detail both theoretically and 

experimentally (e.g. [105][106][107][108]). Therefore, while other experimental 

observations have been cited in support of the hypothesis that free Ca oscillations drive beta 

cell metabolic oscillations [109][110], this cannot be the whole story. We note that the 

interplay between oscillatory free Ca and metabolism is complex [107], and that Ca must be 

clamped to a permissive level in order to see metabolic oscillations in the absence of Ca 

oscillations [105], which may account for why this feature has not been universally 

observed. In contrast to the predictions of the DOM, however, the mitochondrial substrates 

ketoisocaproate (KIC) and leucine have been found by some investigators to trigger slow 

oscillations in mouse islets even in glucose-free solutions [111][112]. However, other 

workers have observed that some glucose is required for islets to exhibit slow oscillations in 

response to KIC, for reasons that remain unclear ([113]; Zhang and Satin, unpublished).

The DOM shows that not only are the ion channels responsible for generating electrical 

spiking activity governed by the metabolic drive through the KATP channels, but that the 

metabolic oscillator by itself would be unable to generate large amplitude Ca oscillations 

without the nonlinear threshold properties of the electrical subsystem [107]. The model is 

able to account for a wide variety of phenomena not explained by other beta cell models, 

including compound (mixed fast and slow) Ca and membrane potential oscillations and 

metabolic oscillations when Ca is held fixed. Pure fast oscillations in free Ca or electrical 

activity, also known as ‘electrical bursting’, occur in the model because of feedback 

interactions between the Ca and K channels of the beta cells when metabolism (represented 

as the level of FBP in the leftmost panel of Fig. 5) is fixed. Pure slow oscillations, reflecting 

metabolic oscillations, produce smooth oscillations in FBP and downstream variables, 

shown in the rightmost panel of Fig. 5. Concurrent activity of both oscillators results in 

‘compound’ or ‘mixed’ oscillations [40, 102, 113, 114], as shown in the center panel of Fig. 

5. Shifts in the glucose thresholds of the ionic and metabolic oscillators can account for the 

wide variety of oscillatory patterns described in the islet literature (see [41, 115])

For more comprehensive reviews of the DOM, readers are directed to other recent papers 

[41, 102]. Experimental validation of the DOM can be found in [105, 106, 115–117]. Some 

alternative islet models are described in [90, 93].
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The Metronome Hypothesis

Our work, and that of others [115][40, 118], has shown that in isolated mouse islets, 

increasing the concentration of glucose applied to the islet tends to evoke one of three 

canonical Ca oscillatory patterns: fast oscillations exhibiting a period of 15–60 seconds; 

slow oscillations exhibiting a period of ≥ 2 minutes; and mixed or compound oscillations 

consisting of fast oscillations superimposed upon the slower oscillations [78] [114]. We here 

use the DOM to propose distinct roles for the fast and slow oscillations. We call this the 

“metronome model” because the metabolic oscillations control the pacing of the secretory 

oscillations while the electrical oscillations control how much insulin is secreted during each 

slow cycle. This is illustrated in Fig. 6A, where secretion in response to a compound 

oscillation is shown. This arrangement also explains why increased glucose metabolism 

increases the amplitude of insulin pulses more than their frequency, as indicated by the data 

reviewed above.

In the DOM, the slow outer oscillation is determined by the cyclic activation of the 

glycolytic oscillator, PFKM [41, 103, 116], which sets the period of the insulin oscillations. 

The plateau fraction of the fast inner oscillations determines the free Ca concentration 

during each episode of fast bursting. Increasing glucose increases the amplitude of the 

insulin pulses because insulin is a slow function of the Ca level set by the fast oscillation. In 

contrast, the width and frequency of the metabolic pulses is relatively insensitive to the level 

of glucose, as shown in Fig. 6A. Glucose is raised at 20 min., resulting in an increase in 

plateau fraction but little change in oscillation period, while insulin secretion pulse 

amplitude is approximately doubled. Absolute Ca does increase somewhat, as observed in 

some experiments [115], but the main effect is an increase in plateau fraction.

We have confirmed this result with a more complex version of the DOM that includes more 

details of mitochondrial metabolism and in which insulin secretion is not merely a function 

of Ca, but is determined by incorporating a model for insulin granule trafficking and 

exocytosis[21]. In Fig. 6B the pure slow oscillations simulated in lower glucose are shown 

in black, those in higher glucose in red. Increasing glucose does not change the period much 

(≈5 min for both high and low glucose), nor the amplitude of the Ca pulses produced. 

However, by increasing the duration of the Ca active phase, the pulse amplitude of insulin 

secretion goes up markedly in higher glucose. The incorporation of the exocytosis model 

into the DOM allows the simulation to reproduce the rising second phase of secretion in 

higher glucose, which is due to increased granule trafficking from the reserve pool to the 

plasma membrane. This illustrates the idea that an increase in the size of the RRP is the most 

important factor controlling the amplitude of the burst mass. The fraction of the RRP that is 

secreted depends on Ca, which determines the release probability per granule in the model. 

This does not change much because peak Ca does not change much in this case, but mean 

Ca does increase as a result of the increased plateau fraction of the electrical bursts and 

results in release of more vesicles.

The demonstration of amplitude rather than frequency modulation of insulin secretion by 

glucose in Fig. 6, using two different versions of the DOM, two different models for the Ca 

dependence of secretion and two distinct slow patterns is an encouraging sign that the 
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phenomenon is robust and not dependent on the particular assumptions made for each 

simulation.

In contrast to the slow oscillations exhibited in Fig. 6, fast oscillations would not leave 

sufficient time between bursts for the RRP to be replenished and would result in non-

pulsatile insulin secretion (see Fig. 3 in [21]). The rest period between pulses was likewise 

crucial for the simulations of insulin action in Fig. 3, in that case because of the time needed 

for negative feedback in the insulin signaling cascade to recover. The two sets of simulations 

together lead to a picture in which pulsatility integrates the nanoscale behavior of insulin 

granules in the beta cells with the nanoscale behavior of metabolic enzymes in the liver, 

allowing the two tissues to coordinate their activities and regulate glucose homeostasis at the 

whole body level.

How are islets synchronized across the pancreas in vivo?

The integrative consequences of pulsatility described above depend on coordinated activity 

by the whole beta-cell population in the pancreas, but it is not obvious how this coordination 

is achieved. Beta cells within a single islet have an intrinsic oscillatory mechanism that is 

dependent on glucose metabolism and ion channels and is modulated by a spectrum of 

neuroendocrine factors (reviewed in [119]). Within the islet, beta cells are electrically 

coupled to neighboring beta cells through gap junctions [120–122], ensuring a high degree 

of synchronicity among the interconnected cells.

Within the intact human pancreas, however, are hundreds of thousands of islets, whose 

pulsations must be highly synchronized for pancreatic insulin output and plasma insulin 

levels to be pulsatile [123]. A lack of synchronization between the islets would obliterate the 

regular pulsatile pattern that has been observed in vivo, and in the perfused pancreas where 

pulsatility is well maintained. It is likely that islets are the intrinsic pacemakers of pulsatile 

secretion, even in vivo, if they are highly coordinated, as the periods we observed for 

isolated islets are highly correlated with the in vivo periods of insulin pulsatility, at least in 

mouse [124].

It has been proposed that islet to islet communication within the pancreas is enabled by an 

intrapancreatic nerve network that is also connected to the pancreatic ganglia [125, 126]. 

Many investigators have tested for the presence of such a network using indirect approaches 

such as injecting pharmacological inhibitors of cholinergic [126] or adrenergic [127] 

transmitter release, or other blockers into animals while monitoring plasma insulin 

oscillations, mostly with no success [125]. One positive result was the finding that the pulse 

pattern could be disrupted by exposure to the Na channel blocker tetrodotoxin, which 

eliminates nerve action potentials [125]. Still, the nature of the endogenous pacemaker or 

nerve net is not known.

However, we have found that we can synchronize the oscillatory activity of groups of islets 

exposed to 11.1 mM glucose in vitro by briefly applying a cholinergic agonist. Thus, 

exposing islets to a 15 second pulse of carbachol completely synchronized the oscillations of 

a group of islets for as long as 30 minutes [123]. Within the framework of the Dual 

Oscillator Model, the release of Ca from the beta cell endoplasmic reticulum can result in 
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islet synchronization because rapid changes in Ca can reset the slow glycolytic oscillator, 

and after such a reset it takes considerable time for the oscillations of the individual islets to 

drift apart. We showed through modeling that even if only a fraction of the pancreatic islet 

population were regularly exposed to episodic acetylcholine release, say due to the activity 

of intrapancreatic cholinergic neurons, the effect could entrain the entire islet population 

[128]. However, this result remains to be tested in vivo. The model showed that maintenance 

of synchrony by neural pulses is greatly facilitated if the intrinsic frequencies of the 

individual islets are similar. We have found, remarkably, that this is indeed the case when 

islets from a given mouse are compared [124], but the mechanism behind this remains to be 

elucidated. We also point out that other coupling factors released by beta cells may be 

important paracrine factors in islets, including ATP [129][130].

Therapeutic implications of insulin pulsatility for pharmacotherapy of Type 2 diabetes and 
for improving the efficacy of insulin administration

Several well-known classes of pharmacologic agents that are used to treat patients with 

T2DM have been shown to increase plasma insulin pulsatility in both human and animal 

subjects. Sulfonylureas, for example, which increase insulin secretion by closing KATP 

channels in the beta cell plasma membrane, acutely increase the amplitude, but not the 

frequency, of insulin pulse bursts or the basal insulin levels when studied in dogs [131], or 

in humans with T2DM [56]. An example of the modulation resulting from tolbutamide 

infusion is shown in Fig. 7. In dogs having a portal vein catheter, the IV infusion of 

tolbutamide, or its oral ingestion, increased the amplitude of portal vein insulin pulses 

without significantly modifying insulin pulse frequency [132]. Deconvolution to reveal 

pulses in insulin secretory rate further delineated the amplitude increase after tolbutamide.

Pulse burst amplitude, but not pulse frequency, was also increased in T2DM subjects who 

were treated with rosiglitazone [133]. This may have been a consequence of reduced overall 

insulin secretion, which might prevent depletion of the RRP. Similar results were obtained 

in Zucker diabetic fatty rats, which also exhibited improved glucose entrainment after such 

treatment [61]. Rosiglitazone, a thiazolidinedione, is a PPAR gamma agonist that increases 

peripheral insulin sensitivity [133]. Furthermore, it has been shown that treating healthy 

human subjects with repaglinide, a meglitinide that provokes rapid insulin secretion and 

damps postprandial glucose, increases insulin pulse burst amplitude, but not frequency [55]. 

All of the drugs mentioned did not affect the regularity of insulin pulse production.

Drugs that potentiate endogenous levels of the incretin GLP-1 [57][134] or are themselves 

GLP-1 agonists [134] have currently found wide acceptance in diabetes pharmacotherapy. 

Several studies have now appeared documenting the ability of GLP-1 to potentiate insulin 

pulse mass and pulse regularity without altering insulin pulse frequency [135]. These 

observations suggest that modulation of insulin pulsatility may contribute to the actions of 

GLP-1 agonists or DPP4 inhibitors for treating T2DM in humans [136]. Mechanistically, 

this may be the case because GLP-1 increases the size of the RRP of insulin granules in the 

beta cell, the granules that serve as the substrate for the recurrent pulses of insulin that 

constitute the pulse burst [137]. This would be complementary to the action of rosiglitazone 

to preserve the RRP, but by enhancing supply of vesicles to the plasma membrane, rather 

Satin et al. Page 14

Mol Aspects Med. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



than reducing release of vesicles. Alternatively, long term GLP-1 treatment could also 

increase pulse burst mass by increasing beta cell mass [138].

Pharmacologically inhibiting beta cell insulin secretion for a period of time (e.g. overnight) 

has also been shown to potentiate secretion when the inhibition is removed, a phenomenon 

known as ‘beta cell rest’ [139][140]. This can be accomplished using somatostatin or its 

analogs, or drugs that cause the sustained opening of KATP channels, such as diazoxide. 

Laedtke et al (2000) suppressed insulin secretion overnight in T2DM subjects using 

somatostatin, while preventing hyperglycemia by insulin infusion. They found that resting 

beta cells in this way increased insulin burst mass and burst orderliness, without affecting 

pulse frequency. Beta cell rest might work similarly to rosiglitazone treatment, by increasing 

the size of the RRP of insulin granules that contributes to insulin pulse mass or by generally 

disinhibiting exocytosis. Rest may, however, have other effects as well [141].

Besides these documented actions of known drugs and peptides, our recent work to decipher 

the underlying mechanism of the slow oscillations in calcium and metabolism of isolated 

mouse islets, and other work, suggests additional ways to possibly increase the diminished 

insulin pulses of T2DM patients to control levels. We summarize several potential 

approaches below.

First, while closing KATP channels by increased glucose metabolism triggers insulin 

secretion by raising intracellular free Ca [41, 87, 142], insulin release is also controlled by a 

‘KATP-independent’ amplification pathway, which likely reflects the release of 

mitochondrial metabolites or an increase in beta cell cyclic AMP [143][144] to potentiate 

secretion at a site distal to the rise in intracellular free Ca [3, 145]. While the definitive 

nature of this metabolite or pathway has been elusive, its identification would potentially 

provide a way to amplify secretion, and hence increase pulse burst amplitude without 

incurring further rises in Ca or metabolism and concomitant damaging reactive oxygen 

species production.

Second, it may be feasible to improve the regularity of the pulse bursts by strengthening the 

glycolytic oscillations that we propose drive the slow oscillations [41]. This could be 

accomplished by removing inhibitory influences on PFKM, such as excess intracellular 

citrate or ATP binding to PFKM. This could be done using selective site-specific 

antagonists, or by modifying PFKM activity through altering the activity of the PFK2/

FBPase2 modulatory pathway [117]. As defective synchronization of islets within the 

pancreas can also contribute to the production of abnormal insulin pulses, a better 

understanding of intrapancreatic islet synchronization might also provide novel drug targets 

for future treatments. Our own work suggests that muscarinic agonists might have promise 

based on our ex vivo experiments [123].

The very nature of pulsatile secretion and its biological advantages could have translational 

significance for diabetes treatment. Thus, providing insulin in a pulsatile fashion using a 

device to make pulses of exogenous insulin or by applying insulin secretagogues such as 

tolbutamide in a pulsatile pattern, would be expected to affect insulin target tissues more 

effectively by more closely mimicking the changes in plasma insulin observed in normal 
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individuals. As mentioned earlier in the review, this could result in increased peripheral as 

well as hepatic insulin sensitivity, increased preservation of beta cell function, and increased 

glucagon suppression by plasma insulin or better liver insulin extraction. While it is difficult 

to envisage a way in which insulin injected subcutaneously could produce plasma insulin 

pulses due to the lags inherent in this method of administration, recent simulations suggest 

the approach may be feasible [146]. Alternatively, intravenous insulin injection using an 

artificial pancreas control system could be used to produce physiological insulin pulse 

patterns in individuals with diabetes where traditional therapy is insufficient [147].

Summary and Conclusions

Insulin secretion occurs in a pulsatile manner in the plasma of both humans and animals, 

with fast pulses exhibiting a period in the range of 5 – 15 minutes, and slower ultradian 

oscillations having periods ranging from 80 – 180 minutes. Insulin pulsatility is disrupted in 

diabetes, most clearly as reduced pulse amplitude, and this appears to be an early marker of 

diabetes, as it is observed not only in pre-diabetics but also in first-degree relatives of 

patients with diabetes who lack significant metabolic abnormalities. Conversely, pulsatile 

insulin is more effective at mediating the metabolic effects of insulin, most clearly 

suppression of hepatic glucose production but possibly also enhanced uptake by peripheral 

tissues. The pulsatility of insulin secretion is intrinsic to the islet and may involve close 

coupling between slow metabolic oscillations mediated by glycolysis and faster oscillations 

involving beta cell ion channels and Ca mediated negative feedback. Some key coordination 

mechanism must also be present to synchronize islets within the intact pancreas, but the 

nature of this mechanism, which is likely neural, remains obscure. The essential features of 

the human islet oscillatory mechanism are likely to closely resemble those of mouse islets, 

but a complete analysis of the biophysical mechanisms of human islet oscillations has been 

hampered by the lack of readily available human islets of high quality. Lastly, new 

pharmacological agents to treat diabetes may be developed that take advantage of our 

improved understanding of the mechanisms controlling physiological insulin pulse patterns 

and their connection to insulin granule release.
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FIG. 1. 
Oscillations in plasma insulin, C-peptide, and glucose measured in a peripheral vein in a 

fasted human subject. Dashed lines show unsmoothed data, continuous lines show three 

point moving averages of the data. Reprinted from [10] with permission of the New England 

Journal of Medicine.
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FIG. 2. 
The time course of IRS-1 activation by insulin in liver of rats exposed to either full 

amplitude insulin pulses, diminished pulses (to mimic T2DM), or constant insulin for up to 

10 minutes. After portal vein infusion of these insulin patterns, livers were biopsied and 

IRS-1 activation was analyzed by immunoprecipitation with IRS-1 antibody, followed by 

immunoblotting with pY or p85/PI3K antibodies. Full amplitude insulin pulses potentiated 

insulin signaling in the liver, as evidenced by increases in pY-IRS-1 and p85-IRS-1. Similar 

results were obtained for IRS-2 activation (not shown). Statistics were ANOVA followed by 

Fisher’s post hoc test; p<0.05 was deemed significant. Reprinted from [37] with permission 

of Diabetes.
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FIG. 3. 
A model of the insulin receptor signaling pathway demonstrating that due to frictional 

resistance, insulin receptor signaling is potentiated by insulin applied in a pulsatile rather 

than continuous manner. As shown, negative feedback in the signaling pathway facilitates 

insulin pulse responses because frictional resistance is allowed to fade between applied 

pulses of insulin. Details are provided in the text.
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FIG. 4. 
Glucose increases insulin pulse amplitude. A. Glucose ingestion (arrow) causes an increase 

in insulin secretory burst mass and frequency in the portal circulation of catheterized dogs 

(top left). The data from two representative dogs are shown. Deconvolution shows 

potentiation of insulin secretory pulse amplitude and frequency (top right), which are plotted 

for a total of 15 dogs in the lower part of the figure. Reprinted from [58] with permission of 

Diabetes. B. Insulin pulses in the portal circulation of human subjects (as well as in the 

periphery) are also increased in amplitude after glucose is increased. Samples taken during 
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first 40 minutes of the experiment under basal conditions are shown on the left, while 

samples collected during the second 40 minutes of samples once hyperglycemia was 

established are shown on the right of the figure. Note the profound differences in scale of for 

the respective ordinates shown. Reprinted from [59] with permission of The Journal of 

Clinical Endocrinology and Metabolism.
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FIG. 5. 
Three types of oscillations typically observed in islets. Top row of panels is from islet 

measurements of Ca2+. Middle row shows simulated Ca2+ oscillations using the Dual 

Oscillator Model (DOM). Bottom row shows simulations of the glycolytic intermediate 

fructose 1,6 bisphosphate (FBP), indicating that glycolysis is stationary (c) or oscillatory (f, 

i). Reprinted from [41] with permission of the American Journal of Physiology.
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FIG. 6. 
The Metronome Hypothesis. A. Simulation obtained using a model of an isolated 

‘compound bursting’ islet showing that increasing the plateau fraction of an islet Ca2+ 

oscillation as glucose is raised results in a dramatic increase in insulin pulse amplitude, but 

little or no change in oscillation frequency. Note that there was a small increase in the Ca2+ 

baseline as well. B. Simulation showing that increasing the duration of the islet Ca2+ 

oscillations in a slow islet lacking faster oscillations superimposed on the slower ones also 

results in potentiation of the insulin pulse amplitude, but no change in pulse frequency.
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FIG. 7. 
Tolbutamide infused into the portal vein of three representative dogs results in increased 

insulin pulse amplitude (left hand side of the figure). Deconvolution of the data reveals that 

tolbutamide greatly increased the amplitudes of the insulin secretory rates. Tolbutamide 

infusion occurred from 40–110 minutes.
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