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Abstract

Pancreatic islets produce pulses of insulin and other hormones that maintain normal glucose 

homeostasis. These micro-organs possess exquisite glucose-sensing capabilities, allowing for 

precise changes in pulsatile insulin secretion in response to small changes in glucose. When 

communication among these cells is disrupted, precision glucose sensing falters. We measured 

intracellular calcium patterns in 6-mM-steps between 0 and 16 mM glucose, and also more finely 

in 2-mM-steps from 8 to 12 mM glucose, to compare glucose sensing systematically among intact 

islets and dispersed islet cells derived from the same mouse pancreas in vitro. The calcium activity 

of intact islets was uniformly low (quiescent) below 4 mM glucose and active above 8 mM 

glucose, whereas dispersed beta-cells displayed a broader activation range (2-to-10 mM). Intact 

islets exhibited calcium oscillations with 2-to-5-min periods, yet beta-cells exhibited longer 7–10 

min periods. In every case, intact islets showed changes in activity with each 6-mM-glucose step, 

whereas dispersed islet cells displayed a continuum of calcium responses ranging from islet-like 

patterns to stable oscillations unaffected by changes in glucose concentration. These differences 

were also observed for 2-mM-glucose steps. Despite the diversity of dispersed beta-cell responses 

to glucose, the sum of all activity produced a glucose dose-response curve that was surprisingly 

similar to the curve for intact islets, arguing against the importance of “hub cells” for function. 

Beta-cells thus retain many of the features of islets, but some are more islet-like than others. 
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Determining the molecular underpinnings of these variations could be valuable for future studies 

of stem-cell-derived beta-cell therapies.
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1. Introduction

The pancreatic beta-cell is an endocrine cell found within islets of Langerhans that produces 

and secretes insulin in response to rising glucose concentration within the body [1–3]. In the 

simplest model of insulin secretion, the ‘consensus model,’ glucose is transported into the 

beta-cell where it undergoes glycolysis to generate pyruvate, which is further oxidized in the 

tricarboxylic acid (TCA) cycle and oxidative phosphorylation to produce a rise in ATP/ADP. 

This leads to closure of ATP-sensitive potassium channels, cell membrane depolarization, 

activation of voltage-gated calcium channels, and a subsequent rise in calcium, leading to 

SNARE-dependent insulin release [4–6]. This classic pathway leads to what is known as 

first-phase insulin release, or the triggering pathway, in which a rapid spike of prepackaged 

insulin granules is exocytosed from beta-cells [7]. In order to achieve optimal euglycemic 

conditions, a second phase of insulin release follows which maintains a sustained response 

[8], and it is here that ‘amplifying pathways’ augment glucose-stimulated insulin secretion 

in both phases of insulin secretion [9,10]. Through these pathways, beta-cells are highly 

sensitive to small changes in glucose concentrations to allow for the precise and tight 

minute-to-minute control in which insulin is secreted in a pulsatile fashion [11,12].

Early concepts of islet function assumed that beta-cells behaved as a homogeneous unit 

throughout the islet due to gap junctional coupling, however beta-cell heterogeneity has also 

been shown to exist [13–17]. Recent studies have made it clear that there are subpopulations 

of beta-cells that differ in their gene expression patterns, sensitivities to glucose, metabolic 

activity, and secretory output [17–19]. Work done by Dorrell et al demonstrated functional 

heterogeneity among beta-cells such that four unique subtypes can be identified having 
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different genes and transcription factors resulting in changes in their insulin secretion [20]. 

For example, beta-cell subtypes expressing ST8SIA1 are less capable of secreting insulin 

compared to their ST8SIA1-lacking counterparts. Other transcription factors that can 

differentiate beta-cell subtypes include SIX3, MAFB, NEUROD1 and RFX6 [20]. 

Differential expression of these transcription factors may explain, in part, the observation 

that the glucose sensitivity and threshold for insulin release vary between populations of 

beta-cells within an islet [14]. Individual beta cells can become active over a wider range of 

glucose concentrations in comparison to intact islets, as demonstrated in studies from both 

rodents [14,21] and humans [22].

The vast difference between the response to glucose levels seen in individual beta-cells and 

islets suggests that communication throughout the islet is critical to the regulation of insulin 

release [17,23]. Studies have shown that beta-cells that remain in contact with at least one 

other beta-cell or an alpha cell exhibit significantly more robust glucose sensing and insulin 

release [22]. An important contributor to such differences may be the oscillatory nature of 

insulin release by beta-cells. After glucose elevation, cytosolic free calcium oscillates, and 

these oscillations are highly synchronized by gap junctions that couple beta-cells to one 

another, resulting in pulsatile insulin secretion [17,24]. These gap junctions are formed from 

individual proteins known as connexins, and connexin 36 (Cx36) is the major connexin 

expressed on beta-cells [25]. In the absence of Cx36, individual beta-cells retain their 

oscillatory calcium, but oscillations are no longer synchronous throughout the beta-cell 

population, resulting in disrupted insulin release [26]. As a consequence of lost beta-cell 

synchrony, the amplitude of the first phase of insulin release is reduced and second-phase 

insulin release loses pulsatility, leading to glucose intolerance [27].

Some recent studies have reported that specialized beta-cells known as “hubs” appear to be 

responsible for orchestrating insulin release in a controlled manner within islet cellular 

network [28], although the concept is highly controversial. Lei et al demonstrated disruption 

in normal calcium oscillations when the most metabolically active cells within a glucose-

stimulated islet were inhibited [24]. However, those highly active cells were not hubs in the 

sense of having the demonstrably higher connectivity to other cells described in Stozer et al, 

raising questions about the relationship between network properties and pace-making roles 

[29].

We revisit here the issue of intact islets versus dispersed beta-cells with respect to 

oscillations triggered by the glucose-dose-response curve. We systematically examined 

differences in the intracellular free calcium patterns of intact islets vs. dispersed beta-cells 

obtained from the same mouse pancreas. We recorded and analyzed free calcium oscillations 

in response to 6 mM glucose steps and more subtle changes in response to 2 mM glucose 

steps. Our findings confirm that islets have a more uniform glucose sensitivity compared to 

individual beta-cells. Analysis of the patterns of calcium activity seen in dispersed beta-cells 

further revealed variation in their capacity to respond to glucose: some had activity that was 

modulated by small changes in glucose, similar to the case of intact islets, while others did 

not change their oscillatory patterns despite experiencing large shifts in glucose 

concentration. Nonetheless, the summed response of dispersed beta-cells was quite similar 
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to the summed responses of intact islets, provided care was taken to compare cells and islets 

that were taken from the same mouse.

2. Materials and Methods.

2.1 Mice.

Adult male CD1 mice at 8–20 weeks of age were used for all studies. Mice were purchased 

from Charles River Laboratories (Wilmington, MA) or Envigo (Indianapolis, IN) and housed 

in a pathogen-free facility at the University of Virginia or at Ohio University. All protocols 

used in these studies were approved by the respective Institutional Animal Care and Use 

Committees of the two institutions.

2.2 Islet isolation

Pancreatic islets were isolated and cultured as described previously [30]. Following 

isolation, islets were cultured overnight in RPMI-1640 media (Invitrogen) with 11mM 

glucose, 10% fetal bovine serum, and 1% penicillin/streptomycin. All drug treatments or 

supplements were made up in RPMI-1640, and all experiments utilizing intact islets were 

conducted on the day after isolation. Note that islets must be provided sufficient recovery 

time from cleaved surface proteins and other stresses of the isolation process before they 

will exhibit normal function. Overnight recovery permits the possibility of transcriptional 

changes that could impact islet function. However, we have observed that islets retain many 

aspects of their in vivo environment in their response to glucose following isolation and 

overnight incubation [31,32].

2.3 Islet cell dispersion

Islets were dispersed into dissociated islet cell cultures following overnight recovery from 

islet isolation. One day prior to islet dispersion, glass coverslips were coated with poly-D-

lysine per manufacturer’s instructions and dried overnight. Islets were dispersed into single 

cells and cultured as described previously [30].

2.4 Intracellular Calcium

Islets were loaded with 1 uM fura-2AM in modified KRB solution containing 134.5 mM 

NaCl, 3 mM CaCl2, 5mM KCl, 2 mM MgCl2, and 10 mM HEPES (pH 7.4); and 0, 2, 4, or 

8 mM glucose. NaCl was reduced proportionally (1:2) to the addition of glucose to maintain 

osmolarity. For each experiment, the glucose concentration for loading fura-2 was the same 

starting concentration for the experiment. Islets were loaded for 30 min at 37 degrees C and 

5% C02 and then transferred to the recording chamber for an additional 10-min. Islets were 

thus exposed to the starting glucose concentration (0, 2, 4, or 8 mM depending on the 

experimental protocol) for ~40 min prior to the start of the recording. Intracellular calcium 

was measured using the ratiometric calcium indicator fura-2 AM as described previously for 

experiments at the University of Virginia [33,34] or Ohio University [35,36].
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2.5 Analysis of intracellular calcium patterns

The Cluster8 pulse detection algorithm was used to detect peaks and nadirs within islet 

calcium traces [37]. Within Cluster8, parameters were chosen appropriately to identify 

pulses while filtering out random pulse-like noise within the traces. The following 

parameters were used: four points required for each peak or nadir, a t-score of two to detect 

an increase or decrease, and a t-score of four to detect outliers. A standard deviation of 0.04 

was used to reduce collection of false positives due to noise. Plateau fractions were 

determined by dividing the time islets and beta-cells were in active phase oscillations by the 

total time recorded. Specifically, the plateau fraction equals the ‘peak width’ estimated by 

Cluster8 divided by peak interval.

The threshold for activation was determined by identifying the lowest glucose concentration 

at which calcium levels increased over basal calcium levels. Since recordings generally 

drifted upward due to gradual fura-2 depletion and other factors, calcium increases that 

followed the basal upward trajectory were also not considered to reach threshold unless at 

least one transient burst of increased calcium was observed (see Figure 1A). A drop in 

calcium was not considered to cross threshold (see Figure 1B). In some cases, activity was 

considered at threshold in the initial glucose condition (0, 2, or 4mM) if transient increases 

in calcium above basal levels were observed (see Figure 1D).

To identify beta-cells within dispersed islet cell cultures, we looked for some form of 

increase in calcium in response to increased glucose load. Such responses to glucose include 

an increase in fura-2 ratio, an increase in oscillation amplitude, or an increase in plateau 

fraction. We also identified cells with an inverse calcium relationship to glucose as putative 

alpha-cells and cells with small intermittent calcium transients at all glucose concentrations 

as putative delta-cells (see Sections 3.6 and 4.5 for additional details).

2.6 Insulin staining

Islet cells on glass coverslips were fixed in 4% paraformaldehyde for 20 min, washed in 

PBS, permeabilized with 0.5% Triton for 10-min and maintained in PBS. Samples were 

wrapped in parafilm to avoid evaporation until they were stained. Insulin and glucagon 

staining were performed using an anti-insulin antibody (Abcam, #ab7842, guinea pig 

polyclonal to insulin, IgG isotype) and anti-glucagon antibody (Abcam #ab10988, mouse 

monoclonal to glucagon, IgG1 isotype) at a 1/200 dilution using the manufacturer’s 

protocol.

2.7 Data analysis

A two-tailed or paired Student’s t-test was used for all other comparisons unless stated 

otherwise. A Fisher Exact test (2×2 contingency) was used to compare the percentages of 

oscillating vs. non-oscillating islets and beta cells and for threshold of activation for islets 

vs. dispersed beta-cells.
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3. Results

3.1 Intracellular calcium patterns of intact islets had finely tuned responses to glucose.

The oscillatory patterns of intact islets displayed the precise modulation to glucose 

concentration that has been well reported in the literature [38–42]. We demonstrated this 

precision by examining responses to steps of 6 mM glucose. As shown in Figure 1, islet 

intracellular calcium was quiescent in low glucose, whether runs were started at glucose 

concentrations of 0 or 2 mM. Islets were then stepped to two additional glucose 

concentrations in three sequential experiments as follows: Protocol A: 0 to 6 to 12 mM, 

Protocol B: 2 to 8 to 14 mM, and Protocol C: 4 to 10 to 16 mM. This was done to determine 

at which concentration of glucose islets displayed oscillatory calcium activity and 

demonstrated the precision regulation involved in insulin release.

As shown in Figure 1A, when glucose was stepped from 0 to 6 mM 37% of islets (40 out of 

108 islets) responded with a large amplitude first-phase spike in calcium and a mildly 

elevated plateau following the spike (second-phase response). Calcium increased further 

from 6 mM to 12 mM glucose, resulting in oscillations in calcium and a higher baseline 

calcium level. As shown in Figure 1B, 62% of islets (68 out of 108) did not show an increase 

in calcium in response from 0 to 6 mM glucose stimulation, although a decrease in calcium 

was observed. This calcium drop is consistent with metabolically-induced sequestration of 

calcium into the endoplasmic reticulum observed in rodent [43–45] and human islets [46], 

but without a sufficient enough metabolic increase in some instances to trigger KATP-channel 

closure and subsequent increase in calcium influx and insulin release. This dip was not 

considered a response. 100% of islets that did not show a spike at 6 mM became active 

following the step from 6 to 12 mM glucose (Figure 1B). Steps from 2 mM glucose to 8 mM 

produced a first-phase spike (Figure 1C), and steps from 4 to 10 mM glucose produced the 

characteristic second-phase plateau 100% of the time (Figure 1D–E). Steps to still higher 

glucose resulted in oscillations of larger size (Figure 1C), as observed by increased 

amplitude and/or plateau fraction, or a continuous plateau of elevated calcium (Figure 1D–

E) in all of the islets tested. 29% of islets in Figure 1D displayed oscillatory activity in the 

starting glucose concentration of 4 mM. These islets were derived from 2 of the 8 mice; only 

one other islet showed such activity among all islets recorded from the other 6 mice.

3.2 Dispersed islet cells displayed a mix of responses to glucose stimulation.

We next looked at dispersed beta-cells that were generated from islets isolated from the 

same mice used to produce the data shown in Figure 1. After dispersion and overnight 

recovery, intracellular calcium measurements were made as described for Figure 1. A subset 

of these cell preparations was stained for insulin and glucagon in order to estimate the 

expected percentage of beta cells in each preparation. In Figure 2, 71 islet cells or cell 

clusters are displayed in a brightfield image (Figure 2A) in which 56 cells or cell clusters 

stained positively for insulin are green (Figure 2B), and 4 stained for glucagon are red 

(Figure 2C). Using several of these images, we estimated that the vast majority (>90%) of 

the recorded cells were isolated beta cells or else clusters containing beta cells along with 

other islet cell types.
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3.3 Dispersed islet cells had a broader range of activation thresholds for calcium activity.

Dispersed islet cells showed much more variable responses to glucose stimulation than 

islets. In these recordings, calcium activity is defined as a glucose-dependent increase in 

intracellular calcium between glucose steps or calcium fluctuations observed in the lowest 

glucose condition for that cell. About 10% of beta cells were active in 2mM glucose (Figure 

3A, representing 29 of 263 cells), whereas ~25% of dispersed beta cells showed no activity 

at 8mM glucose (Figure 3B, representing 67 of 263 cells). In contrast, not a single intact 

islet showed activity in 2 mM glucose out of 118 tested, but 100% of 118 islets tested were 

active in 8mM glucose. These data show that there is a broader range of glucose sensitivities 

among dispersed beta cells as compared to intact islets.

Note that the cell in Figure 3B displays a sustained drop in calcium in going from 2 to 8mM 

glucose. Because this response results in lower, not higher, calcium, it is not considered to be 

a response that would drive insulin secretion. In stepping from 8 to 14 mM glucose, this cell 

shows a strong increase in calcium, so this cell is considered active in 14 mM glucose. Had 

this cell not responded with an increase in calcium from 8 to 14 mM glucose, this cell would 

have been considered a non-beta-cell and would have been excluded from analysis.

Dispersed beta cells also did not always show altered responses when glucose was stepped. 

As shown in Figure 3C, this representative example had robust calcium oscillations in 4mM, 

10mM, and 16mM glucose, without substantial change in period, amplitude, or plateau 

fraction. Approximately one third of beta cells produced a pattern that could be categorized 

as “not modulated” by glucose between 6mM glucose steps. Note that only a small number 

of cells (~8%) showed no change in calcium pattern across two 6mM steps (a 12 mM 

range); most not-islet-like cells were quiescent in the starting glucose concentration, 

responded to the first step, and showed no apparent change in pattern during the second step. 

As shown in Figure 3D, a subset of beta cells showed islet-like behavior, meaning that 

calcium levels and/or calcium oscillations displayed glucose-dependent changes in activity 

similarly to islets. This representative beta cell was quiescent in 4mM glucose, showed a 

distinct biphasic response to 10mM glucose and had robust oscillations in 16mM glucose.

One last category that we defined as “Other” included islets that decreased their activity as 

glucose was increased or that showed other unusual patterns of activity (see Figure 8). Cells 

that completely lacked calcium activity of any sort were excluded to avoid the possibility of 

including obviously sick or dead cells in the analysis.

We combined calcium traces from islets isolated from several mice to produce an “aggregate 

islet response” constructed from ~40 islets per mouse (range, 27–53 islets). Likewise, we 

combined all the dispersed beta-cell calcium traces (after excluding completely non-

responsive cells) derived from several mice, totaling approximately 100 dispersed islets from 

each mouse (range, 65–153 cells). As shown in Figure 4A–C, the aggregate islet response 

produced similar responses to mean islet cell responses in terms of glucose sensing for each 

of the three sets of glucose steps. The calcium responses of dispersed islet cells to glucose 

were generally higher than those seen in intact islets, although this was statistically 

significant only for first-phase responses to 8 mM glucose (Figure 4B).
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We combined the data from the three sets of glucose stimulations to produce a glucose dose-

response curve of mean calcium responses, with 2 mM glucose intervals ranging from 0 to 

16 mM glucose. To adjust for differences between islets and beta-cells in terms of the 

amplitudes of their respective calcium responses, we normalized mean calcium levels per 

mouse as a percent of the values we observed in response to 16 mM glucose. This accounts 

for increased dye penetration in individual islet-cells which can impact the recorded calcium 

levels. As shown in Figure 4D, islets and dispersed beta-cells had very similar glucose 

sensitivities, with no significant differences noted across the entire glucose dose-response 

curve. We also examined the threshold for activation (the lowest glucose concentration for 

which islets or beta-cells displayed baseline calcium increases, spikes, or oscillations). As 

shown in Figure 4E, the threshold for glucose-stimulated calcium activity for islets was 

generally between 4 and 8 mM glucose. All islets lacked activity at 2 mM glucose and 

below. In contrast, 3% of dispersed islet cells displayed some sort of calcium activity in 0 

mM glucose and ~20% in 2 mM glucose. A majority of islets and beta cells reached the 

threshold for activation at 4–6 mM. While 100% of islets were active at 8 mM glucose and 

above, 100% activation of individual beta cells was not achieved until 12 mM glucose was 

applied (Figure 4E).

When viewed at a mouse-to-mouse level, these differences are even more evident. As shown 

in Figure 4F, islet calcium responses are plotted for each of the 8 CD1 mice used as a source 

of pancreatic tissue. Islets from 2 mice activated at fairly low glucose concentrations, with 

no active islets in 2 mM glucose, but nearly all islets active in 4 mM glucose. Islets from 2 

mice became active between 4 and 6 mM glucose, and islets from 4 mice became active 

between 6 and 8mM glucose (Figure 4F). In contrast, the threshold for activation among 

dispersed beta cells from these same 8 mice was not nearly as sharp. Cells from all 8 mice 

showed some activity in 2mM glucose, and beta cells from only one mouse reached 100% 

activation by 8 mM glucose. In fact, the shift in glucose needed to go from <25% active to 

>75% activity was 2.25 +/−0.27 mM glucose for islets and 5.50 +/− 0.67 mM glucose for 

beta cells (P<0.001). Our data show there is a much broader range of glucose sensitivities 

among dispersed beta cells that are uncoupled compared to those of intact islets.

3.4 Mathematical modeling of glucose dose-response curves for calcium

We carried out simulations with a simplified model to check whether the population 

behavior we reported in Figure 4D–E can be accounted for by a plausible set of assumptions 

about the properties of individual cells and islets. Specifically, we assumed that both 

dispersed cells and intact islets had sigmoidally increasing dose response curves for activity, 

which we identified with normalized calcium, and that the half-activation levels of glucose, 

which determined the threshold, were normally distributed. For simplicity, we assumed that 

the steepness of the sigmoids was the same for all cells and all islets but could differ 

between the two preparations.

Figure 5A shows a sample of randomly generated individual cells with broadly distributed 

thresholds, and Figure 5B shows a random sample of islets. The islets are assumed to have a 

tighter distribution of thresholds than the cells because they benefit from averaging over the 

intrinsic properties of many cells. At the same time the islets are assumed to have shallower 
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dose response curves because they are composed of cells with heterogeneous thresholds, 

which is only partially mitigated by electrical coupling. The net result is that the islets all 

turn on at physiologically reasonable levels of glucose, whereas many cells turn on at very 

low or very high levels of glucose. Figure 5C shows the averaged activity, corresponding to 

the normalized calcium in Figure 5D. The tighter distribution of thresholds for islets 

balances the shallower curves for individual islets to produce a population curve in Figure 

5C that is very similar to that for the individual cells, in agreement with Figure 4D. Figure 

5D shows the percent of responding islets and cells, defined as individual units with activity 

above a threshold level. As in the corresponding experimental plot in Figure 4E, the islet 

curve is markedly steeper than the cell curve. This is because the nonlinear process of 

thresholding, in contrast to the linear process of averaging, is more sensitive to the narrow 

distribution of thresholds for islets than it is to the shallowness of the individual curves.

3.5 Smaller glucose steps confirm uniformity among islets and heterogeneity among 
dispersed beta cells.

To further examine the differential glucose responses of intact islets and dispersed islet cells, 

we studied the actions of much smaller glucose steps by examining calcium responses to 8, 

10, and 12 mM glucose. As shown in Figure 6A, a representative islet in 8 mM glucose 

showed robust pulsatility with a period of ~4-min and a plateau fraction of 46%. When 

glucose was raised to 10 mM, the plateau fraction increased to 65% without much effect on 

period. When glucose was raised to 12 mM, the islet showed a further increase in plateau 

fraction to 90%. The period throughout the recording was 241 +/− 12 sec (265 seconds in 

8mM, 225 seconds in 10 mM, and 235 seconds in 12 mM glucose.

Dispersed islet cells produced a much greater degree of variation compared to islets. As 

shown in Figure 6B, some islet cells displayed oscillations in calcium that persisted without 

any apparent change in their pattern across glucose concentrations. In Figure 6C, the 

representative beta cell shown was oscillatory in 8 mM glucose, produced a broader plateau 

fraction in 10 mM glucose, and displayed a nearly continuous plateau in response to 12 mM 

glucose. The glucose-modulated pattern shown in Figure 6C is more similar to intact islets.

As shown in Figure 7A, period of calcium oscillations of islets on the whole remained 

steady at roughly 5 min, whereas the period of dispersed islet cells was significantly greater 

(period ~8 – 10 min). This is consistent with our previous published observations [31,47], 

although it should be noted that even we do not always observe slower periods of oscillation 

for beta-cells [16,48], which may be due to complex interactions among multiple types of 

oscillatory processes [49,50]. As shown in Figure 7B, plateau fraction increased markedly 

from 8 to 10 mM glucose for islets and still further in 12 mM glucose, whereas dispersed 

islet cells showed a more attenuated dose-dependent increase in plateau fraction. Similar 

results were reported previously using islets and beta-cells cells isolated from Swiss-Webster 

mice [47].
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3.6 Possible alpha cells, delta cells, and unclassifiable responses within the “Other” 
category.

Approximately one third of islet cells that were sequentially exposed to 8, 10, and 12 mM 

glucose did not follow a pattern that could be easily described. Some cells did not show any 

change in calcium activity (Figure 8A), suggesting that these cells did not reach the 

threshold for activation or that they were completely unresponsive to glucose because of 

either cell type or poor health. Some cells showed patterns that are not typical of beta cells. 

For example, the cell in Figure 8B showed robust oscillations in 8 mM glucose that declined 

in amplitude and or disappeared entirely with increasing glucose. This is consistent with the 

inverse glucose sensitivity of glucagon-secreting alpha cells [51], although it should be 

noted that the inverse glucose sensitivity of alpha cells is not necessarily reflected by the 

changes in intracellular calcium [52]. Another subset of islet cells displayed calcium spikes 

that were too brief to be considered beta-cell-like oscillations (Figure 8C). Such spikes 

might indicate somatostatin-secreting delta-cells, as others have reported [51,53]. Figure 8D 

shows an enigmatic cell that was inactive in 8 mM glucose, displayed elevated calcium 

and/or oscillations in 10 mM glucose, and became inactive again in 12 mM glucose. We 

summarize in Figure 9 the percentage of cells that were classified as putative beta-cells, 

alpha-cells, delta-cells, and “uncertain” among all recordings from 0–16 mM glucose and 8–

12 mM glucose that showed some response (a total of 410 cells). The percentage of beta 

cells that we observed falls within the expected range of islet cell distributions for the mouse 

endocrine pancreas and with previous estimations from pancreatic sections [54] or dispersed 

beta-cell cultures [55].

4. Discussion

Our findings confirm the long-standing observation that individual beta cells display much 

greater heterogeneity in their thresholds for activation by glucose than intact islets. We 

expand upon this observation by providing two important additional findings. First, we show 

that individual beta-cells vary in how finely their activity is tuned or modulated by glucose. 

Second, we show that, in spite of the great heterogeneity we encountered, summing the 

individual activities of many dispersed beta cells closely reproduced the glucose-induced 

calcium responses of intact islets.

4.1 Beta-cell heterogeneity.

The study of beta-cell heterogeneity has received increasing attention over the last several 

years, and ongoing studies have demonstrated that beta-cells exhibit morphological, 

functional and molecular heterogeneity [23,56,57]. It has been demonstrated that single 

beta-cells display a wide range of thresholds for glucose-stimulated insulin release [15,21] 

although the exact reason for such differences is less clear. It is well known that differences 

in relative glucokinase activity can left shift or right shift the glucose threshold for activation 

for islets [28,58,59]. It has been suggested that variations in glucose response among beta-

cells may be due to differences in glucose phosphorylation rather than transport of glucose 

into the cell [60]. It was shown that both high responsive and low responsive beta-cells, 

those with high or low proinsulin biosynthesis and insulin release respectively, express the 

GLUT2 glucose transporter similarly. However, glucokinase mRNA level and glucokinase 
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activity were significantly elevated in the highly responsive beta-cell population [60]. 

Another study demonstrated that when glucokinase is overexpressed using a doxycycline-

dependent transcriptional transactivator in a beta-cell population, 90% of maximal insulin 

release was seen by 6mM of glucose while those cells with normal glucokinase function 

showed 75% of maximal insulin release taking place between 6 and 12 mM glucose, 

indicating that increased glucokinase shifts the threshold to the left [61]. A similar result was 

observed in diabetic islets from db/db mice [58] and rats [62]. The variation in glucose 

thresholds we observed among isolated cells thus may result from differences in glucokinase 

expression, a concept that warrants further study.

Another possible explanation for the differences between isolated beta cells and intact islets 

is gap junctional coupling. Several studies have highlighted the importance of connexin 36 

to islet function [25–27,63,64]. Of particular interest to the present study, Bennginer et al. 

specifically compared islets with and without connexin 36 for differences in glucose dose-

response curves [65]. Similar to our results, the absence of connexin 36 led to an elevation in 

calcium and insulin release in low glucose. However, the increase in beta-cell activity in low 

glucose was much more pronounced for islets lacking connexin 36 compared to what we 

observed for dissociated beta cells. Despite these difference, both studies conclude that cell-

cell communication enhances islet function by reducing the heterogeneous responses of 

constituent beta cells.

4.2 Support from Mathematical Modeling.

Our finding that isolated cells can oscillate but with altered thresholds and dose response 

curves from the islets they composed has been anticipated by mathematical models of 

coupled and uncoupled islets. Smolen et al simulated heterogeneous islets in which a 

number of cell parameters were randomized and found that most cells could oscillate at 

some level of glucose, but only a minority at any given level of glucose [66]. In other words, 

each beta cell has a range of glucose concentrations that permit oscillations, but the upper 

and lower limits of this range may differ markedly from beta-cell to beta-cell. The 

oscillatory range of glucose concentrations that a given beta cell responds to may vary 

greatly, however, the same basic physiological mechanisms appear to govern the responses 

of each beta cell. Those simulations, though at variance with our observations that at some 

glucose concentrations many cells were oscillating, suggested that the oscillatory activity of 

islets is built out of the activity of their component cells and does not require additional 

inputs or specialized pacemaker cells. This is quite different from other excitable tissues, 

such as the heart, which has a spatially localized and electrically isolated pacemaker region 

in the sino-atrial node with distinct physiological properties.

The model based on simple input-output curves shown in Figure 5 further supports the 

hypothesis that individual beta cells have similar oscillatory capabilities as islets but differ 

quantitatively in having a broad distribution of activation thresholds. Those simulations do 

not take into account explicitly the electrical coupling of cells within islets, but the coupling 

is indirectly reflected in the parameters representing steepness of the curves and the width of 

the distribution of the thresholds.
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4.3 Mouse-to-mouse imprinting of calcium patterns.

A key feature that distinguishes this study from previous ones is that we compared single 

cells and islets from the same mouse. Islets from the same mouse exhibit little variation in 

calcium oscillations, but islets of different mice display greater variation, a phenomenon 

known as “islet imprinting” [31]. It has been argued that each islet from the same mouse 

shares a unique oscillatory signature, a characteristic oscillatory pattern which occurs by 

unknown mechanisms [32]. This phenomenon may have reduced the observed differences 

between islets and beta-cells in our study and made it easier to discern the similarities 

between the two.

4.4 Hub Cells

Previous work has argued that highly connected cells known as “hubs,” constituting 1 – 10% 

of the beta cells in an islet, are responsible for controlling insulin release throughout the 

islet, and that silencing those cells can shut down islet oscillations [28]. Disruption to a 

different kind of specialized beta cell with high levels of glucokinase was shown in islet 

simulations to similarly shut down islet oscillations [24]. Our study argues against this 

hypothesis, as we found that the majority of the dispersed beta-cells were still capable of 

producing calcium oscillations in response to glucose independent of coupling to other cells. 

Note that single cells differed from each other and from the islets they came from with 

regard to the range of glucose at which they were active; at any given level of glucose, only a 

minority of cells may have had oscillations. Nonetheless when combined, these cells 

produced a collective calcium response to glucose stimulation that is quite similar to the 

responses from intact islets. One key difference between our study and that of Johnston et al. 

is that our studies were conducted a full day after dispersing islets into individual islet cells 

and small cell clusters, whereas ablating a hub cell has an immediate impact [28]. It is thus 

possible that islet behavior is dominated by hubs on short time scales, but that many beta-

cells possess the glucose-sensing capacity to emerge as new hubs over time. If this is the 

case, islets would be resilient to the loss of hub cells.

4.5 The Importance of ‘Islet-Like’ Beta-Cells

The two main patterns we observed represent coarse and fine-tuned sensitivities, 

respectively, to glucose with direct relevance to current attempts to derive functional beta-

cells from pluripotent stem-cells and other precursor cells [67–69]. To date, there have been 

numerous successes in creating insulin-producing cells [70,71], but there is substantial 

variability in glucose sensitivity. There are two key elements to deriving an ideal beta-cell-

like cell line: 1) the capacity to produce and secrete insulin and 2) the ability to secrete 

insulin proportionally to glucose load. It is the latter element that is more difficult to achieve 

at the single-cell level. Glucose-stimulated changes in intracellular calcium can be used as 

an indicator for glucose-stimulated insulin secretion, although there is not always a perfect 

correlation between the two [72–74]. Novel approaches have already been developed to 

identify insulin-producing cells and other islet cell types based on calcium responses to 

glucose stimulation [75]. In addition, sophisticated computer software has recently been 

developed to help to identify key features of beta-cell calcium responses to glucose 

stimulation for potential use in determining the most “beta-cell-like” stem-cell-derived cell 
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lines with regard to function [76]. The present study suggests that those are beta-cells that 

possess the same sort of fine-tuned modulation of glucose responses as intact islets. 

Moreover, this study suggests that electrically coupling cells, while desirable, may not be 

essential. Stem cells with these “glucose-modulated” responses, in addition to producing 

insulin, should be viewed as ideal targets for development as therapeutics.

The use of glucose-stimulated calcium measurements may also be valuable in identifying 

and characterizing other islet cell types, particularly alpha and delta-cells. We identified a 

number of cells, for example, that showed an inverse response to glucose stimulation, which 

we identified as putative alpha cells. We also observed a small number of cells displaying 

brief sharp calcium spikes or transients that occurred intermittently regardless of glucose 

concentration, which we attributed to somatostatin-secreting delta cells. These observations 

are consistent with previous observations of alpha-cell and delta-cell calcium patterns 

[53,75]. We note, however, that these assumptions have not been confirmed by 

immunostaining to positively identify the cell type. This issue is discussed in Section 4.6.

4.6 Limitations

There are limitations to this study that should be noted. First, we did not examine the activity 

of individual cells within islets. The entire islet was recorded as a single region of interest. 

Therefore, we are unable to determine whether the sharper threshold for activation in islets is 

due to activation of all beta cells by hub cells [24,28,77], a product of gap junctional 

coupling [27,63,64], a gradual recruitment of beta-cells based on glucose sensitivity 

[78,79,56], or some combination of these. However, our data from dissociated beta-cells 

suggest that the continuum of calcium responses to glucose average out to be similar to the 

response of an intact islet. Cell-to-cell communication appears to sharpen this response.

A second concern is that we identified islet cell types by their physiological responses to 

glucose stimulation without definitively identifying recorded cells by immunostaining. 

There is some concern that cells active in 0, 2, or 4 mM glucose, in particular, could be 

misidentified as beta-cells. We did, however, stain for insulin and glucagon in a subset of our 

studies in order to identify beta-cell populations. We found that 69% of cells/clusters were 

exclusively insulin positive (209 of 305), and 15% were stained for glucagon (29 of these 46 

cells also stained for insulin within the same small cluster). Thus, 78% of cells/clusters 

contained some amount of insulin staining (in line with 77% reported as beta-cells by 

calcium response). Glucagon-only-stained cells were ~6% (in line with the 5.3% reported by 

calcium response). An additional 50 cells (16%) did not stain for insulin or glucagon; these 

could be delta cells or other pancreatic cells that may or may not be glucose-responsive. The 

cells identified by calcium response as delta cells (2.7%) or uncertain (14.8%) are very close 

to the estimate of 16% ‘unlabeled’ (not stained) among cells co-stained for insulin and 

glucagon. These represent remarkably similar estimates of islet cell type by two different 

methods.

It is still possible that some cells may have been mislabeled based on calcium responses to 

glucose. Because alpha cells appear to lose glucose-induced inhibition when contact with 

beta-cells is lost [80], our method of identifying alpha cells may not be accurate, especially 

among putative alpha cells that are not in contact with insulin-positive cells. However, our 
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estimates of cell type percentages appear to be reasonably in line with several other studies 

involving calcium imaging [29,42,75]. Overall, based on the similar percentages of cell 

types identified by physiology vs. immunohistochemistry and the literature, the number of 

misidentified beta cells is likely low.

5. Conclusion

Aristotle’s concept, “The whole is greater than the sum of its parts”, is particularly apropos 

to the pancreatic beta-cell, which secretes insulin in response to glucose stimulation at the 

single-cell level, but functions differently when incorporated into an islet. Our data suggest, 

however, modifying this dictum to “greater, but not much greater”. We have shown that (1) 

beta-cells are heterogeneous in their calcium responses to glucose stimulation, (2) despite 

this heterogeneity, the summation of many dispersed beta-cells produces an aggregate 

response similar to that of the intact islet, and (3) a subset of beta-cell appears to have nearly 

the degree of fine-tuned glucose sensitivity as in the intact islet. These glucose-modulated 

beta-cells may hold the key to designing de novo better cells for beta-cell replacement.
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Highlights

• --When removed from intact islet structures, insulin-producing beta-cells are 

heterogeneous in their calcium responses to glucose stimulation.

• --The summation of responses from many dispersed beta-cells produces an 

aggregate response similar to that of the intact islet.

• --A subset of beta cells possesses the fine-tuned glucose sensitivity found in 

the intact islet.

• --Islets from the same mouse have similar glucose responses, but islet 

responses to glucose differs widely from mouse to mouse in vitro.
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Figure 1. 
Islet calcium patterns during 6mM glucose steps. (A-D) Islets were quiescent for all starting 

steps of 0, 2, or 4 mM glucose. (A) When stepped from 0 to 6mM glucose, 37.5% (40 out of 

108) of islets showed a first phase spike and mildly elevated plateau following the spike (B) 

62.5% (68 out of 108) of islets did not become active until the second step from 6 to 12mM 

glucose. (C) 100% of islets (161 out of 161) starting at 2 mM glucose were quiescent and 

became active for steps to 8mM and then to 14mM glucose. (D-E) 29% of islets starting in 

4mM glucose displayed oscillations during this starting glucose step and 71% were 

quiescent. All islets starting in 4mM glucose responded to both the first 6mM step and again 

to the second 6mM step, indicating a high degree of glucose sensitivity across this range of 

glucose concentrations.
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Figure 2. 
Dispersed islet cells are majority beta-cells. (A) Example of brightfield image of a field of 

islet cells prior to recording calcium. (B) Same field of cells imaged for 

immunofluorescence for insulin staining (green). (C) Same field of cells imaged for 

immunofluorescence for glucagon staining (red). Among 305 cells examined, 209 were 

stained for insulin (69%), 46 stained red for glucagon (15%: 29 of 46 were in contact with 

insulin stained cells as clusters), and 50 did not stain (16%).
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Figure 3. 
Individual islet-cells show variations in calcium patterns during 6mM glucose steps. A) 

Example of a beta-cell with a low threshold of activation with calcium oscillations appearing 

at 2mM glucose and continuing to 14mM glucose with changes in calcium in a dose-

dependent manner. (B) Example of a beta-cell with a high threshold of activation with 

calcium oscillations appearing only at 14mM glucose. (C) Example of a beta-cell which 

demonstrate no dose-dependent changes in calcium level with changes in glucose 

concentration. (D) Example of a dispersed beta-cell that was quiescent in 2mM and 4mM 

glucose and became active by the second step to 14 mM and 16mM glucose and displayed a 

dose-dependent increase in calcium level and activity from each step. This is similar to the 

patterns demonstrated in intact islets
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Figure 4. 
Aggregate islet calcium is remarkably similar to aggregate islet-cell responses. (A-C) 

Average fluorescence from beta-cells (dashed) and islets (solid) for (A) 0→6→12G, (B) 

2→8→14G, (C) 4→10→16G (G = mM glucose). Mean data from N=8 mice for each 

panel. (D) Mean fluorescence level for islets and dispersed beta-cells in panels A – C pooled 

and normalized to response at 16 mM glucose as 100%. (E) Threshold for activation for 

islets and dispersed beta-cells in panels A – C pooled. P<0.05, **P<0.01, N.S. = not 

significant. (F-G) Threshold for activation for islets (F) and beta cells (G) presented for each 

of 8 individual mice.
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Figure 5. 
Mathematical model of beta-cell and islet responses to glucose concentration. Activity 

(“normalized Ca”) is modeled as sigmoidal function of glucose, f(G) = 1/(1 + exp((θ − G)/

k)), with threshold θ and scale factor k; θ is distributed normally with mean μ and standard 

deviation σ. (A) Randomly generated individual beta-cells with a broad distribution of 

thresholds (μ = 11 mM, σ = 4 mM) and k = 1 mM. (B) Randomly generated islets with a 

tighter distribution of thresholds (μ = 11 mM, σ = 1.2 mM) but shallower response curves 

than isolated cells due to heterogeneity within each islet (k = 2 mM). (C) Average activity of 

the islets and individual beta-cells from A, B. (D) Percentages of islets and individual beta-

cells from A, B with activity above 0.4.
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Figure 6. 
Smaller steps reveal much more sophisticated modulation of responses in islets compared to 

dispersed beta-cells. (A) Example of an intact islets displaying glucose-induced changes in 

oscillatory intracellular calcium activity with each 2-mM glucose step from 8 to 10 and from 

10 to 12mM. (B) Example of an oscillatory pattern in a dispersed beta-cell that appear 

unaffected by the same 2mM step changes in glucose which is considered non-glucose 

sensitive. (C) Example of oscillatory calcium activity of an individual beta-cell that glucose 

sensitive and is more in line with islet calcium patterns.
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Figure 7. 
Differences in small step oscillations. (A) Period of oscillatory activity for each glucose step. 

(B) Plateau fraction of oscillatory activity for each glucose step.
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Figure 8. 
Other types of cell responses to glucose. (A) Example of a cell that was not active within the 

range of 8–12 mM glucose. (B) Example of a putative alpha cell response to glucose. (C) 

Example of a putative delta-cell response to glucose. (D) Example of an enigmatic form of 

glucose sensitivity.
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Figure 9. 
Estimate of the percentage of each islet cell type based on calcium responses as described 

for the 410 cells remaining after eliminating non-responsive cells shown in Figure 8.
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