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SUMMARY

Histopathological heterogeneity in the human pancreas is well documented; however, functional 

evidence at the tissue level is scarce. Herein, we investigate in situ glucose-stimulated islet and 

carbachol-stimulated acinar cell secretion across the pancreas head (PH), body (PB), and tail (PT) 

regions in donors without diabetes (ND; n = 15), positive for one islet autoantibody (1AAb+; n 
= 7), and with type 1 diabetes (T1D; <14 months duration, n = 5). Insulin, glucagon, pancreatic 

amylase, lipase, and trypsinogen secretion along with 3D tissue morphometrical features are 

comparable across regions in ND. In T1D, insulin secretion and beta-cell volume are significantly 

reduced within all regions, while glucagon and enzymes are unaltered. Beta-cell volume is 

lower despite normal insulin secretion in 1AAb+, resulting in increased volume-adjusted insulin 
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secretion versus ND. Islet and acinar cell secretion in 1AAb+ are consistent across the PH, PB, 

and PT. This study supports low inter-regional variation in pancreas slice function and, potentially, 

increased metabolic demand in 1AAb+.

In brief

Drotar et al. investigate inter-regional variation in islet and acinar cell function using live pancreas 

slices from donors without and with type 1 diabetes (T1D). Endocrine and exocrine secretion are 

similar across the head, body, and tail regions. T1D insulin secretion is impaired, while exocrine 

secretion is preserved.

Graphical Abstract

INTRODUCTION

In type 1 diabetes (T1D), islet infiltration is lobular yet intermittent.1,2 Recent efforts have 

demonstrated that alpha cells3–5 and the exocrine compartment6–8 may also be impacted 

during T1D pathogenesis. Indeed, aberrant glucagon levels were described in individuals 

with T1D,9–11 and hypoglycemia-induced alpha-cell failure was proposed as a possible 

mechanism.3 Notably, overall pancreas weight/volume is decreased in individuals with T1D, 

those without diabetes who are positive for islet autoantibodies (AAb+), and healthy first-

degree relatives of patients with T1D.12–16 Serum trypsinogen and lipase levels are also 

significantly decreased, within the low end of the normal reference range, in individuals with 
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pre-T1D as well as in those with recent-onset and established T1D.17,18 Whether this is due 

to a reduced number of acinar cells,7 individual acinar cell size,6 or an intrinsic functional 

defect is unclear.

Extensive characterization of pancreata from individuals with no diabetes (ND) has unveiled 

differences in islet size, cellular composition, and density across the three main regions 

of the organ.19–22 Specifically, large islets contain increased proportions of alpha cells, 

whereas small islets are almost exclusively comprised of beta cells.19 Alpha- and beta-cell 

frequencies are reduced in the pancreas head (PH) compared to the pancreas body (PB) 

and tail (PT) due to increased numbers of PP (pancreatic polypeptide)-secreting cells 

in the uncinate process within the PH.21 Islet density is similar within the PH and PB 

yet significantly increased in the PT.22 The functional relevance of these morphological 

differences across the organ is still unclear, and whether pancreatic heterogeneity plays a 

role in T1D development remains to be investigated.

Human pancreas tissue function is difficult to study, and most of our knowledge is 

based on systemic measurements of serological markers in response to standardized tests. 

Understanding of human islet biology and pathophysiology has increased dramatically 

in recent decades with improved access to human pancreas tissues via the Network 

for Pancreatic Organ Donors with Diabetes (nPOD),23,24 the Human Pancreas Analysis 

Program, and the Integrated Islet Distribution Program.25 Isolated islet preparations from 

ND donors are widely used to assess islet function yet lack information regarding the local 

microenvironment. Moreover, islet isolation from T1D pancreata is challenging and biased 

toward islets that survive the isolation process.26 Biopsy studies (e.g., laparoscopically 

procured tissue from PT in DiViD) could provide a localized source of islets; however, 

such studies have been extremely limited by complications.27,28 Alternative approaches, 

such as live tissue slice preparation, now enable investigation of islets within their 

tissue environment from T1D, AAb+, and ND donors.29–32 Pancreas slices retain tissue 

architecture with islets surrounded by acinar cells,33 preserved vasculature,31,34 and 

extracellular matrix,35 facilitating the investigation of the collective function of endocrine 

cells and acinar tissue simultaneously.

We hypothesized that the reported differences in islet density and composition among 

the three pancreas regions20,21 might influence islet and acinar cell secretion. We thus 

performed an extensive functional study of the three pancreatic regions in humans by 

investigating the release of insulin, glucagon, amylase, lipase, and trypsinogen using live 

pancreas tissue slices. We characterized islet function and volume as well as acinar cell 

function, all averaged across 8–12 slices per region from the PH, PB, and PT of each donor: 

15 ND, 7 single AAb+ (1AAb), and 5 recent-onset T1D (disease duration <14 months) 

(Table S1; Figures S1A–S1G).
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RESULTS

Similar hormone secretion, islet composition, and enzyme secretion across PH, PB, and 
PT in human ND pancreas

Hormone release was assessed in freshly prepared tissue slices from the PH, PB, and 

PT of 15 ND donors. Glucose stimulation of live pancreas slices elicited the expected 

two-phase insulin secretion kinetics in all three regions at both medium (5.5 mM) and 

high (11.1 mM) glucose concentrations, referred to as 5.5G and 11.1G, respectively, as 

well as following membrane depolarization (30 mM KCl) (Figure 1A). Quantifying insulin 

responsiveness to all applied stimuli (glucose or KCl) showed a similar secretion output 

in slices prepared from the different regions (Figures 1B–1D). Glucagon secretion was 

measured at the same time points as insulin and normalized to the 5.5G step in order to 

investigate both the stimulatory and suppressive effects of glucose (Figure 1E). Glucagon 

release in response to decreases in glucose concentration (5.5G to 1G or 11.1G to 1G) and 

KCl were comparable across all regions (Figures 1F–1I), with no regional difference in the 

suppression of glucagon release upon high glucose infusion (Figure 1G).

After functional assessment, we employed whole-slice 3D morphometric analysis to 

quantify total insulin and glucagon volumes from islets, clusters, and single cells in 7 

ND pancreata. Overall, slice tissue volumes used for perifusion and 3D morphometric 

quantification were comparable across the three regions from ND (Figure 1J). Whole-slice 

3D morphometric analysis demonstrated similar islet density and endocrine volume across 

the PH, PB, and PT in ND (Figures 1K–1N). Insulin contributed 70%–80% to the observed 

endocrine volume in all ND pancreas regions (Figure 1O).

We also investigated acinar cell secretory function using adjacent slices from the same 

donors and regions, comparing pancreatic amylase, lipase, and trypsinogen release. Under 

basal conditions, similar secretion of all three enzymes was observed across the PH, 

PB, and PT (Figures 1P–1R). Upon stimulation with 10 μM carbachol, a widely used 

stimulus of acinar cell secretion,33 secretion of all pancreatic enzymes increased ~10-fold, 

yet stimulated enzyme levels did not significantly differ across regions (Figures 1S–1U). 

Altogether, these data indicate that in ex vivo pancreas slices, islets and acinar cells have 

similar secretion responses, independent of the region of origin within the ND pancreas.

Diminished insulin and normal glucagon secretion across all pancreatic regions in recent-
onset T1D

We next investigated whether T1D might differentially affect islet cell secretion within 

the PH, PB, and PT. Insulin responses in slices from the 1AAb+ group were similar to 

ND in all pancreas regions (Figures 2A–2I, S2A–S2E, orange lines, and S3A–S3E). In 

comparison to control and 1AAb+ groups, glucose-stimulated insulin secretion (GSIS) was 

dramatically diminished in all 5 recent-onset T1D cases investigated, with loss of the 

typical two-phase insulin response3,29 (Figures 2A–2I and S2A–S2E, red lines). Specifically, 

two donors had undetectable insulin secretion (Figures S3F–S3J). Overall, there were no 

significant differences in insulin responsiveness across the regions in T1D. Furthermore, 

upon baseline normalization, insulin responses to 5.5G were completely lost in slices from 
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all pancreas regions. Interestingly, 2/5 cases with T1D still showed weak 11.1G peaks 

(Figures 2D–2H and S3I). Moreover, some slices from 3 donors with recent-onset T1D 

exhibited a near-normal response to KCl (Figures 2D–2F and 2I), but the responsive region 

varied for each case (Figure S3J). Altogether, these data suggest reduced glucose sensitivity 

and preserved insulin secretion capacity in these donors.

Glucagon secretion was measured in the same slices (Figures 2J–2O). Absolute amounts 

of glucagon release were variable (Figures 2J–2L); however, after normalization to the 

5.5G baseline, glucagon responses to changes in glucose concentrations did not differ 

significantly across disease groups (Figures 2M–2S and S2F–S2K) or pancreatic regions 

(Figures S3K–S3V).

Preserved acinar cell function at T1D onset

Similar to ND, we measured pancreatic enzyme release in slices from each region of 1AAb+ 

and recent-onset T1D groups. Basal release of pancreatic amylase, lipase, and trypsinogen 

was comparable in slices from 1AAb+, T1D, and ND pancreata across all regions (Figures 

3A–3C). Following carbachol stimulation, enzyme secretion increased ~10-fold across all 

regions in the 1AAb+ and T1D groups (Figures 3D–3F), with a decreased lipase response 

in the PH in the T1D group (Figure 3E). The stimulation index was similar across disease 

groups and pancreatic regions (Figures 3G–3I).

Decreased endocrine and beta-cell volume across the pancreas at T1D onset

To assess the relationship between endocrine mass and function at T1D onset, we performed 

a 3D morphometric analysis of perifused slices. Slices prepared from PH, PB, and PT of 7 

ND, 5 1AAb+, and 5 recent-onset T1D pancreata had similar overall volumes (Figure 4A). 

The endocrine cell volume (sum of insulin and glucagon) was significantly decreased in both 

1AAb+ and T1D (Figure 4B) due to a significant reduction of beta-cell volume together with 

normal alpha-cell volume in the PH and PB (Figures 4C and 4D). Islet density appeared to 

be lower in 3 cases with T1D as compared to ND but did not reach statistical significance 

(PH, p = 0.2290; PB, p = 0.3115; PT, p = 0.3666) (Figure 4E). While total endocrine cell 

volume was not significantly reduced in the PT, we found a reduced beta-to-alpha cell ratio 

in the PT of donors with T1D (Figures 4F–4H).

Next, we used the volumetric data to normalize hormone secretion to investigate insulin 

secretion in the remaining beta-cell volume within the slices (Figures 4I–4K). In all pancreas 

regions, beta-cell volume-normalized insulin secretion was diminished in T1D slices, 

particularly upon 11.1G stimulation (Figures 4L–4O). In contrast, with beta-cell volume 

decreased in 1AAb+ slices (Figure 4C), while overall secretion was preserved (Figures 2A–

2I), the volume-adjusted insulin secretion appeared to be amplified in some 1AAb+ slices 

when compared to ND (Figures 4I–4K). Interestingly, one subject with 1AAb+ showed an 

inverted pattern of insulin secretion at 5.5G stimulation, with an increase during the second 

phase of insulin release. Importantly, none of the 1AAb+ cases investigated herein showed 

signs of dysglycemia, as serum HbA1c and C-peptide levels were normal (Figure S1). We 

also used alpha-cell volumes to normalize glucagon secretion within the same slices. When 

adjusted to the glucagon+ alpha-cell volume, glucagon secretion was consistent across all 
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regions in ND and 1AAb+ (Figures 4P–4R). PT slices of recent-onset T1D showed slightly 

increased alpha-cell volume-normalized glucagon release (Figure 4R) but did not reach 

significance in our analysis (Figures 4S–4V).

DISCUSSION

Herein, we performed an extensive functional study on islet and acinar cells across the three 

human pancreas regions in ND, 1AAb+, and recent-onset T1D. To date, we are aware of 

only one study that compared GSIS in isolated islets from the PH + PB versus the PT.20 Our 

results from living tissue slices confirm that two-phase insulin release is similar across these 

pancreatic regions in ND,29,36 finding analogous results for glucagon and pancreatic enzyme 

secretion in this comprehensive investigation of endocrine and exocrine function within the 

same tissues. Specifically, despite known developmental, morphological, and histological 

differences across the main pancreatic regions (e.g., proportions of beta, alpha, delta, or PP 

cells),20–22 we observed similar hormone secretion and enzyme release across the PH, PB, 

and PT of ND.

3D morphometrical analysis indicated similar endocrine cell mass, composition, and islet 

density across regions. These results differ from previous histologic studies on ND human 

pancreata reporting increased islet density in the PT and diminished frequencies of alpha 

and beta cells in PH.20,21 These disparities could be explained by human donor variability 

or by differences in scale. Histological cross-sections are thin (4–5 μM) but cover a large 

tissue area (80–100 mm2).37 Using tissue slices of 120 μm thickness, we have evaluated 

a smaller surface area but increased volume (~1 mm3/slice). A recent 3D whole-pancreas 

imaging study reported uniform distribution of insulin volumes across pancreas regions.38 

Nevertheless, such studies are scarce, highlighting the need to improve our understanding of 

whole-pancreas islet distribution in 2D versus 3D.

We hypothesized that during T1D pathogenesis, some regions might exhibit a greater 

degree of dysfunction than others based on the well-recognized phenomenon of inconsistent, 

lobular patterns of immune infiltration and islet destruction.2 While limited to 1AAb+ 

cases (six GAD+ [glutamic acid decarboxylase] and one mIAA+ [insulin]), this is a leading-

edge study investigating islet and acinar cell function in slices from AAb+ cases, who 

are considered to have increased T1D risk.39,40 Absolute and baseline-normalized insulin 

secretion from 1AAb+ slices were similar to ND in all regions. Insulin volume, quantified 

by 3D morphometry of perifused slices, was significantly decreased in 1AAb+ PH and PB; 

hence, the adjusted insulin release was increased in all regions from this group, perhaps 

suggesting an adaptation to a higher workload to maintain glycemic control. One 1AAb+ 

case showed increased second-phase insulin release when stimulated with 5.5G, suggesting 

that changes in secretion dynamics might precede functional beta-cell failure. Interestingly, 

it was previously shown that some individuals with 1AAb+ present signs of beta-cell 

dysfunction years before T1D diagnosis,41 but whether or when our 1AAb+ donors would 

have developed T1D is unknown.

In recent-onset T1D (<14 month duration), we observed a dramatic loss of GSIS across 

all regions, concomitant with significantly reduced insulin+ beta-cell volume in the PH 
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and PB. While insulin volume was not significantly decreased in the PT, significant 

changes in the alpha- and beta-cell mass proportions were observed in T1D versus ND 

slices. Interestingly, the KCl response was preserved in 3/5 cases, suggesting a defect in 

glucose responsiveness rather than insulin production, confirming previous observations.29 

Nevertheless, beta-cell volume-normalized insulin release was dramatically reduced in all 

regions for most donors with T1D, suggesting functional impairment of the remaining 

beta-cell mass. This finding corroborates previous human studies using T1D slices29 but 

differs from those in isolated islets, where residual beta-cells retained features of regulated 

insulin secretion.4,5 These observations could be driven by differences in tissue preparation 

(e.g., mechanical and chemical stressors during isolation, recovery culture times, potential 

selectivity bias toward intact islets), stimuli (amino acids or IBMX [isobutylmethylxanthine] 

versus glucose), and analysis approach (normalization to islet numbers/islet equivalent 

versus baseline/morphometry).

Within these same samples, we found no differences in glucagon secretion or alpha-cell 

volumes across the PH, PB, and PT of ND pancreas, nor across the ND, 1AAb+, and 

T1D groups, suggesting that alpha-cell volume and function are preserved at T1D onset. 

This contrasts with previous reports of dysregulated glucagon secretion from alpha cells 

within tissue slices3 and isolated human islets.4,5 Besides the described methodological 

differences, perhaps most noteworthy is the difference in donor age and diabetes duration—

these previously published studies3–5 investigated islet functionality in older donors with 

established T1D (up to 30 years duration), while most of our donors were diagnosed at 

demise.

The contribution of the exocrine compartment in T1D has more recently gained 

interest, sparked by observations of decreased pancreas size in T1D but also in AAb+ 

and first-degree relatives.12–14,16 Circulating levels of pancreatic amylase, lipase, and 

trypsinogen17,18 and fecal elastase-1 levels42,43 are significantly reduced even before T1D 

diagnosis, but whether this results from an acinar cell functional deficit is not fully 

understood.44 We evaluated acinar cell secretion in ND, 1AAb+, and recent-onset T1D 

tissues and found no significant differences in baseline or carbachol-stimulated secretion of 

pancreatic enzymes across groups or pancreas regions. These results suggest that acinar cell 

secretory function might not be affected and, rather, point to reduced pancreas organ mass—

which is well documented in established, recent-onset, and pre-T1D12,13,16—and reduced 

acinar cell numbers7 as the likely reasons for lower pancreatic enzyme levels during T1D 

progression.17,18 However, factors that cannot be accounted for within our model, such as 

tissue innervation, vascularization, and perifusion, might play a role in the production and 

release of pancreatic enzymes in vivo.

Taken together, our data demonstrate that islet and acinar cell secretion profiles were 

comparable between the PH, PB, and PT. Insulin secretion was dramatically impaired across 

the organ in recent-onset T1D, while alpha- and acinar cell secretion were unaltered in 

1AAb+ and T1D. Further studies are needed on pancreas slices from rare donors with 

pre-T1D (i.e., ≥2AAb+) to characterize the progressive loss of islet function across disease 

stages. Additionally, such functional studies should be expanded to cover larger tissue areas 

and volumes within the pancreas, in combination with high-content tissue imaging or spatial 
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gene expression analyses, for a better understanding of the complete architecture of T1D 

pathogenesis.

Limitations of the study

While we completed an extensive investigation of islet and acinar cell secretion across the 

pancreatic regions in ND, 1AAb+, and T1D, this poses certain limitations. Live tissue slices 

were prepared from one cross-section within each region and therefore might not fully 

reflect biology or pathophysiology across the entire region. To overcome this, we prepared 

40 ± 15 slices from several tissue blocks within each cross-section, and 8–12 slices were 

randomly selected for functional assays to provide an impartial representation of that region. 

We were also limited in the number of pancreata available for research; therefore, exact 

case matching (for age, sex, BMI, HLA [human leukocyte antigen]) was not possible. A 

scarcity of AAb+ donors restricted our ability to perform investigations on tissues from 

individuals with a high risk of developing T1D. For this reason, we conducted these studies 

on every pancreas from the ND, AAb+, or T1D group received by nPOD within the 

past 3 years and only excluded cases with exceptional medical histories (e.g., endocrine 

pancreas tumors, or monogenic diabetes including MODY [maturity-onset diabetes of the 

young]). Of course, organ donor tissues can only provide cross-sectional information. While 

clinical history is provided for each donor, and the medical chart contains an array of 

information used for donor characterization, further investigations and additional diagnoses 

that might facilitate specific research questions (e.g., metabolic phenotyping with glucose or 

mixed-meal tolerance tests or detailed testing for exocrine disease) are not always possible. 

Despite these limitations, the organized procurement of transplant-grade pancreata provides 

an invaluable resource for studying the human pancreas, and we believe that this study gives 

unique insights into islet and acinar cell function in the three anatomical regions of the 

pancreas as well as the early phases of T1D pathogenesis.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Mark A. Atkinson 

(atkinson@pathology.ufl.edu).

Materials availability—This study did not generate new unique reagents or materials.

Data and code availability

• All data reported in this paper will be shared by the lead contact upon request.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this work 

paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All procedures were performed according to the established standard operating procedures 

of the nPOD/OPPC and approved by the University of Florida Institutional Review Board 

(IRB201600029) and the United Network for Organ Sharing (UNOS) according to federal 

guidelines, with informed consent obtained from each donor’s legal representative. Pancreas 

tissue from human donors with or without T1D was procured from the nPOD program 

at the University of Florida (RRID: SCR_014641, https://www.jdrfnpod.org). For each 

donor, a medical chart review was performed, and C-peptide was measured, with T1D 

diagnosed according to the guidelines established by the American Diabetes Association 

(ADA). Demographic data, hospitalization duration, and organ transport time were obtained 

from hospital records. Donor pancreata were recovered, placed in transport media on ice, 

and shipped via organ courier to the University of Florida. The tissue was processed by a 

licensed pathology assistant. Detailed donor information is listed in Table S1.

METHOD DETAILS

Living pancreas tissue slice preparation—Fresh, living tissue slices from organ 

donor pancreata were prepared as previously described.29 Briefly, cross-sections from the 

PH, PB, and PT regions of 27 human pancreata (Table S1) were freshly obtained from 

nPOD (https://npod.org) and placed into separate 100 mm dishes containing ECS (125 mM 

NaCl, 26 mM NaHCO3, 10 mM HEPES, 3 mM glucose, 2.5 mM KCl, 2 mM CaCl2, 1.25 

mM NaH2PO4, 1 mM MgCl2, pH 7.4) supplemented with aprotinin (25 KIU/mL). Small 

tissue pieces approximately 0.5 cm3 in size were cut from the larger cross sections, and any 

remaining connective, fibrotic, or adipose tissue was removed before embedding the pieces 

in low-melting point agarose (3.8%). The agarose solidified at 4°C–8°C and the resulting 

tissue blocks were mounted onto the specimen holder of a semi-automated vibratome. The 

tissue blocks were sliced at a thickness of 120 μm, speed of 0.1–0.2 mm/s, amplitude of 

1 mm, and angle of 15°. Slices were collected in separate dishes containing ECS with 

aprotinin. After slices from all regions were prepared, they were transferred to dishes 

containing Low Glucose DMEM (Dulbecco’s Modified Eagles Medium) supplemented with 

10% FBS, antibiotic-antimycotic solution (1:100 dilution), and 25 KIU/mL aprotinin, and 

placed in an incubator set at 28°C with 5% CO2 for overnight resting.

Dynamic perifusion assay for insulin and glucagon secretion measurement—
Tissue slices were placed in 3mM glucose containing DMEM media supplemented with 3.2 

g/L NaHCO3, 1.11 g/L HEPES, 0.11 g/L sodium pyruvate, 4 mM L-glutamine, pH 7.4, 

0.1% BSA and 25 KIU/mL aprotinin for 2 h, gently rocking. After the 2-h resting period, 

slices from the PH, PB, and PT regions were loaded into separate perifusion chambers (4 

slices/chamber/region) and connected to a perifusion system. Tissue slices were perifused 

at a flow rate of 100 μL/min at 37°C, and the perifusate was collected in 96-well plates 

at 2-min intervals. The slices were first flushed with media containing 3 mM glucose for 

60 min to wash out accumulated hormones and enzymes, and then subjected to a series of 

glucose challenges – 10 min of media with 1 mM glucose, 20 min with 5.5 mM glucose, 

20 min with 1 mM glucose, 20 min with 11.1 mM glucose, 20 min with 1 mM glucose, 10 

min with 11.1 mM glucose and 30 mM KCl, and 10 min with 1 mM glucose. Perifusate 
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samples were stored at −20°C until measurement of insulin and glucagon with commercially 

available ELISA kits.

After perifusion, slices were removed from the chambers and fixed in 4% paraformaldehyde 

for 30 min, then washed in PBS for 5 min. The slices were then transferred into 5 mL tubes 

filled with PBS with azide and stored at 4°C until shipment to the Paul Langerhans Institute 

Dresden for 3D morphometric analysis.

Assessment of pancreatic amylase, lipase, and trypsinogen release—Five 

slices from the PH, PB, and PT regions were incubated in 3 mM glucose containing DMEM 

media, supplemented with aprotinin on an orbital shaker (15–20 rpm) at 37°C for 1 h. After 

the 1-h resting period, slices were transferred to a 24-well plate with 500 μL of fresh media 

in each well. Basal secretion samples were collected after a 30-min incubation at 37°C on an 

orbital shaker. Slices were then stimulated with 10 μM carbachol for 30 min at 37°C on an 

orbital shaker. After the stimulation step the supernatants were collected, and the slices were 

placed into 500 mL 3 mM DMEM with 3% Triton X-100 for the assessment of total slice 

enzyme content. All samples were stored at −20°C until amylase, lipase and trypsinogen 

measurement using commercially available ELISA and RIA kits.

Immunofluorescent staining and whole slice 3D imaging—Whole slices were 

immersed in a blocking solution (GSDB) containing 0.3% Triton X-100 (1% goat serum, 

0.3% Triton X-100, 900 mM NaCl, and 40 mM sodium phosphate buffer in deionized 

water with a pH of 7.4) and stained using primary antibodies targeting insulin (1:10 

dilution) and glucagon (1:2000 dilution) for 24–48 h at 4°C with gentle shaking. After 

primary antibody incubation, the slices were washed three times for at least 30 min each 

with PBS. Subsequently, the slices were incubated with secondary antibodies: Alexa Fluor 

488 goat anti-guinea pig (1:200 dilution) for insulin, Alexa Fluor 633 goat anti-mouse 

(1:200 dilution) for glucagon, and DAPI (2.5 mg/ml) overnight at 4°C with gentle shaking. 

Following secondary antibody and DAPI incubation, the slices were washed three times for 

at least 30 min. Slices were then stored in PBS at 4°C in the dark until imaging.

Stained slices were mounted underneath a glass coverslip, submerged in PBS (pH 7.4), and 

imaged in their entirety using an up-right laser scanning confocal microscope (TCS SP8 

SMD, Leica) equipped with a water-immersion 20x high NA objective lens and a motorized 

stage. Single tiles were imaged as previously described,29 at a resolution of 0.75 × 0.75 

mm, with a tile overlap of 15% and a stack separation of 2.5 mm. DAPI and fluorescent 

antibodies were excited at 405nm, 488nm and 633nm, and detected at 405–510nm (for 

DAPI), 490–560nm (insulin), and 638–755nm (glucagon), respectively.

3D morphometric analysis of insulin and glucagon volumes—Tilescans were 

stitched using the built-in stitching function of the Las X Life Science Microscope Software 

Platform. Data quantification was semi-automatically conducted using a customized FIJI 

toolset, as previously described.26 Briefly, total slice area and individual endocrine objects 

(defined as those positive for at least one hormone stain) were manually contoured on a 

maximum intensity projection, and regions of interest (ROIs) were saved separately. For 

individual endocrine particles, regions were cropped from the stitched tilescan, followed 
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by subtraction of the 488 channel from the 546 channel and removal of the 546 channel 

from the 633 channel to account for channel bleed. Images were then split by color, 

contrast-enhanced (CLAHE), involving median filtering (3 × 3 × 1) and conversion to binary 

(IJ_IsoData).

Further processing included hole filling in 3D, size opening (limited to 500 μm3), and 

volume analysis (Euler connectivity: C26) using MorphoLibJ.45 The total slice volume 

was calculated by adding each channel of the original tilescan and cropping it using the 

previously contoured total slice ROI. Additional steps included median filtering (3 × 3 × 

1), mask generation for nearby points (within a distance of 10.0 μm, threshold of 12.75), 

removal of dark and bright outliers, hole filling, 3D volume closing (cube, 3 × 3 × 1), and 

volume analysis for endocrine objects using MorphoLibJ.45

QUANTIFICATION AND STATISTICAL ANALYSIS

No specific statistical methods were used to predetermine sample size due to no ability 

to predict sample availability. All results are presented as mean ± SEM. Logarithmic 

transformation was used to ensure normal data distribution prior to conducting statistical 

analysis. The significance of the differences between groups was analyzed with one-way 

ANOVA followed by multiple comparisons for differences across the regions within a 

disease group, and two-way ANOVA for simultaneous comparisons of regions and disease 

groups, as indicated in the figure legends. p values <0.05 were considered statistically 

significant. All statistical analyses were performed using GraphPad Prism Software version 

9.

ADDITIONAL RESOURCES

Data Portal of the Network for Pancreatic Organ Donors with Diabetes, contains detailed 

information about each donor tissue used in this study: https://portal.jdrfnpod.org/.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Pancreas tissue slices allow for concurrent investigation of islet and acinar 

cell secretion

• Islet cell mass, density, and endocrine function are similar across normal 

human pancreas

• Insulin secretion is impaired across all pancreatic regions with recent-onset 

T1D

• Near T1D onset, in situ acinar cell secretion is preserved across the pancreatic 

regions
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Figure 1. Similar islet and acinar cell secretion across the PH, PB, and PT in ND human 
pancreas
(A and E) Insulin (A) and glucagon (E) secretion traces from PH (teal), PB (purple), and 

PT (gray) slices shown as stimulation index (fold of baseline: 1G for insulin, 5.5G for 

glucagon).

(B–D) Quantification of insulin responses to 5.5G (B), 11.1G (C), and KCl (D).

(F–I) Quantification of glucagon responses to 1G (F), 11.1G (G), 1G (H), and KCl (I).

(J–O) 3D morphometry of perifused slices showing slice volume (J), islet density (K), 

endocrine (L), insulin (M), and glucagon (N) volumes and the contribution of insulin and 

glucagon to total endocrine volume (O).

(P–R) Baseline pancreatic amylase (P), lipase (Q), and trypsinogen (R) release expressed as 

a percentage of total enzyme content.

Drotar et al. Page 16

Cell Rep. Author manuscript; available in PMC 2024 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(S–U) Carbachol-stimulated amylase (S), lipase (T), and trypsinogen (U) secretion 

expressed as stimulation index (fold of baseline).

n = 15 ND donors (A–I), 7 ND donors (J–O), with 4 slices/region/donor, and 14 ND donors 

(P–U) with 5 slices/region/donor. Dots represent individual donors with means shown in 

black. Data are represented as mean ± SEM with repeated measures (RM) one-way ANOVA 

of log-transformed data.
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Figure 2. Reduced insulin, but not glucagon secretion in all pancreas regions in recent-onset T1D
(A–C) Insulin secretion from slices of PH (A), PB (B), and PT (C) from ND, 1AAb+, and 

T1D shown as absolute amounts (mU/min).

(D–F) Insulin secretion traces from slices of PH (D), PB (E), and PT (F) from ND, 1AAb+, 

and T1D donors shown as stimulation index (fold of 1G baseline).

(G–I) Quantification of insulin responses to 5.5G (G), 11.1G (H), and KCl (I) stimulation.

(J–L) Glucagon secretion from slices of PH (J), PB (K), and PT (L) from ND, 1AAb+, and 

T1D shown as absolute amounts (pg/min).
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(M–O) Glucagon secretion traces from slices of PH (M), PB (N), and PT (O) from ND, 

1AAb+, and T1D donors shown as stimulation index (fold of 5.5G baseline).

(P–S) Quantification of glucagon responses to 1G (P), 11.1G (Q), 1G (R), and KCl (S).

n = 15 ND, 7 1AAb+, and 5 T1D donors with 4 slices/region/donor. Dots represent 

individual donors shown with mean ± SEM and RM two-way ANOVA of log-transformed 

data. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

See also Figures S2 and S3.
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Figure 3. Preserved acinar cell function at T1D onset
(A–C) Baseline pancreatic amylase (A), lipase (B), and trypsinogen (C) release in ND, 

1AAb+, and T1D slices from PH, PB, and PT expressed as a percentage of total enzyme 

content.

(D–F) Carbachol-stimulated amylase (D), lipase (E), and trypsinogen (F) secretion in ND, 

1AAb+, and T1D slices from PH, PB, and PT expressed as a percentage of total enzyme 

content.

(G–I) Carbachol-stimulated amylase (G), lipase (H), and trypsinogen (I) secretion in ND, 

1AAb+, and T1D slices from PH, PB, and PT expressed as stimulation index (fold of 

baseline).

n = 14 ND, 7 1AAb+, and 5 T1D donors with 5 slices/region/donor. Dots represent 

individual donors shown with mean ± SEM and RM two-way ANOVA. *p < 0.05.
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Figure 4. Decreased endocrine and beta-cell mass across the pancreas at T1D onset
(A–H) 3D morphometry of perifused slices showing whole-slice (A), endocrine (B), insulin 

(C), and glucagon (D) volumes, islet density (E), and the contributions of insulin and 

glucagon to total endocrine volume across disease groups in PH (F), PB (G), and PT (H).

(I–K) Insulin secretion traces from slices of PH (I), PB (J), and PT (K) from ND, 1AAb+, 

and T1D shown as secreted insulin normalized to respective beta-cell volume.

(L–O) Quantification of insulin responses to 1G (L), 5.5G (M), 11.1G (N), and KCl (O).
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(P–R) Glucagon secretion traces from slices of PH (P), PB (Q), and PT (R) from ND, 

1AAb+, and T1D shown as secreted glucagon normalized to respective alpha-cell volume.

(S–V) Quantification of glucagon responses to 5.5G (S), 1G (T), 11.1G (U), and 1G (V).

n = 7 ND, 5 1AAb+, and 5 T1D donors with 4 slices/region/donor. Dots represent individual 

donors with mean ± SEM and RM two-way ANOVA of log-transformed data. *p < 0.05 and 

**p < 0.01.

See also Figure S4.

Drotar et al. Page 22

Cell Rep. Author manuscript; available in PMC 2024 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Drotar et al. Page 23

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Polyclonal Guinea Pig Anti-Insulin Agilent - Dako Cat# IR00261–2; RRID: AB_2800361

Monoclonal Mouse Anti-Glucagon Sigma-Aldrich Cat# G2654; RRID: AB_259852

AlexaFluor® 488 Goat Anti-Guinea Pig Thermo Fisher Scientific - Invitrogen Cat# A-11073; RRID: AB_2534117

AlexaFluor® 633 Goat Anti-Mouse Thermo Fisher Scientific - Invitrogen Cat# A-21050; RRID: AB_2535718

Biological samples

Human Pancreas Tissue nPOD;https://npod.org/ RRID: SCR_014641

nPOD-6540 RRID: SAMN25652251

nPOD-6543 RRID: SAMN25652254

nPOD-6544 RRID: SAMN25652255

nPOD-6546 RRID: SAMN25652257

nPOD-6547 RRID: SAMN25652258

nPOD-6548 RRID: SAMN25652259

nPOD-6550 RRID: SAMN25652261

nPOD-6551 RRID: SAMN25652262

nPOD-6552 RRID: SAMN30386842

nPOD-6553 RRID: SAMN30386843

nPOD-6556 RRID: SAMN30386845

nPOD-6558 RRID: SAMN30386847

nPOD-6559 RRID: SAMN30386848

nPOD-6560 RRID: SAMN30386849

nPOD-6562 RRID: SAMN30386850

nPOD-6563 RRID: SAMN30386851

nPOD-6569 RRID: SAMN38117299

nPOD-6571 RRID: SAMN33284289

nPOD-6573 RRID: SAMN33284291

nPOD-6575 RRID: SAMN33284293

nPOD-6578 RRID: SAMN33284295

nPOD-6579 RRID: SAMN33284296

nPOD-6582 RRID: SAMN38117302

nPOD-6583 RRID: SAMN38117303

nPOD-6584 RRID: SAMN38117304

nPOD-6586 RRID: SAMN38117306

nPOD-CV14 RRID: SAMN38117313

Chemicals, peptides, and recombinant proteins

Aprotinin MilliporeSigma Cat# A6106

Low Melting Point Agarose MilliporeSigma Cat# A0701
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REAGENT or RESOURCE SOURCE IDENTIFIER

Low Glucose DMEM MilliporeSigma Cat# D6046

Fetal Bovine Serum Cytiva Cat# SH30071.03IH

Antibiotic-Antimycotic Solution Corning Cat# 30–004-CI

DMEM (Powder) Corning Cat# MT9013PB

Sodium Pyruvate MilliporeSigma Cat# P2256

HEPES MilliporeSigma Cat# H4034

L-Glutamine Thermo Fisher Cat# 25030081

Bovine Serum Albumin MilliporeSigma Cat# A6003

Carbamylcholine chloride MilliporeSigma Cat# C4382

Triton X-100 MilliporeSigma Cat# 648462

4% Paraformaldehyde Thermo Fisher Scientific Cat# J19943.K2

PBS with Azide Santa Cruz Biotechnology Cat# SC-296028

DAPI Sigma-Aldrich Cat# D9542

Critical commercial assays

Insulin ELISA Kit Mercodia Cat# 10-1113-10

Ultrasensitive Insulin ELISA Mercodia Cat# 10-1132-01

Glucagon ELISA Kit Crystal Chem Cat# 81520

Human Pancreatic Amylase ELISA Kit Abcam Cat# ab137969

Human Pancreatic Lipase ELISA Kit Novus Biologicals Cat# NB016815

Trypsin RIA ALPCO Cat# 72-OCFE07-TRYPS

Software and algorithms

Prism 9.4.0 GraphPad RRID: SCR_002798

ImageJ https://imagej.nih.gov/ij/ RRID:SCR_003070

MorphoLibJ https://imagej.net/plugins/morpholibj N/A

FIJI https://imagej.net/software/fiji/ RRID:SCR_002285

Las X Life Science Microscope Software Platform https://www.leica-microsystems.com/products/
microscope-software/p/leica-las-x-ls/

RRID:SCR_013673

Other

Perifusion System Biorep Technologies Cat#PERI4–115

Semiautomatic Vibratome VT1200S Leica Cat#14048142065

Perifusion Chamber Warner Instruments Cat#64–0223

Perifusion Platform Warner Instruments Cat#64–0281 [P-5]

Laser Scanning Confocal Microscope Leica Model: TCS SP8 SMD
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