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The definitive measure of B-cell quality in an islet is the measurement of B-cell function, i.e., the ability of the islets
to release insulin in a controlled manner in response to minute changes in ambient glucose levels. Continuous flow
or dynamic perifusion of the solution containing glucose and secretagogues through the islets is the most accurate
assessment of regulated insulin release in vitro. Here, we describe in detail a low cost, mini-perifusion system that can be
adapted to any laboratory to assess islet function by examining dynamic insulin release in response to elevated glucose
concentrations and addition of secretagogues. Human islets with purity >80% and viability >90% were perifused with
low glucose (1 mM) and subsequently challenged with high glucose (16.8 mM + KCl, 25 mM). A prototypical biphasic
response to elevated glucose concentrations was observed with an average 8-fold (above basal) increase in insulin
concentration at peak values. Similarly, perifusion with carbachol or exendin-4 (Byetta) with glucose (6 mM) resulted in
1.32- and 1.35-fold increase in insulin secretion above basal. Islets could be maintained in the perifusion apparatus and
continued to respond to glucose for up to 3 h. At minimal financial cost and technical expertise, this apparatus can be
set-up in any biological laboratory to evaluate regulated hormone release from many cell types in less than 6 h. This will
allow other laboratories to measure insulin responses to their drug or modifier of interest in vitro, in a manner that better

approximates islet function in vivo.

Introduction

Clinical islet transplantation has offered new hope for patients
with severe forms of type 1 diabetes, particularly after the success-
ful reversal of diabetes using the Edmonton immunosuppressive
protocol.! Three important factors contributed to this success.
First, an improvement in the islet isolation procedure, by use of
highly purified collagenase in conjunction with thermolysin or
neutral protease followed by purification with continuous density
gradients, which yielded an improvement in islet quantity and
quality** and in turn, enabled a positive clinical outcome in some
patients with the use of 1-3 cadaveric pancreata. Second, was the
application of low-dose immunosuppressive regiments to prevent
allograft rejection.! Third, and most important, was increased
attention to proper post-transplant management.”® Since then,
several centers globally have successfully repeated the Edmonton
protocol with and without modifications.>”® However, long-term
insulin-independence due to loss of graft function still remains a
limiting factor. This can, in part, be attributed to transplantation
of islets with sub-optimal insulin secretory responses to elevations
in ambient glucose concentrations. The ability of the B-cell in the
islet to sense minute changes in blood glucose concentrations and
to secrete insulin proportionally is central to tight blood glucose
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control. There is, therefore, a need for a reliable, quick and simple
method of evaluating islet function prior to islet transplantation.

Perifusion systems to challenge islets with glucose and mea-
sure dynamic insulin release have been utilized for more than
35 y and remain a valid procedure used by many research labo-
ratories to test islet function in a more physiologically relevant
way.” ! Also, this method is useful for determining regulation
of hormone release in response to various drugs and agents.'*"
However, every laboratory has its unique perifusion system.'®
Currently there is no standardized, inexpensive apparatus and
protocol that can be replicated easily in any laboratory. Here, we
describe a step-by-step procedure for optimal assessment of islet
functionality and response to glucose and secretagogues in an
in vitro flow through system. We have used this protocol to test
various drugs and methods to characterize islet function in dif-

ferent conditions.'>?°

Results
High glucose and potassium chloride stimulation. Figure 1
shows a simplified schema (Fig. 1A) and photograph (Fig. 1B)

of the entire perifusion apparatus and technical specifications
for the perifusion columns (Fig. 1C) described in the material
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Figure 1. Perifusion system. (A) A simplified diagram of the perifusion system showing the basic elements of the four column apparatus. (B) Photo-
graph of the perifusion system, consisting of a water bath, ismatec digital pump, cooling tray for 96-well plate, tubing and columns. (C) Blue print of
the 0.73 cm? volume islet perifusion column with technical specifications. (D) Blue print of the islet perifusion column shown with rack that is fabri-

and methods section below. Each of the four columns was loaded
with 200 human islet equivalents (IEQ) and all of the four col-
umns shown were run simultaneously in all protocols.

To assess intra-assay variation in this mini-perifusion appa-
ratus, 200 human islet equivalents (IEQ) isolated from the
same cadaveric donor were placed in each of the four perifusion
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chambers and were perifused in the same manner (Fig. 2).
Figure 2A shows how tightly matched the values for insulin
concentration in each of the replicates was during the entire
protocol. The SI value, when challenged with high glucose
(16.8 mM), was 7.8 + 0.45. Further, when islets were exposed
to high glucose in the presence of KClI (25 mM), insulin release
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was enhanced to give an SI of 9.1 + 0.34 fold. These results were
consistent with previously published studies in references 14, 18,
21 and 22 and are typical of the known physiological function
of islets. More importantly, the values for the four columns cor-
related highly with each other and were statistically significant
(R =0.987, p < 0.0001). In addition, the reproducibility of the
data from this mini-perifusion system was further confirmed
when we retrospectively analyzed insulin release values from 12
different donor islets (Fig. 2B) (R = 0.901, p < 0.0001). The mean
SI value was 3.88 + 1.12 and the variability of SI depends on the
donor and islet quality perifused. Table 1 shows the donors and
pancreas characteristics that were used for islet isolation and per-
formed in this study.

Effect of prolonged perifusion times with low glucose. In
order to test the effect of prolonged exposure time to low glu-
cose, islets were stimulated with high glucose twice, with dif-
ferent time intervals between the first and second high glucose
stimulation (Fig. 3). The first two columns had a 17 min low
glucose exposure time (Fig. 3A), while the other two columns
were perifused with low glucose for 60 min between the high
glucose stimulations (Fig. 3B). SI values were lower in all cases
for the second stimulation (column 1 SI = 4.36, column 2 SI =
494, column 3 SI = 11.82 and column 4 SI = 16.45) and there
was no difference in the responses to the second stimulation with
either interval times (Fig. 3C).

Stimulation with compounds that enhance glucose-induced
insulin secretion. In addition to measuring -cell functionality,
this mini-perifusion system has a further advantage of testing
various drugs and agents as shown when carbachol or exen-
din-4 (a potent glucagon-like peptide-1 receptor agonist) were
used to challenge human islets in the presence of 6 mM glucose.
Figure 4 shows the response of the islets in individual columns
to 6 mM glucose alone, or a combination of 6 mM glucose and
carbachol (50 wM) or exendin-4 (50 nM). Islets exposed to car-
bachol had a stimulation index of 7.19 compared with 3.15 for the
control (Fig. 4A). Islets from a different preparation had an SI of
1.63 when exposed to carbachol (Fig. 4B). This same preparation
had an SI of 1.23 and 1.90 for the control and exendin-4 respec-
tively. Insulin release from the control islets that were perifused
with 6 mM glucose alone was minimal; however, insulin release
was optimal upon subsequent stimulation of the same islets with

high glucose and KCL
Discussion

A reliable, highly reproducible and simple method to assess islet
function is highly advantageous. The majority of the methods
currently being used to assess islets are expensive or cumbersome
and the data are difficult to reproduce.?*® The current standard
method to assess islet quality is to transplant islets into diabetic
immunodeficient rodents.?”** However, the results are typically
not available until long after islets are transplanted into a patient,
given the time required to reverse diabetes in animal models.
Having an alternative standardized procedure to assess islet qual-
ity and predict function in transplanted patients would not only
be more convenient, but may also become a necessity for the
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Figure 2. Validation of perifusion assay to assess human islet functional
quality. 200 IEQ/column each from the same cadaveric donor were
perifused for 1 h with 1 mM glucose prior to fraction collection. They
were then stimulated with 16.8 mM glucose for a period of 10 min. This
was followed by a 17 min perifusion with 1 mM glucose. Subsequently,
the islets were then stimulated with 16.8 mM glucose + 25 mM KCl for
an additional 10 min. Collected fractions were measured for insulin by
ELISA. Insulin measurements were divided by basal release to obtain
normalized values (stimulation index, Sl). (A) Values for insulin mea-
sured from the fractions collected from each of the four columns run in
parallel using the same islet preparation. Normalized values of insulin
release are consistent across replicate columns. (B) Retrospective analy-
sis of perifusion data from 12 different donor islet preparations showing
the mean + SEM of each point.

approval of transplantable islets under a biological release license
from the Food and Drug Administration.’ The main objective
of this study was to establish a step-by-step procedure and to set
a simple and highly reproducible mini-perifusion system from
in vitro assessment of whole human islet function. The system
is confined with the columns submerged in a 37°C water bath,
which provide a consistent temperature environment that resem-
ble in vivo situation. And, this eliminates the variable of tempera-
ture fluctuation when islets were being assayed across different
laboratories. Furthermore, the collected fractions were cooled
immediately post-stimulation to 4°C and this step is important
to protect the integrity of eluted insulin. Also, it is suggested that
the addition of protease inhibitor during islet perifusion may pro-
tect islet function and prevent insulin degradation. In fact, recent
study had shown that the addition of protease inhibitor, o-1
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Table 1. Donor and islet characteristics used in this study

Parameter Mean = SEM
Age (years) 42 +3.3
Weight (Ib) 221+ 1
BMI (kg/m?) 322+17
Length of hospitalization (days) 34+0.8
Cold ischemia time (hours) 87+1.1
Pancreas weight (g) 101.0+73
Digested pancreas weight (g) 62.6 £6.3
IEQ/Digested pancreas weight 3407 £ 759
Viability (%) 95.0+ 1.1
Purity (%) 787+ 19

The mean and standard error of the mean (SEM) for donor and islet
characteristics were calculated from 12 human donor pancreata.

antitrypsin, prevented insulin degradation and improved islet
function and survival.?? Taken together, features provided by our
perifusion system are clearly not achievable if a static incubation
were to be used.

In addition, our result demonstrated that functional islets
can survive in the columns for at least 2-3 h after loading and
islets remained functional in releasing insulin upon glucose
stimulation (Fig. 3). Also, we noted that the second peaks,
although very similar to one another, were lower than the first
peaks. This decrease in insulin production may be attributed to
a refractory period during which insulin content within the islet
is recouped. It is also conceivable that the absence of appropri-
ate amounts of nutrients, vitamins, amino acids, O, and CO,
during prolonged perifusion may have additionally contributed
to this effect.

Furthermore, our perifusion data generated from 12 different
donor islets showed remarkable consistency, with a correlation
coefficiency of R = 0.901, p < 0.0001. In addition to the reduction
of the variable in temperature fluctuation, another important
contributing factor to this high correlation coefficiency is the ran-
dom sampling method that we employed; islet equivalents were
counted by random sampling of the whole cell suspension in our
study. In several islet transplant centers, it is a common practice
to use handpicked islets for quality assessment and specifically
select on the basis of size and appearance; the result would not
be an optimum performance of islet preparation. Elimination of
human bias for larger islets, to overestimate islet function results
in an inconclusive assessment of in vitro and in vivo functional
assays for clinical transplantation application. The variabilicy
in response to stimulation by enhancers of insulin secretion is
particularly evident in the 4-fold difference in the response to
carbachol between two separate preparations. Thus, this suggests
that agents that augment glucose-stimulated insulin secretion
should also be incorporated into the standardized assessment of
islet function. Also, the islets in the perifusion system behaved
as expected in terms of their physiological responses to glu-
cose (Figs. 2 and 3) and known potentiators and secretagogues
(Fig. 4). Once loaded, the islets remained viable and functional
in the columns for at least 2-3 h.
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Previous studies have reported that the sensitivity of B-cells
to glucose was species specific.”® Islet function of mice and rat
was increased upon exposure to high glucose (28 mM) indicating
that rodent islets can tolerate high glucose upon exposure.’® The
deleterious effects of human islets were markedly observed by
diminishing insulin secretion and content when challenged with
28 mM glucose. In contrast, rat islets tolerated extremely high
glucose (56 mM) which had similar effect when human islets
were exposed to 11 mM glucose. These data further substantiate
that human islets are indeed different from rodent islets at both
physiological level and, as shown recently, at cytoarchitectural
level *

Additionally, Henquin et al. have shown that human islets
perifused with 1 mM glucose responded better than islets peri-
fused with higher glucose." We observed insulin leakage when
human islets were perifused with 3 mM glucose (unpublished
data). Therefore, in this study, using 1 mM for perifusion of
human islets with low glucose was shown to be optimum. We
expect that this system will not only be useful for clinical islet
assessment, but also for basic research addressing a direct effect
of novel agents on human islets in vitro.

In conclusion, we described a simple, fast, flexible, well-
controlled and easily reproducible perifusion system for mea-
suring islet response to various secretagogues. The system is a
robust tool that can used to evaluate human islet functional qual-
ity prior to transplantation. The mini-column could be scaled
down to a smaller volume facilitating perifusion without the need
for the polyacrylamide gel and the total insulin content can be
extracted and measured. Furthermore, the system can be adapted
for stimulating other islet endocrine cells such as glucagon secret-
ing a-cells.®

Materials and Methods

Human islet isolation. Human cadaveric pancreata from brain-
dead donors were obtained from organ procurement organiza-
tions and preserved in UW solution or by Two-Layer Method
(TLM).*® Only organs from donors with approved consent for
research from the next of kin were used to perform this study.
Also, an approval for the use of human tissue was obtained from
the Institutional Review Board at City of Hope National Medical
Center and Beckman Research Institute before commencing the
project. Pancreata were processed using standard Liberase HI
collagenase digestion to free the islets. The islets were then puri-
fied from mass acinar tissue using a cold Cobe 2991 machine
with Biocoll continuous density gradients. Islet count and purity
were determined using DTZ staining with count expressed as the
number of islet equivalents to 150 pm (IEQ).*”*® Viability was
determined microscopically using Fluorescein Diaacetete and
Ethidium Bromide as previously described in reference 39. Islets
with purity >70% and viability >80% were cultured in serum
free medium at 37°C, 5% CO, for 24-72 h were used to perform
this study.

Mini-perifusion system. Our mini-perifusion system, as
shown in Figure 1A and B, basically consisted of a four chan-
nel ismatec digital pump from Cole Parmer (Vernon Hills, IL)
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connected to four individual perifusion columns. The exact
technical specifications for an individual column are shown in
Figure 1C. The columns have an internal diameter and length
of 0.48 and 4.45 cm respectively allowing for a total inter-
nal volume of 630 pl. Similar chamber sizes can now be pur-
chased from or made by Biorep Technologies, Miami, FL
(htep://www.biorep.com). This is the equivalent to a packed vol-
ume of 200 human islet equivalents (IEQ) and 600 wl of poly-
acrylimide P4 BioGel fine (Biorad, Hercules, CA). The reservoir
for perifusion medium is a simple 50 ml conical tube with a hole
punched in the lid to accommodate the tubing. Both the reservoir
tubes and the perifusion columns were submerged in a water bath
at 37°C as shown (Fig. 1B). Effluent from the columns were col-
lected in a 96-well plate, polypropylyne (Nunc, Denmark) with
a specially designed stabilizing rig (Fig. 1B) to allow for collec-
tion of fractions from the individual columns such that outflow
from the four tubes could be collected. This allowed for ease of
movement of the 96-well plate once every minute to permit col-
lection of fractions with a total volume of 300 pl. Tygon R-3603
autoanalyzer tubing (Saint Gobain Performance Plastics, Garden
Grove, CA) was used throughout the apparatus to connect the
pump to the reservoir and perifusion columns, and on the out-
flow from the columns to the 96-well plate. The total lag time for
perifusion from the reservoir through the column to the collec-
tion plate was approximately 4 min. The 96-well plate is kept in
a cold plate constructed of polypropylene to protect integrity of
the insulin in the collected fractions and to ensure against heat-
induced degradation. Individual fractions were stored at -20°C
until insulin was measured by ELISA assay.

All experiments described herein commenced with a 60 min
equilibration period during which the islets were continuously
perifused with Modified Krebs-Ringer Buffer (MKRB) supple-
mented with 1 mM glucose at 37°C. Time zero, as shown in
Figures 2—4, were defined as the time after 1 h of perifusion
with 1 mM glucose in which fraction collection commenced.
Insulin levels were measured in fractions collected every
two minutes. Basal levels of insulin were defined as the amount
of insulin released in response to low glucose (1 mM). Also, the
basal level was determined by taking the mean of the values in
the initial 10 min incubation period of the experiment. Changes
in the perifusion medium in each protocol are as outlined in each
of the Figures 2—4. The stimulation index (SI) was calculated by
dividing the average values of insulin concentrations in response
to any given stimulus by the basal value in that same run, which
is usually from 14-23 min.

Perifusion of human islets. The following is a detailed
description of the procedure for the set-up of a single column
after the initial set up of the apparatus. The perifusion top and
bottom endcaps of column was detached from circuit (keep
short piece of tubing attached) and were unscrewed. A hole
punch was used to make a small circle of Whatman filter paper
(-7 mm diameter) which was placed in the bottom cap so as
to evenly cover the hole. The column (with rubber gasket) was
screwed back onto the bottom endcap and placed in stand with
paper towels underneath to catch the outflow. The column was
filled with low glucose (1 mM) using a 200 pl micropipetor.

288

Islets

o e Trei | s | et

—s— Column 1
—e— Column 2

Insulin Release/Basal

C L] A J J J ]

0 10 20 30 40 50 60 70
Time (min)

16
14+
12+
10+

w

1m‘v1l 16,8 I Trrdd l I1B.8rrMI Tr

—— Column 3
—*— Column 4

Insulin Release/Basal

L]
0 10 20 30 80 90 100 110 120
Time (min)

12

O

i | 16,8 | Tretd

10+
—a— Column 1

—e— Column 2
—— Column 3

—*— Column 4

8-

Insulin Release/Basal
[e)]
|

4-
24
O | | ] | |
0 10 20 30 40 50
Time (min)

Figure 3. Effect of second glucose stimulation at different time points
on the same islets. Human islets (200 IEQ/column) were perifused for

1 h with 1 mM glucose prior to collection of samples for insulin mea-
surement. Islets were then stimulated twice with 16.8 mM glucose for
10 min each. The time between the two stimulations was (A) 17 min
(first two columns) and (B) 60 min (last two columns). (C) The second
stimulation with data from all four columns superimposed on another.
Although lower than the first, the second stimulations clearly overlap
with each other indicating that islets from the same donor have similar
physiological response when challenged twice with glucose at different
time points. Insulin measurements were divided by basal release to
obtain normalized values of insulin release.

Using a transfer pipette, drops of P4 Bio-Gel were added
until the layer was almost halfway up the column. The islets
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‘ Figure 4. Effect of carbachol and exendin-4 on islet insulin release. ‘

(200 IEQ) were washed with 1 ml of low glucose and placed
in the column using a 1,000 wl micropipetor. Once the islets
settled, the remainder of the column was filled with P4 Bio-
Gel and the tubing attached to the bottom endcap was clamped
using a mini binder clip. The top endcap was attached to tub-
ing from the pump and 1 mM or 1 G was pumped through at
a rate of approximately 130 wl/min. The endcap was inverted
to fill with solution. Once filled the top endcap was attached to
the top of the column in one rapid movement (to avoid intro-
duction of air bubbles), and the binder clip on the bottom tub-
ing was immediately removed. The collection tubing was then
connected to the bottom endcap tubing, completing the circuit.
The column was placed in its holder and the running system was
monitored for 10 min to confirm there were no leakages. The

data was expressed as fold change of insulin release as compared
with basal levels. The basal level of insulin release is defined as
the average of the insulin concentrations from the first seven
fractions of buffer with low glucose. The stimulation index (SI)
was calculated by dividing the average value of the peak by the
basal value within the same run.

Measurement of insulin by ELISA assay. Insulin was mea-
sured using the human insulin ELISA kit (Mercodia, Uppsala,
Sweden) according to the manufacturer’s instructions. We
found that diluting the samples 1:2.5 in modified Krebs-Ringer
Perifusion Buffer (MKRPB consisting of 125 mM NaCl,
5.9 mM KCI, 1.28 mM CaClz, 1.2 mM MgClz, 25 mM HEPES
and 1 g/L BSA; pH 7.4) gave a final concentration of insulin
in the unknown samples that was within the range of the lin-
ear region of the standard curve of the Mercodia kit. The mean
of insulin values for the first seven time points were calculated
to obtain the value for insulin release in the quiescent state. In
a separate column, each value from the original insulin release
column was divided by the baseline to obtain the normalized
insulin release value. The normalized values were plotted against
time as shown in our figures.

Sources of reagents. Byetta or Exendin-4 (Amylin
Pharmaceuticals, Inc., San Diego, CA) and carbachol (Sigma-
Aldrich, St. Louis, MO) were used in this study.

Statistical analysis. Results are represented as the mean +
standard error of the mean. The difference between the variables
was calculated using Pearson correlation coefficients and p values
< 0.05 was considered significant.
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