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Abstract

Our previous in vitro studies have
demonstrated that poly (vinyl alcohol) (PVA)
membranes satisfy the basic requirements for
a bioartificial pancreas. This experiment was
designed to evaluate the performance of m-1
and m-2 tubular membrane chambers
containing islets in vivo. When the m-2
chamber was implanted into streptozotocin
(STZ)-induced diabetic rats, nonfasting blood
glucose levels dropped from 500+35 to the
lowest value 210+22 mg/dl. Furthermore, the
performance of the bioartificial pancreas can
be enhanced by the increased numbers of
implanted chambers. If three m-2 chambers
was implanted, nonfasting blood glucose
levels in the diabetic rats decreased to 130-
160 mg/dl and such a low blood glucose
vaue was maintained for 1 month. In
addition, a mathematical kinetic model was
developed to describe the characteristics of
islet inside an artificial environment.
Keywords: bioartificial pancreas, diabetes.

INTRODUCTION

Long term blood glucose normalization
in diabetes mellitus is an important goal.
Much effort has focused on the development
of the bioartificial pancreas, in which the
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transplanted pancreatic idet tissue is
enclosed within a semipermeable membrane.
Our previous in vitro studies have
demonstrated that poly (vinyl alcohol) (PVA)
membranes satisfy the requirements for a
biocartificial pancreas. rapidly releasing
insulin through the membranes in response to
changes in concentrations of glucose in the
dynamic perifusion experiment but the
passage of immunoglobulin G was
completely prevented."” In this work, data
obtained from in vivo transplantation studies
supported the previous assessment and the
performance of the bioartificial pancreas can
be enhanced by the increased numbers of
implantated chambers.

MATERIALSAND METHODS

M-1 and m-2 PVA (molecular weight
74,800) tubular membrane chambers were
constructed according to the procedure
described previously.** Each PVA chamber
seeded with about 80 islets was implanted
into the peritoneal cavity of three
streptozotocin (STZ)-induced diabetic rats.
Nonfasting blood glucose concentrations
were measured by tail bleeding using a
glucose analyzer.

M athematical model

For improving the design of the
bioartificial pancreas, a mathematical model
was developed to account for the changes in
blood glucose levels of the diabetic rats.
The theoreticadl analysis describing the
initially rapid decrease of blood glucose
concentration, maintaining a constant level
and the finally rapid rise of blood glucose
concentration was derived as follows. Let
N be the number of idlets placed in a
chamber, and C be the blood glucose
concentration of a rat. Initialy, 80 idets
were seeded in each chamber. In the



previous perifusion study,” the contribution
of most idets in the chamber was
insignificant. Dueto the fact that only some
of the islets functioning to secrete insulin, we
assume that there exists a critical number of
isets, Ne. If N > N the number of
effective (working) islets becomes Nc.. In
this case, the rate of decrease in the blood
glucose concentration is proportional to Nc.
Also, suppose that the blood glucose
concentration has a lower bound, Cy, which
can be estimated on the basis of experimental
data. That is, the blood glucose
concentration can not be lower than a
minimum level. On the other hand, if N <
Nc, the number of effective islets is N, and
the blood glucose concentration will increase
with time, and we assume that the rate of
increase is proportiona  to  (Nc-N).
Concerning the decrease in the number of
isets, a reasonable result is most likely
preceded by a progressive decrease in B-cell
mass. Either of the aggregation of the islets
inside the chamber or the PVA chamber
encapsulated by connective tissue could
contribute to increased necrotic islet cells to
result in the number of islets decreasing with
time. Here, we assume that the rate of
decrease in the number of idets is
proportional to N. Based upon the above
discussions, the tempora variations in the
blood glucose concentration and the number
of islets can be described by
dC

“ kyN¢, N>N, (1)
C=C,, C<C 2
% (NG - N), NN )
dt

dN

— =-ksN 4
m 3 (4)

Here, t denotes time and ki, ko, and ks are
rate constants, which are related to the
characteristics of an artificial pancreas.

RESULTS AND DISCUSSION

In the diabetic rats without any
peritoneal transplantation, nonfasting blood
glucose levels showed a hyperglycemic state
(about 460-500 mg/dl) and no significant
changes,; see Figure 1. In the three diabetic
rats receiving m-1 chamber, nonfasting blood
glucose levels dropped from 500 + 35 to the
lowest value 340 + 20 mg/dl. It could not
reverse the hyperglycemic state and it only
maintained insulin secretion activity for 10
days. In contrast, nonfasting blood glucose
levels in recipient diabetic rats were
significantly decreased after the
intraperitoneal transplantation of the m-2
chamber. The lowest value obtained was
about 210 + 22 mg/dl. Rats sustained
nonfasting blood glucose levels less than 300
mg/dl for about 20 days. This indicates that
the m-2 chamber could provide improved
permeability of insulin to normalize blood
glucose levels and improved protection of
isets from the immune system of the
recipient. This result is consistent with the
effect of adding polyethylene glycol to the m-
2 chamber to create pores in the skin layer,
leading to increased membrane permeability.
Furthermore, the number of implanted m-2
chambers was increased to improve the
control of blood glucose levels. If three m-2
chambers were implanted in the diabetic rats,
nonfasting blood glucose levels in the
diabetic rats decreased to 130-160 mg/dl and
such a low blood glucose vaue was
maintained for 1 month (Figure 2). Thus, the
survival of idlets was better for more-
chamber than one-chamber implantation. In
summary, implanting three m-2 chambers in
the diabetic rats is good enough for glycemic
normalization.

In the simulation, the best fitted
parameters, ki, ko, ks and N; were estimated
and summarized in Table 1. Regardless of
the number of the m-2 chambers implanted in
the rats, the k;, k, and ks values do not have
significant difference, however, these three
parameters have significant  difference



between the m-1 and m-2 chambers. The
rate constant k; in equation (1) mainly
depends upon the permeation rate of insulin
secreted by idlets through the membrane,
which is determined by the skin layer
structure of the membrane.*? The larger the
value of k; the better the performance of a
device. As can be seen in Table 1, the
performance of the m-2 chamber is better
than that of the m-1 chamber. Thisresult is
consistent with the effect of adding
polyethylene glycol to the m-2 chamber to
create pores in the skin layer, leading to
increased membrane permeability. In
addition, the definition of N given in
equation (1), suggests that the larger its value
the more insulin secreted by effective idets,
and the better the performance of a device.
According to Table 1, the performance of the
devices examined, from the best to the worst,
follows the order m-2(111) > m-2(11) > m-2(1)
>m-1. (The lettersin parentheses represent
the number of implanted m-2 chambers.)
Combining the effect of ki with N, the
performance of the devices examined, from
the best to the worst, follows the order m-
2(111) > m-2(11) > m-2(I) > m-1.

The definition of Cy, estimated by a
linear regression analysis on the experimental
blood glucose concentrations, implies that
the lower its level the better the performance
of adevice. Theleve of Cy for each device
follows the order m-2(111) < m-2(11) < m-2(1)
<m-1, asindicated in Table 1. That is, the
performance of the devices examined, from
the best to the worst, follows the order m-
20111 > m-2(11) > m-2(1) > m-1, which is
consistent with the combined effect of k; and
Nc.  Theoretically, the greater the value of
k; multiplied by N, the lower value of Cy.
Figure 4 shows the level of Cy seems to have
alimiting value about 170 mg/dl as the value
of k; multiplied by N¢ (or the number of
implanted m-2  chambers) increases.
Therefore, implanting three m-2 chambers in
the diabetic rats is good enough for glycemic
normalization.

Equation (3) suggests that the larger the
value ky, the faster the rate of increase in

blood glucose concentration, and the worse
the performance of a device. According to
Table 1, the k, value of the m-1 chamber is
greater than that of the m-2 chamber. It is
reasonable that kiand k. have the opposite
tendency from the view point of the
membrane permeability.

Equation (4) shows that ks is related to
the rate of decrease of the number of iglets;
the smaller its value the lower the rate of
decease of the number of idlets, and the better
the performance of a devicee Table 1
implies that the ks value of the m-2 chamber
is less than that of the m-1 chamber.
Another parameter describing the effect of
the ks is the time interval, To, in which the
blood glucose concentration can be
maintained at a certain low level.  When the
number of “viable” islets was less than N,
the level of blood glucose concentration is
rapidly elevated. Apparently, the larger the
T, the better the performance of a device.
Table 1 reveals that the performance of the
devices examined, from the best to the worst
follows the order m-2(I11) > m-2(l1) > m-2(1).
Thus, the survival of idets was better for
multiple-chamber implantation than single-
chamber implantation. Prolonged survival
of idetsis probably related to the diminished
excessive demands on its function from
persisting stimulus of high blood glucose
levels. In addition, Table 1 shows each
chamber had smaller value for N when the
number of implanted chambers increased.
This also suggests the multiple-chamber
implantation can satisfy the requirement of N
> N, for alonger period.

In summary, we conclude that the
performance of m-2(111) is better than that of
the other three types of devices.
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TABLE 1. Summary of the estimated



parameters in fitting the experimental data

shown in Figure.3. Figure 2. Comparative study on changesin
m1l m2() m2() m2 nonfasting blood glucose levels
(1) among diabetic rats transplanted with
ky 4.2 4.5 4.7 4.7 one, two and three m-2 tubular
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Figure 1. Nonfasting blood glucose levels of
diabetic rats, diabetic rats
transplanted with 200 free islets, and 200
diabetic rats transplanted with 80
islets seeded in the m-1 and m-2
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