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Mice deficient in either or both mouse a2-macroglob-
ulin (MAM) and murinoglobulin-1 (MUG1) were gen-
erated and proved phenotypically normal under stan-
dard conditions. Acute pancreatitis was induced with
a diet deficient in choline and methionine, supple-
mented with ethionine. The mortality was less than
25% in wild-type mice, as opposed to at least 56% in
knockout mice, and was highest (70%) in MAM2/2
mice, with earliest onset at 2 days. Plasma amylase
and lipase levels were increased, but pancreatic tissue
appeared histologically variable in individual mice.
The clinical symptoms were most severe in MAM2/2
mice and, surprisingly, were not aggravated in the
double knockout mice, suggesting that the lack of
proteinase inhibition capacity was not the major
problem. Therefore, we analyzed the expression of
21 different cytokines and polypeptide factors in the
pancreas of all experimental groups of mice. Interleu-
kin-1-receptor antagonist mRNA was consistently in-
duced by the diet in the pancreas of MAM2/2 mice,
and transforming growth factor-b , tumor necrosis
factor-a , tumor necrosis factor-b , b-lymphotoxin,
and interferon-g mRNA levels were also increased.
The data demonstrate the important role of a2-mac-
roglobulin (A2M) in acute pancreatitis as both a pro-
teinase inhibitor and a cytokine carrier. Mice defi-
cient in MAM and/or MUG thus offer new
experimental models for defining in vivo the role of
the macroglobulins in pancreatitis and in other nor-
mal and pathological processes. (Am J Pathol 1999,
155:983–993)

Mouse a2-macroglobulin (MAM) and murinoglobulin
(MUG) are molecularly characterized members of the

a2-macroglobulin (A2M) family.1–5 MAMs are all broad-
spectrum inhibitors of proteinases, including pancreatic
trypsin and chymotrypsin, that act by trapping or cova-
lent tagging after proteolytic cleavage of the bait re-
gion.1,6 The expression of the cryptic receptor binding
domain allows A2M-proteinase complexes to bind to the
A2M receptor,7 molecularly identified as the multifunc-
tional lipoprotein receptor-related protein.8 Elimination is
efficient and keeps circulating levels of A2M-proteinase
complexes in plasma low, even in severe cases of acute
pancreatitis.9–13

The original function of A2M as a proteinase scavenger
was complemented by a role as a binding protein for
various growth factors, polypeptide hormones, and cyto-
kines. The number of different cytokines that bind to A2M
is steadily increasing and includes transforming growth
factor-b (TGF-b), interleukin-1 (IL-1), IL-2, IL-6, IL-8,
platelet-derived growth factor (PDGF), tumor necrosis
factor-a (TNF-a), basic fibroblast growth factor (bFGF),
interferon-g, activin, inhibin, epidermal growth factor,
vascular epidermal growth factor, nerve growth factor-b,
brain-derived neurotrophic factor, neurotrophin-3, neuro-
trophin-4, and ciliary neurotrophic factor, among oth-
ers.14–17 Major differences in binding mode and affinity to
particular conformers of A2M, ie, native or activated A2M,
were noted, and binding to activated A2M necessarily
implicates only the rapid elimination of the bound cyto-
kine or factor as noted above for A2M-proteinase
complexes. Because most interactions were demon-
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strated in vitro, their physiological meaning in vivo is
largely unexplored.

The binding of A2M to both proteinases and cytokines
suggests an important role for A2M in many diseases and
processes. In this report we concentrated on the role of
A2M in a particular condition, ie, acute pancreatitis. In
humans, acute pancreatitis typically varies in intensity
from mild self-limiting or edematous pancreatitis to se-
vere, acutely hemorrhagic necrotizing disease, with mul-
tiple organ failure and fatal outcome. High plasma levels
of pancreatic enzymes, ie, amylase, lipase, and
trypsin(ogen), were described.9,18–20 Although diagnos-
tically valuable, levels of circulating pancreatic enzymes
have limited value in assessing the etiology or severity of
acute pancreatitis.21–23 Attention has been given to the
levels and the role of the circulating proteinase inhibitors,
ie, a2-macroglobulin (A2M), a1-proteinase inhibitor, and
a1-antichymotrypsin, among others.10,11,24 Plasma A2M
levels allow differentiation between mild and complicated
attacks.12

In addition to proteinase inhibitors, inflammatory cyto-
kines act as pathogenic mediators of acute pancreatitis.
Death in most patients is caused not by pancreatic in-
flammation per se, but rather by multiorgan failure, to
which pro-inflammatory cytokines could contribute. Stud-
ies with patients and in animal models demonstrated
production or overproduction of different cytokines, ie,
interleukin-1 (IL-1), IL-6, IL-8, and tumor necrosis factor-a
(TNF-a).25–29 Transforming growth factor-b (TGF-b) has
been implicated in the disease process and in regener-
ation from acute pancreatitis.30–32 Cytokine production
not only correlated to disease severity, but involvement of
the pancreas preceded that of other organs, indicating
that they participate in or even determine on the progres-
sion from initial, local pancreatic inflammation to the mul-
tiorgan process.33

The implication of these two completely different
classes of proteins, ie, proteinases and cytokines, in the
pathology of acute pancreatitis, in which both bind to
A2M, suggested a moderating role for A2M in acute
pancreatitis. The role of A2M in acute pancreatitis was
tested in mice with a targeted inactivation of the A2M
gene.34 Mice, as opposed to humans, also express muri-
noglobulins (MUG), single-chain variants typical for ro-
dents, and one, MUG1, is transcriptionally impor-
tant.2,5,35 We report here the inactivation of this gene and
the generation of doubly deficient MAM2/2MUG12/2
mice. Because the MAM and MUG1 genes proved to be
closely spaced, recombination by breeding was circum-
vented by generating embryonal stem (ES) cell lines with
both MAM and MUG1 genes targeted. The singly and
doubly deficient mice were viable, fertile, and phenotyp-
ically normal. Acute pancreatitis was induced with a diet
deficient in choline and methionine and supplemented
with ethionine (the CDE diet).36 Surprisingly, the high
susceptibility and mortality of MAM-deficient mice were
not made worse by the extra deficiency in MUG1, thereby
excluding that lack of proteinase inhibitor capacity was
the major problem. RNA protection assays identified ex-
pression of different cytokines and polypeptide factors in
the pancreas; in particular, IL-1 receptor antagonist

(IL-1Ra) correlated most closely with clinical findings.
These mice, deficient in either MAM or MUG1 or in both
inhibitors, provide interesting models for defining the
role of proteinases and cytokines not only in the etiology
of acute pancreatitis, but also in other diseases and
conditions.

Materials and Methods

MUG1 and MAM/MUG1 Gene Targeting

The MUG1 construct was based on a 7.5-kb NheI-BamHI
genomic clone comprising exons 18 to 25 of the MUG1
gene.5 A 0.9-kb ScaI-KpnI fragment with exon 18 and part
of exon 19 was replaced by a 1.8-kb cassette containing
the phosphoglycerate kinase gene promoter driving the
hygromycinB phosphotransferase cDNA37 (Figure 1).
Before electroporation into ES cells, the construct was
linearized with SalI. For the double knockout, the MUG1
gene was targeted in ES cell lines that contained a re-
combined MAM gene34 using a construct producing neo-
mycin resistance4 (Figure 1). ES cells (line E14, 129/
ola)38 grown on mitomycin STO feeders with single or
double antibiotic resistance were positively selected in
medium containing either hygromycinB (100 mg/ml) or
neomycin (400 mg/ml) or both. Colonies were picked,
expanded, frozen, and genotyped by Southern blotting
with probes located outside, at either end of the MUG1
fragment (Figure 1): a 0.4-kb HindIII/NheI genomic DNA
fragment at the 59 end (L probe); a 0.6-kb BamHI/ClaI
genomic DNA fragment located outside the 39 end (R
probe); a 1.8-kb BglII fragment of the PGK-hygromycin
gene; a 1.1-kb BglII fragment of the PGK-neomycin
gene.4,34,37 Homozygous deficient mice were obtained
and genotyped by Southern blotting or polymerase chain
reaction (PCR) as described.34 PCR mixtures contained
0.1 mmol/L of each primer, 200 mmol/L of each dNTP, 50
mmol/L KCl, 10 mmol/L Tris-HCl, 1.5 mmol/L MgCl2, and
1.25 units of Taq DNA polymerase, in a total volume of 50
ml. Wild-type MUG1 allele was amplified with a forward
primer located in exon 17 (position 1986–2004) and a
reverse primer in exon 18 (position 2098–2119).5 Tar-
geted alleles were amplified with a reverse primer lo-
cated in exon 19 (position 2439–2457) in combination
with forward primers either in the hygromycin gene (59
GATGTGGAATGTGTGCGA 39) or in the neomycin gene
(59 GTCAAGAAGGCGATAGAAGGCGAT 39). Diagnostic
amplicons were, respectively, 1.9 kb for wild-type and 0.2
and 1 kb for recombined MUG1 alleles.

Analysis of mRNA

Total liver RNA was extracted with Trizol reagent (Gibco
BRL, Glasgow, UK) and analyzed by Northern blotting.34

Probes were generated by PCR amplification, corre-
sponding to position 1188–1758 of the MAM cDNA3 and
to position 1777–2262 of the MUG1 cDNA.2 RNA protec-
tion assays were performed on total pancreas RNA with
commercially available reagents (Riboquant Multiprobe
RNase Protection Assay, Pharmingen, San Diego, CA).
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Autoradiographs taken for different exposure times on
Hyperfilm MP were scanned and quantitated densito-
metrically (Amersham-Pharmacia, Uppsala, Sweden).

Diet-Induced Acute Pancreatitis

Choline- and methionine-deficient powder (CDE diet,
Tecklad Harlan CPB, AD Zeist, The Netherlands) was
supplemented with D,L-ethionine (final concentration
0.5% w/w). Mice had free access to water and either
regular chow or to CDE powder for 2 to 5 days. Mice were
killed with chloroform and pancreata were isolated. Pan-
creatic tissue was fixed in 4% paraformaldehyde for 3
hours and embedded in paraffin, and thin sections were
stained with hematoxylin and eosin. Serum amylase and
lipase levels and blood glucose levels were determined
using clinical kits or analyzers. Immunohistochemistry for
IL-1Ra was performed on dewaxed sections (5 mm). Bi-

otinylated antibody to mouse IL-1Ra (R&D Systems,
Abingdon, UK) was reacted overnight at room tempera-
ture, followed by inactivation of endogenous peroxidase
and incubation with streptavidin-biotin complex. Reaction
was visualized with diaminobenzidine and H2O2. All nu-
merical data are expressed as means 6 SE and analyzed
by two-tailed Student’s t-test.

Analysis of Binding of IL-1Ra to Mouse and
Human A2M and Murinoglobulin

Recombinant IL-1Ra (R&D Systems) was incubated with
purified MAM or human A2M or added to mouse plasma
or serum, separated by nondenaturing rate electrophore-
sis and denaturating sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and analyzed by
Western blotting. The presence of endogenous mouse

Figure 1. Generation of mice deficient in MUG and in both MAM and MUG. A: Recombinant DNA construct (top) based on the MUG1 gene (middle) and predicted
structure of the targeted MUG1 gene (bottom). The positive selection marker is represented by a hatched box marked HYG. NheI (N) and BamHI (B) restriction
sites are marked by arrowheads for diagnostic fragments and closed circles for irrelevant sites. R and L represent genomic DNA probes. B: Recombinant DNA
construct (top) to target the MUG1 gene in ES cells with a targeted MAM gene.34 Structure of the MUG1 gene (middle) and recombinant MUG1 gene (bottom)
with positive selection marker represented by a hatched box marked NEO. Diagnostic SstI restriction fragments are indicated. C and D: Southern blots of ES cell
lines with recombined MUG1 and MAM/MUG1 genes, respectively, digested with SstI or BglII and hybridized with DNA probes, ie, R, L, HYG, or Neo, as indicated.
Standards on the right are in kilobasepairs and asterisks denote diagnostic bands described in the text. E: Northern blot of liver RNA from mice with genetic status
MAM2/2 (Lane 1), MUG12/2 (Lane 2), MAM2/2MUG12/2 (Lane 3), MAM1/2MUG11/2 (Lane 4), and wild-type (Lane 5). Blot was sequentially
hybridized with cDNA probes specific for MAM, MUG1, and actin. F: SDS-PAGE of plasma from wild-type mouse (Lane 1), MAM2/2 mouse (Lane 2), MUG12/2
mouse (Lane 3), and MAM2/2MUG2/2 mouse (Lane 4). Indicated are the 165-kd MAM subunit and the 180-kd MUG1 subunit with apparent MW of markers
(Lane MW) shown in kilodaltons.
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IL-1Ra was also analyzed on samples of mouse plasma
and serum taken from wild-type C57Bl/6 mice and from
MAM2/2, MUG12/2, and MAM2/2MUG12/2 mice.

Samples of purified human and mouse A2M (4 mg) and
plasma and serum samples (1 or 2 ml) were diluted and
incubated in phosphate buffered saline containing a mix-
ture of proteinase inhibitors, and in specified experi-
ments, with extra addition of recombinant IL-1Ra, and
with or without extra addition of 5 mmol/L calcium ions.
Samples were incubated for 30 minutes at room temper-
ature and products were subjected to nondenaturating
rate electrophoresis in homogenous (6%) or gradient
(4–20%) Tris-glycine PAGE. After electrophoretic transfer
to nitrocellulose membranes (Hybond-C, Amersham,
Uppsala, Sweden) and inactivation with fat-free milk, se-
quential incubation was done with a biotinylated antibody
to IL-1Ra (R&D Systems) and with streptavidin-peroxi-
dase for detection of immune complexes with the en-
hanced chemiluminescence system (Amersham).

In other experiments, similar samples were transferred
and blots were analyzed by ligand blotting by incubating
the membranes with recombinant IL-1Ra (0.01–0.1 mg/
ml) for 1 hour. After washing, detection of IL1-Ra binding
to immobilized proteins was performed with the antibody
to IL-1Ra Ab as described above.

Results

Generation of MUG1 Knockout Mice

In a 7.5-kb genomic clone comprising exons 18 to 25 of
the MUG1 gene from the 129 mouse strain (129/J library,
5) we replaced a 0.9-kb ScaI-KpnI fragment containing
exon 18 and 108 bp of exon 19 with a 1.8-kb XhoI-ClaI
cassette encoding the hygromycin B phosphotransferase
gene.37 Before electroporation into ES cells, the con-
struct was linearized with SalI (Figure 1A). Selection in
hygromycin containing medium yielded 428 colonies that
were genotyped by Southern blotting (SstI digestion and
hybridization with the L probe). The 19 ES clones with
correct hybridization pattern (Figure 1A, C) were ex-
panded and genotyped with the three probes (L, R, and
hyg; see Figure 1, A and C). Eventually, five ES cell lines
with the expected restriction and hybridization patterns
(overall frequency of recombination, 1.2%) were injected
into C57Bl blastocysts and resulted in coat-color chi-
meric offspring. Only one line transmitted the targeted
MUG1 gene through the germline. From a total of 195
offspring, 44 were homozygous (22.6%), 104 heterozy-
gous (53.3%), and 47 wild-type (24.1%) mice, establish-
ing a normal mendelian inheritance pattern of the tar-
geted MUG1 gene. Homozygous MUG1-deficient
breeding pairs produced litters of normal size with normal
frequency. At this writing, the oldest MUG12/2 mice
approach 18 months of age and still appear healthy in our
open animal house.

Proof of MUG1 mRNA deficiency was obtained on liver
RNA from wild-type, heterozygous, and homozygous MUG-
deficient mice. The 5-kb MUG1 mRNA was absent in the
liver of MUG12/2 mice (Figure 1E) even after overexposure

for 7 days (results not shown). Subsequent hybridization of
the same membrane with the MAM cDNA probe revealed
the typical 5-kb mRNA in all mice (Figure 1E).

Plasma proteins were analyzed by rocket immunoelec-
trophoresis (results not shown) and by SDS-PAGE (Fig-
ure 1F). Plasma of MUG12/2 mice was devoid of MUG1
protein, whereas plasma levels of MAM were normal
(Figure 1F, lane 3). Inactivation of the MUG1 gene was
complete and not replaced by expression of other muri-
noglobulin isoforms, confirming that only the MUG1 gene
is transcriptionally active.2,5,35

Generation of MAM/MUG1 Double
Knockout Mice

To generate double MAM/MUG1 knockout ES cells, a
MUG1 construct with a neomycin resistance gene (Figure
1B) was electroporated into an ES cell line with one MAM
allel targeted with a hygromycin resistance gene.34 Dou-
ble selection in medium containing both neomycin and
hygromycin, yielded 572 resistant ES cell colonies, ana-
lyzed by Southern blotting (SstI restriction and hybridiza-
tion with L probe; Figure 1). The 17 ES cell lines with a
targeted MUG1 gene were expanded and re-analyzed
with the three probes (Figure 1B, D), resulting in eight ES
cell lines with a correctly targeted MUG1 gene and with
one copy of the targeted MAM gene.4 This equaled a
1.4% frequency of recombination.

Of three cell lines yielding germline chimeras, two
produced pups with both recombinant alleles. Crossing
and genotyping of offspring over several generations
demonstrated that the MUG1 and the MAM gene were in
linkage disequilibrium. This was confirmed by crossings
of single knockout mice, from which double MAM/MUG1
deficient mice were rarely obtained, following chromo-
somal recombination events (5.3% recombination fre-
quency). Matings of double heterozygous MAM1/
2MUG11/2 mice eventually resulted in mice homozygous
for both inactivated gene (results not shown).

Proof of deficiency of MAM and MUG in the homozy-
gous double transgenic mice was obtained by Northern
blotting of liver mRNA and by plasma protein electro-
phoresis as above. Liver of double heterozygous MAM1/
2MUG11/2 mice contained about half the mRNA levels
relative to wild-type mice (Figure 1E), and the 5-kb MAM
and MUG mRNA transcripts were completely absent in
the liver of the double knockout mice (Figure 1E). Elec-
trophoresis of plasma proteins demonstrated the pres-
ence or absence of the 165- and 35-kd subunits of MAM3

and/or of the 180-kd subunit of MUG15 (Figure 1F).
The MAM2/2MUG12/2 mice produced litters of nor-

mal size with a normal frequency, establishing a mouse
strain that is devoid of all A2M family members. This is
experimental proof that these proteinase inhibitors are
not vitally needed, opposite to what we inferred from the
lack of humans deficient in A2M (Ref. 1, and references
therein). Individual doubly deficient MAM2/2MUG12/2
mice have been under observation for over 15 months
and appear normal and healthy in open animal housing
conditions.
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Single and double knockout mice were back-crossed
into the C57Bl mouse strain for at least 6 generations. To
exclude the possibility that the whole breeding colony
would be derived from only a few mice, six couples per
generation were used. Mice with a C57Bl background
of at least 98.5% were obtained, which alleviated prob-
lems with differences in genetic background between
experimental and control mice (C57Bl) in subsequent
experiments.

Experimental Induction of Edematous
Pancreatitis

Edematous pancreatitis was first experimentally at-
tempted by induction with cerulein, following a regime of
7 injections every hour.39,40 Amylase and lipase levels in
plasma were significantly increased in all genetically
modified mice relative to wild-type C57Bl mice (results
not shown) but during and following the experiment, all
mice appeared healthy and behaved normally. Macro-
scopically, the pancreas appeared somewhat swollen
and enlarged, but histologically, no major signs of
necrosis were noted. Only the appearance of vacuoles
in the cytoplasm of acinar cells was different, relative to
animals receiving vehicle only. Subsequent studies were
therefore performed with another model of induction of
acute experimental pancreatitis, ie, by using a diet defi-
cient in choline and methionine and supplemented with
ethionine.36

Experimental Induction of Acute Hemorrhagic
Pancreatitis

Mortality

In preliminary experiments, the mortality of MAM2/2
mice resulting from the CDE diet was compared in mice
with a mixed 129 3 C57Bl background34 and after back-
crossing into the C57Bl background. Mortality was 60%
in MAM2/2MUG12/2 mice in the C57Bl strain after 5
days of CDE diet, whereas in the mixed 129 3 C57Bl
background, mortality was only 23%. This demonstrated
the importance of the genetic background, although this
back-crossing was time-consuming and expensive. To
exclude the influence of the C57Bl genetic background in
the following experiments, mice were also backcrossed
to the FVB mouse strain for 6 generations. Because pre-
liminary experiments revealed no difference between the
C57Bl and FVB mouse strain, the data reported here
were all obtained from mice back-crossed into C57Bl.

The CDE diet was tested in a total of 6 independent
experiments spread over a period of 10 months. Each
test lasted from 2 to 5 days and resulted in an overall
mortality rate of 27% in wild-type C57Bl mice and at least
56% in all of the deficient mice (Figure 2). Surprisingly,
mortality commenced most early in the MAM2/2 mice, in
all experiments. Typically, after 5 days on the CDE diet,
nearly 70% of the MAM2/2 mice had succumbed (Fig-
ure 2). MUG12/2 mice were more sensitive to the diet
than nontransgenic mice but less than MAM2/2 mice,

whereas the combined deficiency of both inhibitors in
MAM2/2MUG12/2 mice did not aggravate mortality,
and even alleviated the effect as far as time of onset was
concerned (Figure 2).

Plasma Levels of MAM, MUG, Glucose, Amylase,
and Lipase

Because amylase and lipase levels are the highest
between 60 and 72 hours,41 mice were given the CDE
diet for 66 hours to measure enzyme and cytokine levels.
Enzymatic activity of amylase and lipase increased in
plasma of all mice, confirming as expected the develop-
ment and course of acute pancreatitis. After 66 hours of
diet, concentrations of amylase and lipase peaked in the
MAM knockout mice, to 4 and 10 times higher levels,
respectively, relative to nontransgenic C57Bl mice (P ,
0.01; Figure 3). Levels of both enzymes were higher in
MAM2/2 mice than in MUG12/2 mice (P , 0.05) and, in
complete accord with the mortality data, the amylase
level was also significantly higher than in doubly deficient
MAM2/2MUG12/2 mice (P , 0.05; Figure 3). These
effects were reversible since feeding regular chow fol-
lowing a 3-day CDE diet, resulted in complete normaliza-
tion of amylase and lipase activities in plasma of all mice,
including MAM2/2 mice, after 4 days (results not
shown).

In a second type of experiment, a group of 23
MAM2/2 mice were subjected to the CDE diet. Mice in
this group were not analyzed at random, but at regular
time points those mice that appeared most affected by
the diet were sacrificed. The selection was objectively
based on loss of body weight, lack of activity in the home
cage, cleanliness of the coat, and general condition,
judged by the vigor by which mice tried to escape han-
dling needed for examination and weighing trice daily.
Under such nonrandom conditions, the highest values of
amylase and lipase were observed on day 4 of the diet
(Figure 4). High activity of both enzymes was conspicu-
ously evident after 48 hours with values much higher than
in a group of MAM2/2 mice, all analyzed nonselectively
after 48 hours on the same CDE diet (Figure 4). Impor-
tantly, these very high levels of amylase and lipase ac-

Figure 2. Mortality during the CDE diet. Survival of female mice with differ-
ent genetic status on the CDE diet. Data are combined from all experiments
performed (n 5 61 for C57Bl, n 5 18 for MAM2/2, n 5 9 for MUG12/2,
n 5 10 for MAM2/2MUG12/2).
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tivity coincided with the onset of mortality in the MAM2/2
mice (Figure 2).

Plasma levels of MAM and MUG were essentially un-
changed by the CDE diet, in respectively MUG12/2 and
MAM2/2 mice, indicating that increased consumption of
the inhibitors by proteinase trapping during the acute
phase was not evident (results not shown). In addition,
MUG or MAM mRNA transcripts were not changed by the
CDE diet (results not shown). These findings were indi-
cations that lack of proteinase inhibition capacity was not
a prime cause of disease and mortality. The endocrine
function of the pancreas was unaffected, because
plasma glucose levels were not significantly affected by
the CDE diet (results not shown).

Histology of the Pancreas

After 3 days of the CDE diet, pancreatic morphology
was largely unaffected and normal, with minimal differ-
ences between the 4 groups. Occasionally, minor areas
of the pancreas were necrotic and showed signs of infil-
tration by immune cells (Figure 5, A and B, and Table 1).

The exception was a pronounced vacuolization of acinar
cells in the MAM2/2 mice (Figure 5C), not evident in
mice of the other experimental groups.

After 5 days of CDE diet, more mice (Table 1) showed
massive necrosis of the pancreatic acini with inflamma-
tory infiltration and hemorrhage, although in some mice
there was still no evidence of histological alteration of the
pancreas (Figure 5, D and E, and Table 1). The degree of
necrosis was not markedly different in the MAM2/2 mice
relative to wild-type C57Bl mice on the same diet for the
same duration, a finding that indicated that necrosis and
mortality did not correlate. Obviously, this outcome was
distorted in the sense that only the surviving mice, which
were fewer in number in the MAM2/2 group, were ex-
amined. Nevertheless, in all experiments taken together,
no correlation was discerned between the amylase and
lipase activities in the plasma and the degree of necrosis
of the pancreas (results not shown).

One of the remarkable morphological features in se-
verely affected pancreata after 5 days of CDE diet in
MAM2/2 mice (5 of 7) and MAM2/2MUG12/2 mice (5
of 10) was the appearance of acini with an enlarged

Figure 3. Amylase and lipase activity in plasma of mice on CDE diet. Plasma amylase (left) and lipase (right) activities (mean 6 SE) for 5 groups of 8 female mice
of genetic status indicated. Control mice are pooled values from C57Bl, MAM2/2, MUG12/2, and MAM2/2MUG12/2 mice on regular chow. Blood samples
were taken after 66 hours on the CDE diet.

Figure 4. Amylase and lipase activity in plasma of mice on CDE diet. Amylase and lipase activities (mean with SEM) in MAM2/2 mice subjected to the CDE diet,
whereby sick animals were selected at each time point (nonrandom experiment as described and discussed in text). After 48 hours, the corresponding values in
MAM2/2 mice randomly analyzed are shown for comparison (filled blocks).
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lumen (Figure 5, E and F). This might result from atrophy
of the acinar cells or might indicate acino-ductular meta-
plasia, a phenotypic trait much rarer in nontransgenic
C57Bl mice (2 of 29 mice) or in MUG12/2 mice (1 of 6).

The CDE diet also affected the liver, resulting in hepatic
cell necrosis, formation of large vacuoles, and inflamma-
tory infiltration, observed in all mice (Figure 5, G and H).
These lesions became apparent after 2 days of CDE diet

Figure 5. Histopathology of pancreas and liver of mice on CDE diet. Pancreas of a C57Bl (A) and MAM2/2 (B, C) mouse after 66 hours with necrotic area and
inflammatory infiltration (A, B) and vacuolization (C). Pancreas of a C57Bl (D) and MAM2/2 (E) mouse after 120 hours with necrotic acini (D) and acini with
an enlarged lumen (E). Liver of a C57Bl (G) and MAM2/2 (H) mouse after 120 hours with pronounced vacuolization and local inflammatory infiltration. All
sections are stained with hematoxylin/eosin. F: Immunostaining for IL-1Ra in pancreas of a MAM2/2 mouse after 120 hours.
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and remained unchanged thereafter. In addition, 4 days
of regular chow after 3 days of CDE diet restored liver
morphology to a nearly normal microscopic appearance
(results not shown). The histology of the lungs from mice
that received the diet between 48 and 96 hours was
completely normal (results not shown).

Expression of Cytokines in the Pancreas

RNA protection assays covering 21 different cytokines
and polypeptide hormones revealed that mRNA coding
for IL-1Ra, TNF-b, Lt-b, TNF-a, IFN-g, and TGF-b1 were
detectable in the pancreas of some or all of the mice in
the four experimental groups analyzed after 3 days of
CDE diet. No factor was, however, expressed in all mice
of all groups; eg, TGF-b1 was expressed in 5 of 8 MAM2/
2MUG12/2 mice, whereas TNF-b mRNA was seen in
only 1 of these mice (Figure 6A). The least responsive
mice were the MUG12/2 mice, in which up-regulation of
none of the 21 markers was evident except in 1 mouse,
whereas Lt-b, TNF-a, IFN-g, and TGF-b1 mRNA was
present in most of the pancreata of MAM2/2 and
MAM2/2MUG12/2 mice. Had we considered only
these data, we would have concluded that MAM regu-
lates cytokine expression in acute pancreatitis. Wild-type
mice, however, with the lowest mortality rate, reacted
more than the MUG12/2 mice, demonstrating that the
correlation between cytokine expression and the pres-
ence of MAM is not very clear, at least not at the mRNA
level. Therefore, cytokine expression needs to be ana-
lyzed in more detail on the protein level to determine
whether MAM binds and regulates cytokine levels not
only in vitro, but also in vivo.

The only cytokine exclusively expressed in the pan-
creas of MAM2/2 mice, albeit at variable levels, was

IL-1Ra (Figure 6B). Immunohistochemically, IL-1Ra pro-
tein was visualized only in the cells of acini with an
enlarged lumen and was absent in normal acini (Figure
5F). The local production of IL-1Ra within the acini is

Table 1. Semiquantitative Analysis of the Pancreas of C57BI, MAM2/2, MUG12/2, and MAM2/2MUG12/2 Mice

Genotype

66 hours of CDE diet 120 hours of CDE diet

Score of
necrosis Number of mice (percentage)

Score of
necrosis Number of mice (percentage)

C57BI 0 3 (38) 0 4 (22)
1 4 (50) 1 4 (22)
2 1 (12) 2 3 (17)
3 0 (0) 3 1 (6)
4 0 (0) 4 6 (33)

MAM2/2 0 0 (0) 0 1 (17)
1 2 (40) 1 2 (33)
2 2 (40) 2 1 (17)
3 1 (20) 3 2 (33)
4 0 (0) 4 0 (0)

MUG12/2 0 4 (57) 0 1 (17)
1 3 (43) 1 2 (33)
2 0 (0) 2 0 (0)
3 0 (0) 3 0 (0)
4 0 (0) 4 3 (50)

MAM2/2MUG12/2 0 2 (33) 0 0 (0)
1 4 (67) 1 0 (0)
2 0 (0) 2 2 (33)
3 0 (0) 3 0 (0)
4 0 (0) 4 4 (67)

The following score of necrosis was used: 0, normal morphology; 1, appearance of vacuoles; 2, minor areas of necrosis; 3, many areas of necrosis;
4, necrosis over the whole pancreas.

Figure 6. Cytokine RNA protection assay and western blotting for IL-1Ra. A:
Frequency histogram of expression of mRNA of different cytokines in the
pancreas of mice with genetic status indicated (n 5 8 for C57Bl and
MAM2/2 MUG12/2 mice, n 5 7 for MAM2/2 and MUG12/2 mice) after
3 days of CDE diet. Expression of 15 other mRNA species analyzed was
negligible. B: Representative examples of RNase Protection Assay gels of
IL-1Ra mRNA in the pancreas of mice with indicated genetic status after 3
days of CDE diet. MIF denotes macrophage inhibitory factor, used as internal
standard in the assay.
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consistent with the fact that other cytokines are also
expressed in the pancreatic parenchyma.32,33

Because no data are available in the literature about
the binding of MAM to IL-1Ra, Western blotting and li-
gand blotting were performed. Western blotting did not
reveal the binding of endogenous IL-1Ra to MAM or MUG
or other high-molecular-weight proteins in plasma or se-
rum (results not shown). To overcome the presumed
problem of detection limits, we attempted to demonstrate
binding of additionally added recombinant IL-1Ra to
MAM by Western blotting. This also proved negative,
however, even when nondenaturing rate electrophoresis
in 6% gels was used as separation medium before trans-
fer (results not shown). Ligand blotting with recombinant
IL-1Ra also did not indicate appreciable binding of IL-
1Ra to either purified mouse A2M or human A2M (results
not shown).

Discussion

Mice deficient in either MAM34 or MUG, or in both pro-
teinase inhibitors, were generated and proved viable and
fertile, bearing litters of normal size with normal frequency
and with normal sex ratios among the pups. Mice up to 2
years of age did not show any phenotypic abnormality.
The suggestion that redundancy in the A2M family, ie,
that functional backup by murinoglobulin blurred the pic-
ture of the MAM2/2 mice,34 is thereby rejected. The
double knockout mice, completely deficient in proteinase
inhibitors of the A2M family, prove that these inhibitors
are not essential for either embryonic development or
adult life. This fact contradicts the hypothesis of the es-
sential nature of A2M in humans based on the long evo-
lutionary history of A2M, their conservation in all higher
species, and the lack of functional deficiencies of A2M in
humans (Ref. 1 and references therein). The functional
reason for a strict evolutionary conservation of A2M and
structural complexity must, then, be sought in other than
normal conditions, ie, under physiological stress.

In acute pancreatitis, many enzymes are released in
the blood and proteinases must be rapidly inhibited, a
process A2M was thought to control.10–12,24 The severity
of acute pancreatitis is determined by the degree of local
inflammation in the pancreas, which is variable, whereas
death is caused in most patients by multiorgan system
failure. Both phenomena must be related, and pro-inflam-
matory cytokines, ie, IL-1, IL-6, IL-8, and TNF-a, were
shown to be produced during acute pancreatitis.25–29

A2M is not only a wide-spectrum proteinase inhibitor but
also a major carrier of cytokines, and the MAM and
MUG1 knockout mice were therefore ideal experimental
models. Earlier experiments with MAM2/2 mice had pro-
vided indications that MAM plays a crucial role in pan-
creatitis, but the mixed genetic background was recog-
nized as a potential problem.34 The MAM2/2,
MUG12/2, and MAM2/2MUG12/2 mice were there-
fore backcrossed to the C57Bl strain for 6 generations
and all experiments were performed with mice against
this homogeneous genetic background.

In this study, we demonstrated that A2M limits the
severity of acute pancreatitis, probably not only as a
proteinase inhibitor, but also as a potent carrier of bio-
logically active polypeptides. The evidence for the first
part of this conclusion is immediate: deficiency in MAM or
MUG increased the mortality resulting from the CDE diet
from 27% to, respectively, 67% and 56% after 5 days.
The lack of synergy in mice lacking both proteinase in-
hibitors and the difference in mortality between MAM2/2
and MUG12/2 mice argued strongly against a deficit in
proteinase inhibition capacity as the only or even the
major cause, because their spectra of proteinase inhibi-
tion are comparable.42–44

MAM2/2 mice started to die as early as the second
and third days of the regime, defining a critical window in
which mortality was 7 times higher than in wild-type mice.
Deficiency of MUG and of MAM and MUG combined,
although eventually increasing mortality significantly and
to nearly the same level, showed remarkable differences
in kinetics. This warranted the conclusion that A2M con-
tributed strongly to, or even determined, the outcome of
this critical period at 2 to 3 days of CDE diet. The non-
random type of experiment corroborated this conclusion.
A large group of MAM2/2 mice and analysis of only the
sick mice at each time point (see Results) demonstrated
that high amylase and lipase levels at 48 hours of diet
coincided with onset of lethality in random experiments.

The difference in mortality between MAM2/2 and
MUG2/2 mice can be explained by the differential cyto-
kine or polypeptide carrier characteristics of MAM and
MUG. As reviewed in the introduction, the diversity and
number of polypeptide hormones, growth factors, and
cytokines identified as binding to A2M are steadily in-
creasing. We demonstrated differential binding to MAM,
but not to MUG, of TGF-b1 and TGF-b2.45 Comparative
or differential binding characteristics of other factors to
MAM and MUG are lacking. Analysis of binding of these
cytokines and other biologically active factors to MAM
and MUG is a future direction of research to which these
mice can contribute considerably. They provide a phys-
iological model to test the importance of the binding of
A2M to cytokines in vivo, which until now had been dem-
onstrated only in vitro.

Because the severity of pancreatitis is determined not
only by the initial damage in the pancreas but also by the
further local or multiorgan systemic immune reaction,
cytokines were analyzed by RNA protection assays. The
presence of Lt-b, TNF-a, IFN-g, and TGF-b1 mRNA in the
pancreata of most MAM2/2 and MAM2/2MUG12/2
mice and in only one pancreas of MUG12/2 mice sug-
gested a role for MAM in the regulation of cytokine ex-
pression. The data obtained from the wild-type mice,
however, did not support this conclusion. Detailed anal-
ysis of cytokine expression on the protein level will be
necessary to answer the question whether MAM is in-
deed a cytokine scavenger.

The consistent expression of IL-1Ra mRNA in all
MAM2/2 mice and its absence in the other knockout and
wild-type mice was surprising and puzzling. IL-1Ra has
been shown to be protective in this experimental model of
pancreatitis.26,46–47 A variety of exogenous stimuli re-
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sults in the local production of IL-1 and IL-1Ra, with
appearance of IL-1 before IL-1Ra within a short time
interval. In addition, IL-1 is itself a weak inducer of IL-1Ra
production by monocytes. Thus, it was hypothesized that
IL-1Ra occurs as part of a physiological regulatory re-
sponse to limit the proinflammatory effect of IL-1, influ-
enced by the production of other cytokines.48 Assuming
that expression of IL-1Ra is a local protective reaction in
the pancreas of mice severely affected by pancreatitis,
then one implication could be that in MAM2/2 mice,
which were demonstrated to be the most affected by the
diet, pancreatic expression of IL-1Ra would be higher
compared to less affected mice. If IL-1Ra plays a protec-
tive role, absence of IL-1Ra should increase the severity
of pancreatitis, which can be analyzed in double MAM/
IL-1Ra knockout mice.49 Alternatively, MAM could trans-
port noxious factors, like TNF-a, IL-1, and IL-6, and pro-
tective factors, like IL-1Ra, out of and away from the
intoxicated pancreas. In the absence of MAM these fac-
tors may accumulate and amplify ongoing pancreatic
disease. Immune infiltration, local and distant production
of other factors, and, indeed, other effects might posi-
tively or negatively affect progression of the process and
explain the observed variability in patients and models
alike. This hypothesis is based on the fact that A2M binds
many cytokines and growth factors although, to our
knowledge, binding of IL-1Ra to A2M has not been ex-
perimentally demonstrated and the attempt described
here was negative. In contrast, binding of TGF-b, TNF-a,
IL-1, IL-6, and IL-8 to A2M was demonstrated.14–17 They
are all factors proven to act on and even determine the
progression of acute pancreatitis, suggesting that the
high mortality of the MAM2/2 mice can be explained by
the absence of an effective cytokine scavenger.

Histological variability of the pancreas of mice on the
CDE diet ranged from normal to massive necrosis of the
acini, inflammatory infiltration, and hemorrhage. We did
not observe a close correlation between amylase and
lipase concentrations and the degree of pancreatic ne-
crosis. Similarly, in the human condition, the value and
meaning of amylase and lipase profiles are still debat-
ed.21–23 A remarkable morphological feature in severely
affected pancreata of MAM2/2 and MAM2/2MUG12/2
mice deserves attention. The occurrence of ductular
structures is observed, similar in appearance to those in
transgenic mice overexpressing TGF-b50 or a dominant-
negative TGF-b receptor.51 We noted increased levels of
TGF-b in plasma of mice on the CDE diet, but these were
not markedly different in MAM2/2 mice (results not
shown).

In conclusion, we demonstrated that the A2M family of
proteinase inhibitors is not essential for life and estab-
lished the direct contribution of A2M to the pathology and
mortality of acute pancreatitis as postulated.34 The defi-
nite involvement of A2M in acute pancreatitis is clear,
although cytokines and growth factors need to be further
analyzed at the protein level. Based on the data pre-
sented here and data from literature, we postulate that
the high mortality of the MAM2/2 mice can be explained
by both the proteinase- and cytokine-binding activity of
A2M. In this report we concentrated on pancreatitis, but

there are many other areas, eg, sepsis, immunology, and
lung pathology, in which these single and double knock-
out mice are now being used and can yield important
information. The recent and most interesting finding that
the A2M gene is associated with sporadic Alzheimer’s
disease52 suggests another area in which these mice
might become experimentally useful.
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