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Development of a method for cryopreservation of
mastomys spermatozoa
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Mastomys (Mastomys coucha) is a rodent which has been used as an laboratory animal in
biomedical rescarches such as oncology, parasitology and epidemiology. In this study, we
attempted to develop- a suitable method for the cryoprescrvation of mastomys sperm. Four
sugars (sucrose, lactose, trehalose and raffinose), egg. yolk and surface-active agents
(Equex Stem, SDS) were examined as cryopotectants for the mastomys sperm
cryopreservation. Sparmatozoa from cauda epididymides of mastomys were transferred
into different cryoprotectants containing solutions and the sperm suspension was loaded
into plastic straw and frozen in LN; vapor for 5 mins before being plunged into NL;. The
frozen sperm suspension was thawed in 37°C water and was dilufed with incubation media

at 37°C to evaluate sperm motility. When the spermatozoa frozen in the solution of various
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concentration of cryoprotectants alone or combined, the highest sperm motility (20%) after
freezing/thawing was obtained using the solution containing 18% raffinose, 25% egg yolk,
0.7% Equex Stem. Fertilizability of the frozen/thawed mastomys spermatozoa is under

investigation.

Key Words: ;= A kI 2, ¥+, BERE., FrEHE

I

HE SE, vAMIXROEREHE LT
TZIAFEDOTA IR, vV OFEREMES I UREHRFEL BN E
205y FERBEOBEERXIFC LT, BFHERTFEHBOKREEZIT
BT 58 THD, ZOEMMMIT, 1940 SO THRET D,
ERICTERBMES TS D EHESE
REFEARE, FEL VI ERL RITFR MR XU
SETHWONTE L, £/, vA k
IRAREL DEREPEIZENTND fel g
Eh, BEERR EOBRASERIE B, ESLRRERRRT T
BEHOND-H, BEERELTLE #@F., SRS TWEMCC (V¥ ET
BREWV, BIE, xRRERFEOw2 |+ @), MST (ff4£&) RI-7 (U TT7T )
SAFRMEELTRY ., BHEAMENIE OEIRHRIFZHED 4~8 » AR~
REBBLEHFREEZIT> TV, A RI2AERWL, AFEIT2252CI
EREYORAEMERCUHGEE O ML AE 14 BFR, B 10 FFR] (5:00
ST, ERSFARMR EMAGEBTO®R BRI & Uk, FE (CMF, v REBSH
ERTERREEERZLTHD, FT fAf, AV U FABETE) LKiZ
L, BEFOERETL 1 EoE,»rbR  BHBEREE,
BOBEFH T ERRT S ZEDBT
BT, A RFHEICL Y ZHOIFERHE HFEHER
AL SHSEHIELNTESLVIF  BBECRA NI AZEERAICEY
SEBFELTWS, &6, BEFOR ZEEIELE, SREFEHRZHE
BETHEETDHZ LR, FROo0EARAE Lo, HERLEEEMIIBREHEAAYIZ
bEkETHENSEEEZ b EES 2 BAVWTUIHAL, UHEHA R FEHL
PEAREE L. EAHBOERBRFICE L, 256 OEASH TRFRETBVE
_RTENLTWD, - W, 35mm TZ7RAT AT 4v¥a

297
— 79 —



mEF

(FALCON) IZAZE L-EEREE 50
pICERTRESEE (BTFEE 13
X10"/ml),

¥ OBk

HRERTFRICE TR 2 pREsEr
#%. F OB TRFETK 20~3011 % 0.25ml
TIARAT A w7 A Mar—iIlEHALL,
A ho—2REERERZIET T S5 SRR
FLTTHRERZITV., HEERICHR
AL, BHEA o —REREERFIC
24 BFEILL ERFF L, AARERRICH W,

BT ORE

HEERFORMER, EEXn—%
37°CORAKFIZ 10 FHERET 52 & TIT
Sfr, BELEEFA o —OBT%
BiEA 35mm TR TAvIT Ay
2 ZEMR L, BFBEIE 1ul 2 20011
DIFTFEEAT 4V ACEMLEGF
FPE 0.5-1.5X10°%) , HUAE-BIATES T3,
JICHOIRESFHTTEELE,
BFOEHSE
BFENEOHEZ. 1L T Abhie
D#Ex 300 LEDHFEAT ML,
EHEE T T EMEFLLT
HH L,

298

KB 1 THESER & LTOBOfE
L BEOER
HERFRE LT, R u—2KE
., 77 FN—RKEE, Prp—X
KR (FNEFNRKBE 3, 6, 12, 24%
W), T 7 4 ) —AKEIR(REEE
225, 4.5, 9, 18% wiv) # A, FEDHE
HMBEEEIN T HAHE-MEETFO
EENRE(L B RE Ui, EE-RAERSEF
iE. M16 A5 4 7 A% ANT, 37C,
5% CO, DRE FTH3% Lis,

ER 2 HERTFER~OINH L RA@miE
HHRIBNMORE

EREARTRZL. 18% (W) 57 14 /-
RAKBHE_N— R, ELIZHE (&
KRR 25% (viv) } & SRETEMER) (SDS
(0-4%), Equex Stem (BIF{LFIEM,
0-2.8%) } ZEA LT, BE-BRETO
EEROE(LE R, BE-REETF
X, FHERIZBOTELEEDOE
7= Whittingham A7 1 V.. ZHEL
7= tAIM (Table.l) ZAWT, 37C. K
SHTTEEL,

KEHARAT

AL -R RS FEDRORRFIEIL
X, B PEHFRIIAERRZH LIE
T Scheffe & % VM3 Fisher @ PLSD {Z X
5 post-hoc test Z AWV THEMERET L
7o, EOMOEEIT, BERMILIC
Student’s t-test IZ X > CHEMEZHIEL
7



¥R b IRBETOWMBERT

Table.1 Composition of a medium for rat
artificial insemination (rAIM)

mM
NaCl 114.0
KCl 2.70
HEPES (CsH;sN;048) 20.0
CesH 1206 - 5.50
NaH,PO; « 2H,;0 0.36
Sodium pyruvate 0.10
Streptomycin sulfate 0.1 mg/ml
Penicillin G potassium 100 unit/ml
MgCl; * 6H,0 0.49
NaHCO; 25.0
CaCl, - 2H,O 1.80
BSA 3 mg/ml
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Table.2 Effect of Saccharide as a cryoprotectant

Saccharides Conc. . Sperm muotility (%) after thawing
(%, w/v) . O min 15 min 30 min 60 min 90 min 120 min
Sucrose 307 00200 0.0+00 0.0+0.0 0.0+£00 0.0+£00  0.0£0.0
6.00"  0.1#02  0.0+£0.0 - 0.0%0.0  0.0+£0.0 0.0%00 0.0£0.0
1200 09+0.7  0.0£0.1  0.0x00 0.020.0  0.0+£0.0  0.0+0.0
24.00"  0.020.0 0.00.0 0.0£00 0.0£0.0 0.0:£00  0.0:0.0
Lactose 300" 00£0.0 00£0.0 0.0+00 0.0£0.0 0.0+00  0.0£0.0
6.00° 0402 0.0+0.0 0.0£0.0 0.0£0.0 0.0200  0.0+0.0
1200 1.8%1.3 0303  0.0£0.0 0.0+0.0 0.0£00  0.0+0.0
24007 0.0£00 0.0£00 0.0£0.0 0.0x0.0 0.0:00 0.0+0.0
Trehalose 300" 0.0£0.0  0.0£0.0  0.0£0.0  0.0+£00  0.0£0.0° 0.0£0.0
6.00 14423  0.0£00 0.120.1  0.0+0.0 0.0£0.0  0.00.0
1200 34£21 07£09 02+03  0.1£0.1 0.0£00  0.0£0.0
2400 1.8+1.1 02402 - 0.0£0.1  0.0£0.0  0.0£0.0  0.0£0.0
Raffinose 225" 0000 0.0+00 00200 0.0£00 0.0+00  0.0£0.0
' 450"  0.0£0.0 0.0£0.0 0.0£0.0 0.0£0.0  0.0£0.0  0.0+0.0
9.00° 03£03  0.120.1  0.0£0.0  0.0£0.0  0.0£0.0  0.0+£0.0
18.00 69+2.7 22404 0408 0303  0.0:00 0.0+0.0

Means *=S.D. Experiments were replicated three times.
* P<0.03, ** P<0.01 (vs 18.00% raffinose solution)
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Table.3 Effect of addition of Egg Yolk and Detergents as a cryoprotectant.

Detergents Conc. Sperm motility (%) after thawing
(%,v/v) O min 15 min 30 min 60min 90 min 120 min
18%(w/v) Raffinose’  0.00  6.9+1.9 38+24 32+14 49+09 26+13 1.8*13
SDS 0.00 52465 3.6+%4.4 4.5+49 50£4.0 2309”7 29+18"
050  9.9+13.7 78391 9.846.6 - 9.2+9.1 5.8+23" 5.5£207
1.00  11.8+13.5 6.7£9.0 89468 9.0+7.6 S52+10" 43+24"
200  18.6%3.1 157#5.1 17.9+6.6 149469 7.7%2.0° 6.4%50"
400  10.139.1 8.7+9.8 10.1+8.8 7.4%6.7 4.5+3.3" 4.7x49"
Equex Stem 0.00 57462 4456 47164  4.4%63 4.5+4.17 57£5.5"
0.35 62437 3.5+33 73+6.4 59443 732217 7.2+£25"
0.70 139468 103+7.7 132492 143481 162455 202+4.6
140 12.1£22 10.0+3.2 150482 152452 17.084.7 19.2+42
2.80 71462  9.1363 112464 11.024.4 13.5+4.8 13.9+52

Means+S.D. Experiments were replicated three times for each treatment.
18%(w/v) raffinose + 25%(v/v) Egg Yolk solution used as a cryoprotectant.

1 18%(w/v) raffinose solution used as a cryoprotectant

* P<0.05, ** P<0.01 (vs 0.70% Equex Stem group)
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Birth of Offspring After Transfer of Mongolian
Gerbil (Meriones Unguiculatus) Embryos
Cryopreserved by Vitrification
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ABSTRACT  The Mongolian gerbil (Meriones
unguiculatus) has been used as a laboratory species in
many fields of research, including neurology, oncology,
and parasitology. Although the cryopreservation of
embryos has become a useful means to protect valua-
ble genetic resources, its application to the Mongolian
gerbil has not yet been reported. In this study, we
investigated the in vitro and in vivo developmenta!
competence of Mongolian gerbil embryos cryopre- .
served by vitrification, In vivo-fertilized embryos were
vitrified on the day of collection using the ethylene

" glycot {EG)-based solutions EFS20 and £EFS40, which
contained 20% and 40% EG, respectively, in PB1
containing 30% {w/v) Ficoll 70 and 0.5M sucrose,
First, we compared one-step and two-step vitrification
protocols. [n the one-step method, the embryos were
directly transferred into the vitrification solution
{EFS40), whereas in the two-step method, the em-
bryos were exposed serially to EFS20 and EFS40 and
then vitrified. After liquefying {thawing), late two-cell
embryos (collected on day 3} vitrified by the two-step
method showed significantly better rates of in vitro
development to the morula stage compared to those
vitrified by the one-step method (65% vs. 5%,
P <0.0001). We then examined whether the same
two-step method could be applied to early two-cell
embryos {collected on day 2), four-cell embryos (day
4), morulae (day 5), and blastocysts {day 6). After
liquefying, 87%-100% of the embryos were morpho-
logically normal in all groups, and 23% and 96%
developed to the compacted morula stage from early
two- and four-cell embryos, respectively. After transfer
into recipient females, 3% (4/123), 1% (1/102), 5%
(4/73), and 10% (15/155) developed to full-term
offspring from vitrified and liquefied early two-cell
embryos, late two-cell embryos, morulae, and blas-
tocysts, respectively. This demonstrates that Mongo-
lian gerbil embryos can be safely cryopreserved using
EG-based vitrification solutions, Mo/, Reprod. Dev.
70: 464-470, 2005. © 2005 Wiley-Liss, Inc.

© 2005 WILEY-LISS, INC,

Key Words: cryopreservation; ethylene glycol; em-
bryo transfer

INTRODUCTION

The Mongolian gerbil (Meriones unguiculatus), also
called the “laboratory gerbil”, is a myomorph rodent that
is native to China and Mongolia. It hasbeen widely used
as a laboratory animal inbiomedical research, including
the study of epilepsy (Jobe et al., 1891), tumor (Meckley
and Zwicker, 1979), hypercholesterolemia (Dictenberg
et al., 1995), and cerebral ischemia (Levine and Payan,
1966). This species has also been used to develop good
animal models for a variety of infectious diseases caused
by bacteria, viruses, and parasites; for example, Helico-
bacter pylori (Yokota et al., 1991; Sugiyama et al., 1998),
Borna disease virus (Nakamura et al., 1999), Echino-
coceus multilocularis (Williams and Oriol, 1976), Cryp-
tospordium muris (Koudela et 21, 1998), Brugia-
pahangi (Klei et al., 1981), Giardia duodenalis (Buret
et al., 1991), and Entamoeba histolytica (Chadee and
Meerovitch, 1984). Although gerbils were randomly
bred in closed laboratory colonies for the first decades of
their use, selective breeding has recently been con-
ducted to establish laboratory strains that are suited for
each research purpose. The best-characterized straing
include seizure-sensitive and -resistant strains (Loskota
et al., 1974; Robbins, 1976; Seto-Ohshima et al., 1997)
and mutant strains with different coat colors (Robinson,
1973; Shimizu et al., 1990).
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CRYOPRESERVATION OF GERBIL EMBRYOS

For many domestic and laboratory species, assisted
reproductive technologies have been developed to
enhance live animal production and safe cryopreserva-
tion of genetic materials. However, the major assisted
reproductive technologies—including in vitro fertili-
zation, embryo culture, embryo transfer, and embryo
cryopreservation—have not yet been established for
Mongolian gerbils. This is a major drawback of working
with Mongolian gerbils and it impedes their broad
exploitation in biomedical research. The present study
was undertaken to develop a reliable experimental
protocol for cryopreservation of gerbil embryos. For this
purpose, we employed embryo vitrification methods,
which have been successfully used for mice (Kasai et al.,
1990), rabbits (Kasai et al., 1992), cattle (Tachikawa
et al, 1993), horses (Hochi et al., 1994), humans
(Mukaida et al, 1998), mastomys (Mochida et al.,
2001), and rats (Han et al., 2003). As little information
is available concerning techniques related to embryo
manipulation in gerbils, we also examined whether the
protocols for superovulation and embryo transfer con-
ventionally used for mice and rats could be applied to
gerbils,

MATERIALS AND METHODS
Animals

Mongolian gerbils (Meriones unguiculatus) from
inbred strains MGS/Sea (agouti coat color, Seac Yoshi-
tomi, Ltd., Fukuoka, Japan) and MGB (black coat color,
from the Nippon Medical School, Tokyo, Japan; Shimizu
et al., 1990) were maintained under specific-pathogen-
free conditions at the National Institute of Infectious
Diseases, Japan. They were kept under controlled
lighting conditions (light: 05:00—19:00) and provided
with water and commercial laboratory mouse chow ad
libitum. All animals were maintained and handled in
accordance with the guidelines of the National Institute
of Infectious Diseases, Japan. As the results obtained
from different strains of gerbil were not significantly

different, they were combined in this study.

Collection of Embryos

Mature females (7—18 weeks of age) were induced to
superovulate by intraperitoneal injection of 10 IU
pregnant mare’s serum gonadotrophin (PMSG) between
3 and 5 pm, followed by injection of 10 IU human chorio-
nic gonadotrophin (hCG) 44—46 hr later. The super-
ovulated females were mated with mature males in
cages with wire net fioors. The next morning (designated
day 1 of pregnancy), the presence of a copulation plug
was confirmed. The early two-cell embryos, late two-cell
embryos, four-cell embryos, and morulae were collected
by flushing the oviduets (at 48, 72, 96, 120 hr post-hCG)
with modified phosphate buffered saline (PB1, Whit-
tingham, 1971a); blastocysts were also collected by
flushing the uteri (144 hr post-hCG). The collected
embryos were placed in culture dishes containing drop-
lets of M16 medium (Whittingham, 1971b) covered with
paraffin oil and cultured at 37°C under 5% CO; in air
until eryopreservation or embryo transfer.

465

Cryopreservation of Embryos

In the first series of experiments, we assessed the
toxicity of different cryoprotectants to optimize the
cryopreservation solution suitable for gerbil embryos.
Freshly collected late two-cell (day 3) embryos were
immediately suspended in 2M solutions of ethylene
glycol (EQ), glycerol, dimethyl sulfoxide (DMSQC), pro-
pylene glycol (PG), or acetamide in PB1 at room
temperature (22°C) for 10 min. After washing by serial
transfers into three drops of PB1 at room temperature,
the rate of in vitro development to the compacted morula
stage was assessed using the culture conditions describ-
ed above. Preliminary experiments showed that the
morula stage was the most advanced stage to which
fresh two-cell embryos developed under our in vitro
culture conditions.

Vitrification was performed according to the method
developed for mouse embryos by Kasai et al. (1990}, with
slight modifications. We prepared two vitrification
solutions, EFS20 and EFS40, which consisted of 20%
and 40% (v/v) EG, respectively, in PB1 solution contain-
ing 30% (w/v) Ficoll (average molecular weight 70,000),
and 0.5M sucrose. In this study, we employed both cne-
and two-step vitrification protocols. For the one-step
method, 13-20 embryos, together with a minimal
amount of culture medium, were directly introduced,
using a fine glass pipette, into approximately 40 pl
EFS40 solution in a 0.25-ml plastic straw held horizon-
tally. The plug ends were sealed with polyvinyl alcohol
powder. After exposure of embryos to the EFS sclution
for 2 min at room temperature, the straw was immersed
in liquid nitrogen. For the two-step method, 1320 em-
bryos were suspended in EFS20 solution for 2 min at
room temperature. They were then directly transferred
to approximately 40 pl EFS40 solution in a straw, as
described above. After exposure of the embryos to EFS40
solution at room temperature for 30 sec, the sealed straw
was immersed in liquid nitrogen.

To liquefy, (thaw; for terminology, see Shaw and
Jones, 2003) the embryos for further evaluation, after
storage in liquid nitrogen for at least 2 days, a straw was
warmed rapidly in 22°C water for about 8 sec. Immedi-
ately after warming, the EFS solution containing the
embryos was expelled from the straw onto a watch glass
using a metal rod. The solution was diluted by addition
of 0.8 ml PB1 medium containing 0.25M or 0.56M sucrose
(S5-PB1) and the embryos were retrieved into fresh 8-
PB1 medium. At 5 min after liquefying, the embryos
were transferred to PB1 medium.

Embryo Transfer

Two types of pseudopregnant recipient females were
prepared for embryo transfer: hormone-treated recipi-
ents and nontreated recipients. For the former, females
were pre-treated with hormones for superovulation, as
deseribed above. Only virgin females were used for both
groups. The vasectomized males for induction of pseu-
dopregnancy were prepared at least 4 weeks before
the experiments and infertility was confirmed by the
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absence of sperm in the vagina of females after mating.
Each recipient female was mated with a mature
vasectomized male in a cage with a wire net floor. On
the following morning (designated day 1 of pseudopreg-
nancy), the females were examined for the presence of a
vaginal plug and used for embryo transfer. Shortly
before embryo transfer, the recipient females were
anesthetized with an intraperitoneal injection of sodium
pentobarbital (57.5 mg/kg).

Statistical Analysis

The results were evaluated using Fisher’s exact
probability test. Values of P less than 0.05 were
considered statistically significant.

RESULTS

Effects of Cryoprotectants on the Development
of Gerbil Embryos

Gerbil embryos were exposed to one of five different
cryoprotectants and their subsequent development was
assessed. As shown in Figure 1, embryos exposed to EG
and PG showed rates of development to the compacted
morula stage similar to those of nonexposed contrel em-
bryos (P > 0.05). In contrast, those exposed to glycerol or
acetamide had significantly decreased developmental
competence (Fig. 1). Exposure to DMSO had an inter-
mediate effect on embryo development. Therefore, we
selected EG-based solutions for usein our cryopreserva-
tion experiments for gerbil embryos, ashasbeen done for
mouse embryos (Kasai et al., 1990).

Comparison of One- and Two-step Methods

Late two-cell (day 3) gerbil embryos that had been
vitrified using the one- or two-step methods were liquefi-
ed and examined for subsequent development in vitro.
More embryos developed to the compacted morula stage
in vitro when they had been vitrified by the two-step
method using EFS20 and EFS40, and liquefied in 0.25M
sucrose solution (36/55, 69%) as compared to the other
vitrification and liquefying procedures (Fig. 2). Only 5%
of embryos (2/43) developed to the morula stage after the
one-step vitrification method using EFS40 alone (Fig. 2).

Survival rate (%)

Nope

Ethylene  Glycerol
glycol

DMSD  Propylene  Acvtamide
glycol

Fig. 1. Survival of late two-cell (day 3) gerbil embryos afier exposure
to cryoprotectants in PB1 for 10 min at 22°C. The numbers on the bars
indicate surviving embryos per exposed embryos. The values with
different letters (a, b, and ¢) are statistically different (P <0.05).

In light of these results, we employed the two-step
method for the subsequent vitrification experiments.

Effect of the Stage of Development Upon
Cryopreservation on Subsequent
In Vitro Embryo Development

Using the two-step method described above, we
vitrified embryos at different stages of development and
later liquefied and examined them to determine their
survival and subsequent development in vitro and in
vivo. When recovered into normal culture medium, most
embryos (>87%) appeared to be morphologically normal,
regardless of the stage at which the embryos were
vitrified (Table 1). When cultured in vitro, embryos
vitrified at the late two-cell (day 3) and four-cell (day 4)
stages showed in vitro development comparable to that of
nonvitrified control embryos at the same stage (Table 1).
‘When embryos were vitrified at the early two-cell stage
{(day 2), in vitro developmental competence was signifi-
cantly lower than that of controls (Table 1).

Development of Vitrified Gerbil Embryos
After Embryo Transfer

We found that hormonal treatment of the recipient
females made the efficiency of mating with males more
consistent compared with natural mating, which eccurs
at random. However, as hormonal treatment may
compromise the oviductal and uterine environments
for transferred embryos, we first assessed whether
hormonally treated recipient females conceived after
embryo transfer. Early two-cell embryos (day 2) and
blastocysts (day 6) transferred into the recipient
oviducts and uteri, respectively, developed to term,
regardless of whether the recipient females had been
treated with hormones (Table 2). For further emhryo
transfer experiments, therefore, we used recipient
females prepared by natural mating without hormone
treatment, to optimize the conditions for efficient
embryo transfer.

" Early two-cell embryos (day 2), 1ate two-cell embryos
{day 3}, morulae (day 5), and blastocysts (day 6) were.
vitrified using the two-step method, liquefied, and
assessed for their developmental competence after
transfer into recipient females. Four-cell embryos (day
4)were not transferred because day 3 oviduct (ampullar)
isnot an appropriate transfer site in gerbils owing to the
distance from the position of the native oocytes, which at
this stage have descended to 2 point near the uterine—
oviductal junction.

Although the rates of development to full-term off-
spring were not high, normal pups were born from
embryos vitrified at all stages, indicating that at least a
portion of the embryos were completely viable and
competent after vitrification and Liquefying (Table 3;
Fig. 3). The implantation rates were also low (Table 3),
indicating that most embryos died before implantation,
or simply failed to attach to the uterine epithelium. The
weaning rates varied according to the experiment, but
all of weaned pups developed into adults with normal
appearance, to the extent examined.
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Fig. 2. In vitro development of late two-cell (day 3) gerbil embryos vitrified in EFS solution by the ene-
step or two-step method. Numbers indicate surviving embryos per cultured embryos. *P < 0.05, **F < 0.01,
$9*P < 0.005, and ****P < 0.001, as compared with the nonvitrified control at the same stage. 5p < 0,001,

bep < 0.005, and *°P < 0.0001.

DISCUSSION

The present study clearly demenstrated that Mon-
golian gerbil embryos could survive freezing and lique-
fying procedures at high rates and that some of them
develop into normal full-term offspring. We employed a
vitrification method using EG-based cryoprotectant
solutions. Embryo cryopreservation by vitrification
was first developed by Rall and Fahy (1985) for mouse
embryos. It has potential advantages over conventional
slow-freezing methods because of its very rapid cooling
time and minimal cell injury caused by extracellular
crystallization (Rall, 1987). However, the original
vitrification solution consisted of four cryoprotectants,

including acetamide, which is known to be very toxic to
embryos; therefore, its application eventually was
limited to embryos of certain strains of mice. Later, this
complication was overcome by development of less toxic
vitrification selutions using EG or glycerol (Kasai et al.,
1990; Zhu et al., 1994; Rall et al., 2000). The use of EG
also increased the flexibility of the conditions for
vitrification protocols {e.g., exposure time to cryoprotec-
tant) and thus increased the reproducibility of the vitri-
fication experiments (Kuleshova et al., 1999; Nowshari
and Brem, 2001). In this study, we confirmed the low
toxicity of EG for gerbil embryos, but glycerol showed
moderate toxic effects for gerbil embryos. To date,
successful vitrification using EG has been reported for

TABLE 1. In Vitro Development of Gerbi! Embryos After Vitrification by the Two-Step Method
With EF520 and EFS40

No. (%) of embryos

Morphologically Developed to

Stage of embryos (day)  Treatment Vitrified Recovered normal Cultured morula
Early two-cell (2) Vitrified 40 39 (98) 39 (100) 39 9 (23)*

Control — — — 36 31 (86)*
Late two-cell (3) Vitrified 176 169 (96) 147 (87) 556 38 (89)

Control — — — 49 39 (80)
Four-cell (4) Vitrified 54 50(93) 50 {100) 50 48 (96)

Control — — — 60 51 (85)
Morula (5) Vitrified 94 92 (98) 87 (95) — —
Blastocyst (6) Vitrified 50 46 (92) 46 (100) — —
*P <0.001.
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TABLE 2. In Vivo Development of Gerbil Embryos Transferred Into Pseudopregnant Recipients With or Without
Treatment for Induction of Sterile Mating

No. (%)
No. (%) of

Stage of Treatment before recipients that  No. of embryos Live offspring  Offspring
embryos (day) sterile mating became pregmant transferred Implanted delivered weaned
Early two-cell (2) No treatment 3/7(43) 80 12 (15) 9(11) 4 (5)

Hormone treatment 4/8 (50) 124 23(19) 10 (8) 7(6)
Blastocyst {(6) No treatment 5/5 {100} 77 40 (52) 37 (48)* 31 (40)*

Hormone treatment 5/7(71) 111 34 (31) 20 (18)* 15 (14)*

Early two-cell and blastocyst were transferred into the oviducts (day 1) and uteri (Qay 5) of recipient females, respectively.

*P<0.001.

many mammalian species (see Introduction). In mice, its
applicability for embryos at each developmental stage
has been assessed in detail (Miyake et al., 1993).

Asvitrification solutions contain very high concentra-
tions of cryoprotectants and sucrose to circumvent
intracellular ice formation, the embryos are exposed to
extremely high osmolality before they are vitrified. It
had been reported that this osmotic shock may compro-
mise the viability of the embryos, but can be reduced by
the step-wise exposure of embryos to solutions with
increasing osmolalities, We found that this was also the
case with gerbil embryos. When late two-cell gerbil
embryos were vitrified using the two-step method with
EFS20 and EFS540, their developmental competence
was significantly improved; as many as 65% of the frozen
and liquefied embryos reached the morula stage in vitro.
The osmolalities of EFS20 and EF340 were about
4.5 Osmol/kg and 9 Osmol/kg, respectively, as measured
by an automated osmometer. In mice, we found that
better survival rates could be achieved for embryos from
certain strains (e.g., DBA/2, ddY) using the two-step
method, as compared to a one-step method with EFS30.
Thus far, mouse embryos from 248 strains, including
genetically modified mice, have been safely eryopre-
served using the two-step method and their viability
confirmed by full-term development after liquefying and
embryo transfer (unpublished).

In the last series of experiments, we assessed the
viability and competence of vitrified gerbil embryos by
transfer into recipient females. Because there have been
very few studies on embryo transfer in gerbils, the best
combinations of the embryo stage and the day of pseu-
dopregnancy of the recipient females are not known, In
preliminary experiments, late two-cell (day 3) embryos
did not survive when transferred into 1-day pseudo-
pregnant oviducts. In this study, therefore, the recipient
females were implanted with embryos 1 day older than
the female’s pseudopregnancy. The oviducts and uteri of

‘gerbils accepted embryos at different stages of develop-

ment as long as a 1-day difference existed between the
recipients and embryos. Embryos at every developmen-
tal stage developed into normal offspring, regardless of
whether the embryos had been vitrified. However, the
rates of normal birth per transfer were very low, being
less than 10% in most cases. We also found that the
implantation rates of both vitrified and fresh embryos
were low, except in the case of fresh 6-day embryos.
This indicates that embryo transfer techniques for
gerbils can still be improved, probably by optimizing
the transfer timing. The in vitro culture medium for
gerbil embryos should also be improved, because no two-
cell or four-cell embryos reached the blastocyst stage in
M16 medium, which was criginally developed for mouse
embrycs. We have previously reported that embryos of

TABLE 3. In Vivo Development of Vitrified Gerbil Embryos After Transferred Into Pseudopregnant Females

Recipient female No. (%) of
No. (%) that

Stage of Stage Transfer became No. of embryos Live offspring Offspring
embryos {(day) {day) site pregnant transferred Implanted delivered weaned
Early two-cell (2) 1 Cviduct 2/8 (25) 123 6 (5)* 4(3)** 2 (2)**
Late two-cell {3) 2 Oviduct 1/6 (17) 102 6 (6)* 1(1)* 1(1)**
Morula (5) 4 Uterus 2/6 (33) 73 9(12) 4 (5) 23
Blastocyst (6) 5 Uterus 3/10 (33) 155 30 (19)* 15 (10)*** 13 (8)**
Blastocyst (6) 5" Uterus 37 (43) 110 25 (23) 17 (15)

15 (14)

Embryos were transferred into recipient females on the day of thawing.

*Without hormone treatment (natural cycle).
*P < 0.005.
P <0.05.
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Fig. 3. Gerbil pupsborn after tranafer of vitrified blastocysts (black).
They locked normal and showed active movement.

mastomys, a laboratory rodent native to Africa, devel-
oped into blastocysts in glutamine-containing medium,
but not in a medium lacking glutamine (Ogura et al.,
1997). Future experiments should examine whether this
is also the case with gerbil embryos.

No conventional methods yet exist for embryo transfer
in the Mongolian gerbil, in part because, unlike other
rodents such as mice and rats, induction of pseudopreg-
naney in female gerbils is difficult due to the unique
character of the reproductive biology of this species.
First, females and males caged together after reaching
sexual maturity often show very aggressive behavior
because of their monogamous nature. It has been
reported that the incidence of fighting and mortality
can be decreased to some extent by combining an elder
male and a virgin female (Norris and Adams, 1972). We
employed this combination for our embryo transfer
experiments. Second, unlike in mice and rats, it is
difficult to identify the estrouscycle in gerbils by vaginal
smears dueto their irregular patterns. The estrous cycle
of the Mongolian gerbil generally lasts for 4 to 7 days,
varying by individual animal (Marston and Chang,
1965). In a preliminary experiment, we examined whe-
ther the cycle could be synchronized by the hormone
treatment used for superovulation. On the day follow-
ing hCG administration and mating, 61% (n=41) of
females had a copulation plug. As these hormone-
treated females were proven to conceive after embryo
transfer, we conventionally employed this method to
conduct transfer experiments using vitrified embryos.
Successful embryo transfer in Mongolian gerbils was
first reported by Norris and Rall (1983), who used lactat-
ing pregnant females as recipients after ligating their
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single oviduct during early pregnancy. This method
gave excellent results by exploiting lactation-induced
delayed implantation for embryo transfer.

In conclusion, Mongolian gerbil embryos can be
cryopreserved safely using a two-step vitrification
method with EG-based cryoprotectant solutions, The
offspring derived from vitrified embryos appeared
normal and grew into fertile adults. This strategy will
enable efficient maintenance of gerbil breeding colonies
and avoid microbiological and genetic contamination
that may occur during natural breeding.
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ABSTRACT. Matrix metalloporoteinases (MMPs), which are dominantly regulated by tissue inhibitors of metalloproteinase (TIMPs), play
important roles in extracellutar matrix (ECM) degradation and are involved in the progression of kidney diseases. In glomeruli and tub-
ulointerstitum of hereditary nephrotic (ICR-derived glomerulonephritis: ICGN} mouse kidneys, hyper-accumulation of ECM components
occurred, and MMP activity decreased. In the present study, because lower levels of MMP activity may coatribute to the progression
of renal fibrosis in ICGN mice, Western blotting analysis and immunohistochemical staining for MMPs and TIMPs were performed to
verify the expression levels of these proteins. Levels of MMP-2, MMP-9, MTI-MMP, TIMP-1 and TIMP-2 in the kidacys were
decreased in ICGN mice in comparison with normal ICR mice. These results indicate that small amounts and low Ievels of activity of
MMPs cause the progression of renal fibresis in ICGN mice, ‘

KEY WORDS: extracellular matrix (ECM), ICR-derived glomerulonephritis (ICGN) mouse, matrix metalloproteinase (MMP), renal fibrosis,

tissue inhibitor of metalloproteinase (TIMP).

The quality and quantity of extracellular matrix (ECM}
components are tightly regulated in normal tissue, cell
migration, proliferation, apoptotic cell death and s0 on. A
balance between the production and degradation of the
ECM is maintained to achieve tissue homeostasis, but is dis-
rupted under pathological conditions [1]. Hyper-production
and/or hypo-degradation of the ECM can cause fibrosis in
many organs, ex. kidneys, liver, lungs and so on. ECMs are
dominantly degraded by serine proteinase, plasmin, and
matrix metalloproteinases (MMPs) [14, 15, 20]. Based on
substrate specificity, MMPs are classified as follows: (1)
MMP-1 (interstitial collagenase), primarily responsible for
the degradation of type I collagen; (2) MMP-2 and MMP-9
{gelatinases), dominantly degrade type IV collagen; (3)
MMP-3 (stromelysin), has a broad substrate specificity and
degrades type IV and V collagens, proteoglycans and lami-
nin; and (4) membrane type MMP (MT-MMP: membrane
associated MMP), degrades not only various ECM compo-
nents, such as type I collagen, but also processes the precur-
sor MMP, Each MMP is secreted as precursor enzyme (pro-
MMP; non-active form) into the extracellular space and
binds with tissue inhibitor of metalloproteinase (TIMP),
which is a dominant regulator of MMP activation. When
the degradation of ECM is required, the appropriate TIMP is
removed from the MMP via digestion by a proteolytic
enzyme (ex. Plasmin, MT-MMP and so on), and pro-MMP
is activated and the against ECM.
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ICR-derived glomerulonephritis (ICGN) mice develop
severe proteinuria at an early age which progresses to neph-
rosis [7, 8). This strain suffers from hypoalbuminemia,
hypercholesterolemia, and anemia. Histological studies
show a thickened glomerular basement membrane (GBM)
and effacement of podocyte foot processes [6-11]). We pre-
viously showed that components of the ECM accumulate in
glomeruli and tubulointerstitum of ICGN kidneys {11], and
that the accumulation was due to hyper-production and less
degradation of the ECM [17, 18], We biochemically mea-
sured the activity of MMP-1, MMP-2 and MMP-9 in ICGN
kidneys, and found decreased levels in comparison with
normal ICR mice [17]. However, the reason for the
decrease was not clear. In the present study, to verify
whether lower expression levels of these proteins provoke
lower levels of activity or not, we compared the expression
levels of MMPs (MMP-2, MMP-9 and MT1-MMP) and
TIMPs (TIMP-1 and TIMP-2} in the kidneys of ICGN mice
and in of normal ICR mice by Westemn blotting and immu-
nohistochemical staining.

MATERIALS AND METHODS

Arimals and tissue preparation. ICGN mice were pre-
pared by mating homozygous males (nep/nep) with het-
erozygous females (nep/~) at the laboratory of the National
Institute of Infectious Diseases (NIID) [8-11]. Early stage
(8-week-old; slightly renal fibrosis} and terminal stage (15-
week-old: progressed stage of renal fibrosis) male homozy-
gous ICGN mice from a specific-pathogen-free colony in
NIID [16-18] and age- and sex-matched ICR mice pur-
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chased from Clea Japan (Tokyo, Japan) were used (n=6 in
each group). All animals were housed in autoclaved metal
cages and were given a standard diet (Oriental Yeast,
Tokyo, Japan) and tap water ad [ibitum in an air conditioned
room (23 + 1°C), under controlled lighting conditions {12 hr
light/12 hr dark). They received humane care as outlined in
the “Guide for the Care and Use of Laboratory Animals”
(Kyoto University Animal Care Committee according to
NIH #86-23; revised 2000).

For biochemical analyses, urine samples were collected
during the 24 hr before sacrifice (24-hr-urine samples}, and
then blood samples were obtained from the cervical vein
under mild ether anesthesia. The animals were sacrificed
under deep ether anesthesia, and the kidneys were rapidly
removed. One kidney was immediately fixed in 10% neu-
tral-buffered formalin (pH 7.4) for conventional histopatho-
logical evaluation and immunohistochemical study. The
other kidney was frozen in liquid nitrogen and used for bio-
chemical study.

Clinical biochemistry: To evaluate the nephrotic state and
loss of renal function, blood and 24-hr urine samples were
examined on the basis of the following biochemical param-
eters. Serum and urinary albumin (sAlb and uAlb, respec-
tively), serum creatinine (sCr), blood urea nitrogen {BUN)
and serum total cholesterol (sTC) levels were enzyme-bio-
chemically measured with an automatic analyzer (Dri-Chem
3500U, Fuji Film, Tokyo, Japan). All procedures were per-
formed according to the manufacturers’ protocols.

Renal histopathology and immunohistochemistry: For-
malin-fixed kidney samples were dehydrated through a
graded ethano! series and embedded in Histosec (Merck,
Darmstadt, Germany). Sections 3 gm thick were mounted
on glass slides precoated with 3-aminopropyltriethoxysilane
(Sigma Aldrich Chemical, St. Louis, MO, U.S.A.), deparaf-
finized with xylene and rehydrated through a graded ethanol
series. For conventional histopathological evaluation, kid-
ney sections were stained with hematoxylin and eosin, As
previously reported [16-19), the extent of glomerulosclero-
sis was expressed as the degree of ECM deposition, which
was assessed on sections stained with Sirius-red solution
(saturated picric acid in distilled water containing 0.1% Sir-
ius-red F3B; BDH Chemicals, Poole, UK.). Sirius red
staining detects interstitial collagen. All slides were
mounted with Entellan {(Merck), and examined under a light
microscope {(BX51; Olympus, Tokyo, Japan) at least three
sections/mouse. In each kidney specimen, approximately
100 glemeruli and 100 tubular fields were selected at ran-
dom and histopathologically evaluated. Briefly, the mesan-
gial expansion in the glomeruli scored according to the
extent of the sclerotic lesion in the glomerulus, the morpho-
logical changes in the glomeruli {capillary aneurysm: thick-
ened GBM and foot process effacement of podocytes), and
tubular (cystic tubular dilation, epithetial cellular atrophy
and intraluminal cast formation) and tubulointerstitial (tub-
ulointerstitial expansion and mononuclear cell filtration
around arterioles) lesions were evaluated [16-18].

Serial sections were immunohistochemically stained for

MMP-2, MMP-9, MT1-MMP, TIMP-1 and TIMP-2 pro-
teins. Briefly, the sections were preincubated with 0.3%
H;0; in methanol for 30 min to inhibit endogenous peroxi-
dase, rinsed with 0.05% Triton-X100 in Tris-HC! buffered
saline (TBS, pH 7.6) for 30 min at room temperature (22—
25°C), and then incubated with each primary antibody for
60 min at 20°C. Primary antibodies used were as follows:
mouse monoclonal anti-MMP-2 IgG1, mouse monoclonal
anti-MMP-9 IgG1, mouse monoclonal anti-MT1-MMP
IgG1, mouse monoclonal anti-TIMP-1 1gGt, and mouse
moneclonal anti-TIMP-2 IgG1 (Datichi Fine Chemicals,
Takaoka, Japan). Each primary antibody was prepared as
follows: each primary antibody diluted at 1/20 with 50%
TBS and 50% Envision-horseradish peroxidase mouse solu-
tion (Dako, Glostrup, Denmark) was preincubated for 1 hrat
room temperature, added to a £/20 volume of mouse normal
serum {Dako), and then incubated for 1 hr at room tempera-
ture. After incubation with the primary antibody, the sec-
tions were treated with 1 mg/m/ of 3,3’-diaminobenzidine
tetrahydrochloride (Wako Pure Chemicals, Osaka, Japan)
and 0.1% H,0; in 50 mM Tris-HCI (pH 7.6) for I min at
room temperature. After a wash with distilled water, they
were counterstained with hematoxylin, mounted with Entel-
lan, and examined under a light microscope.

Western blotting analysis. Frozen kidney samples were
homogenized with lysis buffer [20 mM Tris-HCl (pH 7.5),
138 mM NaCl, 10% Glycerol, 1% IGEPAL (Sigma), 2 mM
EDTA, 2.1 mg/ml/ of Aprotinin (Sigma), 1 zg/mi of Leupep-
tin (Sigma), 1 pg/m! of Pepstatin A (Sigma), 0.25% sodium
deoxychotate (Sigma) and 1 mM Pefabloc-SC (Roche Diag-
nostics, Mannheim, Germany)]. Then, an equal volume of
sample buffer [120 mM Tris-HCI (pH 6.8), 5% sodium
dodecyl sulfate (SDS), 1440 mM Fmercaptoethanol and
3% bromophenol blue] was added, mixed well, and boiled
for 5 min. After centrifugation at 3,000 g, an aliquot of pro-
tein (15 pg) from each tissue sample was electrophoresed on
10% SDS-polyacrylamide gel, and separated proteins were
transferred to Immobilon-P membranes (Millipore, Bed-
ford, MA, U.S.A.). The membranes were preincubated with
blocking buffer [10 mM Tris-HCI (pH 8.0), 100 mM NaCl,
2.5% bovine serum albumin (BSA: Sigma) and 0.1% Tween
20] for 60 min at room temperature, and then incubated with
each primary antibody (as above described) diluted at 1/20
with blocking buffer. Then, the membranes were washed
with washing buffer [10 mM Tris-HCI (pH 7.6), 100 mM
NaCl and 0.1% Tween 201, and incubated with horseradish
peroxidase-conjugated rabbit anti-mouse IgG antibody
(Dako) diluted at 1/2,000 with 5% skim-milk and 1% BSA
in washing buffer for 60 min at room temperature. After a
wash with washing buffer, chemiluminescence was visual-
ized using an ECL-system (Amersham Pharmacia Biotech,
Piscataway, NJ, U.S.A.) according to the manufacturer’s
protocol. The chemiluminescence was recorded with a dig-
ital recorder (LAS-1000; Fuji Film), and then protein
expression levels were quantified using ImageGauge (Fuji
Film) on a Macintosh computer.

Statistical methods: ANOVA analyses with Fisher’s least
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significant differences test comparison for biochemical data,
and Wilcoxon’s signed rank test for histopathological esti-
mation were carried out with the StatView 1V program
(Abacus Concepts, Berkely, CA, U.S.A.) using a Macintosh
computer. Differences at a probability of P<0.05 were con-
sidered significant. All data are expressed as mean values &
SD (=6 in each group).

RESULTS

Clinical biochemistry and kidney histopathology: Clini-
cal biochemical data showed that terminal stage ICGN mice
{15 week-old) used in the present study developed pro-
gressed nephrosis (high serum creatinine and blood urea
nitrogen levels, hypercholesterolemia and hypoalbumine-
mia) (Table 1). Progressed fibrosis in the glomeruli and tub-
ulointerstitum, enlargement of the mesangial region without
cellular proliferation, tubulointerstitial expansion, appear-
ance of cysts, expansion of renal tubules, and infiltration of
lymphocytes in the tubulointerstitum were observed in the
kidneys of terminal (15-week-0ld}-ICGN mice, and com-
pared with those of early (8-week-0ld)-ICGN mice and age-
matched control ICR mice (Table 2 and Fig. 1). Histopatho-
logical findings in the kidneys of terminal-ICGN mice were
the same as in previous reports {16-19].

Western blotting analysis for MMP-2, MMP-9, MT]-
MMP, TIMP-I and TIMP-2: To assess the expression levels
of MMP-2, MMP-9 and MT 1-MMP proteins in the kidneys,
Western Blotting was performed. With the progression of
renal disease in the kidneys of ICGN mice, MMP-2, MMP-
9 and MT1-MMP protein levels decreased (Fig. 2). When
compared with the kidneys of control ICR mice, a 39 and
58% decrease in the level of MMP-2, a 30 and 26% decrease
in the level of MMP-9, and a 16 and 91% decrease in the
level of MT1-MMP were found in the kidneys of early-
ICGN mice and terminal-ICGN mice, respectively. Fur-

thermore, the expression levels of TIMP-1 and TIMP-2 pro-
teins also decreased with the progression of renal disease in
the kidneys of ICGN mice (Fig. 3). When compared with
ICR mouse kidneys, a 26 and 68% decrease in the level of
TIMP-1, and a 25 and 27% decrease in the level of TIMP-2,
were noted in early-ICGN mouse kidneys and terminal-
ICGN mouse kidneys, respectively. The decrease in the lev-
¢ls of MT1-MMP and TIMP-1 in the kidneys of terminal-
ICGN mice was prominent.

Immunohistochemistry for MMP-2, MMP-9, TIMP-1 and
TIMP-2: Changes in the localization of MMP and TIMP
proteins in the kidneys of ICGN mice with the progression
of renal disease were immunohistochemically demon-
strated. Slight or weak staining for MMP-2 was demon-
strated in proximal and distal tubules in control ICR mice
(Fig. 4A), whereas that trace or slight staining in proximal
and distal tubules, and weak staining in mesangium cells of
glomeruli were observed in the kidneys of terminal-ICGN
mice (Fig. 4B). Immunostaining for MMP-9 was observed
in proximal and distal tubules of ICR and early-ICGN mice
(Fig. 4C and D, respectively), while a slight decrease in
staining intensity was seen in those of terminal-ICGN mice.
Strong staining for TIMP-1 was demonstrated in the basal
area of distal tubules in ICR mice (Fig. SA), whereas
decreased staining intensity in the basal area of distal
tubules and slight staining in apical and lateral areas of distal
tubules were seen in the kidneys of terminal-ICGN mice
(Fig. 5B). Immunostaining for TIMP-2 was seen in proxi-
mal and distal tubules of ICR and [CGN mice (Fig. 5C and
D, respectively). Decreased staining for TIMP-2 was
observed in those of terminal- ICGN mice (Fig. 5D).

DISCUSSION

The ECM binds to receptors, integrins, which link with
cytoskeletal components and signal transducing compo-

Table 1.  Serum and urine biochemical features in ICR and ICGN mice
Strains ICR mice ICGN mice
Age (week-old) 8 15 8 15
Serum albumin (g/df} 1434024 342+0.13 2.82+0.13* 213 £0.16%%+
Serum creatinine {(mg/dl) 0.29+0.03 030+0.03 041 £0.04* 090 £ 0.10%+*
Blood urea nitrogen (mg/d)) 320£14 31819 43.04£4.7%0* TO.TL5.4%%
Serum total cholesterol (mg/df)  93.0+3.9 12021 5.1 1392+ 11.4%** 20451 15.1%%*

* and ***; p < 0.05 and 0.001 vs each ICR group, respectively.

Table2. Histopathological changes of glomeruli in the renal cortex arca of control ICR and ICGN
mice
ICR mice Early-ICGN mice Terminal-ICGN mice
(8 week-0ld) (15 week-old)
Normal® (%) 978x1.2 78.7113.1* 3581684
Expansion of mesangial areas” (%) 22+12 83424* 54.8 1 4,94
Capillary aneurysm® (%) Not observed 44+03 1361 4.0

) Histopathological changes are described in detail in the Materials and Methods.
* and ***: P <0.05 and 0.00] versus control ICR mice, respectively.
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Fig. 1.
collagen accumulation was observed in the kidney of ICGN mouse (B). (x 200)
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Fig.2. Waestem blotting analyses for MMP-2, MMP-% and MT1-

MMP proteins. Representative photographs are shown in A,
and quantitative data are summarized in B. Open, dotted and
closed columns in B are ICR, early-ICGN and terminat [ICGN
mice, respectively, The expression levels of MMP-2, MMP-9
and MT1-MMP proteins were decreased in the kidneys of
1CGN mice as compared with those of ICR mice.

Sirius-red staining demonstrating interstitial collagen accumulation. As compared with the kidney of ICR mouse (A), marked
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Fig.3. Western Blotting analyses for TIMP-1 and TIMP-2 pro-
teins. Representative photographs are shown in A, and quantita-
tive data are summarized in B. Open, dotted and closed columns
in B are ICR, carly-ICGN and terminal !CGN mice, respec-
tively. The expression levels of TIMP-1 and TIMP-2 proteins
were decreased in the kidneys of [CGN mice in comparison with
those of ICR mice.

nents, and influence cell morphology and functions, such as
cell migration, proliferation, apoptosis and so on. The pro-
duction and degradation of the ECM are accurately regu-
lated in quantity and quality in healthy mammals, but under
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Fig. 4.

pathological conditions this balance is upset, and the
homeostatic regulation of cell morphology and function can
not be maintained [1, 14]. Consequently, abnormal regula-
tion of ECM metabolism causes the progression of fibrosis.

ICGN mice, a spontaneous glomerulonephritis model,
show a hyper-accumulation of ECM components in glomer-
ular and tubulointerstitial regions. Notably, basement mem-
brane components in glomeruli are accumulated at the
earliest stage of renal fibrosis in the kidneys of ICGN mice
[11]. Previously, we showed that hyper-production and
hypo-degradation of ECMs occurred in ICGN kidneys, and
such an abnormal metabolism may induce renal fibrosis
[16-18). Briefly, in situ hybridization data showed ECM
production in glomeruli and tubulointerstitum of ICGN
mice to be up-regulated [18]. Decreased levels of activity
by MMP-1, MMP-2 and MMP-9, estimated biochemically,
in the kidneys of ICGN mice were found [17]. The hyper-
accurnulation of ECM components is due to hyper-produc-
tion and hypo-degradation. Moreover, an abnormal local-
ization of integrins was demonstrated in kidneys of ICGN

Immunohistochemical staining for MMP-2 (A and B) and MMP-9 proteins (C and D). MMP-2 protein was detected in proximal
and distal tubules in ICR (A) and terminal-stage ICGN mice (B). In the kidneys of ICGN mice, MMP-2 levels were slightly decreased
in some tubules, and weak signals were observed in glomeruli. MMP-9 protein was detected in proximal and distal tubules of ICR (C)
and terminal-stage ICGN mice (D). In ICGN mice, a slight decrease in the level of MMP-9 was observed. (x 200)

mice in comparison with healthy controls [19].

In the present study, we found decreased levels of MMP
and TIMP proteins in the kidneys of ICGN mice. Particu-
larly low levels of MMP-2, MMP-9, MT{-MMP, TIMP-1
and TIMP-2 were noted. These catabolism-regulating mol-
ecules are involved in the degradation of basement mem-
brane components. In the kidneys of ICGN mice, thickened
basement membranes of glomeruli and renal tubules were
confirmed (11]. However, our previous study revealed that
the production of basement membrane components, such as
type IV collagen and laminin, was not markedly increased in
the kidneys of ICGN mice {16, 18]. Moreover, the expres-
sion levels of TIMPs, which inhibit the activation of MMPs
and degradation of ECM components, were also decteased
in the kidneys of ICGN mice. Down-regulated MMPs are
responsible for the lower levels of ECM degradation, in
spite of the down-regulation of TIMPs. Generally, down-
regutated TIMPs augment ECM components, but down-reg-
ulated TIMPs, lower activities of MMPs and augumented
ECM components were detected in the kidneys of ICGN

— 85 —
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Immunohistochemical staining for TIMP-1 (A and B) and TIMP-2 (C and D) proteins. TIMP-1 protein was detected in basal area

of distal tubules in the kidneys of ICR mice {A). On the other hand, it was detected in the apical and lateral areas of distal tubules in the
kidneys of terminal-stage ICGN mice (B). TIMP-2 protein was detected in proximal and distal tubules of ICR (C) and terminal-stage
ICGN mice (D). TIMP-2 levels were decreased in ICGN mice. (x 200)

mice. We suspect extreme decreases of MMPs account for
extremely low MMPs activities. Furthermore, MT1-MMP
is related to the activation of MMP-2. In the kidneys of
ICGN mice, MT1-MMP levels were strikingly decreased,
and such a decrease may bring about down-regulation of
MMP-2 activation. In other nephrotic animal models, such
as the Heymann nephritis model, anti-GBM model and anti-
Thy.1.1 model, the up-regulation of MMPs and TIMPs is
observed [2-4, 12, 13]). However, in the kidneys of ICGN
mice, a characteristic down-regulation of both MMP and
TIMP expression was demonstrated. Thus, we conclude
that the decreased level of ECM degradation by MMPs
results in thickened basement membranes in the kidneys of
ICGN mice. We emphasize that ICGN mice are an unique
model for studying the molecular mechanism of ECM
catabolism and for the pathogenic mechanism of renal fibro-
sis, and that the present study would contribute to our under-
standing of the processes of renal fibrosis.
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