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Figure 1. Adrenomedullin (AM) concentrations of the kidneys (A)
and baseline renal perfusion pressure (B) isolated from AM
transgenic (TG) mice, AM knockout (KO) mice, and wild-type
(WT) mice. *P<0.01, 1P<0.001 vs WT; £P<0.001 vs TG.

30-

Kruskal-Wallis test was used. Differences with a value of P<<0.05
were considered statistically significant.

Results
Renal Contents of AM

We measured the renal contents of AM in the 3 groups of
mice by RIA. As shown in Figure 1A, AM contents in the
kidney of AM TG mice were significantly greater than WT
mice, whereas those of AM KO mice were significantly less.
These results were compatible with the findings of our
previous reports. %19

Isolated Perfused Kidney

Kidneys from KO, TG, and WT mice were macroscopically
normal and their weight did not greatly differ among the 3
groups. Baseline RPP in KO mice was significantly higher,
whereas that in TG mice was lower, compared with RPP in
WT mice kidneys (Figure 1B).

Figure 2 shows the effects of ACh on RPP and NO release
in the 3 groups of mice kidneys. ACh lowered RPP of kidneys
in either group in a dose-related manner. The degree of renal
vasodilation caused by ACh was smaller in TG mice than in
WT and KO mice. The ACh-induced vasodilation was
associated with an increase in NO release from the kidney.
NO release caused by ACh was greater in TG mice and
smaller in KO mice, compared with WT mice. Thus, TG mice
kidneys showed hyporesponsiveness to NO. The responses to
AM in the 3 groups of mice were similar to those to ACh
(data not shewn). Figures 3A and 3B shows the effects of AM
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receptor antagonists AM(22-52) and CGRP(8-37) on RPP,
respectively. Both antagonists alone significantly elevated
RPP in a dose-related fashion. The increase in RPP was
significant even in KO and WT mice. The response decreased
in the following order: TG>WT>KO.

In order to explore the involvement of the NO-cGMP
pathway in AM-induced vasodilation, we examined the
effects of L-NMMA and E-4021 on RPP. As shown in Figure
3C, L-NMMA alone increased RPP in all 3 groups of
kidneys. In contrast, E-4021 alone reduced RPP (Figure 3D).
These changes in RPP caused by L-NMMA and E-4021 were
dose-related and the responses decreased in the following
order: TG>WT>KO,

Ischemic Acute Renal Failure
No mice died after renal ischemia/reperfusion. Serum con-
centrations of urea nitrogen markedly increased 24 hours
after reperfusion in WT mice (Figure 4A). Decreases in renal
excretory function were significantly greater in KO mice than
in WT mice. However, the increases in urea nitrogen levels
were significantly smaller in TG mice. Serum creatinine
levels changed almost in paralle] with urea nitrogen levels in
the 3 groups of mice (Figure 4B). Pretreatment with
L-NAME did not change the increases in serum urea nitrogen
levels in WT and KO mice, whereas it significantly increased
them in TG mice, resulting in no differences in serum urea
nitrogen or creatinine levels among the 3 groups of mice.
Changes in renal excretory function induced by ischemia
were confirmed by histological analysis. Figure 5 shows the
renal histology of the 3 groups of mice. In WT mice, marked
damage of renal tissues, particularly in the tubuli, were
observed; these included detachment of epithelial cells of the
proximal tubuli, interstitial edema, and tubular casts. Expan-
sion of Bowman’s space was also observed. AM KO mice
also had marked tubular damage. However, in AM TG mice

% A Renal Perfusion Pressure

NO

TG WT KO TG

log[ACh (M)

Figure 2. Effects of acetyicholine (ACh) on renal perfusion pres-
sure (RPP) and release of NO in TG, WT, and KO mice.
"P<0.08, TP<0.01 vs WT.

— 119 —



derived AM is a significant factor in the regulation of
circulation.

The plasma concentration of AM in healthy subjects is at a
picomolar level.l.” However, the vasodilatory effects of AM
appear at concentrations higher than 1079 mol/L, according
to previous reports.}4 In the present study, significant vaso-
dilation in the renal vessels and aorta was observed also at
about 107° mol/L.. That is, the physiological circulating level
of AM is about a hundredth of the effective concentration on
arteries, although it is possible that the vascular wall may be
exposed to locally high concentrations of AM. Receptor
antagonists are useful tools to explore the role of endogenous
ligands. We examined 2 kinds of AM receptor antagonists,
CGRP(8-37)?7 and AM(22-52).> Both antagonists increased
the vascular tone in renal vessels precontracted by angioten-
sin IT in a dose-related manner. This suggests that endogenous
AM in the vasculature shows tonic inhibition on vasocon-
strictive stimuli. This phenomenon may be explained by some
agonistic action of the antagonists, particularly at higher
concentrations. In fact, AM(1-25), a truncated peptide of AM,
exerts vasoconstrictive activity.?® However, CGRP deriva-
tives have not been reported to cause vasoconstriction.

p<0.01
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Figure 3. Effects of adrenomedullin (AM) receptor antagonists,
AM(22-52) (A) and CGRP(8-37) (B), on renal perfusion pressure
(RPP) in TG, WT, and KO mice. Effects of E-4021 (C) and
NE-monomethyl-L-arginine (L-NMMA) (D) on renal perfusion pres-
sure (RPP) in TG, WT, and KO mice. *P<0.05, tP<0.01 vs WT.

renal injury was apparently mild. In fact, all 4 types of
damage scores were significantly less marked in TG mice
compared with the other 2 groups of mice. Figure 6 shows the
means of 4 types of injury scores in each group of mice. AM
KO mice kidneys subjected to ischemia showed significantly
greater scores than WT mice and AM TG mice. Pretreatments
with L-NAME also diminished differences m renal injury
scores among the 3 groups of mice.

Renal NOS Activity

As shown in Figure 7, calcium-dependent NOS activity in the
renal medulla was greater in TG mice, whereas it tended to be
less in KO mice. Ischemia/reperfusion decreased the NOS
activity in all 3 groups of mice. However, the NOS activity
was still greater in TG mice kidneys. On the other hand,
calcium-independent NOS activity was not detected in the
kidney of any group of animals.

Discussion
Endothelial cells secrete many circulating and local vasoac-
tive hormones. Among them, endothelin-1 and NO are potent
vasoconstrictive and vasodilative substances, respectively,
and they play important roles because their gene disruption
results in death or in a hypertensive reaction, respectively.?%:26

How 3t har aot bean clarified whether endothelinm-
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Figure 4. Serum urea nitrogen (A) and creatinine levels (B) in
mice with ischemic acute renal failure. (I/R) indicates ischemia/
w; L-NAME, Mnitro-c-arginine meiihy ester+143.

— 120 —



Nishimatsu et al

Tubular casts

!n‘terstirtia! ‘edema

§ %

Bar =20 um

Figure 5. Photographs of renal histology showing tubular casts,
interstitial edema, epithelial detachment, and expansion of Bow-
man’s capsule from AM transgenic (TG) mice, AM knockout
(KO) mice, and wild-type (WT) mice.

Furthermore, because endothelial denudation of the aorta
diminished the vasoconstriction caused by receptor antago-
nists (unpublished observation, 2001), it is unlikely that the
two antagonists per se increased vascular tone. Thus, it
appears that the antagonists-induced vasoconstriction is at-
tributed to a direct blockade of the action of endogenous AM.

It 1s striking that the receptor antagonists significantly
increased RPP even in WT mice, although vasoconstriction
was greater in TG mice and less in KO mice. Baseline
perfusion pressure in the kidney isolated from KO mice was
significantly higher than that from WT mice. These findings
suggest that endogenous AM actually regulates renal vascular
tone under physiological conditions, at least in mice. Further-
more, the decrease in endogenous AM production by 50%
may contribute to increases in renal vascular resistance. It is
not exceptional that a 50% reduction of gene expression
influences its function. For example, heterozygote eNOS KO
mice showed slightly higher blood pressure?® and greater
susceptibility to pulmonary hypertension due to hypoxia than
WT mice3® Although it is unknown whether there is a
pathological state associated with a reduced production of
AM, various cardiovascular diseases are associated with
several-fold increases in circulating AM.2!213 In TG mice,
expression of AM in the aorta and kidney increased by 2- to
3-fold, 14 Therefors, increased AM in patients with hyperten-

Role of Endogenous Adrenomedullin 661

5.0 - p<0.05 £<0.05 p<0.01
45 3 I ?
4.0 ] &
m &=
e =
Q 35 ] Pz
2 .
Cg 3.0 J o
. (,'/f’,
3 25 ] )
— g
£ 7
- 2.0 4 //;
£ 153 7
g8 7
2
1.0 3 //
] e
05 3 7
7
0 "
®® © O@ v\@
€ & )
& ©

Figure 6. Effects of ischemia and preischemic treatment with
L-NAME on renal injury scores in TG, WT, and KO mice. Values
are means of 4 types of injury scores. (I/R) indicates ischemia/
reperfusion; L-NAME, L-NAME+I/R.

sion and chronic renal failure may play a compensatory role
with regard to blood pressure regulation. On the other hand,
in septic shock in which the highest level of plasma AM was
reported,1-22 AM may be one of the factors contributing to
hypotension. In the present study, compared with WT mice,
TG mice showed 2-fold increase and KO mice about 50%
decrease in AM. Thus, the AM levels in TG and KO mice
were pathological rather than physiological. In iARF, AM
KO mice subjected to ischemia/reperfusion had significantly
higher serum urea nitrogen and creatinine levels than WT
mice. Furthermore, histological analysis revealed that renal
damage was significantly more severe in KO mice than in
WT mice. These results suggest that high levels of AM may
mitigate renal damage and decreases of AM below the
physiological level may abrogate it,

Not only AM-induced vasodilation but also ACh-induced
vasodilation was attenuated in AM TG mice. This mechanism
is unclear from the present study; however, eNOS TG mice
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Figure 7. NO synthase activity in the kidneys of TG, WT, and
KO mice. NO synthase activity was measured based on the
conversion of L-arginine to L-citrulline. (I/R) indicates ischemia/
raperfusion, *P<0.05 vs WT; 1P<0.05 vs WT(I/R).
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also showed hyporesponsiveness to endothelium-dependent
vasodilators, but not to endothelium-independent vasodila-
tors.?? In these mice, the activity of soluble guanylate cyclase
and the expression of cGMP-dependent protein kinase de-
creased, probably due to continuous activation of the NO-
¢GMP pathway.3* A similar kind of downregulation of the
signal transduction of the NO system may occur in AM TG
mice. However, this mechanism may not totally explain the
differences in vasodilatory responses of the 3 groups of mice
because NO synthase inhibition increased RPP in AM TG
mice to a greater extent. The responses to L-NMMA or
E-4021 reflected the baseline NO releasing rates. The re-
sponse of TG mice to NO may be attenuated. However, blood
pressure and RPP in TG mice were still significantly lower,
suggesting that the total vascular effects of endogenous NO in
TG mice may overwhelm the attenuated response and be
greater than those in WT mice at the baseline level. Thus, the
differences in the responses to L-NMMA and E-4021 suggest
the great differences in baseline NO release among the mice
groups. On the other hand, when NO release was stimulated,
nearly maximal renovasorelaxation in AM TG mice may at
least in part explain the mechanism for attenuated vasodila-
tory responses to ACh. This is compatible with the findings of
previous reports that L-NMMA caused greater vasoconstric-
tion under increased NO release, including eNOS transgenic
mice.33:34

In the present study, 24-hour reperfusion following 45-
minute ischemia caused iARF in mice. Although many
factors may involve renal injury caused by ischemia/reperfu-
sion, the role of NO has been considered to be important;
however, it is still controversial as to whether NO increases or
decreases and as to which NO synthase is responsible for the
change in NO in iARF. We have recently reported that
tetrahydrobiopterin (BH4), a cofactor of NO synthase, of
renal tissue is deficient in iARF and that replacement of BH4
restored renal endothelium-derived NO and improved renal
injury in rats.!? On the other hand, inhibition of NO synthesis
by L-NAME aggravated renal injury. These findings suggest
that endothelium-derived NO exerts cytoprotective effects in
ischemia/reperfusion and its decrease enhances tissue injury.
From this point of view, in TG mice the degree of renal injury
and renal excretory dysfunction was less than in WT mice,
suggesting that AM-induced NO release may contribute to
mitigation of ischemic renal injury. In fact, renal NOS
activity increased in AM TG mice. Pretreatment with
L-NAME abolished the differences in renal function between
TG mice and WT mice, supporting this possibility. It remains
undetermined as to how NO mitigates ischemia/reperfusion
injury. However, it is possible that NO is a potent antioxidant
and traps superoxide during the reperfusion period. Further-
more, it has been reported that NO suppresses excessive
increases in intracellular calcium by increasing cGMP.35
NO-induced vasodilation also contributes to it. AM is re-
ported to protect cultured endothelial cells from apoptosis and
this effect is mediated by the stimulation of NO production by
endothelial cells.?¢

From the results of L-NMMA administration and citrulline
assay, we sup hat AM-induced renal protection might
- be exerted ase. The citrulline assay showed thar

the NOS activity was much lower in the renal cortex of all
groups of mice than in the medulla. This finding was
consistent with that of most previous studies, which found
that NOS activity in the renal cortex was less than 10% of that
in the medulla.?”-3° Because it is difficult to differentiate a
calcium-dependent activity of NOS from a calcium-
independent one, we did not analyze the small activity
detected in the renal cortex. Although it is possible that NO
released in the cortex may also work, it is suggested that NO
derived from medullary vessels and tubuli would play a major
role in protecting renal function.4

In conclusion, using genetically manipulated animals, we
found that endogenous AM actually regulates renal vascular
tone even by relatively small changes in its production.
Furthermore, AM may exert a cytoprotective role in ischemic
injury through its NO-releasing activity.
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Abstract The recent development of endothelin-1 (ET-1)
antagonists and their potential use in the treatment of hu-
man disease raises questions as to the role of ET-1 in the
pathophysiology of such cardiovascular ailments as hy-
pertension, heart failure, renal failure and atherosclero-
sis. It is still unclear, for example, whether activation of
an endogenous ET-1 system is itself the primary cause of
any of these ailments. In that context, the phenotypic
manifestations of chronic ET-1 overproduction may pro-
vide clues about the tissues and systems affected by ET-1.
We therefore established two lines of transgenic mice
overexpressing the ET-1 gene under the direction of its
own promoter. These mice exhibited low body weight,
diminished fur density and two- to fourfold increases in
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Fig. 1 A Structure and restric-
tion maps of the mouse PPET-1
gene and the transgenic con-
struct. Filled boxes represent
exons 1-5 of the PPET-1 gene.
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Representative sections show-
ing immunohistochemical stain-
ing for ET-1 in the kidneys of
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genic (F) mice. Specific stain-
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the glomeruli (g) and vascular
endothelium () of transgenic
mice, whereas wild-type kid-
neys showed only faint staining
in glomeruli. Scale bars in E
and F, 100 pm
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the ET-1 levels measured in plasma, heart, kidney and
aorta. There were no apparent histological abnormalities
in the visceral organs of young (8 weeks old) transgenic
mice, nor was their blood pressure elevated. In aged
(12 months old) transgenic mice, however, renal mani-
festations, including prominent interstitial fibrosis, renal
cysts, glomerulosclerosis and narrowing of arterioles,
were detected. These pathological changes were accom-
panied by decreased creatinine clearance, elevated uri-

nary protein excretion and salt-dependent hypertension. -

It thus appears that mild, chronic overproduction of ET-1
does not primarily cause hypertension but triggers dam-
aging changes in the kidney which lead to the suscepti-
bility to salt-induced hypertension.

Heart

Kidney Aorta
Keywords Aging - Blood pressure - Endothelin
Hypertension - Renal function

Since its initial characterization as an endothelial cell-de-
rived vasoconstrictor a decade ago [1]; the peptide endo-
thelin-1 (ET-1) has been found to possess a diverse set of
biological activities, including effects on cell prolifera-
tion and hypertrophy, regulation of hormone release and
modulation of central nervous system activity [2, 3, 4].
In addition, elevated plasma ET-1 has been associated
with such cardiovascular diseases as hypertension [5],
heart failure [6], renal failure [7] and atherosclerosis [8],
thus implicating it in the reguiation of cardiovascular ho-
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Fig. 1D-F
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meostasis. The recent development of selective ET an-
tagonists and their potential use in the treatment of car-
diovascular disease raises questions as to the role of ET-1
in the disease process [9]. It is still unclear whether acti-
vation of an endogenous E'T-1system could be the prima-
ry cause of any of the aforementioned ailments. For ex-
ample, patients with essential hypertension had elevated
plasma ET-1 levels, but there was no significant correla-
tion between the plasma ET-1 level and systolic or dia-
stolic blood pressure (BP) in these patients [10].

Animal models in which ET-1 production is chroni-
cally increased should serve as a useful tool with which
to obtain a better understanding of the function of ET-1
in cardiovascular pathophysiology. In particular, the use
of transgenic mice overexpressing ET-1 enables us to fo-
cus on the effects of chronically elevated ET-1 on select-
ed organs, so as to better understand the specific benefits

of anti-ET therapy. Based on our previous work showing
the utility of the murine (prepro)endothelin-1 (PPET-1)
gene 5’-flanking region for this purpose [11], we gener-
ated transgenic mice using a DNA construct in which the
promoter region was inserted upstream of murine ET-1
cDNA and analyzed their phenotype with special refer-
ence to BP regulation and organ damage.

Materials and methods
Transgenic construct

A mouse ET-1 cDNA fragment encompassing the open reading
frame was obtained from mouse lung cDNA by reverse transcrip-
tion (RT) polymerase chain reaction (PCR) using primers deduced
from the previously reported sequence [12]. The amplified 1.0-kb
fragment was cloned into pCRII vector using a TA cloning kit (In-
vitrogen), and Not sites were placed at either end of the fragment
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Fig. 2 A Representative speci-
mens of 10-week-old transgen-
ic (right) and wild-type (left)
mice. Note the smaller size of
the transgenic mouse and the
courser, sparser fur. B Time-de-
pendent increases in body
weight in transgenic (closed
circles) and wild-type (open
circles) mice (n=10 for each).
"P<0.01 versus wild-type mice.
C, D Representative skin sec-
tions from wild-type (C) and
transgenic (D) mice. Scale bars
in C and D, 200 pm
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using synthetic linkers. The resultant Notl cassette was then insert-
ed into a plasmid containing a 9.2-kb fragment of the murine
PPET-1 gene 5'-flanking region, including a 131-bp sequence
from exon 1 and a 0.7-kb SV40-derived sequence with an intron
and an additional poly-A signal [11]. The final construct is illus-
trated in Fig. 1A.

Generation and identification of transgenic mice

The investigation conforms with the Guide for the Care and Use
of Laboratory Animals published by the US National Institutes of
Health (NIH Publication No. 85-23, revised 1996).

The PPET-1 5’-flanking promoter region-ET-1 cDNA construct
was liberated from the vector by Xhol digestion and then purified
using agarose gel electrophoresis and a Geneclean kit (B1IO101).
The purified DNA was dissolved in 5 mM Tris (pH 7.4) plus
0.1 mM EDTA before pronuclear injection into donor eggs pre-
pared from FvB mice. The final injection concentration was calcu-
lated to be 500 copies/pl. Microinjected eggs were transferred to
the oviducts of pseudopregnant ICR foster mothers and allowed to
develop to term. Founder mice were identified by standard South-
ern blot analysis of tail DNA using a 2-kb fragment of the PPET-1
promoter gene sequence as a probe. When the genomic DNA. was

digested with HindIll, a 6.5-kb transgene band, distinguishable
from the 8.0-kb authentic gene band, was observed.

For RT-PCR, the sense primer (5'-TAGGGAGTGTTCGTGT-
CTGACTCA-3") was chosen within the mouse ET-1 cDNA se-
quence. The antisense primer (5-AGATGGCATTTCTTCTGAG-
C-3") was chosen within an SV40 intron/poly-A additional signal
sequence. These primers were chosen to be situated upstream and
downstream of the SV40 intron sequence, respectively. In trans-
genic mice that showed the transcription of the transgene, the RT-
PCR product from the mRNA was 65 bp shorter because of the
splicing at the SV40 intron site (Fig. 1C).

Endothelin-1 measurement

ET-1 was extracted from tissue and plasma as described previous-
1y [13, 14]. Immunoreactive ET-1 was measured using a commer-
cial endothelin enzyme immunoassay kit according to the manu-
facturer’s (Wako) instructions.

Immunohistochemistry

Samples embedded in OCT compound were cut into 8-pm frozen
sections on a cryostat. Slide-mounted tissue sections were washed
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with PBS, treated with 0.3% H,0O, in methanol, preincubated with
goat nonimmune serum, and then incubated for 16 h at 4°C with
rabbit anti-rat polyclonal ET-1 antibody. Thereafter, the sections
were incubated for 60 min at 37°C with biotinylated goat anti-rab-
bit IgG, washed, treated with avidin-biotinylated horseradish per-
oxidase complex (Vectastain ABC kit, Vector), and developed in
0.004% H,0, and 0.02% diaminobenzidine tetrahydrochloride.
Samples labeled with preimmune serum instead of the primary an-
tibody served as a negative control.

Electron microscopy

Small samples of the specimens were fixed with glutaraldehyde
and osmium tetroxide, embedded in Epon (Epok) 812 (Oken Shoji,
Tokyo, Japan), cut into 0.1-pm sections, double-stained with ura-
nyl acetate or phosphotungstic acid and lead citrate, and examined
with an electron microscope.

Vascular casting and scanning electron microscopy

Mice were anesthetized with sodium pentobarbital, and the aorta
was cannulated via the left ventricle and perfused with 100 ml PBS
containing 0.1% heparin. The lower portion of the descending aorta
was then cross-clamped, and perfusion fixation was carried out for
S min using 100 ml of 2.5% glutaraldehyde at 37°C. Thereafter,
10 ml of casting resin (Mercox CL2B, Dainippon-ink and Chemi-
cal, Tokyo, Japan), mixed with a polymerizer in a 1.7% volume ra-
tio, was infused under hand pressure and allowed to polymerize for
30 min at room temperature. The kidneys were then removed and
immersed in a 20% KOH solution at room temperature for
1-2 days to corrode the tissue. After washing in water, the vascular
casts were dried in an incubator at 40°C. Areas of the cast corre-
sponding to the cortex were then cut with a razor blade into small
pieces suitable for observation, gold-coated with an ion sputter and
observed under a scanning electron microscope (JSM-5600LV,
JEOL, Tokyo, Japan) using an accelerating voltage of 15 kV.

Measurement of blood pressure

Male transgenic mice heterozygous for the ET-1 transgene and
their wild-type littermates were maintained on normal mouse
chow containing 1% NaCl. Using a ventilator (Harvard rodent
ventilator model 683), the mice were then halothane anesthetized,
and their femoral arteries were cannulated with polyethylene tub-
ing (I.D., 0.28 mm; O.D., 0.61 mm). To measure BP, the cannula
was connected a pressure transducer (TP-400T, Nihon-Kohden),
and arterial pressure was determined every 2.5 s using a peak de-
tector (AP-611G, Nihon-Kohden). Pulsatile BP was monitored in
this way for more than 5 h while the mice were conscious and un-
restrained within a quiet environment. BP data were stored on tape
along with the corresponding heart rates, which were computed
using a tachometer (AT-601G, Nihon-Kohden). The data were
then input to a computer, and the mean values for each variable
were calculated for 2-h segments composed of 2880 sample points
each. ' '

To investigate the salt sensitivity of the mice, diet containing a
high (8%) amount of sodium was provided for up to 3 weeks. This
dose could cause BP elevation in Dahl salt-sensitive rats within
3 weeks [15]. The systolic BP was measured by a programmable
sphygmomanometer connected to a cuff probe for mice (98A,
Softron). Unanesthetized mice were introduced into a small holder
and placed within a thermostatically controlled warming drum and
maintained at 37°C during the measurements.

Evaluation of renal function

All mice were housed in individual metabolic cages, and a series
of 24-h urine sample collections were made for 5 days. In each
mouse, we used the urine samples from days 3-5 and calculated
the mean urine volume and concentrations of urinary protein and
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Fig. 3 Comparison of basal arterial blood pressure (BP) (A) and
heart rates (B) in conscious, unrestrained ET-1 transgenic mice
(n=8, filled columns) and their wild-type littermates (n=10, open
column). {DBP Diastolic blood pressure, HR heart rate, MBP
mean blood pressure, SBP systolic blood pressure)

creatinine. After 5 days, blood was drawn to measure serum creat-
inine. Creatinine clearance was used as an index of glomerular fil-
tration rate and was calculated using the formula: creatinine clear-
ance=urinary creatinine X urine volume/serum creatinine.

Statistical analysis
Data are expressed as means +SEM. Student’s #-test was used to

evaluate differences between groups. Values of P<0.05 were con-
sidered significant.

Resuits

Establishment and characterization of ET-1 transgenic
mice

Microinjection of the transgenic construct into fertilized
mouse eggs gave rise to 50 live-born offspring. Among
them, eight were founders carrying the transgene, which
was identified by Southern blot analysis of the genomic
DNA (Fig. 1B). Amplification of the products by RTI-
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Fig. 4 Representative sections
showing histological character-
istics of the heart (A, B), kid-
ney (C, D) and aorta (E, F)
from 8- to 10-week-old wild-
type (A, C, E) and ET-1 trans-
genic (B, D, F) mice. Scale
bars in C and D, 100 um; E
and F, 200 um

PCR confirmed that two lines transcribed the transgene
(Fig. 1C). The two lines, designated Tg 53 and Tg 37,
carried ten and nine copies of the transgene, respective-
ly. As compared to their wild-type littermates, ET-1
concentrations in the plasma, aorta, heart, kidney and
intestine were elevated about twofold in both lines
(Fig. 1D). The effect of ET-1 overexpression was as-
sessed mainly using the Tg 53 line in the latter studies,
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because the expression levels in each organ were almost
equal and histological changes were identical between
these lines. '

Localization of ET-1 expression in the kidney was an-
alyzed immunohistochemically. The glomeruli in kidney
samples from transgenic mice were intensively labeled
by anti-ET-1 antibody (Fig. 1F), whereas the signal from
kidneys of wild-type mice was small (Fig. 1E). This pat-
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Fig. 5 Kidney sections from
12-month-old wild-type (A)
and transgenic (B—F) mice. In-
terstitial fibrosis in transgenic
mice was made apparent by
staining blue with Masson Tri-
chrome stain (B). C-F Cystic
lesions detected in the kidney
of transgenic mice. C Enlarged
renal cyst located at the surface
of the kidney. D, E Focal as-
sembly of small cysts. F Glom-
erular cysts; note the abnormal
dilatation of Bowman’s capsule
(arrows) and the shrinkage of
the glomerular tuft. G-J Glo-
meruli from transgenic (H, J)
and wild-type (G, I) mice, G,
H PAS stain, I, J immunohisto-
chemistry of fibronectin. Glo-
meruli of transgenic mice ex-
hibited increased numbers of
mesangial cells, the accumula-
tion of mesangial matrix and
thickening of the basement
membrane (H). Immunohisto-
chemistry of fibronectin re-
vealed strong positive staining
in the mesangial area in trans-
genic mice (J). Scale bars in A
and B, 100 ym; C, E and F

50 um; D 20 um; and G-J

200 pm. K Comparison of
glomerular planar area in wild-
type (open column) and trans-
genic mice (filled column).
*P<0.01 versus wild-type mice

tern of ET-1 expression in the kidney was almost identi-
cal to that in PPET-1-luciferase transgenic mice exhibit-
ing vasculature-selective transgene expression driven by
the same promoter [11].

Appearance of ET-1 transgenic mice

Transgenic mice weighed about 90%. as much as their
wild-type littermates at every stage examined (Fig. 24,
B). In fact, the reduced body weight was already appar-
ent at birth, when the weight of the fat between the
scapulae was also only about 90% that of the wild-type
mice. In addition, the fur of the transgenic mice was
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coarse, and the number of follicles present in skin sec-
tions was diminished (Fig. 2C, D). In all other respects,
the appearance, behavior and fertility of the transgenic
lines were unaffected.

Measurement of blood pressure, heart rate and creatinine
clearance in young mice

‘When the arterial BP was assessed in 8- to 10-week-old,
conscious, unrestrained mice, no significant differences
between wild-type (n=10) and transgenic (n=8) mice
were found (mean BP, 121+l mmHg versus
120+2 mmHg; heart rate, 67426 bpm versus
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Fig. 6 Electron microscopic
examination of transgenic (A,
B, D) and wild-type (C) mice.
Asterisks indicate increased
mesangial matrix (A) or hyalin-
ization of the interstitium (B).
D Arrowheads indicate thicken-
ing of the basement membrane
in transgenic mice. Scale bars
inA,CandD [ pm; B 2 um

660+13 bpm) (Fig. 3A, B). In addition, there was no sig-
nificant difference in the creatinine clearance between
these mice. (wild-type: 5.1+0.4 ml-min-l-kg-1, transgen-
ic: 5.0£0.3 ml'-min—t-kg-!, n=7 in each).

Histological examination of young mice

Histological examination of the hearts (Fig. 4A, B), kid-
neys (Fig. 4C, D) and aortas (Fig. 4E, F) of 8- to 10-
week-old ET-1 transgenic and wild-type mice revealed
no apparent lesions in the transgenic mice. In particular,
neither atherosclerosis of the aortic wall nor cardiac hy-
pertrophy was noted.

Histological examination of aged mice

When aged (12 months old) transgenic mice of Tg 53
and Tg 37 were later examined, cardiac hypertrophy and
atherosclerotic lesions of the aortic wall were still not
detected (data not shown); however, prominent changes
were found in the kidney in both lines. Numerous cystic
lesions were detected in the aged transgenic mice, as
were areas of focal interstitial fibrosis (Fig. 5B). The
cystic lesions could be classified into three types: (1) re-
nal cysts (planar area, 110,320+2984 um?) derived from
the occlusion and dilatation of urinary tubules (Fig. 5C);
(2) focal assemblies of small cysts (planar area,
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819+104 um?2), which were mainly observed in areas
containing pronounced interstitial fibrosis, forming a
wedge-shaped distribution at the renal cortex (Fig. 5D,
E); and (3) glomerular cysts (planar area, 12,152+924 pum?)
(Fig. 5F). Some of the Bowman’s capsules showed ab-
normal dilatation, and that the glomerular tufts of such
glomeruli were shrunken. Comparison of the glomeruli
of transgenic and wild-type mice also revealed increased
numbers of mesangial cells and the accumulation of
mesangial matrix in transgenic mice (Fig. 5H) and
glomerular planar areas were significantly larger in
transgenic mice (wild-type, 3095450 pm?2; transgenic,
4240486 um?, P<0.01) (Fig. 5K). In addition, PAS
staining showed the basement membranes of the glomer-
uli from transgenic mice to be thickened and wrinkled
(Fig. 5H). Immunohistochemistry of fibronectin revealed
strong positive staining in the mesangial area of the glo-
meruli from transgenic mice (Fig. 5J), whereas no stain-
ing was detected in wild-type mice (Fig. 5I).

Electron microscopic examinations

The presence.of increased mesangial matrix in the glo-
meruli and hyalinization of the interstitium of transgenic
mice were confirmed by electron microscopy (Fig. 6A,
B), as was the partial thickening of the basement mem-
brane (Fig. 6D). In contrast, there was no apparent thick-
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Fig. 7 Scanning electron microscopy of corrosion casts of the re-
nal cortex of wild-type (A) and transgenic (B, C) mice. B Arrow-
head indicates the uneven surface of the afferent arteriole in a
transgenic mouse. C Asterisks indicate the cast-free space, and ar-
rows indicate the club-shaped disruption of the cast in the glomer-
ular area of a transgenic mouse. Scale bars 10 pm
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Fig. 8 A Creatinine clearance and urinary protein excretion of 12-
month-old ET-1 transgenic (open column) and wild-type (filled
column) mice (n=10 for each). B Time-dependent changes in BP
measured in 12-month-old wild-type (open circles) and transgenic
{(closed circles) mice (n=10 for each) on a high-salt (8% NaCl) di-
et. (SBP Systolic blood pressure.) **P<0.01, *P<0.05 versus wild-
type mice

ening of the basement membranes of wild-type mice
(Fig. 6C).

Corrosion casts of the renal cortex

In wild-type mice, there was no narrowing or corruga-
tion of the cast at the renal afferent and efferent arteri-
oles; instead the surface of the cast was smooth. In areas
of glomeruli, the cast was uniform in diameter and
packed with complicated networks representing glomer-
ular tufts. There were no interruptions in the cast, no
clefts and no cast-free areas among the glomeruli
(Fig. 7A).

In transgenic mice, by contrast, the diameter of the
cast was reduced at the afferent and efferent arterioles,
and its surface was uneven (Fig. 7B). Similarly, in areas
of glomeruli, the cast was also irregular and reduced in
diameter. Moreover, club-shaped- disruptions of the cast,
representing the complete occlusion of glomerular tufts,
were also noted. The cast-free space was quite prominent
in some glomerular areas, and might represent the hya-
linization of the glomeruli (Fig. 7C).
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Renal damage and salt-induced blood pressure elevation
in ET-1 transgenic mice

Creatinine clearance was significantly lower in 12-
month-old ET-1 transgenic mice than in wild-type mice
(wild-type, 5.2+0.3 ml-min-tkg-1; transgenic, 3.2+
0.4 ml'min-!-kg!; n=10 in each; P<0.01), and total uri-
nary protein excretion was significantly higher in the
aged transgenic mice (wild-type, 26.9+1.7 mg/day;
transgenic, 32.9+1.8 mg/day; n=10 in each; P<0.05)
(Fig. 8A). _

When a high-salt (8% NaCl) diet was provided to 12-
month-old transgenic and wild-type mice for 3 weeks,
the wild-type mice showed only a slight tendency toward
elevation of systolic BP. On the other hand, the systolic
BP of the 12-month-old transgenic mice was significant-
ly increased at 1 week of initiating the high-salt diet
(Fig. 8B).

Discussion

By the time they were about 12 months old, ET-1 trans-
genic mice exhibited pronounced interstitial fibrosis, re-
nal cysts and glomerulosclerosis, changes similar to
those seen by Hocher et al. in their model [16]. Renal
function, as estimated from the glomerular filtration rate,
was also diminished in transgenic mice, and the in-
creased urinary protein excretion was indicative of glom-
erular dysfunction. It is unlikely that the renal damage
was a consequence of systemic hypertension, because
the elevation of BP was significant only after high-salt
loading. Electron microscopy of corrosion casts revealed
the lumens of the renal afferent and efferent arterioles
and the glomerular tufts to be narrowed and uneven in
transgenic mice, and some of the glomeruli to be com-
pletely occluded. Vascular casting revealed similar
changes in spontaneously hypertensive rats infused with
ET-1 [17], making it conceivable that the renal damage
was caused by local hemodynamic and arteriosclerotic
changes induced by ET-1 overexpression that did not pri-
marily affect systemic BP. With respect to glomerular fil-
tration, ET-1 contracts afferent and efferent arterioles
equally, but some evidence suggests that endogenous
ET-1 predominantly affects efferent arterioles [18§],
which would be expected to induce intraglomerular hy-
pertension, resulting in glomerular damage.

Nonvascular effects of ET-1 may also contribute to
both the glomerulosclerosis and the interstitial fibrosis.
For example, ET-1 has a potent proliferative effect on a
variety of cell types, including glomerular mesangial
cells [19, 20], and it promotes the synthesis of extracel-
lular matrix [21, 22]. As mesangial and epithelial cells
respectively produce mesangial and basement membrane
matrices, ET-1 overproduction may directly act on these
cells and cause glomerulosclerosis. Indeed, proliferation
of mesangium and thickening of the basement membrane
were detected by electron microscopy in the glomeruli of
transgenic mice.

115

Aged transgenic mice typically developed three types
of cystic lesions in the kidney: renal cysts, focal assem-
blies of small cysts and glomerular cysts. Interestingly, it
was recently reported that the kidneys of Han:SPRD rats,
a well-known model of human polycystic kidney disease,
exhibited significantly higher levels of ET-1 than age-
matched controls [23]. Thus, elevated renal ET-1 may it-
self contribute to cyst formation in the kidney. The renal
cysts were probably a consequence of the occlusion and
dilatation of the urinary tubules, but it remains unclear
why the occlusion of urinary tubules was so frequent.
One possibility is that the pronounced interstitial fibrosis
disturbed urine passage through the urinary tubules.

On the other hand, focal assemblies of small cysts in
the kidney were unique to our model. These lesions were
clearly different from what are more commonly de-
scribed as renal cysts, since they did not exhibit dilata-
tion, and they were not lined with cells. Nonetheless, be-
cause degenerated cuboid cells, resembling urinary tubu-
lar cells, were scattered around them, we believe these
cysts to be derived from the urinary tubules. Moreover,
as the distribution of these cysts was wedge-shaped, and
mainly located in regions of pronounced interstitial fi-
brosis, we suggest that the degeneration of the urinary
tubules may have been caused by intrarenal ischemia.

Dilatation of Bowman’s capsule and glomerular cysts
were also detected in transgenic mice. Similar cystic le-
sions were observed in a chronic glomerulonephritis
model induced in rat by administration of nephritogenic
glycoprotein [24]. Hence, when chronically present at
high levels, ET-1 may act as a nephritogenic factor.

By 12 months of age, ET-1 transgenic mice had de-
veloped salt-dependent hypertension. The observed salt-
dependent hypertension would be secondary to a loss of
functional units for Na* excretion by the kidney. It has
been postulated that the progression of glomerulosclero-
sis exacerbates hypertension by reducing renal mass,
thereby reducing the kidney’s capacity to excrete Na*.

Research into the function of ET-1 entered a new era
with the clinical application of ET-1 antagonists. Howev-
er, accurate estimation of the efficacy of anti-ET-1 thera-
py in treating human disease will require continued accu-
mulation of both clinical and preclinical data. The pres-
ent study clearly showed that mild, chronic overproduc-
tion of ET-1 is detrimental to the kidney. In the context
of the pathophysiology of hypertension, ET-1 may work
as a mediator, facilitating the development of renal dam-
age, which would then exacerbate elevations in BP. If so,
ET-1 antagonists may serve to attenuate hypertension-in-
duced organ damage.
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Role of the platelet-activating factor (PAF) receptor during
pulmonary infection with gram negative bacteria
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1 The lipid mediator PAF plays an important role in the phagocytosis of particles, including
bacteria, and consequent production of pro-inflammatory cytokines, such as TNF-x and IL-8.
2 Using a PAF receptor antagonist (UK-74,505) and PAF receptor knock-out mice, we have
investigated the relevance of PAF for the inflammatory changes and lethality after pulmonary
infection with the gram-negative bacteria Klebsiella pneumoniae in mice.
3 At an inoculum of 3 x 10° bacteria, there was marked pulmonary (bronchoalveolar lavage and
lung) neutrophilia that started early (2.5 h after infection) and peaked at 48 h. All animals were dead
by day 4 of infection. The chemokine KC and the pro-inflammatory cytokine TNF-a increased
rapidly and persisted for 48 h in the lungs.
4 Pretreatment with UK-74,505 (30 mg kg~! per day, p.o.) had no significant effects on the
number of infiltrating neutrophils in BAL fluid or lung tissue, as assessed by histology and
measuring myeloperoxidase, or on the concentrations of KC. In contrast, concentrations of TNF-o
and the number of bacteria mnside neutrophils were significantly diminished.
5 In order to support a role for the PAF during K. pneumoniae infection, experiments were also
carried out in PAFR-deficient mice. In the latter animals, lethality occurred earlier than in wild-type
controls. This was associated with greater number of bacteria in lung tissue and diminished
percentage of neutrophils containing bacteria in their cytoplasm.
6 Our results suggest that PAF, acting on its receptor, plays a protective role during infection with
K. pneumoniae in mice.
British Journal of Pharmacology (2002) 137, 621 —-628. doi:10.1038/sj.bjc.0704918

Keywords: Chemokines; lung inflammation; neutrophils; TNF-o; recruitment

Abbreviations: BAL, bronchoalveolar lavage; CFU, colony forming units; KC, keratinocyte-derived chemokine; LPS, lipopoly-
saccharide; MCP-1, monocyte chemoattractant protein-1; MPO, myeloperoxidase; PAF, platelet activating
factor; PAFR, PAF receptor; PAFR™/~, PAF receptor-deficient mice; PBS, phosphate buffered saline; PMN,
polymorphonuclear leukocyte; TNF-a, tumour necrosis factor-u

Introduction

Platelet-activating factor (PAF, 1-O-alkyl-2-acetyl-sn-glycero-
3-phosphocholine) is a potent autacoid lipid mediator with
various biological activities, including platelet and leukocyte
activation. PAF acts by binding to a G protein-coupled seven
transmembrane receptor, the PAF receptor (PAFR), and
appears to regulate constitutively various physiological
processes (Ishii & Shimizu, 2000). In addition to its role as
a physiological mediator, PAF has been shown to play an
important role in the pathophysiology of various inflamma-
tory conditions (Ishii & Shimizu, 2000). Studies with PAFR
antagonists or PAFR-deficient animals have shown an
essential role of PAFR during systemic allergic anaphylaxis-
associated shock in mice (Ishii & Shimizu, 2000; Montrucchiq
et al., 2000). Studies with PAFR antagonists or strategies that

*Author for correspondence at: Immunofarmacologia, Departamento
de Bioquimica e Imunologia, Instituto de Ciencias Biologicas,
Universidade Federal de Minas Gerais, Av. Antonio Carlos. 6627 -
Pampulha, 31270-901 Belo Horizonte MG Brasil;

E-mail: mmtex@icb.ufmg.br

decrease PAF activity have also demonstrated an important
role of PAF for lipopolysaccharide (LPS)-induced shock and
lethality (e.g. Fukuda et al., 2000) and for the lung injury
which follows a range of inflammatory stimuli (Miotla et al.,
1998; Tavares-de-Lima et al., 1998; De Matos ef al., 1999).
More recently, we have suggested an important role of
PAFR for the protective immune response of the murine
host against infection with an intracellular protozoan
parasite, T. cruzi (Aliberti et al,, 1999). In the latter system,
PAF induced NO release by T. cruzi-infected macrophages in
vitro and pretreatment of mice with PAFR antagonists
increased blood parasitaemia and enhanced infection-asso-
ciated lethality (Aliberti et al., 1999). These results are in line
with the ability of leukocytes to produce PAF upon
encounter with microorganisms or soluble particles and to
engulf them in a PAF-dependent manner (Makristathis et al.,
1993; Au et al., 2001). Moreover, exposure of leukocytes to
endotoxin or bacteria may trigger PAF release (reviewed by
Montrucchio et al., 2000; Makristathis et al., 1993). Thus, it
is clear that PAF may have a dual role during bacterial
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PAF receptor and lung infection

infections. On one hand, PAF appears to play an important
role in the ability of a host to deal with infections by
facilitating phagocytosis and killing of engulfed microorgan-
isms. On the other hand, PAFR activation may underlie the
tissue injury and shock associated with the infection and
endotoxin released.

In this study, we have investigated the relevance of PAF
receptors in a model of pulmonary infection in mice caused
by gram-negative bacteria. Thus, we have assessed the effects
of the treatment with a PAFR antagonist, UK-74,505, on the
lethality bacterial counts and inflammatory indices following
pulmonary infection of mice with Klebsiella pneumoniae. UK-
74,505 is a potent, specific, orally available and long-acting
PAFR antagonist (Alabaster er al., 1991; Parry et al., 1994;
Jezequel et al.,, 1996). For comparison, we also assessed the
lethality and infection indices of PAFR ™/~ mice after
infection with K. pneumoniae.

Methods

Animals

Balb/C (8 to 12 week-old) female mice obtained from the
Bioscience unit of our Institution were housed in standard
conditions and had free access to commercial chow and
water. PAF receptor-deficient (PAFR~/~) mice were gener-
ated as previously described and backcrossed or at least 10
generations into a Balb/C background (Ishii ef al., 1998). All
procedures described here had prior approval from the
animal ethics committee of Instituto de Ciéncias Bioldgicas
(Belo Horizonte, Brazil).

Bacteria

The bacterium used was Klebsiella pneumoniae — ATCC 27
736 that has been kept in the Department of Microbiology,
Universidade Federal de Minas Gerais. Before the experi-
ments described herein, bacteria were made pathogenic by 10
passages in Balb/C mice (i.p. injection and collection in the
spleen 24 h later) and kept frozen in a —70°C freezer at a
concentration of 1x10° CFU ml~! in tryptic soy broth
containing 10% glycerol (v v™') until use. Bacteria were
frozen when in the log phase of growth.

Treatment with UK-74,505

The PAF receptor antagonist UK-74,505 (modipafant, a gift
of Dr J. Parry, Pfizer, Sandwich, U.K.) was dissolved
initially in 0.1 M HCI and further diluted 10 fold in saline.
Control animals received an oral administration of vehicle
(0.01 M HCI), whereas the test group received an oral
administration of UK-74,505 at dose of 30 mg kg™'. The
oral dose chosen was recommended by the supplier and has
been previously shown to give good bioavailability for 24 h
(Alabaster er al, 1991; Parry et al, 1994; Jezequel et dl,
1996). For lethality experiments, the drug was administered
24 and 2h prior to inoculation of bacteria and daily
thereafter. For the experiments measuring infection and
inflammatory indices, the drug was administered 24 and 2 h
prior to inoculation of bacteria and animals sacrificed 24 h
after inoculation.

K. pneumoniae inoculation

K. pneumonige was grown in tryptic soy broth (Difco,
Detroit, MI, U.S.A.) for 18 h at 37°C prior to inoculation.
The concentration of bacteria in broth was routinely
determined by serial 1:10 dilutions. One hundred microlitres
of each dilution were plated on McConkey agar plates and
incubated for 24 h at 37°C and then colonies were counted.
Each animal was anaesthetized i.p. with 0.2 ml of a solution
containing xylazin (0.002 mg ml~Y), ketamin (50 mg mi~?)
and saline in a proportion of 1:0.5:3, respectively. The
trachea was exposed and 30 ul of a suspension containing
3x10° K. pneumoniae or saline was administered with a
sterile 26-gauge needle. The skin incision was closed with
surgical staples.

Bronchoalveolar lavage

Bronchoalveolar lavage (BAL) was performed to obtain
leukocytes in the alveolar spaces. The trachea was exposed
and a 1.7-mm-outside-diameter polyethylene catheter in-
serted. BAL was performed by instilling three I-ml aliquots
of PBS and approximately 2 ml of fluid was retrieved per
mouse. The number of total leukocytes was determined by
counting leukocytes in a modified Neubauer chamber after
staining with Turk’s solution. Differential counts were
obtained from cytospin preparations by evaluating the
percentage of each leukocyte on a slide stained with May-
Grunwald-Giemsa. In some experiments, the percentage of
BAL neutrophils that had phagocytosed at least one
bacterium was evaluated in at least 200 cells. '

Determination of myeloperoxidase activity

The extent of neutrophil accumulation in the lung tissue was
measured by assaying myeloperoxidase activity as previously
described (De Matos er al, 1999). Using the conditions
described below, this methodology is very selective for the
determination of neutrophils over macrophages (data not
shown). Briefly, a portion of left lungs of animals was
removed and snap frozen in liquid nitrogen. Upon thawing,
the tissue (0.1 g of tissue per 1.9ml of buffer) was
homogenized in pH 4.7 buffer (0.1 M NaCl, 0.02 M NaPOQ,,
0.015 M NaEDTA), centrifuged at 3000 x ¢ for 10 min and
the pellet subjected to hypotonic lyses (1.5 m! of 0.2% NaCl
solution followed 30 s later by addition of an equal volume
of a solution containing NaCl 1.6% and glucose 5%). After
a further centrifugation, the pellet was resuspended in
0.05 M NaPO, buffer (pH 5.4) containing 0.5% hexadecyl-
trimethylammonium bromide (HTAB) and re-homogenized.
One millilitre aliquots of the suspension were transferred
into 1.5 ml-Eppendorf tubes followed by three freeze-thaw
cycles using liquid nitrogen. The aliquots were then
centrifuged for 15 min at 3000x g, the pellet was resus-
pended to 1 ml and samples of lung were diluted (1:20)
prior to assay. Myeloperoxidase (MPO) activity in the
resuspended pellet was assayed by measuring the change in
optical density (O.D.) at 450 nm using tetramethylbenzidine
(1.6 mM) and H;O, (0.5 mM). Results were expressed as
‘myeloperoxidase index’ and were calculated by comparing
the O.D. of tissue supernatant with the O.D. of mouse
peritoneal neutrophils processed in the same way. To this
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end, neutrophils were induced in the peritoneum of mouse
by injecting 3 ml of casein 5%. A standard curve of
neutrophil (>95% purity) numbers versus O.D. was
obtained by processing purified neutrophils as above and
assaying for MPO activity.

Determination of plasma and lung K. pneumoniae colony
forming units

At time of sacrifice, plasma was collected from the branchial
plexus, the right ventricle was perfused with 3 ml of sterile
saline and lungs were harvested. Tissues were then homo-
genized with a homogenizer in a vented hood. The
homogenates and plasma were placed on ice, and serial
1:10 dilutions were made. One hundred microlitres of each
dilution were plated on McConkey agar plates (Difco) and
incubated for 24 h at 37°C and then the number of colony
forming units (CFU) was counted. The detection limit of the
assay was 100 bacteria ml~! or 100 bacteria per 100 mg of
tissue.

Harvesting of lungs and blood for cytokine analysis

At the designated time point, mice were anaesthetized with
xylazin/ketamin/saline as above, blood collected from the
brachial plexus and the animals sacrificed. Prior to lung
removal, the pulmonary vasculature was perfused with 3 ml
of PBS vig the right ventricle. The right lung was then
harvested for assessment of the various cytokine protein
levels.

Measurement of cytokine concentrations in serum, BAL
and lungs

The cytokine concentrations (TNF-o, KC, MCP-1/JE) were
measured in serum, BAL and lung of animals using ELISA
techniques with commercially available antibodies and
according to the instructions supplied by the manufacturer
(R&D Systems). Serum was obtained from coagulated blood
(15 min at 37°C, then 30 min at 4°C) and stored at —20°C
until further analysis. Serum and BAL samples were analysed
at a 1:3 and 1:5 dilution in assay dilution buffer,
respectively. One hundred milligrams of lung of controls
and treated animals were homogenized in 1 ml of PBS (0.4 m
NaCl and 10 mM NaPQOy) containing anti-proteases (0.1 mM
PMSF, 0.1 mM benzethonium chloride, 10 mM EDTA and 20
K1 aprotinin A) and 0.05% Tween 20. The samples were then
centrifuged for 10 min at 3000xg and the supernatant
immediately used for ELISA assays at a 1:5 dilution in
assay dilution buffer. The detection limit of the ELISA assays
was 16 pg ml~L

Determination of the levels of circulating leukocytes

The total number of circulating leukocytes and neutrophils
were evaluated in blood samples obtained at the end of the
experiments described in Figure 1. The number of total
circulating leukocytes was determined by counting leukocytes
in a modified Neubauer chamber after staining with Turk’s
solution and differential counts by evaluating the percentage
of each leukocyte on blood films stained with May-
Grunwald-Giemsa.
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Figure 1 Kinetics of the influx of neutrophils in the lungs of mice
infected with K. pneumoniae. Animals were inoculated with 3 x 10°
bacteria or vehicle (30 ul) and neutrophil influx in (A) in the
bronchoalveolar lavage (BAL) fluid or (B) lungs assessed after 2.5, 24
and 48 h. Myeloperoxidase (MPO) activity in lungs was used as an
index of neutrophil influx in that tissue. Results are shown as the
number of neutrophils or leukocyte index and represent the
meants.emean of six animals in each group. *P<0.01 when
compared with uninfected animals.

Histology

Lungs were inflated with 2 ml phosphate-buffered 10%
formalin, embedded in paraffin and 4 um-thick sections
obtained. The sections were then stained with haematoxylin
and eosin and examined under a light microscope.

Statistical analysis

Results are shown as means<s.e.mean. Data sets were
compared by using analysis of variance (ANOVA) followed
by Student-Newman-Keuls post hoc analysis. Results were
considered significant when P <0.05.

Results

Kinetics of the pulmonary inflammation and infection
after intratracheal (i.t.) inoculation of K. pneumoniae

Initial experiments were carried out to characterize the
kinetics of the pulmonary response after instillation of X.
pneumoniae. Mice were injected with 30 ul of a saline
suspension containing 3 x 10° bacteria, an inoculum shown
to be optimal for inducing lung inflammation and survival of
animals for at least 48 h (data not shown). Twenty-four
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