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-The cellular immune response to E.coli in mice was
examined by the deiayed hypersensitivity response in the
footpad. Viable bacteria, as present during an acute
urinary tract infection, were required to sensitize the
mice. However, as all mice could not be infected to the
same degree, the delayed hypersensitiﬁity reaction was not
easily standardised. Reéults with inbred miée indicate
that this response is not corrélated with immunity to

infection.

Strains of inbred mice varied in their response to
urinary-tract infectiéns; some were susceptible to infec-
tion and others were resistant. Crossing a sensitive
strain with a resistant strain resulted in an F. generation

1
of mice that were susceptible to urinary tract disease.

Inducing a diuresis in mice by adding 5% glucose to
their drinking water increased the susceptibility of the
animals to kidney infection. The osmolélity‘of urine
determined whether E.coli grew or was killed in vitro.
The relevance of this findiﬁg and the results above to the

course of E.coll urinary tract infections in man are discussed.
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CHAPTER "1

INTRODUCTION




Over 100 years ago Louis Pasteur observed that human
urine could support the growth of bacteria (Pastedr, 1863).
Since then a considerable amount of séientific attention
has been concentrated on the study of urinary tract infec-
tions. Epidemiological studies have shown that fhis type
of infection is prevalent throughouf the human population,
race and gquraphical location.having little effect on the
incidence of the disease (Kunin and McCormack, 19683 Levy
and Kaés; 1970). Women appear to be moré susceptible to
infection than men and the incidence of the disease rises
in women with increasing age, sexual activity and parity
(Kunin and McCormack, 1968; Kasé, 1960). Urinary tract
~infectiohs can also lead to complications during pregnancy

(Brumfitt et al, 1967).

Escherichia coli is by far the most common cause of
urinary tract infections. In otherwise healthy women out-
side of hospital E.coli is responsible for more than 90%
_ofvurinary tract infections (Gillespie et al, 1971). The
symptoms and severity of the acute disease vary markedly
from person to person as does the degree of kidney involve-
ment. Recurrent infections are alsb a problem. Anatomical

abnormalities of the urinary tract greatly increase the

susceptibility to infection but renal invelvement occurs

frequently in the absence of any obstructions or dysfunction.




Study of the factors involved in the pathogenesis of the
disease could therefore be useful in the treatment and

prevention of urinary tract infection.

Experimental models of infection

To investigaté urinary tract infections in vivo a
number of experimental methods of inducing urinary tract
infection have been utilised. It is possible to produce
infe¢tion in many small animals witﬁ most of the common
urinary tract pathogens. Experimental models wvary as to
the route by which bacteria are introduced into the urinary

tract, and wﬁether obstruction or trauma are used.

Haematogenous infectiOAS'can be initiated by injection
of bacteria into the bloodstiream. Rapid clearance of
bacteria from the circulation occurs and some of the
organisms become lodged in the kidney; Direct injection
of bacteria into thé kidney tissue will also produce kidney
disease. In both cases for infection of the kidney to occur,
temporary'ligatiOn of the ureter, massage of the kidney or
local inﬁury to the organ is necessary (Braude et al, 18553
Kaijser and 0Olling, 1573). An'ascending infection can be

induced by injection of bacteria into the bladder.




The pathological differences between haematogenous
and ascending pyelonephritis were investigated by
Heptinstall (1965). He produced haematogenous infections
in rats by the intravenous injection of E.coli and temporary
occlusion of the ureter and ascending infection by injec-
tion of bacteria into the bladder. Reflux of organisms up
the ureters was assisted by squeezing the biadder several
times with the external meatus compressed. In some experi-
ments the ureters were obstructed during the inductiqﬁ of

ascending infection.

Different patterns of infection were noted for the two
types of disease. The haematogenously induced disease gave
widespread lesions througﬁout the kidney whereas the ascending
type lesions appeared earlier and were initialiy confined to

the fornices and perihilar regions.

.Obstruction of the ureter after bladder inoculation of
bacteria resulted in a blood borne infection pattern. 1In
this case it was suggested that a low dose of ofganisms
probably entered the blood stream during bladder massage and
lodged in the obstructed kidney.. The different patterns of.
infection produced by the two methods suggests that they
must be treated as two separate and unrelated means of induc—

tion of disease.
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The route of infection in humans is generally thought
to be ascent from the urethra to the bladder and from there
the kidneys are infected by movement of bacteria up the
ureters. It is therefore this mode of infection which has
been most widely imitated in experimental infections.

Reflux of bacteria up the ureters to the kidney will result
in renal disease as shown by Heptinstall (1965). However
the intact bladder of experimental animals is very difficult

to infect and injected bacteria are cleared rapidly.

Modification of the bladder by the introduction of a
foreign body such as a glass bead or removal of a portion
of the bladder wall greatly facilitates establishment of
infection (Rocha and De Almeida, 1965; Rocha and Barros,
1965). The mouse model of infection that we have used
relies on the insertion of two small-silk stitches into the
anterior bladder wall. These act as a foreign body within
the bladder. Bacteria injected into the lumen of the bladder
rapidly multiply and some aécend the ureters to infect the
kidneys. Infections have been shown to persist in thé

urinary tract for at least 50 days (Nicholson and Glynn,

13875).

No surgical intervention was needed in rats to produce
infection, if the rats were subjected to a diuresis 3 to 5
days prior to bladder inoculation of bacteria (Freedman,

1967). Diuresis was accomplished by allowing the rats free



access to a solution of 5% glucose in tap water. Infection
in.the rats undergoing diuresis rapidly spread from the
bladder to the kidneys. 1In rats with infected kidneys due
to injection of bacteria directly into the cortex of one
kidney, diuresis resulted in rapid spread of the ﬁacteria

t+o the bladder and then to the other kidney.

Keane aﬁd Freedman (1967) producedpyelonéphritis in
mice drinking 5% glucosé in water, upon bladdef inoculation
of E.coli. In contrast Andriole (1970) demonstrated in
haematogenous infections in rats that reduction of water
intake increased the susceptibility of the kidney to infec-
tion, while diuresis had a protectiver effect. This anomaly
of the opposite effects of diuresis for the two types bf
infection is presumably'due to inherent differences in the

" two models. Dilution of the urine may pfovide bacteria
iﬁjécted into the bladder with 'a better medium for growth,
whereas dilution of urine in the kidney could lower the
tonicity of the kidney and thus permit body defence meéh—
anisms such as phagocytosis better conditions for dealing
with the invading blood borne organisms. Thus. diuresis is

an aid to the establishment of ascending infections, but

protective against haematogenous infections.

Many methods are thus available to initiate urinary
tract infections in experimental animals. It is difficult
to be certain which of these best simulate the infection in

human beings. As infection in people is generally thougﬁt to
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be of the ascending type, an experimental infection with
blood borne bacteria in combination with renal massage is

not necessarily a true representation of the human disease.

It is hoped that our model of ascending infection, in
which the only aid to bacterial colonisation is the pre-
sence of a foreign body ,is a reasonable model of the human
disease. Reservations must still be made however when
it comes to interpreting results obtained. Direct extra-
polation from the mouse model to the human patient may not
always be possible due to differences in the anatomy and

functioning of the urinary tracts of mice and people.

In spite of their limitations, however, animal mbdels
have been widely used to test hypotheses that evolve from

the observation of human urinary tract infections. Experi-

mental infections have been performed in order to aftempt to

characterise the host response to infection. These and our

own studies using the mouse model of infection will be dis-

cussed later. " '

' Characteristics of strains of E.coli that cause urinary
" tract inrfectilons

Aerobic gram-negative bacilli are responsible for the
majority of urinary tract infections although occasionally
other micro-organisms such as enterococci or staphylococci

are encountered, E.coli is, however, the predominant
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pathogen. Gillespie, Lee and Linton in 1971 showed that
in otherwise healthy women, outside of hospital, E.coli
was responsible for more than 90% of urinary tract infec-

tions.

Many strains of E.coli can be serologically charac-
terised by their possession of three different types of
antigen: the flagella or H antigen, the cell wall or O

antigen, and the capsular or K antigen.

Approximately two-thirds of uncomplicated asymptomatic
urinary tract infections are due to E.coli strains belonging
to just a few 0 serotypes; 0 types 1, 2, 4, 6, 7, 25, 50 and
75 are those most frequently found in urinary tract disease
(Bergstrom et al, 19873 Grineberg et al, 1968; Rantz, 1962;
Turck and Peters@orf, 1982; Vahlne, 1945; Vosti et al, 1964).
Rantz (1962) proposed that these E.coli with the common sero-
types were those found most often causing urinary tract dis-
ease because the possession of these 0 antigens conferred
invasive‘propefties on the bacteria. Tﬁus, these‘serotypes

had a special patﬁogenicity for the urinary tract.

Further investigation of the distribution of the common
serotypes revealed that these types also ﬁredominated in the
faecal flora. Thus these serologically identifiable O types
are found more often in urinary tract infections because

they are more prevalent among the organisms of the faeces.
p :
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The faecal flora is the source of organisms for an
ascending infection and as these serotypes are the most
common in the bowel they are also found with the greafest
frequency in bacteriuria. The 0 antigen would therefore
not appear to confer any special pathogenic properties on
E.colli strains as regards their infectivify for'the urinary

tract (Brumfitt, 1969; Turck and Petersdorf, 1962).

Most E.coli possess surface located K antigen,often
'in the form of a distinet capsule. The K antigen of E.colil
was first described by Kaufmann over 30 years ago (Kaufmann,
: 1943).' It was designated the K antigen from the German word

for capsule : Kapsel.

Three types of K antigens have been distinguished and
labelled L, A and B (Kaufmann, 1966). The L antigens are
thermolabile, i.e. 1oée their immunogenicity after heating
to 10000, while the more common B ;ntigen although losing
immunogeﬁicity at 100°C is still capable of being bound to
antibody after this treatment. The A antigens are resistant
to boiling but are inactivated by ﬁeating to 120°C (@rskov
and @rskov, 1970). The A and B antigens are usually acid §ély-

saccharides but some of the L antigens have been shown to be

of a protein nature (Hungerer et al, 1967).
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Many investigators have been interested in the
importance of K antigen as a bacterial virulence factor.
Vahlne (1945) and Sj8sted (1946) found that capsulated
forms of E.colli were more frequently detected in clinical
isolatgs than in normal faeces. These types were also
capable of growth outside the bowel such as in the peri-
toneum and urine and could haemolyée red blood cells. This

suggested that they had special pathogenic properties.

The presence of K antigen was shown by Glynn and
Howard (1970) to influence the sensitivity to complement of
strains of E.coli. The amount of K antigen present, as
measured by the ability to inhibit the agglutinatioh‘of
sheep red blood cells by rabbit haemolysin ,was directlj
related to the complement resistance of a particular strain.
When injected into mice strains of Efdéli rich in K antigen
were less readily phagocytosed than strains of é:CSii with
little or no K antigen (Howard and Giynn, 1971a). The pre-
sence of K antigen also increased the virulence of'E:éoli

for mice when inﬁected intracerebrally.

Sj8sted in 1946 first suggested that the X antigen
may confer properties on E}COIi which enhance the patho-
genicity of the bacteriaAfor the urinary tract. Glynn,
Brumfitt and Howard (1971) examined strains of ﬁ}cbli
isolated from the urine of patients with bacteriuria. They

compared them with faecal strains from antenatal patients




- 11 -

and with faecél specimens from randomly selected hbspital
patients. A significantly greater proportion of K rich
strains was found in the urine isolates compared with either
set of faecal controls. This excess of K rich strains in
the urine isolates was due to patients in whom the kidneys
were infected and who thus had both renél and bladder infec-
tions. Thus, while strains of E.colil feach the ‘bladder in
proportion to their frequency in the faecal flora, strains
rich in K antigen would appear to be more likely to succeed

in subsequently invading the kidneys.

In contrast, Mabeck, #rskov and frskov (1971) were
unable to correlate individual 0, K and H antigens of the
infecting strain with renal pathogenicity. Three serotypes
02:K1:H4, O4:X12:H5 and 06:X2a32c:H1 were found to be sig-
nificantly more common in cases of pyelonephritis than other
strains. However no quantitation of the K antigen present

was made.

Strdins of E.coli with serotypes 01, 02, 06 and 07 were
tested for the presence of K2a:2c, K13 and K1 antigen by
Kaiﬁser (1973). Bacteria were cbtained from schoolgiris with
urinary tract infections and the stools of healtﬁy school-
children. ‘K antigen was present more often and in signific-

- antly greater amounts in E.coli strains from the urine of
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children with pyelonephritis than among the strains
isolated from cases of cystitis, or from the stools of

healthy schoolchildren.

Recently McCabe et al (1975) have confirmed that K

rich strains are more frequently isolated from urine than
from faeces. They could not however detect any correlation
‘between the K antigen content of strains isolated from 100
bacteraemic patients with the severity and outcome of
bacteraemia. - The amount of K antigen possessed by the blood
culture isolates was not significantly greater than that of
the faecal isolates, but was significantly lower than that
of the urinary E.coli isolates. The possession of K antigen
therefore does ﬁot enhance the virulence of E.coli in

bacteraemia.

This finding is in opposition to the results of
Roantree and Pappas (1960). Twenty-four and forty-eight hours
after fhe intravenous inoculation of bacteria into rabbits;
the bacterial content of the blood was determined. In each
of 6 experiments in which bacteria were found at 24 Hours,
the complement resistant strains outnumbered the complement
sensitive strains by about 10 to 1. Thus the complement
resistant strains had better survived the bactericidal effect
of rabbit serum and extrapolating back to the human patient

would be expected to cause more cases of bacteraemia than
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complement sensitive strains. This confirmed the clinical
findings of Roantree and Rantz (1960) where bacterié iso-
lated from the blood of bacteraemic patients were found to
be more likely to be resistant to thé.bactericidal action

of serum than those isolated from the stools and urine.

As no determination of the K antigen content of these -
"complement resistant” strains was made it may not be valid
to compare these findings with those of McCabe et al. (1975)
Taylor (1975) has shown that the K antigen of E.coli is not
the only factor determining complement resistance. It would
appear however from the findings of Glynn et al (1371),
Kaijser.(1973), arid McCabe et al (1975) that the K antigen
of E.coli if not confering patﬁogenic properties on bacter-
aemic iéolates; does enable strains of E.coli possessing

this capsular antigen to successfully invade kidney tissue.

Myerowitz et al (1972) found that out of 1,535 urinary

tract isolates, 20 strains of E.coli and 1 of Pseudomonas

aeruginosa cross reacted with the capsular polysaccharides

of pneumococeci, meningococci, and Haemophilus influenzae

type B. These cross reactive antigens appeared to be acidic
polysaccharides resembling EIdOli K antigens. Acidic poly-
saccharides confer invasive properties on pyogenic bacteria
and Myerowitz et al therefore suggested that the invasiveness

of certain faecal flora for the urinary tract was related to
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the possession of this type of surface antigen. They did
not however differentiate between strains causing renal

infection and those résponsible for infection limited to
the bladder; the cross reacting bacteria wére also only a

small proportion of all the urinary tract isolates.

The H antigen of E.coli is the flagella of the bacteria.
Thus only motile strains of E.coli will possess H antigen.
Non-motile strains have no flagella and are H antigen nega-
tive. Both motile and non-motile E.coli can cause urinary

tract infections.

Weyrauch and Bassett (1951) in experiments using an
artificial urinary tract were able to demonstrate that motile
bacilli could move in the opposite direction to a flowing |
column of fluid. 1In contrast, even a stagnant column was
not ascended by non-motile bacteria. If motile and non-
motile organisms were present together,the motile bacteria
carried the non-motile bacteria with them when ascending
the fluid. More recently Boyarsky and Labay (1969) have
reported that retrograde instillation of“E;ddli cultures,
killed cultures and endotoxin into the biladder, stops

ureteral peristalsis.

" The experiments of Weyrauch and Bassett did not
obviously include all the factors involved in the trans-
mission of bacteria up the ureters to involve the kidneys.

Non-motile bacteria will infect the upper urinary tract and
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possibly reflux of urine up the ureters from the bladder
aids their péssage. If peristalsis is stopped by<the
action of endotoxin, as postulated by Boyarsky and Labay,
this will aid the ascent of both motile and non-motile

bacteria alike.

The host response to infection

The immune response to urinary tract infections due
to E.coli probably involves both cell-mediated and humoral
types of resﬁonse.‘_Cell-mediated immunity to infection
has only recently been studied, whereas ﬁumoral immunity
in the form of serum antibody levels has been investigated

extensively for many years.

Measurements of tﬁe cellular immune response in
persons suffering from urinary tract infection can be made
by evaluating the activity of circulating or local lympho-
cytes. Soltys and Brody (1968) studied the adherence of
bacterié to the circulating lympﬁocytes of persons with
pyelonephritis. Less adherence occurred in patients with
pyelonephritis than in control nﬁn—infected persons. The
explanatioﬁ for this was that either the reactive iympho-
cytes were sequestered by the infected renal parencﬁyma
and thus the circulating pool was reduced in pyeloneéﬁritic

persons, or that the cells had become tolerant to the antigen

during the infection and no longer reacted against it.
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The incorporation of 3H-thymidine into the circulatiﬁg
and kidney lymphocytes of rabbits with haematogenously
induced E.coli pyelonephritis was evaluated under basal
conditions and in response to T cell mitogens,. and specific
E.coli antigens by Sanford and Barnett (1965). The kidney
lymphocytes were found to be derived from the circulatory
pool sand enhanced lymphocyte reactivity to antigen in the
kidney occurred at a time wheﬁ the synthesis of local antibody
increased. This increase in antibody coincided with the
infecting bacteria losing their viability. Thus lymphocyte
responsiveness may be an important determining factor on the

course of an infection.

WHether the active 1ymphocyte represents T or B cells
has not been established. Lymphocytes stimulated by lipo-
polysaccharide in mice have been shown to be exciusively
B cells (Moller et al, 1973). It is possible that both
kinds of lymphocyte are required at-the'site of infection
to synthesise all typés of antibody. Recently Smith (1975)
has showﬁ that the 1lipid of lipopolysaccharide is necessary

for the activation of B lympﬁocytes.

Serum antibodies against the infecting bacteria can
often be detected in persons with urinary tract disease.
The 0 antibody response in patients with E.coli infection

can be diagnostically useful. Serum antibody measurement
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can help to establish if the infection involves the kidneys
or is limited to the léwer urinary tract. Infection of the
renal parenchyma gives an O antibody titre rise, whereas as
a rule bladder infection results in agglutinating titres

not significantly different to those normally found

(Needell et al, 1955; Percival et al, 1964; Brumfitt et al,

-1969).

‘The role of antibody produced during a urinary tract
infection is questionable. ﬁespite having high serum anti-
body titres‘people with renal disease still have active
infections. Recurrence of infection is also a feature of
urinary tract disease. Re-establishment of infection is
often accompanied by a secondary immune responsé, as shown

by increased antibody production (Vosti et al, 1965). Thus

high serum antibody titres against the infecting organism

would not appear to confer any protection.

The cellular immune response and the sequence in which
specifié~antibodies were produced was followed ih rats with
experimental retrograde pyelonephritis (Spenceb and Fairhead,
1972). TIgM and IgA immunocytes wére found in large numnbers
in the spleen, lymph giands and urinary tract within 48 hours
of the initiation of infection, The IgM response reached a
peak at 5-10 days and then declined. This coincided with a

gradual and persistent increase in IgG immunocyte infiltration.
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The peak IgM and IgA response occurred at the same time

as a rapid decrease in bacterial cell numbers was observed.
Remission of infection often occurred at this point. In
contrastlthe appearancé of the IgG re3ponse'was associated

with continuing infection.

If the IgM responsé is protective but is inhibited by
the IgG response, infection maybpersist by negative feed-
back of the IgG on IgM antibody production. Thus the pro-
duction of antibodies may not necessarily protect against
infection. The IgG response éppears to inhibit the syﬁthesis
of specific antibody and may be a factor in the establish-

ment of chronic infection.

Bluestone et al (1973) infected mice, undergoing a
diuresis, by direct bladder inoculation of E.coli. Increased
serum antibody levels were only found in animals that
developed pfelonephritis. The marked hypergammaglobulin-
aemia of these animals afforded no protection against

infection, as is found in humans.

Mice infected by our method show a rapid rise invcir-.
culating antibody levels, as measured by direct agglutination
of both live and heat killed bacterial suspensions. The
peék serum titre is reached by 7 dajs and High serum levels
then persist for many weeks. Serum antibody would therefore

not appear to be protective.
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Attempts to prevent infection in experimental animals
by immunisation prior to bacterial challenge have gi&en
varying results. Kaijser and 0Olling (1973) hyperimmunised
rabbits with E.coli 06:K2a,2c3Hl, or éﬂdcli 022:K13:H1 or
E.coli 02:K2ab:H1. After ligature of the ureter for 24
hours,rabbits were infected by intravenous injection of
E.coli 06:X13:H1. Rabbits with antibodies tc 06 or K13
were protected against infection. The Hl antibodies
afforded no p?otection. Thus immunisation of rabbits

reduced the incidence of Haematogenous kidney infection.

Subcutaneous immunisation of mice with heat killed
E.coli by Montgomerie et al (1972) protected mice from
déath due to endotOXin;shock and from haematogenous pyelo-
neéhritis, but produced little or ne protection from |
ascending infection in mice subjected to a diuresis. Thus
immunisation would appear to protect against haematogenous
but not ascending inféctions. ‘As serum antibody produéed
during an infection has no apparent effect on an ascending
infection,it is also possible that serum antibody has no
protective effect on the infection initiated after immuni-
sation has taken place. This could explain why many infec-
tions recur despite ﬁigh serun titres.against E.coll. As
most human infections are thought to be of the ascending

type, immunisation against the most common serotypes causing

urinary tract disease would not be expected to be of any use

in preventing people from contracting cystitis and pyelo-

nephrifis.
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Antibody present within the urinary tract can be
‘demonstrated by the téchnique of Thomas et al (1974).
Immunglobulins secreted into the urinary tract coat the
bacteria against which they are direcféd.Reacting bacteria
obtained after centrifugation of infected urine samples
with fluorescein.conjugated immunoglobulin to the host
immunoglobulin present on the surface results in a fluo-
rescent complex. This can be viewed by normal fluorescent
microscopy tecﬁniques. Thomas et al (1974) found fluores-
cent staining-bacteria in the urine of 3% out of 35 patients
with clinically defined pyelonepﬁritis but in only 1 out of
20 patiénts with acute cystitis. All types of immunoglobulin
could be detected by this method altﬁough IgG antibodies gave
the strongest reaction{‘ This test can be used as a diag-
nostic tool to identify-the extent of urinary tract disease;
people with a positive fluorescent-antibody test are more
likely to be suffering from pyeionephritis than people whose

infected urine does not contain antibody coated bacteria.

The susceptibility of persons to urinary tract disease
probably has some genetic basis. People vary in their
resistance to infection and may often succumb to infecticn
for nc apparent reason. Genes would thus be expected to con-

trol the host response to infection.

The mouse model of ascending urinary tract infection,
due to E.coli, has been used to investigate host and bacterial

factors involved in the pathogenesis of the disease.
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CHAPTER 2

THE ROLE OF BACTERTAL FACTORS IN THE PATHOGENESIS

ol

T T e

OF E.COLI URINARY TRACT INFECTIONS
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INTRODUCTION

Glynn et al (1971) and Kaijser (1973) have provided

evidence that the possession of the K antigen is related
to the ability of strains of E.coli to cause kidney infec- _ E

tion. The role of K antigens and other factors which may

help to determine the virulence of E.coli for the urinary g

tract have been investigated in a mouse model of infection.

MATERTALS AND METHODS

/ %

1L Experimental urinary tract infections in mice 4 ‘

The method of inducing urinary tract disease was used

for all experiments (unless otherwise indicated) and was

a modification of that suggested by Mr. M. Snell. Adult i%

mice (3 to 6 months of age) were anaesthetised with veter-

inary Nembutal (Abbot Laboratories Ltd., Queenborough, Kent, £

ME1l 5EL), by intraperitoneal injection of 0.6 mg/l0 g mouse

!Ilﬁﬁr Seee o -
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body weight and unconsciousness was maintained tﬁroughout the
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operation'with ether.

Mice were secured to a cork board by electric cable

clips covered with rubber tubing (see Plate 1) and the skin
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of the abdomen was swabbed with 70% alcohol to reduce infec-

tion at the site of the operation. The bladder was exposed
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Plate T

Infective procedure. The bladder

has been emptied and two small silk

stitches have been inserted into the

bladder wall. Injection of E. coli

into the bladder lumen initiates the
infection.
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by a suprapubic incision and any urine present aspirated.
It was essential to empty the bladder before injectiondaf
bacteria as overdistension of the bladder caused immediate

micturation and loss of the inoculum.

Two small silk stitches (Mersutures Silk §/0 B.P.C.
Mersutures Ethicon Ltd., Scotland) were inserted into the
upper anterior bladder wall, to act as a foreign body
within the bladder (Plate 1). A dose of bacteria in a
volume of 0.025 ml was injected into the bladder lumen
with a microsyringe and 30 gauge needle. The peritoneum
was closed with Catgut (Mersutures Plain 3/0 B.P.C.) and
the skin layers held together with 9 mm Autoclips (Clay
Adams, Parsipanny, -N.J. 0705&, U.S.A.). Appropriate aseptic
precautions were taken throughout the procedure. Recovery of
the mice from anaesthesia was aided by placing them in a
box in a warm (30°C) room. Most mice survived the operative
procedure; deaths within 24 hours of the operation were
attributable to post-operative shock or adverse reaction to

the anaesthetic.

2) Assessment of the infection

The mice were assessed for infection after three or
more days. The animals were killed by cervical dislocation,

and a 10 pl urine sample was taken for quantitative culture.




The kidneys were removed aseptically, weighed and homo-
genised for 2 minutes in 10 ml of 0.15 M saline using a

Colworth Stomacher 80 (A.J. Seward & Co.Ltd., London).

Viable bacterial counts were made by one of two

methods: -

1) Kidney and urine sémples were diluted in 10% broth
in saline, and 0.1 ml aliquoté were plated in duplicate

onto MacConkey agar plates, or

2) Samples were diluted into molten MacConkey agar
and plated out as 0.1 ml drops by use of tﬁe Colworth
Droplette (A.J. Seward & Co.Ltd.). 0.1l ml of the kidney
homogenate was also plated onto MacConkey agar plates.:
The Droplette technique is a new method designed to
economise on plastic petri dishes and agar growth medium

(Sharpe and Kilsby , 1971; Sharpé'ef al, 1972 ).

It was found to be essential to add an exira 1% of
agar to MacConkey agar used in the Droplette.technique to
counteract the loss of surface tension,due to the bile_
salts in the media, exerting a detefgent'actioﬁ on the
l1iquid drops. Unless the agar was added to the media 0.1 ml
drops spread too far on contact with the petri dish and
were too flat to be seen properly on the Droplette viewer.
The two methods of viable counting gave comparable results,

after incubation of all plates overnight at 37%.
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3) Bacteria

The strains of Escherichia coli with which the mice

were infected have been previously used in this department
(Table 1) (C.M. Milne, 1966; C.J. Howard, 1970). The K
antigens of E.coli are capable of inhibiting the agglutina-
tion of sheep red blood cells by rabbit haemolysin. The
agglutination inhibiting activity (AIA) of a strain of
E.coll 1s a measure not only of the améunt of K antigen

the strain possesses but also of the biological activity of
that K antigen. The resistancé of E.coli to phagocytosis
and complement killing, and the virulence of the bacteria
for mice, is related to the K antigen content of the strain

Howard and Glynn, 1971a;Glynn and Howard, 1970).

Bacteria were grown overnight in glucose nutrient broth
(Digest Broth + 0.1% glucose, Southern Group Laboratory,
Hither Green Hospital, London), washed aﬁd resuspended in
0.15 M saline at the desired concentration as measured by
optical density. The viable counts of inocula were con-

firmed by quantitative culture.
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Table 1

E. COLI STRAINS

Complement
Agglutination sensitivity
E.coli inhibiting CH50 killing
strain Serotype activity Source| 50% of bacteria
WFB82 0117:X? :H27 64 Piglet 29,0
WF41l 017:K16:H18 ' O Stool 0.7
WF96 07:X1 : H6 2 Urine 0.8
WF98 06:K13:H16 16 Urine _ 8.0
WF60 06:K13: Hl 32 Baby 9.5
WF 8 06:X13: H 32 Urine >32.4
WF26 06:K13:H31 64 Urine >32.4
WF 6 06:K13: H_ 64 | urine 12.0

Data taken from C.M, Milne
Thesis "Lysozyme and immune bacteriolysis®
Bristol 1966 and C.J. Howard Ph.D. Thesis
" The biological effects and properties of
K antigens of Escherichia coli"London 1970
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RESULTS

1) The effect of K antigen

Porton male mice weighing 30-40 g-were'infected with
strains of E.coli of differing K antigen content. The
first seven strains of E.coli (Table 1) were assessed for
thelr ability to infect mouse kidneys; Four of the strains
have the same serotype, 06:K13, but differ in the amounts

of K antigen present.

Mice were infected in groups'of twenty-four for each
strain of E.coli. Three different dilutions of +the bacteria
were used and thus 8 mice were infected with eacﬁ dose. The

infections were assessed at 3 days.

The viable counts obtained from the urine and kidneys
of mice infected with the different E.coli strains ére
analysed in Tables 2 and 3. Urines were said toc be infected
if they contained more than 1,000 organisms per ml and the
recovery of 100 bacferia from a kidney indicated an infection

of the organ with E.coli.

The majority of the urine samples weré found to be
infected (Table 2) and the geometric mean count recovered for
each dose inﬁected tended to rise with increasing inoculum
size (Table 3). There was no relaticn between the geometric

mean urine count and the X antizen content of the strain.
g

TR




Table 2

E. COLI INFECTIONS OF MICE

Strain Log dose Mice Urines Kidneys
injected 3 5
~ into Inf- >10 >lo0™

AIA | bladder No. ected % |No. /ml % |No. %
WF82 64 3.63 9 2 22 9 6 66 18 2 11
4,79 7 2 28 7 4 57 14 4 28
7.09 7 4 57 7 6 86 14 6 43
WF4l 0] 5.48 10 3 30 10 4 40 20 4 20
6.94 9 3 33 9 9 100 18 4 22
7.42 7 4 57 (6) 6 100 14 7 50
WF96 2 4.44 8 1 12 8 6 75 16 2 12
6.32 8 4 50 8 -7 87 16 6 37
7.44 8 4 50 8 7 87 16 6 37
WF98 16 4.09 8 2 25 8 7 87 16 4 25
6.22 8 3 37 8 8 100 16 6 37
7.53 7 5 71 (6) 6 100 14 lc 71
WF 60 32 4.40 8 3- 37 8 6 75 16 4 25
6.11 9 8 89 S 7 78 18 14 77
7.70 7 5 71| (6) 5 83 14 10 - 71
WF8 32 4.44 8 1 12 8 5 62 16 1 6
6.16 8 5 62 8 7 87| 16 8 50
7.74 8 7 87 (7) 7 1o0C 16 l4 87
WF26 64 2.97 8 3 37 8 2 25 16 5 31
5.14 8 &6 75 8 6 75 l6. 1o 62
7.23 8 8 100 8 8 100 16 13 21
Total le8 83 45 | 164 129 79 {336 140 41

( ) Urine samples not obtained from all mice investigated

Mice with 1 kidney infected

= 3

Mice with renal involvement
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Table 3
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GEOMETRIC MEAN BACTERIAL COUNTS RECOVERED FROM
URINES & XIDNEYS OF MICE INFECTED WITH E. COLI

—

r
Log. Urines | Kidneys
dose

injected
Strain into Log. mean Log. mean
AIA | bladder +SD of mean +SD of mean

WE 82 64 3.63 4.59 = 1.91 2.21 =+ 0.27
4,79 4,70 + 0.65 3.24 + 1.38
7.09 5.90 £ 0.99 4.09 = 0.98

WEF 41 O 5.46 4,53 £ 1.26 | 2.76 +* 1.15
6.94 4,43 + 1.41 3.10 = 0.18
7.42 - 4,41 * 1.56 3.79 = 0.83

WE 96 2 4.44 5.39 * 1.93 2.95 + 1.10
6.32 5.18 * 1.67 4,83 %= 1.49
7.44 6.41 + 1.20 | 3.76 + 1.60

WF 38 16 4.09 5.42 + 1.53 2.74 = 0,80
6.22 5.15 = 1.38 | 4.23 * 1.91
7.53 5.91 % 2.04 3.00 £ 1.33

WEF 60 32 4,40 5.10 + 1.24 3.50 % 1.80
6.11 6.46 * 1.80 4.54 + 1.47
7.70 6.76 + 1_.18 4.53 = 1.65

WF 8 32 4,44 4,30 £ 0.65 .18
6.16 5.54 + 0.75 3.19 = 0.53
7.74 5.61 + 1.61 , 3.82 + 1.40

WF 26 64 2.97 6.04 + 0.80 E 3.22 # 1.67
5.14 5.64 * 2.30 3.39 % 1.22
7.23 5.96 *# 1.50 5.38 = 1.24
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The number of kidneys infected by the E.coli strains
was variable (Table 2). The results are best presented
as number of kidneys rather fhan number of mice since
both kidneys of a mouse were not always involved; 31% of
infected mice had a unilateral infection. When the Per—
centage of kidneys infected is plotted against the dose
of bacteria injected into the bladder, the various strains
of E.coli gave different dose response curves (Fig. 1).
Strains of E.coli with a high K antigen content, i.e.
WF26, WF60 and WF8, infected a greater percentage of mouse
kidneys, and at lower doses than the poor X content strains
WFS8, WF96 and WF4l. The piglet strain WF82 was not very
infective for mouse kidneys. The dose response curve of
this strain has a shaliow slope; only a few more kidneys
were infected by a high dose of the bacteria than by a

low dose inoculum.

The dose of bacteria that would lead to 50% of the
kidneys becoming infected, the IDSO’ was calculated for
| 5o is
plotted against the agglutination inhibiting activity (AIA),

each strain directly from the graph. " When the ID

the measure of the K antigen content of a strain,a straight
line is obtained. This shows that for the six strains of

human origin the ID_. is inversely proportional to the AIA

50
(Fig. 2). Thus the infectivity of these six strains for
mouse kidneys is dependent on their K antigen content. The

more K antigen the strains possess, the greater their infec-

tivity‘for mouse kidneys.
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Percentage of kidneys infected related to dose and strain of
E. coli

E.coli infections in mouse kidneys
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Figure 2

Agglutination inhibiting activity of E. coli strains

related to their ID50 as calculated from Figure I

ID50 :AIA of E.golf strains

81 WF82
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The geometric mean count recovered from the kidneys
also tended to rise with increasing inoculum size (Table 3)
but as in.the case of the geometric mean count recovered
from the urine, no relation existed between this value

and the AIA of the E.coli strain.

2) The effect of flagella

Porton male mice were infected with a non-motile strain
of E.coli WF6 (Table 1) and the dose fesponse curve com-
pared with those of two strains from the previous experiment,
one of which is motile, E.coli WF26, and the other non-motile,

E.coli WF8, (Figure 3 and Table 4).

The dose response’' curves for E.coli WF6 and E.coll WF8
are very similar and indicate that non-motile strains are
capable of infecting mouse kidneys. The agglutination
inhibiting activity and serotype of E.coli WF5 are the same
as those of E.coli WF26. E.coli WF26 is much more vipulent
for mouse kidneys than is E.coli WF6, especially at lower
doses. This suggests that although a strain of E.coli does
not have to be motile in ordér to cause upper urinary
tract disease, motility may help the organisms to colonise

the kidneys.
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Table 4

DOSE RESPONSE CURVES OF MOTILE AND NON-MOTILE STRAINS
OF E. COLI

No. kidneys
infected %
Log dose with >10 kidneys

Strain injected bacteria/kidney infected
2.97 . 5/16 31
(m‘giiie) 5.14 10/16 62
7.23 13/16 81
WF8 4.44 1/16 6
(Non 6.16 8/16 50
-motile) 7.74 14/16 - 87
WF6 4.10 3/14 21
(Non 5.54 5/12 : 41
-motile) 7.18 6/8 75




3) The effect of not emptying the bladder prior to
injection of bacteria into the bladder lumen

Groups of 20 Porton male mice were infected with four
strains of E.coli:- WF41, WF96, WF82 and WF26 (Table 1).
The bladder was not emptied prior to injection of 1.25 x

106 bacteria into the bladder lumen.

The infection rates for kidneys. of the four sfrains
used are presented in Table 5. When tﬁese results are
compared with the rates of kidney involvement that would
have occurred in emptied bladders (by taking readings from
Fig. 1 for the percentages of kidneys infected with 1.25 x
106 bacteria), the infection rates for non-emptied bladders
are much higher. No correlation with the K content of the
strain exists for the non-emptied bladders. It is possibie
that the inoculation of bacteria into the fullAblaaders has
resulted in reflux of bacteria up the‘ureters.

) An attempt to increase the virulence of E.colil
by passage

Three Porton male mice were infected witH E.coli WF9s

)

(Table 1), by inﬁection of 5 x 10° bacteria into the bladder

lumen. After 3 days the mice were killed and all six kidneys 7

homogenised in 10 ml 0.15 M saline for 2 minutes in the
Stomacher. A sample of the homogenate was taken for a viable
count to be made. Ten ml of saline was added *o the homo~

- genate and the mixture was incubated overnight at 37°C. This
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Table S

INFECTIONS PRODUCED BY THE INJECTION OF 1.25 x 106 E.COLI

INTO EMPTIED OR NON-EMPTIED BLADDERS

E.coli strain
WF41l WEF96 Wr82 WF26
Agglutination
c L. .. 4
inhibition activity © 2 64 64
% kidneys infected:
bladder non-emptied|62.5 82 60 55
bladder empty 30 37.5 43 80
[read from dose
response curve]
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resulted in growth of the E.coli present in the kidney
tissue. Slow centrifugatién of the incubated mixture,

400 g for 10 minutes, deposited the organ debris and left
the bacteria in suspension. The‘supefﬁatant was decanted
off from the sediment and washed twice with 0.15 M saline.
The bacteria were finally resuspended in 2 ml of saline,

a sample was taken to assess the viable count and the
purity of the suspension (Tabie 6, Fig. 4). A further 3
mice were then infected by injection of the passaged

bacteria into tﬁé bladder lumen.

The bacteria were passaged by these means 6 times.
Bacteria recovered from the last passage were used to
ihfect a group of 8 male Porton mice. A control group of

6

Porton mice were infected with § x 10° of the original

strain, E.coli WF98.

The passaged bacteria infeéted fewer mouse kidneys
than did the normal E.coli WF98 (Table 7). The recovery
per kidney for the passaged bacteria was howeyer higher
than that obtained with the nofmal E.coli WF98. This sug—n
gests that altﬁough tﬁe,ability of E.Cbii Wrag8 to infect
mouse kidneys has not been.increased, once the kidneys have
become infected the passaged bacteria grow better in that
environment than do normal E.éoli WFSS; This has probably
been achieved by the overnight incubation of the recovered
bacteria in kidney homogenate, rather than by the seriai

passage of the bacteria through'mice.
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Table 6

EFFECT OF PASSAGE ON THE VIRULENCE OF E. COLT WF98'

o o Bacteria/ml o Viable'counf
'Passageb to initiate Non-incubated Per

: infection homogenate/ml kidney
o .2;03108 | zeomo® 6.66xio3;
2 '3.0le7*}’ |  ;,<1o3f' : L
3 - "s.oxios¥f | 7.8x1021,  2.6 x10°
4 "3,83108*" ~7.0x10° 2.33x10%
‘5 . o .3.0x108f":">. 5.2xld4' : 1;73xi05
6 : | 3.lx108‘ | ;l;Oxlcl.;_‘3,3 x1dl'

* Bacteria obtained by incubation of homogenate. from
/'  previous passage-with 10 ml saline overnight at 37
and separated by-differential centrifugation from

| ' kidney debris - B :

7 Bacteria giving count- of 5;0x108/mlrafter OVernight
~incubation. = Used to infect test mice. ‘
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Fig, 4 GROWTH OF E, COLI DURING PASSAGE IN MICE
10° -
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\ dose injected/ml. x
o
8 control WF98
10 -
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15 ~ recovery/
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102 Ly !
5 Y
<10 (o] 1l 2 3 4 5 6 7
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Table 7

INFECTIVITY OF PASSAGED E. COLI IN KIDNEYS

E. coli WF98

>102
Passaged Normal
No. kidneys infected 3/12 (25%) 7/14 (50%)
> 3

Recovery/kidney 1 x 10~ 2.1 x 10



5) The time course of an E.coli urinary tract infection

Fifty male Porton mice were infected on Day 0 with
2.5 x 10° E.coli WF8. Groups of mice were then killed at
intervals of time up to 50 days and assessed for infection
of the kidneys and urine (Table 8). At the end of the
experiment the mice were still infected. The urines were
nearly always found to be infected and the proportion of
diseased kidneys did not vary to any great extent as time
progressed. A peak of maximum geometric mean bacterial
counts recovered from the infected kidneys and urines
appeared to occur between 17 and 21 days, but this pheno—
menon may be a reflection of the small numbers of animals
studied at each point in time. The infection pfoduced in
mice by the method described here would thus appear to be
a chronic infectidn, and may be similar +to that in humans

with obstruction or dysfunction of the urinary tract, where

infection may persist for long periods.

" DISCUSSTION

The mouse model of infection has been used to investi-
gate tﬁe importance of bacterial factors in determining the
virulence of E;ééli for mouse kidneys. It is important to

empty the bladder prior to infection as otherwise reflux of

bacteria up the ureters results in the kidneys becoming

v
e e e e e e T MK O] O A AP O 0 T n e & VTR (13U 5 SRR WAL A




MAINTENANCE OF AN E, COLI WF 8 URINARY TRACT INFECTION BY MALE

Table 8

PORTON MICE FOR 50 DAYS

Day Urines Kidneys Log mean Log mean
' >103/ml >102 >103 urines * SD | kidneys <10 *SD
3 5/5 3/10 3/10 6.44 + 1,53 6.00 = 0.69
7 5/5 4/10 2/10 7.40 = 0.93 3.88 + 2,13
10 5/5 1/10‘ 1/10 5.83 = 2,15 3.65
14 5/5 5/10 2/10 6.43 + 0.93 3.26 = 0.79
17 5/5 4/10 -4/10 7.11 + 0,76 4.49 = 1.04
21 5/5 5/10 5/10 7.48 * 1.55 4,79 = 0.82
28 3/5 4/10 1/10 6.88 + 2,13 2,92 = 0.64
35 4/4 2/ 8 2/ 8 5.69 = 1,27 4,90 = 0,47
42 4/4 5/ 8 4/ 8 7.67 + 1,28 3.71 £ 0.66
50 a/4 5/ 8 5/ 8 7.85 £ 0.78 4.32 = 1.02

e e e ey e oz s a —

oo e
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infected irrespective of the strain of organism used. Over-
distension of the bladder could also result in injury of

the bladder mucosa and subsequent release of bacteria into
the bloodstream. Heptinstall (1965) postulated that a kidney
could become infected even if the ﬁreter was obstructed, by
escape Qf bacteria into the bloodsfream upon violent injec-
tion of bacteria into the bladder lumen. Bacteria were in
this case carried to the kidney by the blood stream. Injec-
tion of bacteria into an émptied_bladder is.unlikely to
result in any significant degree of trauma to the bladder

walls.

The ability of strains of E.coli to infect the kidneys
of mice was related to the activity of their K éntigens.
K rich strains more readily infected mouse kidneys than did
strains with little or no K antigen. This confirms expecta-~
tions based on the knowledge that K antigen enhances the
virulence of E.coli by increasing the resistance of the
organisms to host defence mechanisms such as phagocytosis
and antiBody mediated complement killing (Glynn and Howard,
1970; Howard and Glynn, 1971a): The result is in accordancé
with the findings of Kaiﬁser (1973} and Glynn et =21 (1971}
who found more K rich strains of é.boliAin isclates from
patienté with pyelonephritis than in those where infection
was limited to the bladder, or in faecal isolates. ‘The K

antigen of E.coli therefore confers mnephropathogenic pro-

perties on the bacteria, Attempts to determine exactly how



K antigen acts, within the environment of the urinary

tract, are described in subsequent chapters.

If it were possible to serotype strains of E.coli
isolated from urinary tract infections, and to assess
their K antigen content, persons at risk from kidney dis-
ease could be identified. However until more rapid methods
‘.of determining the K content of strains can be developed,
this finding is not likely to be of any diagnostic or

prognostic use.

Peristaltic waves propel urine from the kidney pelvis
to the bladder. Reflux of urine from the bladder into the
ureter is prevented by the oblique insertion of- the ureter
into thé bladdér, at the site of the vesicoureteral val&e.
Inflammation during a bladder infection méy reduce the com-
petence of the vésicoureteral valve and allow infected urine
to reflux up the ureter (Hutch‘gz;gl, 1963). Boyarsky and
Labay (1969) caused a cessation of ureteral peristalsis in
dogs by the instillation of cultures of F.coli, killed E.coli, .

and endotoxin into the bladder.

The combined effects of reflux and cessation of peri-
stalsis probably result in E;cdli ascending the ureter‘to
infect the kidneys. This would explain how non-motile
strains of E;éoii reach tﬁé kidney pelvis. The motile

strain of E.coli however was more infective for mouse
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kidneys than the non~motile strains. This may be directly
related to the motility of the bacteria or may be a con-
sequence of unknown factors which determine thervirulence
of E.coli. Ascent of a moving column of fluid has been
demonstrated by Weyrauch and Bassett (1951). However for
motility to be an impertant factor in determining the
virulence of E.coli for kidney tissue it would be necessary
for there to be a continuous fluid film in the ureter
between the kidney and bladder and perhaps for the bacteria

to be attracted towards kidney tissue by chemotaxis.

Tﬁe attempt to increase the infectivity of E.coli for
mouse kidneys was unsuccessful. Fewer kidneys were infected
by the passaged bacteria +han by the original strain.
However those kidneys that were infected with the passaged
strain contained more bacteria than the control infected
kidneys. The significance of this latter finding is unknown
but is not relevant to the ébility of strains to infect

mouse kidneys.

The time course experiment showed thét mice infected
by the method described here will retain the infection for
at least 50 days. Three days hés been chosen as the time
to assess the acute infection but data regarding the infec-

tivity of individual strains of E.coli for the urinary
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tract of mice probably holds true over longer periods of
time, as shown by the fact that the proportion of kidneys
infected by E.coli WF8 did not show any drastic variation

with advancing time.

The infectivity of E.coli for the urinary tract is
thus determined by several factors. Strains of E.coli
have an inherent ability to invade kidney tissue, which is
not increased by passage, but is enhanced if the strains
are rich in XK antigen. The role of motility is questionabie
as both motile and non-motile strains will cause renal |
disease. Other, perhaps unknown factors are probably
involved but these as yet have to be determined. The mouse
model of infection is an experimental means of inducing
an ascending infection and results obtained relating the
K antigen content of strains to their infectivity for
kidneys confirm the observations made on human urinary

tract disease.
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CHAPTER 3

THE ROLE OF MOUSE FACTORS IN THE PATHOGENESIS

OF E.COLI URINARY TRACT INFECTTIONS
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INTRODUCTION

The previous chapter has shown that the course of an
acute E.coll urinary tract infection may be influenced by
characteristics of the bacteria themselves. Probably as
important in determining the outcome of infection was the
host response to the disease. 1In order to determine if
the host response to a urinary tract infection is an

\ :

inheritable reaction, inbred strains of mice were infected

with E.coli, as previously described.

MATERIALS AND METHODS

1) Mice

Inbred strains of mice were obtained from lines
raised in the St. Mary's Hospital Medical School Animal
House. The origins of some of the strains are illustrated

in Fig. 5.

Fy mice of the crosses (Balb/c x CBA) and(BlOD2
newlinexC3H)were bred; these crosses being designed to
obtain ﬁybrid mice from parent strains of mice with

differing susceptibilities to E.coli urinary tract infec-

tion,
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Fig. 5 _ ORIGINS OF SOME INBRED STRAINS
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1In Biology of the Laboratory Mouse by The Staff
of The Jackson Laboratory. 1966 P. 2
McGraw-Hill Book Company: New York
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High and low responder mice were obtained from
Dr. G. Biozzi in January 1974, 1These mice havé been bred
from random matched Swiss white mice by selective breeding
for the amplitude-of agglutinin prodﬁcfion against hetero-
logous erythrocytes (Biozzi et al, 19683 Biozzi et al,
1970). A progressive separation of the mice into two dis-
tinct lines occurred; the high responder line give a good
antibody response and the low responder line give a poor
antibody response against sheep red blood cells. Colonies
of high and iﬁw responder mice Haye been bred in the Animal

House from the mice obtained from Dr. Biozzi.

2) Experimental infections

Groups of inbred ﬁice and high and low responder mice
were infected with 7.5 x 10° E.coli WF38. This dose 1s the
ID50 inoculum of E.colli WF98, as determined in Porton mice
(Chapter 2). The infections wefe assessed after 3 days.
The dose responses of BlODZ newline, C3H and Fl (BIODZ
newline x C3H) male mice to E.coli WF98 were investigated

by inoculation of varying concentrations of bacteria into

the bladders of small groups of the mice.
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RESULTS

1) E.coli urinary tract infections in inbred strains
of mice

Infecting different strains of inbred mice with a
dose of 7.5 x lO6 E.coli WF98 gave the results as presented
in Table 9. A different response was obtained for each
strain of mouse; some of the strains were much more sus-

ceptible to E.coll kidney infection than others.

When a positive infection was taken to be the recovery.
of more than lO3 organisms from a kidney, the strains DBA/1,
CBA, DBA/2 and C3H/He were all observed to have more than
40% of their kidneys infected; the strains BloD2 newline,
Balb/c,C57 black and A/Jax had less than 15% infected. The
different strains of inbred mice therefore vary considerably
in their susceptibility to E.coli kidney infection and can
be ranked in increasing order of the percentage of infected

kidneys recovered.

The viable counts recovered from the urines and kidneys
of the inbred mice are illustrated in Figs. 5 and 7.
The geometric means of the counts obtained in the kidneys
and urinés were calculated. As the count of neon-infected
urines could actually be between zéro and 9.0 x 102, apd
103/ml is the minimum count using the methods described
previously, an arbitrary value of 10l crganisms pef ml of
urine Qas assigned to the non-infected urines for the pur-

poses of calculating the mean urine concentration of bacteria



- 54 -

Table 9

E.COLI WF98 URINARY TRACT INFECTIONS IN INBRED MICE

Strain H2 5 Kidneys infected 3
type >10° (%) >107 (%)

B10oD2

new line d 8/26 (31) 0/26 (0)
Balb/C d 6/32 (19) 1/32 (3)
Cc57 black b 11/32 (35) 4/32 (12)
A/Jax a 18/30 (60) 4/30 {(13)
DBA/L q 19/24 (80) 11/24 {46)
CBA k 28/32 (87) 14/32 (44;
DBA/2 k 25/30 (83) 22/30 (74)
C3H/He d 26/28 (93) 23/28 (82)
Fl Balb/c x CBA 12/30 (40) 5/30 (17}
Fl Blob2 C3H 28/32 (87.5) 22/32 {71)

new line
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for each inbred strain. Likewise as non-infected kidneys
could contain from zero to 9.0 x 10; organisms, without

detection by cur method of assessment, a value of 101
organisms was assigned to each non-infected kidney. Thus
the mean urine or kidney count fepresents the mean of all
the urines and kidneys of each strain of mouse. Justifi-

cation of the choice of these arbitrary values is shown

in Table 10.

The ﬁistogram qf the mean urine ana kidney counts
(Fig. 8) showed a gradual change across the strains in the
magnitude of the mean kidney count obtained. The_inbred
strains C3H and DBA/2 were much more suségptible to E.coli
WF98 urinary tract infections than the other strains. The
inbred strains B1oD, newline and Balb/c were highly resis-
tant to kidney disease compared with the other strains of
mice. The variation in the mean urine counts was much less

pronounced than the variation observed in the mean kidney

counts.

Inbred strains of mice therefore vary in their sus-
ceptibility to E.coli urinary tract infection, as produced

by the method described in the previous cﬁapter.
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Table 10

EFFECT OF CHANGING THE ARBITRARY VALUE GIVEN TO
NON-INFECTED URINES AND KIDNEYS ON THE GEOMETRIC
MEAN COUNT OBTAINED

Log. geometric mean - kidney count obtained
Arbitrary Balb/C mice DBA/2 mice
value Urines ! Kidneys | Urines ! Kidneys
1 |
o] 4,20 i 0.48 6.52 E 4.36
| i
5 4.26 E 1.04 6.52 E 4.48
I I
1 x 1ot 230 | 1.28 | 6.52 i 4.52
1 l l |
5 x 10 4,39 : 1.85 6.52 : 4.64
10 4.43 . 2.10 6.52 ' 4.69
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2)  Genetics of the variation in susceptibility to
E.coli urinary tract infections

In order to see if susceptibility to E.coli urinary
tract infections was inherited,Fl generation male mice

were infected with the ID dose of E.coll WF98. The F

50 1
Cross (BlOD2 newline x C3H) was a cross between a highly
susceptible and a very resistant inbred strain of mouse,

in contrast to the F, (Balb/c x CBA) mice which were the

1
products of the mating of two inbred strains of mice with

intermediate susceptibility.

Infection of male (BIODZ newline x C3H) Fi mice
resulted in 71% of'the}kidneys containing more than 1,000
E.colli (Table 89). This was very similar to the infection
rate of 82% observed in C3H mice, and completely different
to the zero infection rate observed with the BlOD2 newline

parent type mice. The Fl (BloDé newline x C3H) mice thus

behave like the parent inbred strain, C3H mice.

Infection of male 13 (Balb/c x CBA) mice witﬁ the
same infective dose gave a kidney infection rate of 17%,
which is intermediate between the rates in the parent
strains. The Fqy (Balb/c x CBA) mice therefore do not act
1like either of the two parent types as regardé suscepti-
bility to E.coli urinary tract disease. The viable counts
obtained in the kidneys of the F, crosses are compared with

those of the parent strains (Figs. 9 and 10).
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Fig.9 VIABLE COUNTS RECOVERED FROM KIDNEYS OF BALB/C,
CBA, AND F1(BALB/C xCBA) MICE
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Fig.1l0 VIABLE COUNTS RECOVERED FROM KIDNEYS OF B1lOD2
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The geometric mean kidney and urine counts were
calculated as before and compared with those of the parent
mouse strains for each of the F; crosses (Figs. 11 and 12).
The F, (BlOD2 newline x C3H) mice behaved like the C3H micé
in contrast to the Fy (Balb/c x CBA) mice which had a mean
kidney count intermediate between those of the parent

strains.

" The dose rgsponse_cﬁrves OvaloD2 newliné, C3H and
FfBiODZ newline x C3H),male mice are illustrated by Figs.
13 and 14.Fig.13 shows the dose responses bésed on the
numbers of kidneys containing more than 100 organisms,
and Fig. 1% is similar except that the basal limit of

infection was taken to be 1,000 organisms. A similar

pattern of dose response curves was obtained in each case.

The ID50 dose for each strain was calculated; the
ID50 being that dose of E.coli which would result in 50%
of the kidneys containing more than 100 organisms. It was

not possible to calculate the ID.. at the higher level of

3

b

50
infection. Tﬁe ID50 dose for the C3H mice was 5 x 10

for the FltBloDé newline x C3H) mice 103, and for the
. . 8 s )

B,oD, newline mice 10~ E.coli per mouse. The Fy (BlOD2

newline x C3H) and the C3H mice are therefore at least

10,000 times more susceptible to E.coli urinary tract

infection than BlODZ newline mice.



Fig.ll GEOMETRIC MEAN VIABLE KIDNEY AND URINE COUNTS OF
BALB/C, CBA AND F1l (BALB/C x CBA) MICE
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Fig.l3 DOSE RESPONSE CURVES OF BlOD2 NEW LINE,

C3H AND F1l(BlOD2 NEW LINE x C3H)MICE.
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Fig.l4 DOSE RESPONSE CURVES OF BlOD2 NEW LINE, C3H, AND F1(B1lOD2 NEW LINE x C3H) MICE
INFECTION TAKEN AS >103/KIDNEY
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3) E.coli urinary tract infections in Biozzi high
and low responder mice

Male Biozzi high and low responder miqe wefe infected‘
with the ID50 dose of E.coli, as calculated in Porton mice.
The high responder mice were very susceptible to infection
with 60% of their kidneys containing more than 1,000
organisms, whereas the low responder mice were resistant
with only 12.5% of their kidneys being infected with more
than 103 bacteria (Table 1l1l). Differentiation of an out-
bred population of white mice into two lines of mice on
the basis of their antibody response to sheep red blood
cells has thus'resulted in the.production of two lines of
miée with widely different susceptibilities to E.coli

urinary tract disease.

DISCUSSTON

The reaction ih the host during an infection of the
urinary tract with E.coli is of great importance in deter-
mining the outcome of infection. The injecticn of the same
dose of E.coli into the bladders of inbred mice has shown .
that some strains of mice are more susceptible than others
to an infection of the urinary tract. A progressive change
from resistance to susceptibility occurs across the range
of inbred mice and the inheritance of the response to

urinary tract infection cannot be explained on the basis of
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Table 11

E. COLI KIDNEY INFECTIONS IN BIOZZI HIGH AND LOW
RESPONDER MICE

High iine Low line
X . 2 .
Kidney with >10 Dbacteria
no. 25/34 13/32
% 74 40
. . 3 .
Kidney with >10  Dbacteria
no. 21/34 4/32
% . 60 12.5

3

Comparison of numbers of kidneys_infected with >10
/kidney of high and low lines X =14.97 n=1 P=<0.1
(using four-fold tables and Yates correction)

Reference: Bradford Hill,
Medical Statistics. P.

Ao
172

(1961) Principles of

Lancet: London
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simple genetics. These findings indicate that the host
response to infection i1s probably governed by a large

group of genes, rather than by a small group or a single

gene.

The variation amongst the strains is in contrast
to the response observed when inbred strains of mice are

infected subcutaneously with Salmonella typhimurium C5

(Plant and Glynn, 1974; 1976). With this infection the
strains can be divided into two quite distinct groups;
Balb/c, C57 black, and DBA/1l strains of mice died after
injection of 1less than 100 organismé in contrast to strainé

DBA/2, C3H/He, A/Jax and CBA whose LD50 was greater than

105 Salmonella typhimurium C5. An Fl,generation of mice

of the cross of a resistant and susceptible strain, the
(Balb/c x CBA) F,,was resistant to infection. In this case
resistance to infection was a dominant characteristic and it
was suggested that the response of inbred mice to this
infection was controlled by a single gene or small group of

genes.

Different mechanisms of resistance to infection are
‘certainly involved for these two infections, and there is

no correlation between the response to Salmonella typhi-

murium C5 infection and the reaction to an infection of the
urinary tract with E.coli, Therefore different groups of
genes would appear to code for the host responses to each

of these two infections.




If a large group of genes is involved in the host
reaction to E.coli ﬁrinary tract disease, then the variation
across the range of inbred mouse strains may be explained
by postulating that each inbred strain of mice_has,a diff-
erent mixture of the genes involved. A lack of the dominant
genes which determine resistance to disease could explain

the high susceptibility of some strains to E.coli urinary

tract infections. It is possible that individual genes,
within the large group of genes involved, act at different :
points in the urinary tract. The responses governed By the

genes probably include humoral and cellular immunity, and

the susceptibility of the mucosal surfaces of the urinary

tract to bacterial adhesion.

The genes which determine humoral and cellular immunity

-

are known as 'Immiune response' or Ir genes. Some Ir genes

are linked to histocompatibility antigens, others are not

(Benacerraf, 1974). The H-2 type- of the inbred strains are

given in Table 10. No correlation between the H-2 type and
resistance or susceptlblllty to infection can be seen, and
therefore the genes involved in immunity to B c011 urlnary

tract disease are not H-2 type linked.

The response of people to E.¢oli urinary tract infection

may be under a similar kind of genetic control to that

observed in these inbred mice. Inherited susceptibility to

infection could explain why some people succumb more readily



than others to urinary tract disease, even in the absence

of any abnormality.of the urinary tract and other predis-
posing féctors. If the genetically controlled mechanisms
which determine the response to infection could be iden-
tified in these mice, then this migﬁt lead to a fuller

understanding of the disease that occurs in people.

Whitmore and Haughton (1975) have recently demon-

strated the genetic control of the susceptibility of mice

to Rous sarcoma virus induced tumours, and Webster (1937)

found that mice resistant to B.enteritidis infection were

suscepfible to viral encephalitis and that both factors
were inheritable. The mechanisms undef genetic control
which enable piglets to resist E;EEli enteric infections
have been characterised by Sellwood et al (1975). The
ability to resist the adhesion of E.coli to the brush
borders of the small intestine made piglets resistant to
enteritis. Phenotypic characterisation of the piglets
showed that the adhesion or non-adhesion of E.coli was a

property of the brush borders, and was inherited by the

animals in a simple Mendelian fashion. Subsequent chapters

of this thesis describe tﬁe cellular and humoral immune

responses of mice during E.coli urinary tract infections.

These immune responses were investigated in an attempt to

characterise the mechanisms of resistance involved in

immunity to E.coli urinary tract disease.
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Biozzi high responder mice were found to be susceptible

to E.coli renal infection and low responder mice were

resistant. The susceptibility of the high responder animals .

to E.coli urinary tract infection appears to be linked to
the ability of these animals to make large amounts of anti-
body to sheep red blood célls. Thi§ suggests that the
production of copious amounts of antibody may not be bene-
ficial to the host. The antibody response of Eiozzi high
and low responder animals during an E.coli urinary tract

infection is discussed in a later chapter.

Recently it has been suggeéted that the difference

between the high and low responder mice resides in the

functioning of their macrophages rather than in their anti-

body producing cells (Howard et al, 1374) . Macrophages
~from +he low re5ponder line mice are hyperactive»compared
withthemacr0phages of higﬁ responder mice, as..regards the
the endocytosis and intracellular digestion of antigen
(Wiener and Bandieri, 1974). Thus antigen injected into
low responder mice is.rapidly rendered noﬁ—immunogenic;
whereas antigen in the high re5pondér mice is not degraded.
so fast and results in the increased antibody levels of
the higﬁ line mice. Branchéd dextrans and native levans
which give an equivalent response from both lines of mice
(Howard et al, 1974) are either macropﬁage_independent in
stimulating B cells to produce antibody or they are
indepeﬁdeﬁt of the difference between the macrophages of

the two lines.
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- The difference between the Biozzi high responder and
low responder mice thus appears.to reside in the ability'
of their macrophages to ingest_and degrade antigen. - When
infected via the bladder with E.coli WF98, high responder
mice were susceptible to infection whereas the low res-
ponder animals were resistant. If the macrophages 6f the
low line mice are as effective at destroying live E.coli
as they are at degrading other antigens then this‘could
possibly explain the resistance of theée mice to E.coii_
urinary tract disease. Experiments to assess macrophage
degradation of E.coli by cells from the two lines may help

to prove or disprove this hypothesis.
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CHAPTER 4

THE ROLE OF HUMORAL IMMUNE FACTORS DURING AN

E.COLI URINARY TRACT INFECTION
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INTRODUCTION

The role of humoral immune factors in an infeétion of
the urinary tract with E.coli was investigated. The K
antigen is known to make the bacteria more resistant to
antibody mediated complement killing and to phagocytosis.
Immunisation wouid therefore be expected to enhance
resistance to infection and depletion of serum cbmplement

might render mice more susceptible.

MATERIALS AND METHODS

1) Measurement of serum antibody levels to E.coli

Bacteria of the strain to which the anfiboéies had been
raised were grown overnight in glucose nutrient broth.
If the antibodies to be determined were directed against
the '0 antigen of the bacteria, the cells were killed by
steaming for 1 hour. Live E.colli were necessary for deter-
mination of the anti-0K titre of the serum and cells diluted
in 0.5% formalin in 0.15 M saline were used to assess the
anti-H titre. A1l cells were washed three times in 0.15 M
saline after harvesting from the broth; this removed all
free K antigen from the heat killed cells. Heated,formalin
killed and live bacteria were finally resuspended in 0.15 M

saline to give a suspension of bacteria of 0D 2.0.
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Mice were bled from the tail vein into heparinised
capillary tubes (Gelman Hawksley Ltd., Lancing, Sussex)
and the tubes were sealed witﬁ Christaseal (Gelman
Hawksley Ltd.). The tubes were centrifuged at 400 g to
éeparate the serum from the blood. Breaking the capillary
tube just above the 'buffy coat'! allowed the serum to be
removed from the tube in 10 ml aliqﬁots by means of an

Eppendorf pipette and plastic tip.

The agglutinations were carried out in Microtitre
trays with rounded bases (Cooke Microtitre System, Sterilin

polystyfene U form Microtitre plates, Sterilin Ltd., Britain).

- 40 pl of 0.15 M saline was added to each well of the first

row of the tray and all other wells were filled with 25 nl
of 0.15 M saline. 10 pl of the serum was added to the 40 ul
of saline in the first row to make an initial 1/5 dilution.
Subsequent 1/2 dilutions along the row were made by means

of the 25 pl Titertek Multidiluter (Flow Laboratories Ltd.,
Irvine, Ayrshire, Scotland). The last row of the tra? was
not used for the dilutions but left as a control row tbl
check that the bacterial cell suspension was not self-

agglutinating.

25 pl of the appropriate bacterial suspension was added
to each well of the tray. After incubation at 37°C for 1

hour the trays were kept at 4°c overnight.. Agglutination
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was read using a Microtitre viewer (Cooke Instruments Ltd.,
England). The antibody titre was taken to be‘that dilution
of serum at which agglutination of the bacteria was present
in conjunction with non-agglutinated cells.which~gave a
small 'button' at the bottom of the well. 'In the absenee
of'agglutinating titres of serum all the bacterial cells
settled at the bottom of the wells to form"huttons‘.

2) Measurement of serum antibody levels to E.coli
lipopolysaccharide

Antigen coated sheep erythrocytes were prepared
freshly before each determination of antibody titre. A
1 mg/ml solution of E.coli 0127:B8 Westphal lipopoly-
saccharide (Difco Laboratories, Detfoit, Michigan, U.S.A.)
in phosphate buffered saline (PBS) was boiled for 1 hour.
To 0.5 ml of this solution 0.1 ml of packed sheep red blood
cells, previously washed 3 times in PBS, and 1.4 ml of PBS
were added (Oxoid sheep red blood cells in Alsevers solution).
The mixture was left to incubate for 1 hour at 37°C ahd was
continuously stirred by placing the container on a shaker
(New Brunswick Shaker; New Brunswick Scientific Co.Inc.,

New Brunswick, N.J., U.S.A.) at low speed.

The coated cells were then washed 6 times with PBS.
Spinning to sediment the cells during the washing'procedure

was only at 400 g, in order to avoid the cells sticking to




each other. The cells were finally resus?ended to a volume
of 10 ml1 in PBS to give a final 1% solution of coated
erythrocytes. Non-coated sheep red blood cells were pre-
pared in parallel with the coated cells by adding 0.5 ml

of PBS to‘the incubation mixture instead of 0.5 ml of lipo-

polysaccharide solution.

Agglutinations were carried out by adding 25 pl of
PBS to each well, except those wells iﬁ the first row, of
microtitre plates. A 1/5 dilution of mouse serum was made
in the first row of wells by adding 10 pl of serum to 40 ul
of PBS; Doubling dilutions along the rows were then pre-
pared as for E.coli agglutinations. 25 pl of the coated
or non-coated Sheep red blood cell éuspensions were added
to each well and after incubation at 37°C for 1 hour;tﬁe
microtitre trays were placed overnight in the refrigerator.
The titre was read in the samé manner as for bacterial
agglutination.

3) Measurement of serum antibody levels to sheeg red.
blood cells

The antibody titre to sheep red blood cells was deter-
mined by agglutinating a 1% suspension of uncoated sheep

erythrocytes with mouse serum.
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u) Immunisation of mice with E.coli

Mice were immunised with E.coli WF8 (Table 1), a
qon—motile strain containing the same 0 and K antigéns as
E.coli WF26, the 06 and K13 antigené. Heat killed E.coli
WF8 were prepared by steaming the bacteria for 1 hour,then
washing them 3 times with 0.15 M saline to remove all

traces of K antigen.

The micg were injected intraperitoneally with 1 x lO7

heat or formalin killed bacteria suspended in 0.15 M saline.
The number of bacteria present in the suspensions was deter-
mined by optical density readings. Three or six doses of

the antigen were given to each mouse at 5 days intervals.

5) Immunisation of mice with E.coli "extract"

An "extract" of E.coli WF2§ was made by concen{rating
and purifying the supernatant fluid from a culture of the
organisms. E.coli WEF?26 was grown at 37°C for 48 hours in
Cohn's Minimal Salt Medium (Cohn, 1963). The bacteria were
sepafated from the resulting culture fluid by centrifugation
for 30 mins at 7,000 g in an MSE 18,000 centrifuge. Any
residual bacteria were removed from the supernatant by Seitz
filtration. The extract was then concentrated in an Amicon
membrane filtration unit using a PM 10 filter (Amicon

Corporation,Lexington, Mass 02173, U.S.A.). After dialysis
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in the cold agginstlo.ls M saline for 48 hours, the extract
"was centrifuged (MSE 75,000) at 200,000 g for 2 hours to
'remove.any lipopolysaccharide present. The protein content
6f the extract was determined by the method of Lowry et al
-(1951) and the concentration was adjusted to a final volume
‘of 1 mg/ml. The extract was used at this protein concen-

tration in all experiments.

The extract was originally prepared for the purposes
of eliciting a delayed hypersensitivity response to E.coli
ih the footpads of mice (Cﬁapter 5). It was however noted
that the extract induced an antibody respense in mice and
therefore tﬁe‘protéctive capacity of these antibodies was
tested. Male Porton mice were immunised with the E.coli

WE26 extract following the protocol described in Table 13.

6) Reduction of serum complement levels

Serum complement levels were reduced.in mice by the

injection of either zymosan (ex Saccharomyces cerevisiae.
Koch Light Laboratories) or éobra venom factor (Cordis
Laboratories, Roden, Holland) acéording to the dosage

schedules of Easmon and Glynn (1976).

The reduction in the complement levels of zymosan
. ' : . . »
treated mice was assessed either by the method of Rosenberg

and Tachibana (1962) or by equating complement levels in the
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serum of mice with the ability of the mice to mount an
inflammatory response. 0.025 ml of a 5% turps in oil
mixture was injected into the hind right footpad of the
mice and the depression of the inflammatory response of
the zymosan treated mice compared With the normal mice
was taken to indicate the extent to which zymosan had
‘reduced the complement of the treated animals (Ward and

Cochrane, 1965; Willoughby et al, 1969).

The dosage of cobra venom factor used would be
expected to result in complete reduction of the serum
haemolytic complemeﬁt levels (Cochrané'et'hl, 18703

Easmon and Glynn, 1976).

RESULTS

1 Antibody titres of mice during an acute infection
of the urinary tract

The antiquy titres of Porton male énd Biozzi high and
low responder female mice to live and heat killed E.coli
WF98 were determined. Mice were then infected with 1.25 x
107 bacteria. Their antibody response to the infecting

organisms was assessed on days 3, 5, 7, 10 and 14 after the

-initiation of the infection.
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Antibodies to the infécting bacteria were rapidly
produced by all:three types of mice but fhe response of
fhe Biozzi high‘responder mice was 4 times greater than
that of the Porton or Biozzi low responder mice (Fig.’lS).
The response of the Biozzi low responder mice closely
follows that of the Porton mice. After 5 days the response
- of all the mice reached a peak and all animals had cir-
culating antibody titres to both 0 and.the 0. plus X antigen
of E.coli of at least 640. Experiments in which mice have
been infected for a long period of time have shown that the
antibody titre to both live and heated E.coli remains ele-
vated for many weeks. A Porton male mouse with an E.coli
WF82 urinary tract infection had a titre of 160 against live
WF82 after 8 weeks and a titre of 64 6 months after the |
infection had commenced. The infection persisted in the
animal for at least 9 months.

2) Antibody titres of mice against E.cdli
lipopolysaccharide

Portbn, Biozzi high responder and Biozzi low responder
male mice were injected intraperitoneally with 5 pg of
"E.coli 0127:B8 Westphal lipopolysaccharide. The antibody

respcnsés to the lip0polysaccﬁaride are shown in Fig. 16.

The higﬁ and low responder Biozzi mice gave identical
>

responses with a peak titre of 1280 on Day 7. The titres

of Porton mice were similar or slightly higher. Titres

against uncoated sheep red blood cells were negligible:

-



Fig. 15 ANTIBODY RESPONSE TO E. COLI WF 98 OF PORTON,
BIOZZI, HIGH AND BIOZZI LOW RESPONDER MICE

WITH AN E. COLI WF 98 URINARY TRACT INFECTION
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Fig.16 ANTIBODY RESPONSE TO E.COLI LIPOPOLYSACCHARIDE OF
PORTON, BIOZZI HIGH AND BIOZZI LOW RESPONDER MICE
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3) Antibody titres of Biozzi high and low line mice
to sheep red blood cells

In order to cheék that the lines of mice bredlhere
still differed in the magnitude of their antibody response
to sheep red blood cells, Biozzi high and low responder
mice were injected intravenously with 108 sheep red blood
'cells. The results (Fig. 17) show a very clear difference

between the 1ines.

u) Urinary tract infections in mice immunised with E.coli

The antibody titres of immunised Porton mice +to E.coli,
were determined. The mice were thenvcﬁallenged with an

E.coli WF26 urinary tract infection.

The infections prodﬁced in the mice gave no consisfent
pattern of results (Table 12); the total kidney infection
rates however were very similar in both immunised and normal
mice. Thus ecirculating antibody, produced by immunisation,
neither protected mice against an E.coli urinary tract infec-
tion nor enhanced the infectivity of the organisms for the
kidney.

§) ~ Urinary tract infections in mice immunised with
"E.coll extract

Mice immunised with E.coli WF26 extract were assessed
for their antibody response to live and heat killed E.coli
WF26. The animals were then given an E.coli WF26 urinary

tract infection.
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Fig.l7 ANTIBODY RESPONSE TO SHEEP RED BLOOD CELLS OF
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Table 12

E. COLI URINARY TRACT INFECTIONS IN MICE IMMUNISED WITH HEAT AND
FORMOLIN KILLED E. COLI

Controls Mice immunised with E. coli
Heat killed Formalin killed
Kidneys Mean Kidneys Mean Kidneys
infected titre ingected titre inEected3
>102 >103 >10° >103 >10° >lo
Experiment a)
challenge = :
3/12 3/1
7.25 % 106 9/16 7/16 320 5/16 4/16] 160 3/ /12
6x immunised
Experiment b)
challenge = 9/16 4/16 2560 7/16 5/16 40 8/14 8/14

3.88 x 10
3x immunised

Experiment c)

challenge =
4.38 x 106 8/16 4/16 2560 12/16 8/16] 320 8/l6 6/16

3x immunised

Total

Kidneys \ . . " a2
infected 26/48 15/48 24/48 17/48 19/42 17/
% kidreys 54 31 50 35 | 45 40

infected

9 .
“X = test on total infected immunised kidneys with >lO3 bacteria/
kidney (heat killed and formolin killed) compared with controls

X2-1.17 n=1 P =<0.3 >0.20 i.e. not significant

()Cz test using fourfold tables and Yates correction)
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No protection by antibody was demonstrated, despite
some of the ﬁice having titres of 160 against the bacteria
(Table 13). When infection was taken to be more than 103
organisms per kidney ,the immunised animals éppeared to be
more susceptible to urinary tract disease than the control
mice. The differences observed however were not significant,
as shown by‘the'X? test. | |
6) Effect of passive transfer of antibodies to E.coli

on an E.coli urinary tract infection in the
reciplents

Antisera to E.coli WF26 was obtained by bleeding out
male Porton mice with raised antibody titres to the organism.
Antibodies had been raised in fhese mice by either injecting
the footpéds of the mice with E.coli WF26 extract or by
infecting thevurinary tracts of the mice with E.coli WF26.
Serum from several mice was pooled and the antibody titre

against E.coli WF26 was determined (Table 14).

Male Biozzi low responder mice were injected subcut-
aneously with 0.25 - 0.5 ml of the pooled antiserum 3 hours
prior to the induction of a urinary tract infection. A1l |

mice were assessed for disease after 3 days.

The transfer of immune serum against E.coli WF26 to
Biozzi low line mice resulted in the first experiment in three

mice dying and the surviving mice being highly infected. In
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URINARY 'tRpCT INFECTIONS IN MICE IMMUNISED WITH
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Takble 13

E. COLI

EXTRACT AND INFECTED WITH 4.2 x 107 E. COLI WF26 ON DAY O

25 pl doge pay 4

Average anti-
body titre pay 1:

Live n "

Kidneys {nfected

% kidnGYs infected

Total kidneys

Immunised Controls
x3 x2 x1l
1x 1x Not
"o14 2x 2x% immunised
Heated g coli WF26 160 80 10 5
160 40 20 <5
2 -
>103 E,coli/kidney 5/6 15/16 7/8 13/16
>10 " " 2/6 8/16 4/8 3/16
>10%  B,coli/kidney 33 >0 >0 19
14/30 3/16

containing >10

~ 2
X tast on total immunised infected kidneys containing
>10° B, coli / kidney compared with controls:

2
X" =12.39 n=1

P

= <0.2 >0.1 i.e. not significant

(using fourfold table and Yates correction)
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Table 14

PASSIVE TRANSFER OF E. COLI WF26 ANTIBODIES ON AN E.COLI
WF26 INFECTION IN BIOZZI LOW LINE MICE

Mice

Antibody treated Control

BExperiment

Titre antisera a 320 Not

b 640 immunised
Dose a 0.5 ml -

b 0.25 " - 4
Infecting dose a 1x107 1x10

b 1x107 -1x107
Deaths < 24 h a 3/7 0/4
after infection b 0/10 o/4
Infected kidneys a 7/8 1/8
[>103/kidney] b 8/20 5/8
Total >lO3

15/28 = 53% 6/16 = 38%

infected kidneys

2

X “ test using fourfold tables and Yates correction

2

X = 0,51 and P < 0.5 > 0.3

i.e. not significant
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the second experiment no deaths océuﬁred and no enhancement
of the virulenée of the infecting‘organiém was obséf&ed.
Although the titre of the antiserum With which the mice had
been injected was higher in.the'secona.experiment than in
the previous expériment, the volume of serum given to the

animals was lower.

Thefx? test on the total results shows no significant
difference in the number of kidneys infected in antisera
treated mice compared withcontrol mice.

7) Effect of decomplementing mice with Zymosan on
" E.coll urinary tract infections

In experiment.I measuring the haemolytic serum com-
plement levels of control and zymosan treated mice by the
method of ﬁosenberg and Tachibana, resulted in the anomo-
lous finding that the zymosan treated mice had a higher
complement titre than the normai mice (Table 15). Dépletion
of compiemgnt by injectioh of zymosan on Day 0 may have
stimulated complement synthesis and resulted in overcom-

pensation.

In the subsequent experiments zymosan was administered
daily. A separate experiment to assess the effect of
zymosan on the inflammatory response in the footpad had
shown that the maximum reduction of footpad swelling occurred

when zymosan was administered at the same time as the



Table 15 ;
E, COLI URINARY TRACT INFECTIONS IN MICE DECOMPLEMENTED WITH :
ZYMOSAN : )
Experiment I II III iv Total 1:
Dose zymosan mg/mouse | 5 5 3 3
Timing| =-2h |Day-LOl | Day-1,0liDay-1,0,1 i1
C'H 50's/ml '
Day 1 zymosan 100 - - -
control mice 58 - - -
4 i
4
% inhibition footpad
swelling
Day 1 - 52 48 30 ;
. 4 5 6 4 ;
Infective dose 1.8x10 7 {1.76x10 | 8.0x10" |2.88x10 E
E. coli WF 98 98 41 26 :
HE
: Cn2 s HE
Kidneys >10" /kidney ]
zymosan | 4/12 9/16 8/18 11/18 |(32/64 50% |8
control { 3/16 7/16 7/16 8/16 |25/64 39% i
. 3,
Kidneys >10 /kidney
Zymosan 4/12 7/16 2/18 5/18 [18/64 28% p
control | 2/16 3/16 3/16 5/16 |13/64 20% i
7;2 test on >103 infected using fourfold table + Yates i ;?
N
3L2 test on >1O3 infected using fourfold table + it
Yates correction i
x.% = 0.68 n=1 . . P = <0.5050.30 i
i.e. not significant ‘
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inflammatory agent (Fig. 18); However, gi&ing two doses
"of zymosan 48 and 24 hours prior to the injection of.the
turps in oil suspension had an aimost maximal effect on
the degree of footpad swelling. Injeéfing mice with
Zymosan as indicated in Table 15 would therefore have been
expected to keep the circulatihg complement levels at a
minimum throughout the three day infection; +this was
checked by méasuring the inflammatory response in the

footpad one day after the induction of the infection.

A lower dose of Zymosan was administered in experiments
IITI and .IV to prevent mice developihg a Schwartzman-like
reaction after the second and third injections of zymosan.
This reaction had been observed in mice injected with

repeated 5 mg doses of zymosan.

Although zymosan depleted the complement levelé of the
mice, the process did not have gny consistent effect on the
number of infected kidneys recovered from decomplemented
mice (Table 15). The X’ test on the total results indi-
cates that the small increase in the total numbers of
infected kidneys obtained in zymosan treated mice compared
with normal mice is not 51gn1flcant. Thus d°pleting mice
of complement by admlnlsterlng Zymosan has no effect on the

outcome of an acute E COll urinary tract infection. (Figs.19,20).
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Fig.19 VIABLE COUNTS OBTAINED FROM THE URINES OF CONTROL AND

urine

viable count/ml.

AND ZYMOSAN TREATED MICE WITH E.COLI URINARY TRACT INFECTION
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Fig. 20 VIABLE COUNTS OBTAINED FROM THE KIDNEYS OF CONTROL
AND ZYMOSAN TREATED MICE WITH E,COLI URINARY TRACT
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8) Effect of decomplementing mice with cobra venom
factor on E.coli urinary tract infections

Cobra venom factor is a potent antiéomplementary
agent. One unit of cobra venom factor is defined as the
quantity of cobra venom factor in 0.1 ml that reduces the
haemolytic capacity of a 1/20 dilgtion of normal human
serum by 50% (Cochrane et al, 1970). Treatment of the
mice with the doses as indicated in Table 16 was therefore
expected to result in the complete depletion of circulating

complement in these animals.

Control and treated mice were infected with E.coli WF98
and the number of infected kidneys waé.determined after 3
days. In experiments I and IV many mice died within 2u
hours of the induction of the infection; the number of con-
trol mice that died was within expected limits. A possible
explanation of this is that the bacteria injected into the
decomplemented mice leaked from the bladder into the blood-

stream and caused a fatal septicaemia.

Reducing the infective dose of bacteria or decreasing'
the amount of cobra venom factor administeredvto the mice
resulted in a negligible number of deaths in the other
experiments, but variable findings as to the outcome of
the acute infection in the decomplemented mice. No definite
trend either to increased or decreased susceptibility to
infection was established in the cobra venom factor treated

mice. (Figs.21,22).



Table 16

E.COLI URINARY TRACT INFECTIONS IN MICE DECOMPLEMENTED WITH
COBRA VENOM FACTOR

Experiment.: I I1 I1I Iv. Vv Total
CVF units/20 g 1,then

body wt. i.p. 2 2 2 2 2

Day "'l "'l'l —l'l —'l,l "'l'l
Infective dose 7 6

E, coli WF98

Deaths < 24 h
after infection
CVF 6/10 o/ 8 0/10 7/11 1/i10 14/49
~ controls 1/10 o/ 8 1/10 0/10 i/ 9 3/47

>102/kidney 29/70
cvF | s/8 | 1/16 | 14/20 | 3/8 | 6/18 (Zibw
controls 3/10* 6/16 6/18 7/10% 4/16 Zgé;O
>lO3/kidney 17,70

CVF 3/ 8 1/16 8/20 i/ 8 4/18 =24%
controls 3/10 4/16 5/18 5/10 3/16 23é;0

‘X} on >lO3 results using fourfold tables and Yates correction

J{z =0.23 n

1 P =<0.7>0.5 i.e. not significant

* oOnly 5 surviving animals assessed for infection
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Fig.2l VIABLE COUNTS RECOVERED FROM THE URINES OF CONTROL(C)
AND COBRA VENOM FACTOR({CVF) TREATED MICE, WITH AN
1 _ E. COLI WF98 URINARY TRACT INFECTION
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Fig.22 VIABLE COUNTS RECOVERED FROM THE KIDNEYS OF CONTROL (C)

Viable count/kidney

AND COBRA VENOM FACTOR(CVF) TREATED
MICE WITH E. COLI WF 98 URINARY TRACT INFECTION
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9) Comparison of B,,D, old line mice with B

D
newline mice -

10-2

B;oD, 01d line mice have a deficiency in their.com-
plement pathway at C5 (Nilsson and Mﬁiler—Eberhard, 1967) .
Thus if the whole complement sequencé is involved in the
immune response to ihfection, these deficient mice might
be expected to be more susceptible to urinary tract dis-
ease than B10D2 newline mice which have a normal complement

system.

A.group of nine mice from each line were infected
with 3.12 x 10° E.coli WF98, and assessed for infection

after 3 days (Table 17). (Figs.23,24).

The number of infected kidneys obtained for each line
did not differ significantly (X2 = 0.371, p =< 0.7% 0.5).
This again indicates that complement is not involved in

E.coli infections of the urinary tract.

DISCUSSION

A, Antibody

The Biozzi high responder mice gave a good antibody
response to sheep red blood cells and the low responder mice
only a poor one; the Biozzi mice kept here are therefore
breeding true for the selected characteristics. In contrast

both lines of Biozzi mice gave a similar reaction to live
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Table 17

E.COLI URINARY TRACT INFECTIONS IN B1lOD2 OLD LINE
AND B1lOD2 NEW LINE MICE '

B1OD2
old line new line
Infected urines >lO3/ml 9/9 7/7
Kidneys o >102/kidney 6/18 7/16
" >10°/ " 2/18(11%)  4/16 (25%)

No. infected kidnéys compared with 103 kidney :-

'3? = 0.371 n =1 P = <0.7>0.5 i.e. not significant
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Fig.23 VIABLE COUNTS RECOVERED FROM THE URINES OF
B1l0OD2 NEW LINE AND B1l0D2 OLD LINE MICE WITH
AN E. COLI WF98 URINARY TRACT INFECTION
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Fig.24 VIABLE COUNTS RECOVERED FROM THE KIDNEYS OF
B1lOD2 NEW LINE AND BlOD2 OLD LINE MICE WITH
AN E. COLI WF 98 URINARY TRACT INFECTION
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E.coli and to E.coli lipopolysaccharide, antibodies being

produced by each line. Howard et al (1974) found that

-

.i branched dextran and native levan gave an equivaleﬁt anti-
- body response in both lines of mice. They suggestéd that
4 these antigens did not have to be degraded by the macro-
'E phages of the mice in order for stimulation‘of the B cells
:: to occur. The 1ipopolysacchapide of E.coli 1s a potent B.
.E cell mitogen and thus a T independent antigen.

i% It is possible that the stimulation of Biozzi high and
- ' low reéppnder mice to produce antibodies against E.coli is
~§ also mécrophage independent. If there were no differences
'3 in the B cells of the mice, direct stimulation of these

- cells by the E.coli would result in equivalent antibody

ié production by the two lines. The elevation of the high

- line antibody response compared to the low.line antibody
4 résponse (Fig. 15) observed during an infection of the

i% urinary tract may have been due to more bacteria being

present in the urinary tract of the susceptible high res-

ponder mice than in the resistant low responder animals.

The difference in the susceptibilities of the two lines

l of Biozzi mice to urinary tract disease remains to be
;g explained. Wiener and Bandieri (1974) showed that an

important difference between the two lines of mice was in

the rate at which their macrophages rendered antigens non-

immunogenic. Degradation of the antigen occurred faster in
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the macrophages of the low fesponder mice than in the
macrophages of the high responder animais. This may'alsov
applj to the phagocytosis and destruction of E.cbli,
Hyperactive'macrophages in the low 1ihé mice might be
responsible for protecting.the mice from upper urinary
tract disease, while high line mice succumb more readily
to disease because clearance of the invading bacteria is
not carried out very effectively by their phagocytic cells.
This hypothesis‘could probably be tested by in vitro
studies of thé aegradation of radioactive labélled E.coli
by the macrophages of the two lines by a method similar
to that of Wiener and Bandieri (1974). The clearance of
E.coli from the blgodstreams of high and low line Biozzi

mice is discussed in Cﬁapter 5.

An infection in the urinary tract resulted in a rapid
rise in circulating antibody levels. The peak titres were
reached within 5 days of the induction of inféction, and
the continued high levels after this time were probably due
to the persistence of the antigen within_the urinary tract.
This‘is compatible with the observations made on people with
urinary tract disease. The presence of high antibody titres
to the infecting organism in people with active disease_is
often indicative of upper urinary tract involvement (Reeves

and Brumfitt, 1968; Winberg et al, 1963). The one dose
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stimulation of mice with bacferial lipopolysaccharide also
resulted in a rapid rise in antibody titre but the peak
response was followéd by a decline in circulating antibody
levels. - Ahlstedt et al (1973) found tﬁat mice reéponded

to E.coli lipopolysaccharide by rapidly producing antibodies
and that after reaching a maximum the production of immuno-
globins declined. Either specific antibody inhibited further.
synthesis or catabolism of the immunogen removed the stimulus

froﬁ the antibody producing cells.,

Iﬁmunising mice with killed E.coli or with an extract
of live bacteria did not enhance fhe resistance of the mice
to urinary tract infection. Uehling and Constant (1970) also
failed to show any protection against ascending infection by
serum antibody. Montgomérie'gg;gl (1972) immunised mice by
subcutaneous injection of heat killed E.coli. This procedure
protected mice from endotoxin induced death and haematogenous
pyelonephritis but produced 1itt1é or no resistance to
ascending infections. Immunisation against the 0 and K
antigens of E.coli bvaaiﬁser and 01ling (1973) Protected_
rabbits against haematogenous pyelonephritis and Sanford et
al (1962) and Kyriakos and Tkari (1969) prevented urinary
tract infections in rats by antiserum to whole E.coli or to
the 0 antigen alone. As most infections in people are of the
éscending type ;ﬁe ability to protect against a ﬁaematogenousA

infection may not be of great clinical importance.
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Immunisation procedures.therefore appear to protect
animals against experimental haematogenous kidney disease

but not against an ascending infection of the urinary tract.

Serum antibodies may well protect against haematogenous
infections by aiding.the opsonisation and destruction of
bacteria in the bloodstream before they infect the kidney.
The role of antibody within the urinary tract is not known.
Antibody coated bacteria in the urine c¢an be detected by
the method of Thomas et al (1874) and a positive result has

been shown to be indicative of kidney involvement.

Passive transfer of antibodies, directed against B;coli,
to low responder Biozzi mice slightly increased the sus-
ceptibility of the recipients to urinary tract infection,

although the result was not significant. Mackaness et al

(1874b) have shown that immune complexes resulting from
the interaction of antibody and antigen can depress the
delayed ﬁypersensitivity reaction. If cellular immune
mechanisms are involved in the resistance of Biozzi low
responder mice to E;céli urinary-tract infection, then the
passive transfer of antibody may ﬁave depressed delayed
hypersensitivity and enhanced the infection. (The delayed
hypersensitivity response of Biozzi higﬁ and low responder

mice is discussed in Cﬁapter 5.)
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Alternatively the infections have been made worse in
the low liné mice by the passively transferred antibédy
inducing an immediate inflammatory response to the
invading bacteria. Several mice died'in the first experi-
mént and this suggested an immediate reaction by the mice
against E.coli. Death may have been caused by éhock ini-

tiated by the presence of immune complexes within the body.

B. Complement

Zymosan énd cobré venom factop'deplete complement by
activating the alternative complement pathway, and thus
causingAdepletion of C3 (Pillemer et al, 1954; G8tze
and Miiller-Eberhard, 1971). Easmon and Glynn (1976)
measured the haemolytic-pompiemenf titre of mice treated
with the same doses of zymosan and cobra venom fector as
‘described here and found these substances to be highly
effective at depleting complemeht. Mice with artificially
reduced or naturally low complement levels readily succumbed

to an intraperitoneal infection with Staphylococcus aureus.

Depleting serum complement levels however had no effect on
the outcome of an acute f;céli urinary tract infection, and
this suggested tﬁat the complement system of defence against
infection does not act in the environment of fhe kidney or

bladder.
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Beeson énd Rowley in 1959 incubated homogenates of
body tissues with complement and either E.coli bacteria of.
sensitised erythrocytes. The kidney tissue was found to
inhibit both the bactericidal and the haemolytic action of
complement and this activity was not localised to any one
site of the orgaﬁ. The component of complement ihactivated
was Ch and this suggested that the kidney exerts its anti-

complementary nature by the formation of ammonia, Ci4 being

~inactivated by this chemical. Comﬁlement is therefore

unable to act in kidney tissue.

BlODZ 0ld line mice are a complement deficient strain
of mice as they have no C5 activity. These mice ére there-
fore unable to complete the sequence C5-C9 and cannot give
complement induced cytolytic responses (Nilsson and Milller-
Eberhard, 1967). - When E.coli was inﬁected into the bladder
the-resulting urinary tract infection was no diffexrent in
these mice than in the normal B,0oP> newline mice. Thus a
natural deficiency in the complement system has not altered
the susceétibility of the mice to urinary tract iﬁfection.

Complement is therefore not involved in the host defence

against E.coli urinary tract infection.
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E.coli urinary tract infections in mice were thus not
affected by humoral immune mechanisms. This suggests that
immunity to E.coli urinary tract disease may be cell mediated

and this point is investigated in Chapter 5.

The K antigen of E.coli confers nephropathogenic pro-
perties 6n the bacteria (see Chapter 2) and also helps to
determine_their resistance to phagocytosis and antibody
mediated complement killing (Glynn and Howard, 1970). As
neither antibody nor complement acts in the urinary tract,
the ability to resist these substances cannot be the deter-
mining property of tﬁe K antigen which eﬁables K rich strains
of E.coli to invade the upper urinary tract. The K antigen
of K rich E.coli must therefore confer some other property
on the bacterial cells which enables them to infect the
kidney with a far greater efficiency than E.coli bacteria
with 1ittie or no K antigen. Thevability of E.coli strains »

to grow in urine is investigated in Chapter 6.
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CHAPTER 5

THE ROLE OF CELLULAR TMMUNE FACTORS DURING AN

E.COLI URINARY TRACT INFECTION
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INTRODUCTION

Resistance to E.coli urinary tract disease in mice
would not appear to involve humoral immunity. Resiétance
to this infection might possibly be controlled by cellular
mechanisms. The ability of mice to exhibit a delayed
hypersensitivity response to E.coli and to remove foreign
particles from the circulation was investigated in order to
establish if immunity to E.coli urinary tract disease is

indeed controlled by cellular means.

MATERIALS AND METHODS

1)  Sensitisation of mice to E.coli WF26

Mice were sensitised to E.coli WF26 by the following

means -

a) Urinary tract infection - Mice were infected

6

with 7.5 x 10" E.coli by direct inoculation of the bacteria

into the bladder.

b) Heat killed bacteria - Mice were injected sub-
cutaneously or intraperitoneally with heat killed bacteria
in Freund's complete Adjuvant (Difco Ltd.). Various con-
centrations of bacteria were injected in order to deter-

mine the optimal sensitising dose.
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i

3 ¢) Extract of bacteria - An extract of the

- bacteria E.coli WF26 was»prepared as described in Chépter
.i 4. Mice were sensitised by injection of 25 pias aliquots
By of the extract into the hind footpads..

- d) Subcutaneous infection - Silicon rubber tubing
3 ~ . ,

- or polyurethane tubing chambers were inserted under the
'§ skin of anaesthetised mice. Each mouse was given two

‘: chambers, one each side of the spine, under the loosened
,§ skin oflfhg flank. The incision in the skin was held

3 together with Autoclips. The chambers filled with a

- clear sterile fluid, and injeétion of 1 x 105 E.coll WF26
‘g resulted in a subcutaneous E.coli WF26 infection. This
- method is an adaptation of the method of Arko (1972).

i :

A

2) Measurement of the delayed hypersensitivity response
to E.coli WF?26

The thicknesses of the right and left hind feet of
control non-sensitised and sensitised mice were measured
?§ on a Tesameter Micrometer (Tesa S.A., Renens, Switzerland).
) ﬁree measurements were made on each footpad and the mean
B of the determinations was taken to be the thickness of the‘

footpad at that point in time.

25 pl of E.coli WF26 was injected subcutaneously into
the right hind footpad and 25 pl of 0.15 M saline was injected
likewise into the left paw. The left hind paw was a control

for non-specific swelling of the footpad upon injection of
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25 pl of fluid. . Control mice were injected in order to
correct the determination for any response to the extract
due to non-specific sensitisation of the mice. The -foot-
pads were measured 4, 24 and u8 Hours after stimulation of

the mice with the extract.

Results-were calculated by taking the mean value,
deducting the 0 hour mean measurement, then correcting for
the control left paw response in that animal, to obtain
the swelling present in the paw due to extract at any point
in time (as illustrated by Fig. 25). The final response
is obtained by deducting the response in control mice due
to non-specific swélling‘from this value. This gives a
figure in millimetres Which is indicative of the swelling
in the footpad due to deiayed ﬁypersensitivity to E.coli

WE26.

An attempt was made to elicit the delayed hypersensi-

tivity response with live E.coli WF26. 2.5 x 10*

live E.coli
WF26 were injected into the footpad in a volume of 25 ul of
saline, instead of 25 ul of E.coli extract. .

3) ~ Potentiation of the delaved hynersensitivity response
" with cyclophosphamide

Mice were injected intraperitoneally with 200 mg/Kg
body weight cyclophospﬁamide (Cyclopﬁosphamide - Endoxzna.
Ward Blenkinsop & Co.ttd., London) two days before sensi-
tisation to E.coli WF26. Lower doses, 100 mg/Kg and
150 mg/Kg, were also assessed for their ability to poten-

tiate delayed ﬁypersensitivity.
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Fig, 25 CALCULATION OF FOOTPAD SWELLINGS AT TIME t
) X

to - Right foot - 3 measurements Left foot - 3 measurements

a e
a
ﬁ Mean tho £ Mean dL

g

to

tx -~ Right foot - 3 measurements Left foot -~ 3 measurements

al e
b2 Mean thx Fl Mean stx
cy gl

Swelling in right foot at tx

9Rex ~ 9Rto = Prex
3 s < 3 I -
Swelling in left foot at tx stx sto LEx

1
o

Swelling due to E.coli response alone = DRtx - Dth = th

n
Average response of n mice in the group at time tx = Ea X x
1
n

This calculation is madebfor both the sensitised and the control
groups of mice at 4 h, 24 h, and 48 h. As all measurements are

made in mm, the units of the average response are also mm.
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L) Potentiation of the delaved hypersensitivity response
with B.C.G. -

Mice were injected intravenously with 8 x 105 units

B.C.G. (Glaxo, Batch B121) 14 days prior to sensitization

with E.coli WF26.

5) Clearance of bacteria from the bloodstream of mice

Mice were anaesthetised with 0.6 mg/1l0 g body weight
Nembutal and bacteria were injected into the tail vein.
Blood samples were taken by retro-orbital puncture iﬁto
heparinised capillary tubes at times zero and thereafter
every 3 minutes. 50 pl aliquots of the blood were lysed
in 2 ml of 0.1% sodium carbonate solution and viable
counts ﬁade as in previous experiments. This is the
method of Benacerraf et al (1959). The phagocytic index

K was calculated from the formula:-

x = 1og count at time 0 - log count time X/p - g
: X o

6)  Clearance of carbon from the bloodstream of mice

The clearance of carbon from the bloodstream of mice
was investigated according to the methods of Halpern et al
(1953)-and Biozzi et al (1953). The phagocytic index K
was calculated from the formula:-

_log C_ - log C _
K = o t /oty -ty

where Co and Ct are the concentrations of carbon at times

zero and 't' minutes.
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RESULTS

1) Measurement of delayed hypersensitivity to E.coli
WF26 1in mice with an E.coli WF26 urinary trac
infection :

Male Porton mice were infected with E.coli WF26 and
their delayed hypersensitivity response was elicited in

a different group of animals each week for four weeks.

Mice sensitised to E.coli WF26 by.these means
exhibited a delayed hypersensitivity reaction in the
footpad (Table 18). Antibody to E.coli WF26 is produced
during the course of an acute infection (see Chapter L)
and this antibody was perhaps involved in the inflammatory
response observed at 4 hours. The reactioﬂ at U ﬁours
increased with increasing time between the initiation of
infection and the measurement of delayed hypersensitivity.
When a iarge footpad fesponse was obtained at 4 hours, it
was difficult to establish if the 24 and 48 hour readings
were due to the inflammatory‘response'subsiding or the
subsequent appeafance of the delayed hypersensitivity |
reacéion.

Mice with an 8 day E.coli WF26 urinary tract infection
exhibited a minimal 4 hour reaction and a delayed ﬁyper—
sensitivity response at 24 and 48 hours. An 8 day urinary
tract infection thus gave the clearest delayed hypersensi-

tivity. reaction.
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Table 18

DELAYED HYPERSENSITIVITY TO E. COLI WF 26 IN PORTON MALE MICE

WITH AN E. COLI WF 26 URINARY TRACT INFECTION

Delayed Control response Test response | Test - control
hyper - controls
sensitivity (no U.T.I)
response mm m mm
hours hours hours
Day 4 24 48 4 24 48 4 24 48
8 Expt. a)| 0.28/0.11 0.23 ]0.25}0.49]0.44 | -0.03 | 0.38 ]0.21
Expt. b)] 0.03]0.05 0.02 ]0.23]0.38|0.25 0.20] 0.33]0.23
15 -0.031 0.38 |-0.025]0.84]0.24]0.32 0.87}-0.1410.32
21 -0.02] 0,005} 0.004]0.2810.22]0.31 0.30} 0.2210.31
28 -0.01 ? 0.03511.08 ? 10.43 1.09 ? 10.39
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The responses obtained in the control mice were

variable, perhaps due to natural sensitisation to E.coli

WE?26.

2) Measurement of delayed hypersensitivity in mice
sensitiSed by means other than an active urinary
tract infection

The previous experimeﬁt showed that mice produced a
delayed hypersensitivity response to E.coli WF26 after
senéitisation to the organism by means of an active
urinary tract infection. The degree to which any indi-
vidual mouse could be infected was not controllable as
after injection of a known inoculum into the bladder,
subsequent infection of the upper urinary tracf was
extremely variable (see Chapter é). It was thus not possF

ible to sensitise each mouse to E.coli to the same extent.

An attempt was tﬁerefore made to find a method of
sensitising mice uniformly to E.coli WF26. Groups of mice
were injected either subcutaneously or intraperitoneally
with various doses of heat killed bacteria in Freund's
complete adﬁuvant, at different times prior to footpad
testing. The reaction ébtained in the footpad, however,
was not-as good as that observed in mice with an 8 day

urinary tract infection (Table 19).
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J Table 19
. .
g DELAYED HYPERSENSITIVITY TO E, COLI WF 26 IN PORTON MICE SENSITIZED

BY MEANS OTHER THAN AN E. COLI URINARY TRACT INFECTION

"
i Sensitization Control mm, Test mm, Test=~control mm.
_ E. coli WF 26 |[Day| 4 h |24 h|48 h|4 h |24 hlas h| 4 h | 24 n| 48 n
@ Heat killed
in FCA
5 104 i.p. 7 }-0.03]0.07 o.o7{o.02 0.200.20| 0.01| 0.13] 0.13
104 i.p. 14 [ 0.04{0.15{0.12{0.02|0.13[0.20| 0.02|-0.02( 0.08
b 10% s.c. .|| 7 -0.030.07/0.07(0.12/0.15/0.07| 0.15| 0.08| ©
4 10 s.c. g||14] 0.04]0.15/0.12]0.060.34]0.17] 0.02] 0.19| 0.05
: 10° i.p. % 4) 0.050.24l0.11] o | o0.10|-0.12
.3 10° i.p. . 6; 0.050.10/0.10] o |-0.04|-0.13
10° i.p. 2l | 4) 0.08[0.23]0.19| 0.03| 0.09|-0.04
_3 103 i.p. g 6; 0.05/0.14] 0.23|0-16[0-35[0.34| 0.11} 0.21 0.11
10 i.p. ©f| 4) 0.09(0.22{0.21| 0.04| 0.08{-0.02
107 i.p. 6; | 0.13/0.19]/0.20} 0.08{ 0.05|-0.03
102 i.p. 4) 0.12)0.21/0.17| 0.07| 0.07|-0.06
g] 10% 1.p. || & 0.03]0.23/0.21{-0.02{ 0.09[-0.02
: 10% i.p. * | 5| 0.27]0.04|0.02|0.24]0.14]0.10]-0.03]| 0.10| 0.08
%i S.C. chamber é
- infections .§
silicon E 10 | 0.11]0.25|0.10{0.220.39]0.24} 0.11} 0.14] 0.14
%i Polyurethane gl |10 | 0.11/0.25[0.10/0.080.25{0.19/-0.03| © | 0.09
' silicon B|| 6| 0.13[0.22{0.26{0.20{0.41{0.32{ 0.07( 0.19| 0.06
g Extract g
2 x 2511 9} 110 }-0.05/0.15/0.09{0.15}0.28(0.23| 0.20 0.13! 0.14

3

* Challenge 2.5 x lO4 E. coli WF 26

[ - | ey
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Elicitation of the response in mice, sensitized with -

® heat killed E.coli WF26 by the injection of 2.5 x 10%

10
live E.coli WF26 instead of E.coli WF26 extract, only pro-
duced a minimal reaction (Table 18). The extract is
therefore better for elicitiﬂg the response than live

bacteria.

! Sensitisation of mice by injection of 2 doses of

extract produced a reaction in the footpad after elicita-

e g

tion with extract, but the response was poor (Table 19).

LR

It therefore seemed probable that live bacteria were

needed for adequate sensitisation of the mice against

P ]

&

E.coli WF26. Mice were infected with E.coli in subcutaneous

chambers and the delayed hypersensitivity response was

Wl e
Lwia

elicited with extract. Mice infected with E.coli in silicon

rubber chambers gave the best response but high control

| CEEY |

responses indicated that the mice were already sensitized
3 to E.coli (Table 19). The response obtained however was

still not as good as that obtained with an active E.colil

urinary tract infection, despite the presence of large

numbers of bacteria within tﬁe chambers.

;§

As Lagrange et al (1974b) had shown that cyclophos-—

5|

phamide potentiates the delayed hypersensitivity response

i" é}udl

of mice to sheep red blood cells, Porton mice were injected

with 200 mg/Kg cyclophosphamide 2 days prior to sensitisation

f
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to E.coli. After 4 or 6 days the footpadvresponse was
elicited. Within 2 hours of the injection of extract the
mice treated with cyclophosphamide appeared shivery and

hunched up. Their abdomens looked 'pinched in', and

'shortly afterwards they died. Death was thought to be

due to endotoxin shock, this substance being present in

"~ small amounts. in the extract. The one mouse that survived’

showed a good response at 48 hours (Table 20).

Lowering the dosage of cyclophosphamide to 150 mg/Kg
and 100 mg/Kg resulted in fewer deaths, but no potentiation
of the delayed hypersensitivity response.'.Thus cyclo-
phosphamidé cannot be used to enhance the delaygd.hyper—

sensitivity reaction to E.coli.

Mackaness gi?g; (1974a) potentiated the delayed hyper-
sensitivity response of mice to sheep red blood cells with
B.C.G. However, no enhancement of the delayed hypersensi-
tivity reaction to E.coli WF26 was demonstrable in B.C.G.

treated Porton mice (Table 20).

Thus, a standard method of sensitising Porton mice
to E.coli has not beenﬁfound. The reactions obtained with
the various methods investigated were all poorer than the
reactions observed in mice with an 8 day E.coli urinary
tract infection, and cyclophosphamide and B.C.G. did not

enhance the response.
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Table 20

ENHANCEMENT OF DELAYED HYPERSENSITIVITY TO E. COLI WF 26 BY

CYCLOPHOSPHAMIDE AND B.C.G.

Enhance- Sensit- Control Test Test-
ment ization response response control
procedure| procedure ™mm m mm
* (before #(before
sensit—- |elicitation)
ization) of
heat-killed
E. coli hours hours hours
i.p. in FCA 4 24 | - 48 4 24 48 4 24 48
4 .
Ccyclophos| 10 E. coli
-phamide WF 26 .
2 days *
Dose Dax%
200 mg/Kg 4 0.08]0.08{0.22l 0.2110.15/0.50; 0.13] 0.07]0.28
3/4 died
200 mg/Kg 6 -0.02| 0.17} 0.0} all died
200 mg/Kg - 0.08[0.08{ 0.22(-0.04}10.02{ 0.12|-0.12(-0.10-0.10
- 4 0.08!0.08/0.22 0.02|0.11} 0.14}-0.06} 0.03}-0.08
- 6 L0.02{0.17/0.01 0.01{0.16|0.11} 0.03{ 0.01]{0.10
150 mg/Kg 4 0.09}0.18] 0.20-0.0310.14]| 0.14{-0.12/-0.04{-0.06
3/5 died '
100 mg/Kg 4 0.09|0.18/0.20 0.07|0.14] 0.20/-0.02[-0.04| 0
BCG i.v. |10° E. colil
14 days* WF 26
Units
8x10° 4 ) 0.02{0.12| 0.03| 0.04| 0.14{0.01
8x105 - ; 0.02/0.02{0.02{ 0.01{0.14|0.10| 0.03] 0.16{0.08
- 4 ) 0.03/0.23/0.111 0.05/ 0.25}(0.09
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3) Delayed hypersensitivity response of inbred mice
to E.coli WF26

Balb/c and CBA male mice were sensitised to E.coli
WF26 by injection of 10" heat killed E.coli WF26 either
intraperitoneally in Freund's complete adjuvant or sub-
cutaneously in saline. The Balb/c mice demoﬁstrated a
slight response after Sensitization-wifh the intraperi-
toneally administered antigen; The CBA mice, in contrast,
gave no response with both means of sensitisation (Table

21).

Sehsitisation of inbred mice with an E.coli urinary
tract infection resulted in the demonstration of good
delayed hypersensitivity by most of the inbred strains of
mice resistant to E.coli urinary tract infections (Table
32). Strains of inbred mice, highly susceptible'to urinary
tract infection,only gave poor responses. This suggested
that the abili{y of mice to resist a urinary tract infec-
tion with E.coii was dependent on their capicity to mount
a delayed hypersensitivity reaction against the invading

organism.

This hypothesis however would rot appear to be true

as the T (BlOD2 newline x C3H) mice, although higﬁly

1

susceptible to E.coli,gave a good delayed hypersensitivity

response to E.coli.
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Table 21

MEASUREMENT OF DELAYED HYPERSENSITIVITY TO E. COLI WF 26 IN BALB/C
AND CBA MICE SENSITISED BY 104 HEAT KILLED E. COLI WF 26 IN FCA OR
SALINE

Strain

Sensitised
Day ~4 by

Control mm.
4 h 24 h 48 h

Test mm.
4 h 24 hi48 h

Test—-control mm.
4 h 24 h 48 h

Balb/C

CBA

E.coli in

104 heat
killed

FCA i.p.

104 heat
killed
E.coli in
saline
S.C.

104 heat
killed
E.coli in
FCA i.p.

lo4 heat
killed
E.coli in
saline
s.C.

)

)

)

) :

)0.10 0.05 0.05
)

)

)

)

)

)
)
)
)
)0.14 0.19 0.18
)
)
)
)
)

-0.006 0.21 0.20

0.03 0.03 0.15

0.02 0.25 0.20

0.11 0.09 0.24

0.10 0.16 0.15

-0.07 ~-0.02 0.10

-0.12 0.06 0.02

-0.03 -0.10 0.06
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Table 22

MEASUREMENT OF DELAYED HYPERSENSITIVITY TO E. COLI WF 26
IN INBRED MICE WITH AN 8-DAY E,COLI WF26 URINARY TRACT INFECTION

STRAIN CONTROLS MM. TEST MM. TEST-CONTROL MM,
Males 4 h |24 h|48 h| 4 h|{24 h|48 h 4 hi24 hl 48 h
B1lO D2 a)| 0.01 {0.09{0.23(0.54/0.92{0.48( 0.53{0.83| 0.25"

g new line b)| 0.07 |0.06/0.38(0.27/0.29/0.55| 0.20{0.23| 0.17
-

H ,

8 Bailpsc 23| 0-02 10.02/0.14/0.15/0.34/0.22| 0.13/0.36| 0.08
2 b) | 0.08 |0.15/0.05]0.08{0.41]0.21] o |o0.26| 0.16
| o]

S a/gax a)| 0.07 |o0.13]0.180.06{0.51|0.48|-0.01]0.38| 0.30
: b) | 0.025/0.09/0.15}0.50{0.58{0.92| 0.48]0.49| 0.77
< 7
S os7 b1 a) | 0.09 |0.14}/0.390.09}0.35]0.12] © |0.21}-0.2"
@ C57 black yy 1 5 15 |0.185:0.25]0.53]0.79]0.56] 0.38l0.60| 0.31
197]

=]

% oA a) |-0.06 |0.06{/0.11}0.39]0.65}0.97| 0.45]0.59] 0.86

a) |-0.02 10.02]0.0710.13{/0.04]0.03}| 0.15}0.02}-0.04
b) | 0.025(0.11{0.17({0.09(0.28{0.36{ 0.07{0.17{ 0.19

SUSCEPTIBLE TO
INFECTION
0
J
g
o
o

DBA/2 0.05 10.1210.1510.18}0.3110.23} 0.13}0.19} 0.08

B1lOD2 x C3H Fl

. 0.125/0.08]0.11}0.44}0.48]0.35} 0.315{0.40] 0.24
mice




bt

i

[yt §

L |

kit

-3

P )

Y Eedf  ekwa] el e

}

or by intraperitoneal injection of 10

- 129 -

4) Delayed hypersensitivity response of Biozzi high
and low responder mice to E.coli WF26

Biozzi high and low responder mice were sensitised
to E.coli WF26 either by an infection of the urinary tract
® heat killed E.coli
WE26 in FCA. The infected mice were assessed for their
delayed hypersensitivity response after 15 days and the

mice sensitised with dead bacteria were challenged with:

extract 6 days after injection of the bacteria.

A very poor fesp0nse to E.coli WF26 was obtained with
both lines of mice for each of the two methods of sensi-
tisation (Table 23). The low responder control mice did,
however, show a good reéponse, whereas a minimal response
was obtained in the high line controls. The low line mice
would appear to have an inherent degree of.naturgl sensi-
tivity to E.coli, probably induced by E.coli present in

the gut flora.

5) Clearance-of bacteria from the bloodstream of mice

Porton and Wright Fleming Institute mice rapidly
cleared E.coli WF26 from the bloodstream (Table 24). The
mean value obtained for K was 0.140. Most of the bacteria
injected into the tail vein were deposited in the liver and

spleen and less than 1% were recovered from the kidneys.
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Tab

DELAYED HYPERSENSITIVITY RESPONSE OF BIOZZI HIGH AND LOW RESPONDER
MICE TO E. COLI WF 26 RESPONSE TESTED WITH E. COLI WF 26 EXTRACT

Resp-
onder
mice

Sensitised
by

Control

4 h 24 hd48 h

Average swelling mm.

Test
4 h 24 hi48 h

Test -control
4 h 24 h 48 h

High

E. coli WF
26 U.T.I.

Day -15

106 heat
killed

E. coli WF
26 ‘in FCA
i.p.

Day -6

E. coli WF
26 U.T.I.

bay -15

10% heat
killed

E. coli WF
26 in FCA
i.p.

Day -6

0.09 0.08

0

0.42 0.17 0.11

0.14 0.03 0.14

— S s . s B e i ol S — 2 " T . S e

0.17 0.14 0.26

0.02 0.08 0.11

0.04 0.14 0.21

0.33 0.09 0.11

0.05 -0.05 0.14

~0.15 -0.06 -0.15

~-0.13 o ~-0.05
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Table 24

WRIGHT-FLEMING INSTITUTE AND PORTON MICE

train Dose Viable counts/g after 20 min. Phagoéytic
i.v. Liver Spleen |R.Kidney|L.Kidney| Index K
Per
mouse
. 8 7 7 5 '
Wright- [1.5x10 (1.3 x10 |[2.1 x10 |5.0 xlO - 0.1l61
Fleming - 5 4 a
Institute " 6.2 x10 14.2 x10 3.8 x10 4.7 x10 0.091
u - - - - 0.151
" - - - - 0.149
/10g
Body
weight
Porton 5 xlO7 1.2 xlo8 1.0 xlO8 8.4 xlO5 l.21x106 0.127
n 11.55x108| 2.0 x108|3.75%x10% 4. 25x10°| 0.157
v l6.1 x10’|1.32x10%{3.7 x10°|4.6 x10°| 0.142
v 17.7 x107|1.32x10°% |1.02x10%| 4. 35x10%| ©.146
Gegzzzrlc 6.39x10 | 8.22x10 |3.62x10°|3.44x10° |Mean=0.140
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Ef E.coli WF82 was cleared more Slowly from the circula-
i tion than was E.coli WF26 (Table 25). This suggested that
E.coli WF26 was less resistant to the bactericidal powers

of complement and to phagocytosis than had previously been

= noted for this strain (Howard and Glynn, 1971).

o
j ‘ : Comparison of the rate of clearaﬁce of E.coli WFr98
o from the blood of two different strains oflinbred mice
= showed that Balb/c mice cleared the bacteria faster than
? CBA mice (Table 26). The students't'test: on the K values
- gave a probability of these values océﬁrring by chance.of
j <.0.0l.‘ The difference observed between the two lines of
e mice is therefore statistically significant. The geometric
. mean viable counts recovered from the spléens, livers and
E kidneys were very similar in both Balb/c and CBA mice.

In contrast the geometric mean lung count was significantly

B

higher in the CBA than in the Balb/c mice, the students 't'

test in the actual counts giving a value of t of 5.4 and

(= |

a probability ofg 0.01.

L

: No difference was found in the rate of clearance of

E% " E.coli WF98 by Biozzi High responder and low responder micé
| (Table 27). The geometric mean counts recovered from the
ig livers aﬁd spleens were similar for the two lines. The low

line kidneys, however, contained more bacteria than the high

line kidneys and this difference was shown to be statistically

s . s - ) Vet
;g significant by use of the students 't' test (tright kidneys

= 2.33, P<0.05%50.01; t = 2.86, t¢0.01).

left kidneys
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Table 25

CLEARANCE OF E. COLI WF 82 FROM THE BLOOD OF MALE PORTON MICE

K
Dose i.v. VIABLE COUNTS phagocytic
Liver Spleen R.kidney L.kidney index
n.d, n.d. n.d. n.d. 0.04
1.0x10%/10g| n.d. n.d. n.d. n.d. 0.02
body weight
9.3xlO7 4.65xlO7 4.OxlO6 3.94x106 n.d.
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Table 26

E. coli WF 98 in log phase

CLEARANCE OF E, COLI WF 98 FROM THE BLOOD OF BALB/C AND CBA MICE

All mice injected i.v. with 0.1 ml/10 g body weight 2.5 x 109/m1.

Therefore P < 0.01 i.e. highly significant

Strain | Mouse Viable count/gm recovered after 20 min. K
phago-~
cytic

Liver Spleen Lung R.kidney L.kidney|index
8 8 7 6 6 '
Balb/C 1l 4.6 x10 8.4 x10 2.77x10 4.4 x10 3.76x10 |0.189
2 3.15x108 1.28x108 1..61x107 2.12x107 1.92x107 0.189
3 2.63x10° 2.71x10% 2.0 x10” 5.65x10° 4.96x10%|0.136
4 2.35x108 9.0 xlO7 6.4 xlo6 1.8 xlO6 2.42x106 0.153
5 2.5 xlO8 1.42x108 3.1 xlO7 4.25x106 3.75x106 0.172
6 3.45x108 5.1 xlo7 3.35x106 3.1 xlO6 2.25x106 0.178
8 8 9 7 7
CBA 1 5.45x10  1.28x10  1.05x10° 2.56x10 2.85x10 |0.136
2 5.2 xlO8 1.06x109 2.04x108 7.8 xlo6 6.6 xlO6 0.074
7
3 4.45x108 3.2 xlo8 1.O3x108 1.35x107 1.01x10 }0.077
3.4 xlO8 2.85x108 3.22x107 4.55x106 5.7 xlo6 0.088
2.4 xlo8 6.2 xlO8 4.2 xlo7 5.8 xlo6 6.0 xlO6 0.120
3.25x108 7.4 xlO8 5.1 X1O7 6.2 xlO6 6.9 xlO6 0.099
Geometric Mean
mean counts
8 8 7 6 6
Balb/C 2.9 x10° 1.6 x10 1.3 x10 4.7 x10 4.3 x10]0.170
. 6
CBA 3.8 xlO8 4.1 xlO8 1.05x108 8.6 xlO6 8.6 x10 [0.099
Students test on K values gives t = 5.4 n.d.f. = 10
Therefore P < 0.01 i.e. highly significant ‘
students 't' test on mean lung counts gives t = 2.85 n.d.f. = 10



—_— —_—

| ssoical |

Worin:

Buiasies Jf

Liaat |

"D‘ﬂ:‘;l ' i . 'y Ih-u@“ .

tapd |

gl Geer)

[xwiiz] B B Bisnal

- 135 -
Table

27

CLEARANCE OF E. COLI WF 26 FROM THE BLOOD OF BIOZzZI
HIGH AND LOW RESPONDER MICE

Mice injected i.v. with 0.1 ml/10

g body weight

1 x 1019/m1 E. coli WF 26
Responders Viable count/g; K
' Liver Spleen |R.kidney|L.kidney
High
1 - - - - 0.100
2 - - - - 0.142
3 5.7 x108]3.5 x10%|6.7 x10°|8.6 x10° 0.126
4 5.4 x10°(9.3 x10| 2.5 x10° 2.8 xlp6 0.144
5 1.0 x10° 4.7 x10%}1.28x10 |1.5 x10’ 0.164
6 4.65x10° 3.6 x10%|6.3 x10°|3.0 x10°| ©0.210
7 6.4 x10° |2.65x108] 7.0 x10%|6.3 x10° -
8 3.3 x10°|2.7 x10%|2.5 x10%|2.6 x10° -
Low
1 - - - - 0.186
2 - - - - 0.080
9 8 8 8
3 1.16x10° |3.6 x10°|2.15x10" |2.25x10 0.128
4 9.4 x10°|5.25x10°|1.88x10° |2.5 %10’ 0.130
5 1.05x109 7.7 xlO8 2.7 xlO7 3.7 xlO6 0.144
6 3.25x10° (3.7 x10° 1.78x10° |1.49x10° 0.144
7 3.65x108 7.4 xlO7 6.2 xlO6 5.0 xlO6 -
7
8 5.4 x10° |8.4 x107{7.1 x10%|1.02x10 -
Geometric
mean 3 g .~ - Mean
High 8.13x10° 2.7 x10°|5.36x10"|5.13x12" 0.149
Low 6.45x108 2.6 xlO8 2.09x107 2.6Ox107 0.137

Students 'L’

Therefore P

Therefore P

t right kidney =

2.33 nd:z
= <0.05>0.01 1i.e.
2.84 ndf

t left Xkidney =

= ll:)

= 10

test on mean kidney counts gives:-—

significant .

= <0.01 i.e. highly significant
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6) Clearance of carbon from the blood of Balb/c and
CBA mice

Balb/c mice cleared carbon from the circulation at a
faster rate than that observed in CBA mice iTable 28). A
proportional difference between the strains appears to
exist for both carbon particles and.E.coli. The K values
for Balb/c mice were 0.170 and 0.0158 for E.coli and'carben
respectively and 0.099 and 0.0098 respectively for CBA mice.
This suggests an inherent difference in the phagocytic
capacities of the reticuloendothelial systemsof these mice

whiéh is independent of the particles involved.

DISCUSSION

As humoral immunity did net have any effect on the
dutcome of adute E.colil urinary tract infeections in mice,
it seemed likely that resistance to infection was con-
trolled by other mechanisms, possibly of a cellular nature.
Many bacterial infections have been shown to involve cell-

ular immune reacticns.

Delayed type Hypersensitivity can be demonstrated
following many infectiOns; ‘A response can be obtained
after infections in both man and experimental animals with
brucellosis (Spink, 1956), diphtheria bacilli and strepto-

cocci (Moen, 1936) and vaccinia viruses (Turk et al, 1962).
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Table 28

CLEARANCE OF CARBON FROM THE BLOOD OF BALB/C AND CBA MICE

Strain | Mouse 0.D. Blood sample K Mean K
: 3 6 . 9 12 15
minutes
1 0.600 0.528 0.462 0.21 0.31 |0.024
2 0.16 0.153 0.069 - 0 0.10
Balb/C 0.0158
3 0.600 0.592 -0.384 0.502. 0.44 |0.011l1
4 0.682 0.642 0,405 0.492 0.484(0.0123
1 0.805 0.742 0.652 0.538 0.480(0.0187
2 0.815 0.879 0.768 0.765 0.763]0.00242
CBA 0.0098
3 0.378 0.804 0.696 0.635 0.592|0.0117
4 0.715 0.718 0.666 0.641 0.602(0.00625

absgirn L
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The acquisition of resistance to infection with Listeria

- and Brucella was shown by Turk et al (1962) to coincide

with the acquisition of delayed type hypersensitivity.
Mackaness (1967) equated the two eventé and éuggested
that immunity to the infection was mediated by the ability
to mount a delayed hypersensitivity response. More recently
Plant and Glynn (1974) have shown.that strains of inbred

mice resistant to infection with Salmonella typhimurium

C5 are better at mounting a delayed hypersensitivity reac-
tion to the infecting organism than strains of mice sus-

ceptible to this mouse patﬁogen.

Mice with an active E.coll urinary tract infection
will give a delayed type hypersensitivity response after
injection of a concentrated culture supernatant into their
footpads. The optimum time betﬁeen initiation of infection
and measurement of the response’was found to be 8 days.
Lagrange et al (197%a) initiated a delayed type hypersensi-
tivity response in mice by injecting them intravenously
or subcutaneocusly with sheeb red blood cells. No adjuvant
was necessary and 105 sheep red blood cells intravenously
was the optimal sensitizing dose. Increasing the inoculum
of erythrocytes reduced and eventually abolished the res-
ponse. The reaction was mediated by & bearing lymphocytes

and after being elicited once the mice became refractory to
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further stimulation. Splenectomy had a profound effect
on the observed responses; far higher doses of sheep red
blood cells were needed to sensitize the mice and splen-
ectomised animals were no longer refractory upon a second

encounter with the antigen.

Mackaness et al (1374b) showed that as the sensitizing
dose of sheep red blood cells was increased, the serum
haemagglutinin titre also rose. As thé antibody titre
- became elevated, the delayed hypersensitivity response
diminished. This.inverse relationship between antibody
titre and the prevailing level of delayed hypersensitivity
indicated a direct inhibitory effect of antibody on the
production of the delayed hypersensitivity.response. The
. complex formed by antibody and antigen was thought to
block the activated T cells, which mediated the delayed
hypersensitivity reaction, and fhus the response was

inhibited.

The delayed hypersehsitivity response to E.coli has
probably been initiated with a very low dose of antigen.
The optimum response was obtained 8 days after the initia-
tion of an E:doli urinary tract infection. Antibody syn-
thesis after the infection of the urinary tract with E.coli
is rapid (Chapter u; Fig. 16) and optimum titres are
obtained within 6 days of the initiation of the disease.

These high circulating titres probably inhibit the delayed



- 14U -

.hypersensitivity response after 8 days. The presence of
high titres of antibody was suggested in many of the
results obtained; inflammation Y4 hours after the injection
of extract was probably due to aﬁtibody—antigen stimulation

of the Arthus reaction.

Inbred strains of mice resistant to E.coli urinary
tract disease gave a good delayed hypersensifivity response
fo E.coli when sensitised to_the organism by an 8 day
urinary tract infection, in contrast to susceptible inbred
strains which only exhibited a poor response. This sug-
gested that the ability to mount a good delayed hyper-
sensitivity reaction to E.coli protected the resistant

strains of mice from urinary tract disease.

The F (BlOD2 newline x C3H) mice, however, were able

1
- to mount a good delayed hypersensitivity response to E.coli
despite being susceptible to infection. Thus resistance

to disease is not related to the.ability to produce a good

cellular reaction to E.coli present in the urinary tract.

By analogy to the results of Lagrange et al (1974), the
production of a delayed hypersensitivity response to E.coli
may be very depandent on the dose of the sensitising anti-
gen administered; both too low a ddse and too high a dose
of the antigen would fail to prime the delayed hypersensi-

tivity respanse. Althoughvfhe inbred strains of mice were
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all 1nfected w1th a standard 1noculum of E. COllsthe sub-~

sequent prollferatlon of: bacterla w1th1n the urinary tract
is dependent on the susceptlb;llty of the mouse straln to
the disease. Thus the stimulatory dose of antigen would

vary from strain‘to strain and tne very sugceptible strains

of mice may have been unable to give a delayed hypersensi-

e'tivity reaCtiOn,aé the sensitising dose of bacteria the&lﬂ
; had encountered was probably too 1arge.' If all strainé

jof 1nbred mice could be glven a standard sen81tlslng dose

of . antlgen then the natural ablllty of the stralns to

mount a delayed hypersen51t1v1ty reaction to E.coli could

be examined. The Biozzi hlgh and low responder lines of

mice both failed to give a delayed hypersensitivity res-
ponse‘to'E coli,probably because ‘the reaction was'inhibited'

by the antlbody whlch is rapldly produced by both lines of

mice in response to an E c011 urlnary tract 1nfect10n p-

(Chapter 4, Flgf 16). a ST |

Mlce we“e sen31tlsed with known doses of heat kllled
bacterla with or without Freund s complete adjuvant in

order to flnd a method for prlmlng mice w1th a standard

'dose of E. COll, so that thelr natural abllwty to mount a .

delayed hypersenslt1v1py reaculon could be de;ermlned. Allr'

methods trled only produced weak reactlons. 4Thls suggeated’.‘

o that 11ve bacterla are needed for adequate sensitisation

of the ‘animals to occur. Prlmlng mice agalnst 11ve E. c0114
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with organisms growing in a subcutaneous chamber, however,
was not successful. Again the problem of standardising

the sensitising dose of antigen is encountered. Thus until
mice can be given a known dose of antigen, which probably
needs to contain a factor present oniy in live cells, the
ability of the mice to mount a délayed hypersensitivity
reaction cannot be monitored with any accuracy. Conclusions
concerning the role of delayed hypersensitivity in an acute

urinary tract infection can thus not be drawn at present.

The delayed hypersensitivity response of mice to sheep
red blood cells can be enhanced if the antibody response to
the erythrocytes is suppressed by the cytotoxic drug cyclo-
phosphamide (Lagrange et al, 1874b). Attempts to boost
the delayed hypersensifiVity of mice sensitised to E.coli
with heat killed bacteria by cyélophosphamide resulted in
the mice dying within a few hours of the injection of the
challenge dose of E.coli extract into the hind footpad.

It is thought that the mice died either from endotoxin

shock or from a reaction similar to tuberculin shock.

Pieroni et al (1970) decreased the LD., dose of E.coli
endotoxin for mice from 425 jpg to 0.001 ug by first injecting
the mice with 25 pig of actinomycin D. The mice died from
ocular haemorrﬁage, weigﬁt loss and other pathoiogical

symptoms of endotoxin shock. Actinomycin D, like cyclo-

phosphamide, is an anti-metabolic drug. Aétinomycin D
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rapidly and completely blocks the synthesis of RNA or DNA
templates and at high concentrations blocks DNA synthesis
(Goldberg and Reich, 1964). Cyclophosphamide exerts its
effect in rapidly dividing cells and these cells are
possibly the same cells as those affected by actinomycin
D. If this is so,it may render the mice treated with
cyclophosphamide many times more.susceptible to endotoxin
than normal mice, the F.coli extract being known to con-
tain traces of endotoxin. The effect observed is mediated
by cyclophosphamide because with decreasing doses of cyclo-
phosphamide fewer mice died from this reaction. No deatﬁs
occurred in the sﬁeep red cell primed mice of Lagrange

et al (197ub) because these cells presumably contain no

endotoxin.

The reaction observed in the mice may alsc be likened
to tuberculin shock. It was possible that the cyclophos-
phamide had indeed potentiated the delayed hypersensitivity
response of the mice. The one mouse that survived the
treatment showed a good footpad response to E.coli. Tuber—.
culin shock ensues whena highly sensitized guinea pig is
inﬂected with a large amount of dead tubercle bacilli.

The animal becomes prostrated after 3 to 4 hours, the body
temperature drops and death may follow in 5 to 30 hours.
These symptoms are very similar to those observed in the

" E.coli sensitized, cyclophosphamide treated mice.
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As the mice died soon after the elicitation of the
footpad response from either one or both of the above
types of reaction, no measurement of any potentiation in

the delayed hypersensitivity response was possible.

Mackaness et al (1974a) infected mice with B.C.G.

before sensitising them to sheep red blood cells. The

‘factors normally formed by antigen-antibody complexes

which inhibit the T cells involved in the delayed hyvper-
sensitivity response did not appear to function normally
in the B.C.G. infected mice. The delayed hypersensitivity
response to sheep red blood cells was enhanced despite the
presence of high circulating titres of antibody. When

the delayed hypersensitivity response to E.coli. in B.C.G.

infected mice was examined, no potentiation of the footpad

‘reaction occurred. This suggested that either the experi-

mental conditions were not favourable to demonstrate an
enhanced response or that the mechanisms controlling the

delayed hypersensitivity response of mice to the bacteria

" E.coll were differentrto those involved in the cellular

immune reaction to sheep red blood cells.

The passive transfer of antibody to Biozzi low res-
ponder mice (see Chapter Y4) resulted in a slightly
increased r;te of kidney infection in the treated animals.
This suggested that naturally occurring delayed hyper—

sensitivity to E.coll can be inhibited by antibody directed
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against the bacteria. Sensitisation to E.coli has probably
been mediated by E.coli strains present in the bowel flora.
Thus delayed hypersensitivity may possibly have a protective

function against E.coli disease of the urinary tract.

The ingestion of material by macrophages may be the
prelude to an immune response or an essential step in the
manifestation of acquired resistance to an invading organism.
The ability of the cells of the reticulo-endothelial system
to remove foreign substances from the circulation may be
indicative of the degree of cellular immunity that the
animal can display when confronted with infectious agents
within its body. The rate at which intravenously injected
materials are cleared from the circulation is an estimate
of the phagocytic activity of the macrophages of the
reticulo-endothelial system of the animal (Benacerraf et al,

1957).

The rate of clearance of E.coli WF26 from the circula-
tion of mice was much faster than the rate obtained for
" E.coli WF82. The K value for WF26 was similar to the value
obtained by Howard and Glynn (1971a) for E.coli WF26 in
the presence of antibody and to the value of XK that would
be obtained for a complement sensitive strain of E.coli.
This suggested that either the mice used here had naturally

occurring antibody which opsonised E.coli WF26 or that the
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strain WF26 was no longer complement resistant but had

become complement sensitive. The K value obtained for

E.coli WF82 was similar to that obtained by Howard and

Glynn (1971a) for this strain in the absence of

agglutinating antibody.

E.coli WF98 was cleared from the circulation of
Balb/C mice significantly faster than from the circula-
tion of CBA mice. Organ counts, including those of‘the
kidneys were similar in each strain, with the exception
of the counts recovered from the lungs. Nearlyvten times
more bacteria were found to be deposited in the lungs of

the CBA mice. than in the lungs of the Balb/c mice. Thus,

despite a slower total rate of clearance of bacteria from

the circulation in CBA mice, the alveolar macrophages of
these mice appeared to be more active than the correspending

cells in Balb/c mice.

When carbon was injected into inbred Balb/c and CBA
mice, the difference between the strains observed initially
with E.coli was again apparent. The CBA mice cleared carbon
from the circulation much more slowly than the Balb/c mice;
The proportional difference in the rates between Balb/c and
CBA mice was very similar for both E.coli WF98 and carbon
stabilised by gelatin. This suggested an inherent difference

between the mouse strains in the ability of their macrophages
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to phagocyt&se any type of foreign material. Janet Plant
(personal communication) féund that Balb/c mice have‘bigger
spleens and also more white cells throughout the body than
CBA mice. This could explain the greéfer efficiency of

the Balb/C reticulo-endothelial system at removing particles
from the circulation. If this difference between the
strains is also true in the environment of the urinary
tract, this could possibly explain why Balb/c mice are .
more resistant to E.coli urinary tract infection than CBA

mice.

The clearance of E.coli WF98 from the circulation of
Biozzi mice occurred to the same extent in both high and
low responder lines of mice. However, significantly more
viable bacteria were recovered from the kidneys of the low
responder mice than from the kidneys of the high responder
mice. Thus, although the reticulo-endotﬁelial system of
the two lines of mice appeared to have a similar function,
the actual nﬁmber of bacteria carried to fhe kidneys in
the blood was greater in the low line mice than in the high
line mide; "If the increased number of bacteria in the low
line kidneys is due to a greater flow of blood to the low
line kidneys than to high responder kidneys, then this
could possibly explain +he resistance of the low line mice
to ascending E.coli urinary tract infecticn. ‘A good blood
flow to the kidneys would ensure that bloéd—borne means of
immunity were rapidly transferred to the kidneys during an

infection of the urinary tract.
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In conclusion, it would appear that cellular immune
mechanisms are involved in the host response to E.coli
urinary tract infection. A delayed hypersensitivity
reaction can be elicited in mice with an active E.coli
infection. The role of delayed hypersensitivity in
immunity to urinary tract disease is uncertain. Initial
experiments indicate that the ability to mount a delayed
hypersensitivity response against the invading orzanism
may be protective, but until a staﬁdard method of sensi-
tising animals to E.coli can be found, the natural ability
of mice to produce this reaction cannct be accurately
 determined. If antibody regulates the delayed hypersensi-
tivity response to E.colisthen further investigation of
the effect of passive transfer of antibody on a urinary
tract infection may prove to be of interest. The increased
ability of the Balb/c reticulo-endothelial system, compared
with that of CBA mice, to clear carbon and E.coli bacteria
from the circulation perhaps indicates that macrophages
which can readily phagocytose foreign materials are an
importaht part of the host defences against urinary tract

disease.
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CHAPTER 6

FACTORS AFFECTING THE SURVIVAL OF E.COLI IN URINE
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INTRODUCTION

E.coli bacteria may groﬁ in urine. The persistence
of E.coli strains in the bladder will be affected by how
welllthey grow in the urine. It is known that méuse urine
has a higher osmolality than human urine. The ability of
strains of E.coli with differing K antigen contents to grbw
in urine or solutions of known osmolality was therefore

examined.

MATERIALS AND METHODS

1) Determination of urine osmolalities

Urine osmolalities were measured automaticaily on an
Osmette A machine in the Chemical Pathology Department here
(Osmette A .Precision Instruments Ltd., Newton, Massachussets,
U.S.A.). lThe machine determines the osmolality by measuring
the freezing point of the solution. The depression of the
freezing point from that obtained with pure water is a
function of the osmolality of a solution. For a non-ionig-
substance dissolved in water the osmolality is eguivalent
to the molality. Urines of high osmolality wers diluted with

distilled water prior to osmolality measurement on the machine.
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2) Alteration of the osmolality of urine samples

Thé osmolality of human female urine was modified
by the addition of urea (B.D.H. Chemicals 'Ltd., Poole,
England). 0.3 g of urea added to 10 ml of urine raised
the osmolality from 469 mOsm/Kg to 1020 mOsm/Kg (Table 30).
The osmolality of all modified urines was determined using

a 1/10 dilution of the sample in distilled water.

3) Measurement of the growtﬁ of E.coli in urine

A measured volume of mouse, human,_or modified human
urine was dispensed into a sterile capped container and
incubated at 37°C in a water batﬁ; Strains of E;COli were
grown overnight in Nutrient Broth; were washed in 0.15 M
saline and resuspended.in 0.15 M saline to é known concen-
tration by 0.D. The urine samples were inoculated with a
small volume of the bacterial éuspensiou in order to avoid
changing the osmolality of the urines éignifiéantly by the

addition of a large volume of 0.15 M saline.

An immediate sample of the inoculated urines was taken
for the ito' determinations of the viable counts. The
samples were incubated at 37°C in a water bath without
agitation. Further samples were taken over a period of

time for the determination of the numbers of viable bacteria

“present in the urine. All determinations of bacterial

counts were made, as previously described, using the Droplette

tecﬁnique.
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4) Induction of a diuresis in mice

A water diuresis was initiated in male Porton mice
by substitution of their drinking water with a steriie
solﬁtion of 5% glucoée in tap water. Food was allowed
freely. After 4 days the mice were infected either by
the inoculation of bacteria into an unstitched bladder
or by intravenous injection of E.coli bacteria. The
diuresis was continued until the mice were assessed for

infection of. the kidneys.

RESULTS -

1) The osmolality of human and mouse urines

Mouse urine samples'were collected by catching the
urine in a petri dish. The urines from several mice of
one inbred strain were pooled and both male and female
mouse urines were included. The samples were diluted in
distilled water and the osmolalities were determined. Human
female urine (source A.N.) samples were also assessed for

their osmolality.

The mouse urines were very much more concentrated
than the human urine (Table 29). The inbred strains of
mice produced the most concentrated urine but no differences

between the strains related to their susceptibilities to
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Table 29

MEASUREMENT OF THE OSMOLALITY OF HUMAN AND MOUSE URINE

Strain % Kidneys Osmometer |Dilution in | Osmolality
>103 E.coli reading distilled :
WF 98 (mOsm/Kg) water (mOsm/Kqg)
Mice

B1OD2 0 1351 1/2 2702
new line

Balb/C 3 1806 1/2 3612
A/ Jax 13 1093 1/2 2186
Cc57 black 12 1009 1/2 2018
CBA 44 1204 1/2 2408
DBA/1 46 683 1/3 2049
C3H/He 82 1207 1/2 2400
" DBA/2 74 768 1/3 2284
Biozzi high 60 826 1/2 1652
responder

Biozzi low 12 559 1/3 1677
responder

Porton 25 421 1/3 1263

Human. A.N.

2/12/75 ! * 360 Undiluted 360
17/11/75 865 Undiluted 865
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?

E.coll urinary tract disease were found. The osmolality

of urine from the Biozzi high or low responder lines of
mice was similar for each line. This suggests that the
susceptibility of inbred mice to E.coli urinary tract  ;

infection is not related to the osmolality of the urine

they produce.

The osmolality of human urine was variable but the

values obtained were much lower than those obtained with

| P ey Wical LY | T

mouse urine. As people are much more susceptible to
urinary tract infection than mice sit is possible that the
osmotic strength of urine helps to determine the degree of

survival of invading bacteria within the bladder.

2) Growth of strains of E.coli in human female urine

| JEPN i Binid

Samples of sterile human urine were inoculated with

| B

E.coli strains of differing K antigen content to give an
i initial concentration of lO3 bacteria/ml. The osmolality
of the urine was 865 mOsm/Kg and the bacterial strains were

E.coli WF60, WF98, WF90 and WF4l.

After an initial lag pﬁase of approximately 2 houré,
the E.coli strains WF60, WF98 and WF96 grew readily in the
non-shaken urines (Fig. 26). The loﬁ K antigen content
strain E.coli WF41 however appeared to decline in numbers
before entering a pﬁase of logarithmic growth. Thus human

female urine readily supports the growth of E.coli.
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Fig. 26 INCUBATION OF E. COLI STRAINS WF 60 (AIA = 32), WF 98
(AIA = 16), WF 96 (AIA = 2) AND WF 41 (AIA = 0) IN
HUMAN FEMALE URINE OF OSMOLALITY 865 mOsm/Kg

O~ =-=08 WF 96
O——0 WF 41

viable count/ml of urine

T

.

15" i _

Calculazed y 5 3 % 2 ’
[ . . .
‘g "-C- Tizo in hours
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3) Growth of strains of E.coli in mouse urine

Urine was collected from male and female mice of the
inbred strains C57 black, C38H and CBA. 1 ml aliquots of-

the urines were inoculated with 106

E.coli of strains WF26,
WF98 and WF96. Incubation of the bacteria with the urines-
resulted in death of the organisms, rather than growth as
observed in the human female urine (Fig. 27 - 29). The
degree to which the urines were baétericidal did not appear
to vary between the mouse strains, but the E.coli strains
each gave an individual response. The high K antigen con-
tent strain E.coli WF26 was more resistant to the killing
effect than E.coli WF96, a low K strain, but the medium

K antigen strain was the mést sensitive of all the strains
to the killing effect. Mouse urine,which is more ccncen-
trated than human female urine, therefore, does not suppor:
the growth of E.coli.

4) Comparison of the growth kinetics of E.coli in male
and female mouse urine

Urine.was collected from various strains of inbred mice.
"Samples frbm female mice were all pooled togetﬁer, as'were.
the urines from male inbred mice, The osmolalities of the
pooled samples were determined. 1 ml aliquots of the urines
were inoculated with 10 pl of 2 x 10°/ml E.coli WF26 or

" E.coli Wr9s.
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Fig. 27 INCUBATION OF E. COLI STRAINS WF 26 (AIA = 64)
7_ WF 98 (AIA = 16) AND WF 96 (AIA = 2) IN C57

1l
0 BLACK MOUSE URINE
E. coli WF 26
106—
Q
o
-
(Y
o]
w
o
2
N
4J
o
g E. coli WF 96
0
Q
A
-
[
10°-
104 . _ y
v 0 i Z j 4 §~
Calculated Time in hours
t, V.C.

(o)
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Fig. 28 INCUBATION OF E. COLI WF 26 (AIA = 64), WF 98

L

(AIA = 16) AND WF 96 (AIA=2)IN C3H MOUSE URINE
107—
\ E. coli WF 26
106 - X N
E. coli WF 96
\ o
5
10”1 B, coli WF 93
4
10 1 1 i |} 4
(0] 1 2 3 4 5
Calculated Time in hours

to v.cC.
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Fig, 29 INCUBATION OF E. COLI WF 26 (AIA = 64) AND E., COLI
WF 96 (AIA = 2) IN CBA MOUSE URINE

Viable count/ml urine

107-
E. coli WF 26
106—
C
E. coli WF 96

5 e
107 -
104—1 ; i 1 T i
Calculated 1 2 3 4 5

to V.cC. Time in hours
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The osmolalities of the male and female urine pools
were very similar and very little difference was found in
the bactericidal effect exhibited by the two pools on
the E.coli strains (Fig. 30). Thus male and female mouse
urine have.thé same bactericidal effect on E.coli bacteria.
The use of urine from both male and female mice in the
previbus experiments thus gave results unaffected by the

sex of the mice from which the urine was derived.

Again the difference in the response of the E.coli
strains can be observed. E.coli WF26 was more resistant to
the killing effect of mouse urine than E.coli WF96.

5) Growth of E.coli in human female urine of modified
osmolality

Mouse urine was noted to have a higher osmolality
than human urine and the incubation of E.coli in the two
media resulted in growth of the organisms .in human urine
and death of the bacteria in mouse urine. It was'therefore‘
necessary to investigate the effect of osmotic pressure on

the growtﬁ kinetics of E.ccli in urine.

In a preliminary experiment human female urine (source
A.N.) was collected and sterilised by millipore filtration,
The addition of urea to 10 ml samples of the urine altered
the osmoiality of the medium. The modified urines were

inoculated with E.coli WF28 or WF38. With increasing
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Fig.30 INCUBATION OF E. COLI WF 26 (AIA = 64) AND E. COLI WF 96
(AIA = 2) IN MALE (OSMOLALITY = 2630 mOsm/Kg) AND FEMALE
(OSMOLALITY = 2600 mOsm/Kg) MOUSE URINE

10"~

Viable count/ml of urine

=
(@)

10 , _ '}

e
=
o

Time in hours
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oémolalityAthe urine changed from being a medium which
supported bacterial growth to a medium which was bacteri-
cidal (Figs. 31,32) kTable 30). The curves obtained for
both strains of E.coli were similar but there was a sug-
gestion that the higher osmolality urines were less
bactericidal for the high K antigen.strain E.coli WF26

thén they were for lower K antigen content strain E.coli
WE98. Thus with increasing osmolality, urine becomes first

_inhibitory to growth, then actively bactericidal.

In a second experiment six strains of E.coli were
incubated in urine that had been sterilised by autoclaving.
The osmolality of the urine was modified with urea (AR
urea, BDH Chemicals Ltd.) (Table 31). This sampie of urine
appeared to be more bactericidal than that used in the
previous experiment as even at osmolalities of about
750 mOsm/Kg, the bacteria were inhibited from growing.

Thus the osmolality of urine which is dependent on the urea
concentration would nof appear to be the only factor deter-

mining the growth kinetics of E.coli in this medium.

The strains E.coli WE82, WE60, WE96 and WE26 were less
readily killed by the modified urines of low 6smola1ity
than wére the lower K antigen content strains, E.coli WF98
and WF4l. With increasing osmolality this difference was
still apparent, althbugh by the time the osmolality was

increased to approximately 2500 mOsm/Kg, the modified urines

were rapidly bactericidal for all the strains.
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Fig. 31 GROWTH OF E, COLI WF 26 (AIA = 64) IN HUMAN FEMALE
URINE OF MODIFIED OSMOLALITY %1
7‘,:,
%
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Fig. 32 E. COLI WF 98 (AIn=16) IN HUMAN FEMALE URINE OF
MODIFIED OSMOLALITY
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Table 30

GROWTH OF E. COLI IN HUMAN FEMALE URINE OF MODIFIED OSMOTIC

PRESSURE

Experiment 1) E. coli strains

WF 26 and WF 98

LOG VIABLE COUNTS
SAMPLE a B C D E F G H
Time h .
o) 3.69 4.22 3.49 4.10 3.77 3.99 3.81 2.78
3/4 4.11 4.25 3.94 4.15 3.62 4.06 3.43 2.51
11/2 4.19 4.27 3.88 3.97 3.66 4.03 2.30 1.78
2 1/2 5.10 5.30 3.94 4.24 3.48 3.63 1.78 <1.0
3 1/2 5.37 5.83 4.09 4.51 3.18 3.58 2.00 <1.0
4 1/2 5.08 6.45 3.83 4.58 3.24 3.50 1.78 <1.0
5 1/4 7.05 6.96 3.93 4.71 3.41 3.48 1.30 <l.0
G urea/10 ml. o o 0.3 0.030.9 0.9 1.5 1.5
stimated 600 600 1100 1100 2100 2100 3100 3100
Osmolality/e
mOsm/Kg
actual 469 469 1020 910 1790 1750 2660 2520
E. coli WF 26 98 26 98 26 98 26 98
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Table 31

OSMOLALITIES OF MODIFIED URINES - EXPERIMENT II

G urea/l0ml urine 0.3 0.7 1.1 1.5 2.0
Osmolality (mOsm/Kg)

E. coli strain WF
82 740 1440 1910 2600 3430
98 870 1520 1940 2360 3280
41 870 1540 2120 2520 3020
26 730 1350 2120 2690 -
60 760 1240 1950 2480 -
96 850 1500 1870 2730 -
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From the graphs (Fig. 33 to 38) the initial log drop
in numbers of bacteria per minute of time was calculated
for each strain for the lower two or three urea concentra-
tions. The values obtained were plotted against the
osmolality of the modified urine (Fig. 39). The curves
obtained are an indication of the rate at which death of
the organisms accelerates when the 6smola1ity of thé urine
plus urea medium is increased; The steeper the slope of
the line, the more susceptible are the organisms to the

killing effect of high osmotic pressure solutions.

The curves obtained with the high K antigen strains
E.coli WF26 and E.coli WF82 were flatter than those of the
other strains of bacteria. Thus these strains are more
resistant to killing by high osmolality solutions than the
low K antigen content strains WF4l, 96, 98 or 60. Only
two points are shown for E.coli WF98. This was because. the
third solution was so rapidly bactericidal for this strain
fhat no count was obtained at 40 minutes and thus no deter-
mination 6f the slope of this line could be made. Presumably
the line on Fig. 39 would have been very nearly vertical
‘and to the left of the high osmolality line of E.coli WF96
if it had been possible indeed to calculate it. The strains
WF96 and WF41l may be seen to be very susceptible to the
killing effect as even at low osmolalities the slopesof the
lines obtained are greater fhan those obtained for the

resistant strains.
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Fig. 33 TINCUBATION OF E. COLI WF 82 (AIA = 16) IN HUMAN FEMALE

URINE OF MODIFIED OSMOLALITY
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INCUBATION OF E. COLI WF 98 (AIA = 16) IN HUMAN FEMALE
URINE OF MODIFIED OSMOLALITY
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INCUBATION OF E. COLI WF 41 (AIA = O) IN HUMAN FEMALE
URINE OF MODIFTXED OSMOLALITY

©
<
-t
~ X
5 870 mOsm/Kg
Yy
o
- 0
£
B 3
g 1077
o
o
)
—
'g \J
-rt
> 1540 mOsm/Kg
0
102—
7 A °
2
(0]
<1 2120 mOsm/Kg
o 1lo0 200 300
Time in minutes
Calculated

tp V.C.



- 171 -

Fig.36 INCUBATION OF E,COLI WF 26 (AIA 64) IN HUMAN FEMALE
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Fig. 37 INCUBATION OF E. COLI WF 60 (AIA = 32) IN HUMAN
FEMALE URINE OF MODIFIED OSMOLALITY
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Fig.38 INCUBATION OF E.COLI WF 96 (AIA = 2) IN HUMAN FEMALE
URINE OF MODIFIED OSMOLALITY
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Fig. 39 RATE OF DECLINE OF CULTURES OF E. COLI WITH CHANGE IN
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A correlation with theiK antigen content of the strains
is apparent as the high K content strains are more resistant
to the killing effect of high osmolality urines than are
strains of E.coli with 1ittle or no K antigen. The correla-
- tion is not so perfect with the strains of lower agglutinating
inhibiting activities but this may be a-reflection of the
large jumps in osmolality that were used to>investigate the
effect in these experiments. Further experiments of this
kind may help to elucidate the conditions under which the
phenomenon of killing by high osmolality operates in both
mouse and human urine. .

6) The effect of water diuresis on the susceptibility
of mice to E.coli urinary tract infection

As the susceptibility of straihs of E.coli to the killing
effect of high osmotic pressures is increased ifAtﬁe osmol-
ality is raised, then decreasing the osmolality of a high
osmotic pressure urine should increase the viability of

E.coli bacteria present in that medium.

The osmolality of Porton mouse urine was decreased by
initiating a diuresis in the animals. After & days the
animals were infected by inoculation of bacteria into the
bladder. ©No stitches were placed in the bledder wall. The
diuresis was continued for a further 3 days. The mice were
then assessed for kidney infection. The weights of the mice,
their urine osmolality and blood sugar levels were also

determined.
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The induction of a water diuresis in the mice resulted
in the increased susceptibility of the animals to E.coli
urinary tract infection (Tables 32, 33). Infection was
produced in the absence of stitches in the bladder wall.

The viable counts obtained (Figs. 40, 41 ) indicated
that the urines and kidneys of the mice undergoing a water
- diuresis contained more bacteria than the urines and kidneys .

of the control mice.

The mice subjected to a diuresis weighed more than
the control mice. This was probably due to water retention
in thesé animals combined with the ingestion of a high
carbohydrate content fluid for seven days. The osmolality
of the urine of the test mice was lower than that of the
normal mice. The induction of a water diuresis thus reduced
the osmolality of the urine of these mice, as expected. No
difference was found in the blood sugar levels between the
experimental and control mice and no glucose was found in

the urine after testing with "Uristix" (Ames, England).

In the experiment with E.coli WF26, several mice died.
A very ﬁigh dose of bacteria had been injected into the '
bladder and death was probably due to septicaemia. Although
the urinary tract of mice undergoing a water diuresis is more
susceptible to infection than the urinary tract of normal

mice, the inoculation of bacteria into the unstitched bladder
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Table 32

EFFECT OF WATER DIURESIS ON THE SUSCEPTIBILITY OF MALE

PORTON MICE TO E. COLI WF 98 URINARY TRACT INFECTION

3
Wt. Urine Urines >lO3 Kidneys >10
Treatment of 8 from bacteria/ml /kidney
mice 8 mice
g ml
Diuresis 350 2.5 8/8 3/i6
Control 283 1.0 1/8 . 0/16
'.7(2 using fourfold table and Yates correction = 1.47

. . P<0.3>0.2 i.e.not significant but only very small numbers
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Table 33

EFFECT OF WATER DIURESIS ON THE SUSCEPTIBILITY OF MALE PORTON

MICE TO E. COLI WF 26 URINARY TRACT INFECTION

Wt. |Osmolality Blood Urines Kidneys
Treatment{of 8| of pooled sugar >103 > 1o
mice urines -mean bacteria bacteria
g. mOsm / Kg +S.D. /ml /kidney
Diuresis 336 868 102 &6/6 9/12
*
22 mg/100Oml 2
' died
Control 285( 1222 93 3/5 3/10
+
13 mg/lo0ml 3
died
:x,z using fourfold tables and Yates correction 2.824

P =

<0.1>0.05

i.e. significant but only very small numbers
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Fig. 40 VIABLE COUNTS RECOVERED FROM THE KIDNEYS OF NORMAL
MICE (N) AND MICE SUBJECTED TO DIURESIS (D) E.COLI
INJECTED INTO UNSTITCHED BLADDERS
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Fig. 41 VIABLE COUNTS RECOVERED FROM THE URINES OF NORMAL
MICE (N) & MICE SUBJECTED TO DIURESIS (D) E. COLI
INJECTED INTO THE UNSTITCHED BLADDER
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of water-loaded mice is not as efficient a method of pro-
ducing urinary tract disease as is the method of infection
(described in Chapter 2) invoiving two stitches in the
bladder wall of normal mice. Much higher doses of E.coli
WF26 are needed to infect diuresed mice than normal mice

with stitched bladders.

The effect of diuresis orn a haematogenously induced
kidney infection was also investigated; Normal Porton male
mice and Porton male mice who had been drinking 5% glucose
solution for 4 days were injected intravenously, into the
tail Vein, with 1.2 x 10° E.coli WF98. Groups of mice were
killed at intervals up to 3 days after the initiation of
'the infection, and viable counts were made on the kidneys

and livers of the animals.

The control mice were found to have cleared most of the
bacteria from their organs by 3 days (Table‘34). In contrast
the water-loaded mice were unable to free their organs from
infection. On days 1, 2 and 3 more bacteria were preéent‘
in the kidneys of the test mice compared with the control
mice. Thus a diuresis would appear to increase the suséepf-
ibility of male Porton mice to a haematogenously induced

kidney infection.
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Table 34

TIME COURSE OF A HAEMATOGENOUSLY INDUCED E., COLI WF98
URINARY TRACT INFECTION IN MICE UNDERGOING DIURESIS
AND CONTROL MALE PORTON MICE

Viable counts obtained/organ

DIURESIS CONTROL
R.kidney|L.kidney| Liver R.kidney|L.kidney| Liver
12n <10 |1.0 x10% n.a. | 1.0 x10%[1.5 x10*| n.a.
<lO4 1.0 xlO4 n.d. <lO4 <lO4 7 .d.
<104 <lO4 n.d. 1.5 xlO4 2.0 xlO4 .d.
1.5 x10%2.0 x10% n.4. | 1.0 x10%| <10* n.d.
1h | <10 <10? .d. <10? <10* n.d.
¢1o” <10* .d. <10? <10* _d.
<10® <10? a. | 1.5 x10?] <10t .d.
<10* <10* n.d. 0t j1.5 x10?| n.a.
24 h 3.7leo6 5.0 xlO6 3.8 xlog 4.4 xlO6 2.3 xlO6 4.0 x105.
6.6 xlO5 2.75x106 1.4 xlO5 5.6 xlO3 6.2 xlo3 3.0 xlO6
2.O3x106 <lO2 n.d. 1.8 xlO5 4.0 xlO4 n.d.
ags n| <10° 4.3 x10%1.5 x107 <10 <10°>  |2.5 x10°
6.2 x107]3.17x10 | 1.6 x107 8.4 x10°|1.9 x10°|3.25%10°
<10° <10° n.d. <10° <10° n.d.
72 h 3.7 x10%]  <10® |1.3 x107 <10° <10° <10°
<10° <10° |1.5 %10 <102 <102 |7.5 x10°
8.6 x10%9.0 x10%| n.a. <10° <10° n.d.
- - - <1o2 1.05xlo3 n.d.

n.d.=not done
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The viable counts recovered from the livers of the

Mmice undergoing a diuresis were, however, lower than those
obtained from the livers of the control mice. This-suggests
a role for blood flow in the results obtained. Increesed
blood flow to the kidneys of diuresed mice results in more
bacteria being carried to the kidneys and fewef to the liver.
Increased blood flow occurs in response to diuresis in order
to promote the éxcretion of the extra fluid ingested by the
~animals. It is also possible that thelincreased volume of
fluid passing through the kidneys reduces the osmotic pres-
" sure of that environment and allows bacteria lodged there

to grow'better, in much the same way as they would if they

had reached the kidney from the ureter.

The induction of a diuresis, by decreasing the osmol-
ality of the urine, results in the increased susceptibility
of mice to both ascending and haematogenously.induced kidney

disease.

DISCUSSION

Human female urine readily supported the growtﬁ of
E.coli bacteria. Only small numbers of bacteria were inoc-
ulated into the urine in order to represent an ascending
infection, where the inoculum of bacteria from the urethra

is probably even smaller than this. " E.coli strains WF60,
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Wrg8 and WFSG grew in the urine, after én initial lag phase,
but the low K antigen strain E.coli WF4l entered a decline
phase before entering the period of logarithmic growth.

This suggests that E.colli WFLl is less able to adapt to

growth in urine than other strains of E.coli.

Increasing the osmolality of human female urine by
addition of urea altered the growth kinetics of the bactefia;
With increasing osmolality growth of the bacteria ceased
“and then with.high concentrations of urea the medium became
inhibitory'for growth. Kaye (1968) followed the fate of

small numbers of Escherichia coli inoculated into urine from

human volunteers. -Urine from normal individuals was often
inhibitory and sometimes bactericidal for growth; The anti-
bacterial acfivity was.not related to iack of nutrient
material but to the osmolality, urea concentration, and
ammonium concentration of the urine. The urea concentration
was more important than the osmolality or the'ammonium con-
centration and addition of urea to a non-inhibitory urine

made it inhibitory, as has been noted here.

The various strains of E.colli used by Kaye demonstrated
marked differencés in susceptibility to the inhibitory and
bactericidal activity of urine. Incubation of WF strains of
" E.colli in human female urine of modified osmolality has also

shown strain differences. Kaye serotyped his strains but
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made no estimation of their K antigen content. The resulté
presented here indicate that K rich strains of E.coli are
better able to survive the bactericidal effect of high
osmotic pressure solutions than are those>strains of E.coli

with little or no K antigen.

This finding may help to explain why K rich strains
are more likely to cause kidney infection than E.coli strains
containing small amounts of K antigen éChapter 2). Firstly,
the resistant strains, the K rich strains, would better
survive the initial inoculation into urine, especially if
‘he urine was one that was normally bactericidal for sensi-
tive bacteria. Secondly, the organisms would be resistant
to the high osmotic pressures encountered in the kidney

tissue.

The counter current theory of the production of urine
relieslon zones of differing osmotic pressure throughout
the structure of the kidney. This is in order for the con-
centration of urine to be controlled and for the salts. -
needed by the body to be conserved. The innermost parts of
the medulla have the highest osmotic pressures and Bray (léGO)
showed that the papillary regions of the medulla of rats have
osmotic pressures up to 2000 mdsm/Kg. Thus, as invading
bacteria from the ureters come first into contact with these
regions of high osmolality;'the strains must be able to

resist-the bactericidal effect of this environment in order
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for colonisation of the kidney tissue to occur. If the
possession of K. antigen is related to resistance to high
osmotic pressure environments, then this could well explain
the greafer propensity of K rich strains fo infect mouse

and human kidneys.

The K antigen of E.coli is correlated with the resistance
of the organism to complement killing and phagocytosis.
Howard and Glynn (197lb) showed that béth the amount of K
antigen present and its degree of polymerisation are
important in détermining a strain of E.coli's resistance to
phagocytosis and complement killing. If the steriec arrange-
ment of these acidic polysaccharides on the surface of the
bacteria is important in determining the physical resistance
of the organisms to these events, then a surface coating of
such molecules may also protect the bacteria against ths
ra&ages of a high osmotic pressure enviromment. Thus the K
antigén of E.coli, by a purely physical means, may determine
the ability of strains of E.coli to invade the upper urinary
tract. Further experiments in modified human urine,_using
one strain of E;soii grown at different temﬁeratures and on
different media to alter the K antigen content, may help to

substantiate this Hypothesis.
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Mouse urine was bacteriostatic or bactericidal for
strains of E.coli. No graded difference was observed in
the osmolalities of the urines of inbred mice, wpich might
have corresponded to their ability to resist urinary.tract
infection (Chapter 3). The urine from male and female
inbred mice héd a véry similar effect‘on the strains of
E.coli and therefore the use of male mice in most of the
experimental work presented here would not have been affected
by any bactericidal factor present in male mouse urine that
is not present iﬁ female mouse urine. In man the situation
is probably different. Male human urine contains a bacteri-
cidalAprostatic factor (Stamey et al, 1968). This is thought"
in conjunction with other differences of an anatomical nature,
to be résponsible for the lower incidence of urinary tract

infections in men than in women.

The mouse urines exerted different effects on the
étrains of E.coli. The K rich strains, as before, were more
resistant to the bactericidal action of the urine than were
the other strains. The finding that diuresis increased the
susceptibility of mice to urinary tract infection is in
accordance with the above results. A reduction in the -
osmolality of the urine produced by the mice, due to an
increased water intake; allowed the bacteria to survive
better in the mouse urinary-tract. Levitin et al (1962)

measured the concentrations of solutes in water in various
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parts of the dog kidney, during both water diuresis and
hydrdpenia. Water diuresis was associated with a reduction
in the quantity of sodium present, and an increased rate of
turno?er of sodium in the medulla compared to the cortex.
The counter- current theory of the production of uriné within
the tubules continued to operate despite the lowered osmol-
ality of the kidney tissue. However, the efficiency of the
system was decreased during watervdiuresis. At the height
of a water diuresis the urine osmolality was 100 mOsm/Kg,
the mean plasma osmolality was 285 mOsm/Kg, while the
papilla and medulla wefe still distinctly hypertonic in
comparison to the plasma with osmolalities of 381 and 4Ol

mOsm/Kg respectively.

If the same situation exists in mice then the osmolality
of the kidney tissue will be reduced during water diuresis.
Therefore bacteria will readily invade the urinary tracts
of these mice because they are less inhibited by the more
dilute urine and'they are better able to survive in the lower

solute environment of the kidney tissue.

Miller and North (1960) fed rats either on a High'(SO%)
protein diet or on a low (5%) protein diet. The high protein
diet caused the urinary urea concentration to rise and these

rats had a significantly reduced growth of Streptococcus

“faecalis in the cortex,medulla,and papilla of the kidney,
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compared with rats fed on a low protein diet. In vitro
tests showed that urea concentrations, such as those found
in the urine of the high protein diet rats,was bactericidal

for Str.faecalis, and the killing effect of high urea con-

centrations was thought to explain the lower bacterial
counts obtained in the kidneys of these rats. Phagocytosis

of Str.faecalis by leucocytes was suppressed in vitro by

an osmolality greater than 1000 mOsm/Kg but it was thought
that this effect was not the dominant factor determining the

rate of growth of Str.faecalis in kidney tissue. Thus the

-tonicity of kidney tissue would appear to be an imporfant
determinant of the susceptibility of the organ to bacterial

infection.

The osmolality of ﬁuman urine is much lower than that
found in rats and mice. If the kidneys of people have a
~ lower tonicity than that observed in these animals, it might
egplain why women readily succumb to urinary tract infection
even in tﬁe absence of any pathological condition that would

predispose to disease.

The osmolality of urine may be important in preventing
disease of the urinary tract by ensuring that bacteria
entering»the bladder lumen do not grow before tﬁey are voidad
from the bladder by micturition. The results presented here

suggest that the practice of encouraging people with a urinary
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tract infection to drink copious amounts of fluid may not
necessérily be beneficial. Unless the osmolality of the
kidney tissue and urine is 1oweredbto éuch an extent that
it will not support bacterial growth, lowering the osmolality

of fluids in the urinary tract may reduce the inhibitory

‘effect of the urine and kidney tissue and thus promote rather

than cure the infection. Increased flushing of the bacteria
from the bladder due to increased urine output will act in

opposition to this effect.

Dontas et al (1387%) induced a diuresis in 60 hospital
patients with symptoms of a urinary tract infection. They
found that although some people were cured of their infection,
other patients with a previouély negative urine culture had

bacteria present in the urine after diuresis. The chang

M

from negative to positive urine cultures was indicative of
the patient having upper urinary tract disease. Dontas and
colleagues concluded that a rapid increase in urine flow
does not pecessarily decrease the bacterial content of the
urine and may in fact converit z previously concentrated

urine free of organisms into a dilute infected urine.

Diuresis would be thought to wash out all the bacteria
from the bladder lumen. This sometimes occursbut often after
an initial drop in the bacterial count of the urine, a state

1s reached when the bacterial count remains almost constant.



Mackintosh and colleagues (1975a and b) have investigated
this phenomenon using mathematical equations and a computer
to predict the effects of diuresis, hburly micturition,
residual volume and the binding of bacteria to the bladder
wall, on the clearance of organisms from the urinary tract.
Their theoretical analysis led to the conclusion that the
initial rapid fall in the bacterial concentration was a
function of diuresis and that the subsequent constant output
originates from bacteria bound to multiplication sites on
the uroepithelium. These bound 5rgani3ms shed their progeny
into the urine and thus maintain the‘steady state concentra-

tion of organisms.

The dynamics of the growth éf bacteria in the urinary
tract is therefore a complex situation, being influenced by
the osmolaiity of the urine, the degree of binding of the
organisms to the bladder wall, and the rate of clearance of
infected urine from the bladder. Mice used in our study
have infected urinary tracts despite ﬁaving high osmotic
pressure urine, The presence of two stitches in <the biadder
wall must obviously disturb the normal mechanisms of defence
which keep the bladders of these animals free from naturally
occurriﬁg infections. The urinary tracts of the control mice
in the diuresis experiments only had a minimal degree of
infection 3 days after the initiation of the infection in
the unstitched bladder. The only trauma to the bladder was
in this case, the aspiration of the contents of the bladder
and then the injection of bacteria into the lumen of the

pouch.
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The finding that diuresis increased the susceptibility
of mice to an ascending urinary tract infection is in
accordance with the results of Keane and Freedman (1967).
After the injeétion of bacteria into fﬁe bladder, normal
mice were found to clear the organisms, whereas in mice
undergoing water diuresis,the bacteria were able to persist
and mul#iply, and caused the development of severe pyelo-

nephritis and papillary necrosis.

Freedman'(lQB?) produced pyelonephritis in rats
drinking 5% glucose in water and found that as few as 10
viable bacterial units were capable of survival and multi-
plication in the bladder lumen. A millionfold increase in
susceptibility to chronic bacteriuria was claimed but this
is a much greater efficiency of inducing infection than the
results presented here in mice would predict. However, the
use of animals with urinary tract infections, induced by a
state of diuresis, has been made use of to provide a means
for studying the relationship of bacteriuria to the chronic
manifestations of urinary tract disease. Montgomerie et a1
(1972) used diuresing mice as a model of E.coli pyelonephritis

to determine the role of systemic and local immunity in th

(I

natural history of urinary tract infections. Mice were
immunised by the subcutaneous, intravenous and intravesical

routes in an attempt to protect them from both ascending and
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haematogenous infection. Subcutaneous injection of heat
killed bacteria prevented pyelonephritis produced by the
intravenous route but had no éignificant effect on an

ascending infection.

The effect of water restriction and ammonium chloride
acidosis on the course of E.coli pyelonephritis was deter-
mined in non-obstructed rat kidneys by Andriole (1970).
Water restriction and ammonium chloride acidosis were found
to increase the incidence of pyelonephritis, and a water
diuresis was claimed to have a protective effect. The
results are the opposite to those presented here. Humoral
and cellular defence mechanisms, which are usually inhibited
by high osmotic pressures, were thought by Andriole to be
more active in the tissues of the diuresing animals than
normal animals, and thus they prevented the infsction deve-
loping in the water-loaded animals. The increase of medullary
blood flow, in response to the need to excre:e the excess
ingested water in the animals undergoing diuresis, aided
protection by promoting the faster delivery of phagocytes

and humoral means of defence to the kidnevs.

Why these results are the opposite to the other results

is presumably a feature of th2 experimental conditions used.

The rats were infected by the haematogznous route with approx-
8 .

imately 10 organisms, acidosis was produced by force
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1

tion of a 300 mM solution of ammonium chloride, and diuresis
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following ammonium chloride was accomplished by allowing
the rats free access to tap water. The osmolalities and
salt concentrations found in the kidneys of these animals
are presumably different to those found in animals under-
going diuresis by drinking 5% glucose in tap water. If

this is so (it may explain the anomalous results obtained

under the differing experimental conditions.

In conclusion, the osmolality and urea concentration
of urine and of kidney tissue appear to be important
determinants of the susceptibility of the urinary tract
to bacterial infection. Mice normally produce very high
osmolaiity urine and this may explain the natural resistance
of the ﬁnobstructed, unmanipulated mouse urinary tract
to infection. Conversely, human urine has a much lower
concentration ofisolutes than mouse urine and the suscept-
ibility of certain individuals to urinary tract infection
may be dependent on this. Diuresis increased the kidney
infection. rate iﬁ mice but whether or not diuresis is

beneficial in human cases of urinary tract disease is

e

0a

-still open to debate. Increasing the osmolality of human

~
-

female urine by the addition of urea convertad a urine
capable of supporting bacterial growth into a medium
inhibitory or even bactericidal for E.celi. The results

from these experiments suggested that strains of E.coli
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rich in K antigen were better adapted to resist the killing
effects of high osmotic pressure solutions than strains of
E.coli with little or no K antigen. This may explain fhe
greater propensity of K rich E.coli to infect the upper

urinary tract.
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CHAPTER 7

GENERAL DISCUSSION
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Experimental E.coli urinary tract infections were
induced in mice by the injection of bacteria into the
stitched bladdep. Host and bacterial factors of importance
in determining the outcome of the acute infection were
studied by manipulation of the experimental conditions

under which the mice were infected.

The possession of K antigen by E.coli strains deter-
mined the virulence of the bacteria for the upper urinary
tract. The K antigen has the property of making E.coli
bacteria resistant to phagocytosis and complement killing.
However; as humoral means of immunity were shown'not tb
be involved in protecting mice from infection, these
characteristics of X antigen could not therefore influence
the virulence of E.coli within the urinary tract. The
virulence determining factor of E.coli appears to reside
in the ability of K rich strains of E.coll to resist the

killing effects of solutions of high osmolality.

The host response to an infection of the urinary tract
with E.coli involves both cellular and humoral mechanisms.
Infected mice rapidly produced antibody but no protective
role could be attributed to this or to antibody induced by
immunisation procedures. The passive transfer of antibody

to E.coli into Biozzi low responder mice rendered the animals
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slightly more susceptible to kidney disease. These findings
suggest that antibody pfoduced during an infection of the
urinary tract in people may also serve no protective func-
tion and could indeed be a determining factor in the main-

tenance of the chronic infection.

Delayed hypersensitivity to E.coli can be demonstrated
-in mice with an E.coli urinary tract infection. However,
until the sensitization procedure has been standardised,it
will not be possible to determine if this cellular reaction
has any protective function. The interactions of cellular
and humoral mechanisms of immunity_deserve'further considera-
tion. The study of the reactions of T and B lymphocytes,
and macrophages during a urinary tract infection, by depletion
experiments and cell activity determinations, may give addi-
tional information about the role of cellular immunity in

E.coli urinary tract infections.

Inbred mice have proved to be a useful tool for studying
the host response to infection as all the mice within a strain
are genetically identical. The strains of inbred mice varied
in their susceptibility to E;éoli urinary tract disease;
some strains were susceptible-to infection and others were
resistant. The inheritance of the susceptibility to disease

did not follow simple Mendelian genetics. These findings

indicated that the host reaction to an infection of the urinary
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~tract is governed by a large number of genes. When the
mechanisms, governed by these genes which determine the
host response to infection have been identified it will
probably be found that the ability of inbred mice to mount
these reactions will be directly correlated to theilr sus-

ceptibility to E.coli urinary tract disease.

The response of people to E.coli urinary tract infec-
tions is also presumably under a similar kind of genetic
control {Q that observed in inbred mice.b.Inherited suscept-
ibility to infection could explainAwhy some people succumb
more readily than others to urinary tract disease, even in
the absence of any abnormality of the urinary tract. If
the genetically controlled mechanisms which determine the
host response to infection can be identified in mice, and
they are the same as those in people, then it might be poss-
ible to treat or prevent infections of the human urinary

tract by direct manipulation of the host response to disease.

A few possible clinical applications can be drawn fromv
the results obtained. The finding that diuresis increases
the susceptibility of mice to_é.édii kidney disease may have
implications on the practice of encouraging people with E.coli
urinary tract.infectlons to drink copious amounts of water.

It is possible that lowerirg the osmolality of the urine in

this way results in the increased risk of the kidney becoming



- 200 -

infected with E.coli from the bladder. A study of the
ability of E.coli to grow in normal and very weak osmolality
urines and the determination of the actual osmolalities
encountered in the human urinary tract during normal fluid

intake and diuresis may help to resolve this point.

The finding that K rich strains of E.coli are more
virulent for the kidney than E.coli strains with little or
no K antigen could prove to be of diagnostic and prognostic
use. People with a urine infection due to an E.coli strain
of high K antigen content aré more likely to be suffering
from, 6r may more readily succumb thkidney infection than
persons with a low K antigen urine isolate of E.coli.
However, for the determination of K antigen content +to
become a routine test in diagnostic laboratories. it is
necessary to find more rapid methods of assessing the X

content of E.coli strains than thoses available at present.
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Summary.—Urinary infection could be

produced in mice by the inoculation of

Escherichia coli into the bladder, provided that sutures had first been inserted into

the bladder wall to act as foreign bodies. “While

infected,' the kidneys were involved less

the bladder was almost always
often. The frequency of kidney infection

was directly proportional to the amount and ac'ivity of the K antigen of the infecting
strain of E. coli. The s:gmﬁcance of X antigens in relation to host defence mechan-

isms and tissue invasion is discussed.

The most frequent type of urinary
tract infection is that due to Escherichia
coli, thesource of which is generally thought
to be the patient’s own faecal flora, The
route of infection is ascending, vie urethra
and bladder to the kidneys. Spread of
infection to the kidneys is not invariable
but is more likely in pregnant women or

where there is any cause of urinary stasis..

Because of the undoubted importance of
such host factors, insufficient attention
has been paid to the possible virulence of
the infecting organisms. One such factor
is the K antigen. Strains of E. coli rich
in K, i.e. in which the antigen is present
in large amounts or in particularly active
form, or both, are better than K-poor
strains at resisting phagocytosis or killing
by complement (Glynn and Howard,
1970; Howard and Glynn,1971). Because
of this Glynn, Brumfitt and Howard
(1971) examined strains of E. colt from
women with urinary tract infection. There
was a significantly higher proportion
of K-rich E.coli in urine from patients
with infection than in strains from the
faecal flora. On further analysis the
exccss of K-rich strains was found to be
in those patients with renal involvement.
There was no increase in such strains in

’

patients in whom the infection was con-
fined to the bladder. Mabeck, Orskov

wand Grskov (1871) found 3 serotypes of

E. eoli, 62.K1.H4, 6+ K12.H5 and 06 K2a.
2¢.Hl to be nar*:cularlv common in their
series of pat:ents with pyelonop}.mtls bud
they did not quantitate the K antigen.
Kaijser (1973) found more K-rich strains
in schoolgirls with pyelonephritis than in
those with cystitis, If K-rich strains are
more likely than others to- in~ade- the
kidney from the urine, this could prove to
be of prognostic valne.

Kaijser and Olling (1973) claimed that

antibodies could protect rabbits against -

experimental pyelonephritis.  However,
infection was by the haematogenousroute.
In order to study further the bacterial
factors involved in renal infection, we
have established an ascending infection
in mice using a method suggested to us by
Mr M. Snell. - As a first step, the role of
K antigens in such infections in mice was
examined.

MATERIALS AND METHODS
Mice.—OQutbred albino male Porton mice
weighing 30-40 g were used.
Buacteria.—Seven strains of E. colt, 8 of human
and 1 of piglet origin, were used. Details of
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TABLE I.—Properties of Strains of Escherichia coli Used

Complement
sensitivity (No. of
CH;, units killing

509, of E. coli
under standard

Titre of
agglutination

Stain of E. coli Source Serotype inhibiting activity conditions)
WEF 82 Piglet 0117 :K?:H27 ‘64 29
WF 41 Stool 017 :K16:H18 0 <0-7
WF 96 Urine 07 :K1:H6 2 0-8
‘WF 98 Urine 06 :K13:H186 16 8-0
WF 60 Baby 06 :K13:Hl 32 9-5
WF 8§ Urine 06 :K13:H- 32 >32-4
WF 26 Urine 06 :K13:H3! 64 >32-4

(Data taken from C. M. Milne, M.Se. Thesis, Bristol, 1966; C. J. Howard, Ph.D. Thesis, London, 1970)

their properties, including serotypes and the
agglutination inhibiting activities of their K
antigens (Glynn and Howard, 1970) are given
in Table I. The strains were chosen to give a
range of K activity and hence of complement
sensitivity. JMore particularly they include 4
strains all of serotype 06.K13 but with differing
K activities.

Bacteria were grown overnight in glucose
nutrient broth, washed and resuspended in
0:15 mol/l saline at the desired concentration as
measured by optical density and subsequently
confirmed by quantitative culture.

Infecting mice.—Mice were anaesthetized
with intraperitoneal Nembutal (pentobarbitone
sodium 06 1ng/10 g mouse body weight) and
ether.

The bladder was exposed by a suprapubic
incision and any urine was removed by a syringe
and 30-gauge needle. Two silk stitches {3ler-
sutures Silk 5/0 B.P.C., Mersutures Ethicon
Ltd, Scotland) were put in the upper anterior
bladder wall and the bacterial suspension was
injected in a constant volume of 0-025 ml using a
micro syringe. It was essential to empty the
bladder before injecting the bacteria or irregular
results were obtained. The peritoneum was
closed with catgut (Mersutures Plain 3/0 B.P.)
and the skin clipped with 9 mm Autoclips
(Clay Adams, Parsipanny N. J. 07054 U.S.A.).
Mice were left in the warm (30°) until they had
recovered from the anaesthetic. Food and
water were allowed ad libitum.

For each strain of E. coli a minimum of 24
mice were infected, different doses being given
to groups of 8. Occasionally, 1 mouse per
group died soon after operation.

Ezamination of mice for kidney infection.—
Mice were killed 3 days after being infected. A
urine samnple was taken for quantitative culture.
The kidneys were removed aseptieally, weighed,
homogenized in 10 m! 0-15 mol/l NaCl using a
Colworth Stomacher 80 (A.J. Seward and Co.
Ltd, London) and viable counts made.

RESULTS

Preliminary studies suggested that 3
days was a convenient time to examine
the kidneys for an acute infection. At
3 days the urine was nearly always in-
fected, no matier which strain of Z. coli
had been given (Table II). The viable
bacterial count in the urine, although dose
dependent, varied widely with means of
betiwveen 1043 and 1067,

TasLe II.—Course of Infection in 50 Mice
given 2-5 X 108 (approzimeately 1 IDg,) of
E. coli WF 8

No, of infected  No. of infected

Day urines kidneys
3 5/3 3/10
7 5/5 410

10 5/5 1/10
14 5/5 5/10
17 5{5 4/10
21 5/5 5/19
28 3/5 4/10
35 4/4 2/8
42 4/4 5/8
50 /4 3/8

Kidneys containing more than 100
viable organisms were regarded as infected
though counts of up to 108 viable organ-
isms per kidney were seen.
kidney was infected at all, its bacterial
content was related to the size of the
original infecting dose buw not to the
strain used. However, the number of
kidneys infected though also dose depen-
dent varied significantly between different
strains of . coli. Results are presented

Provided a
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number of mice since both kidneys were
not always involved. In 26 of 83 mice
with renal involvement the infection was
unilateral. The 7 strains of E. coli gave
dose-response curves which differed in
slope and in the level of infectivity at any
given dose (Fig. 1). The dose of each
strain infecting 509, of kidneys (ID,) was
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as number of kidneys infected rather than tination inhibiting activity (AIA) of the H

strains’s ¥ antigen (Fig. 2). Tor the
human strains the 1D, fell proportionally
as the K activity rose. The piglet strain
WFS2 clearly did not.fit into the same
curvehaving both an active K and a high
IDg,.

An elternative way of expressing the
results is by the infectivity of each strain
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calculated and plotted against the agglu- at a given dose. Thus, for an infecting.
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dose of 1-25 x 107 viable bacteria the least
active strain, WT41, infected 309, of
kidneys and the most active, WF26,
809%.

In another experiment, 50 mice were
given approximately 1 ID,, (25 x 108
bacteria) of strain WF8 and then examined
in groups of 4-5 at intervals (Table II).
Urinary infection was present in all the
mice and persisted throughout the experi-
ment, i.e. 50 days. Abouthalfthe kidneys
were infected and, allowing for the small
numbers in each group, the proportion did
not change with time.

DISCUSSION

In mice with a foreign body, in this
case a suture in the bladder, urinary
infection was readily established by several
strains of E. coli. The ability of such
strains to involve the kidney was related
to the activity of their K antigens. This
confirms expectations based on the effect
of K antigens on defence mechanisms
such as phagoeytosis and complement
killing (Glynn and Howard, 1970; Howard
and Glynn, 1971) and fits in with the
findings in pregnant women (Glynn et al.,
1971) and schoolgirls (Kaijser, 1973).

Recently, Kalmanson et al. (1975)
found no differences in the presence of KX
antigens between strains of £. coli from
upper and lower urinary tract infections
in women. However, they do not seem
to have taken account of the amount and
activity of K antigen present.

In a study of E. coli strains from urine,
faeces and the blood of patients with
bacteraemia, McCabe et al. (1975) found a
significant increase in the amount and
activity of K antigens in the wurinary
isolates compared with those from faeces,
but no significant difference in K antigen
content of the blood culture isolates.
Unfortunately they did not distinguish
between upper and lower urinary tract
infections but did notice a bimodal distri-
bution of K antigen activity in the urinary
strains which would fit with the general
concept presented here. They therefore

A. M. NICHOLSON AND A. A. GLYNN

suggested that K antigen activity might
predispose to renal pathogenicity but not
to a general increase in virulence. If
this is so, it would be necessary to explain
the propensity of K-rich strains to invade
the kidney in some way other than their
resistance to phagocytosisand complement
killing since these defence mechanisms
are probably more active in the blood
stream than in the kidney.

Roantree and Pappas (1960) found
significantly more complement resistant
strains of E. coli in the blood of patients
with bacteriaemia than in faeces. They
did not measure K antigen and while this
is one determinant of complement resist-
ance, there may well be others. However,
@rskov et al. (1971) found a predominance
of acidic K antigens in strains of E. coli
associated with bacteraemia, and acid
groups on the O antigen of a few locally
invasive strains associated with a dysen-
tery-like syndrome. In =spite of the
findings in bacteraemia of McCabe et al.
{1975), it is tempting to believe that surface
acidic groups, particularly X antigens,
may favour tissue invasion. Myerowitz
¢t al. (1972) have pointed out that many
urinary F. coli have antigens cross-reacting
with capsular polysaccharides in pneumo-
cocel, meningococei and H. influenzae b
and they, too, suggest a general role in
pathogenicity for acidic polysaccharides.
However, there are numerous cross-react-
ing polysaccharide determinants in nature
and, while such speculation is stimulating,
the understanding of virulence mechanisms
is best based on the careful analysis of
individual factors.

The aetiological importance of factors
in the host is-well known clinicaily and is

-Implicit in our.method of producing in-

fection. At present we are using the
mouss model to examine possible genetic
and immunological facters in renal infec-
tion. It is worth considering whether a
systematic survey of K activity in strains
of E. coii isolated from human urinary
infections could be of diagnostic or prog-
nostic value in relation to the problem of
renal involvement.
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