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Phagocytosis and intracellular killing of two strains ofEscherichia coli and a Staphylococcus saprophyticus by
polymorphonuclear neutrophils (PMN) in pooled sterile urine at three osmolalities (800, 485, and 200 mosMlkg
of H20) between pHs 5 and 8 was investigated. Urine at 800 mosM virtually abolished phagocytosis of both E.
coli strains, regardless of pH, and reduced the phagocytosis of S. saprophyticus to 30%; no killing of any

organisms took place at this osmolality. On the other hand, phagocytosis was as good in urine as in Hanks
balanced salt solution at both 485 and 200 mosM between pHs 6 and 8. Phagocytosis of all three strains was
virtually abolished at pH 5. Killing of the strains by PMN was optimal between pHs 6.5 and 7.5 in urine at 485
mosM (being at least 90% of the control values in Hanks balanced salt solution), whereas at 200 mosM killing
was reduced to 50 to 70%o of these values. Reduced killing of all three strains occurred at pH 8, whereas at pH
6 only S. saprophyticus was killed. Thus, the bactericidal activity of PMN in urine was more sensitive than
phagocytic function to alterations in pH. The dominant modulating factor affecting PMN function in urine of
500 mosM or less was pH, but osmolality had a greater influence at 800 mosM. Thus, raising the pH of urine
and reducing the osmolality may increase the ability of natural defense mechanisms to eliminate infecting
organisms.

Phagocytosis and killing of microorganisms by polymor-
phonuclear neutrophils (PMN) are major defense mecha-
nisms; although they have been studied in many respects,
little is known about their function in urine even though
pyuria is common in urinary infections.

Fukushi and Orikasa observed that in experimental infec-
tions PMN in the bladder mucosa showed evidence of having
phagocytosed bacteria (11). This supports the observations
of Cox and Hinman on the antibacterial activity of the
bladder wall (7). Other workers have reported that PMN
contribute to the defense of the bladder in experimental
infections (15) and that PMN in the urine of patients with
urinary tract infections contain phagocytosed bacteria (20);
these reports do not establish whether the phagocytosis
observed takes place in or at the surface of the bladder wall
or in the urine.
A few reports show that phagocytosis does occur in urine

in vitro, where one of the main modulating factors is
osmolality (6, 24). pH has been also reported to affect
phagocytosis in solutions other than urine (6), but, apart
from the observation of Bryant et al. on phagocytosis at pH
5.6 (3), little experimental work with urine has been carried
out. The urine pH can range from 4.6 to 8 (23); it is therefore
desirable to obtain a more complete understanding of the
effect of pH on phagocytosis.
To our knowledge, the effects of osmolality and pH of

urine on the bactericidal activity of PMN, which is another
important defense feature of these cells, have not been
studied. Thus, we investigated the effect of a wide but
physiological pH range (pH 5 to 8) on phagocytosis and
killing by PMN in urine at two osmolalities at the extremes
of the range (200 and 800 mosM) within which phagocytosis
has been reported (6, 25). Comparison was made with a

midrange osmolality (485 mosM).

* Corresponding author.

Phagocytosis and killing of bacteria by PMN were inves-
tigated because these functions may be pivotal to the clear-
ance of bacteria from the bladder. The voiding during
micturition of PMN that have ingested bacteria contributes
to the rapid elimination of the organisms from infected urine.
If PMN can also inactivate or kill bacteria intracellularly in
the urine, they contribute a further means of eradicating the
infection.

MATERIALS AND METHODS

Preparation of urine. Three urine pools (dilute, midrange,
and concentrated) from healthy individuals were made as
described below. All urines were without antibacterial activ-
ity and contained fewer than 103 bacteria per ml. Sediment
and bacteria were removed by sequential filtration of the
three pools with coarse and fine filters and finally with a

0.22-[Lm-pore-size filter (Flow Laboratories, London, En-
gland). The pH was measured with a Corning 120 pH meter,
and osmolality was determined twice with a microosmome-
ter (model 3MO; Advanced Instruments Inc.). Urine pools
were divided into 20-ml volumes and stored at -36°C.

Dilute urine (190 mosM) was from three individuals (one
male and two females) who had consumed an excess of
water. Midrange urine (504 mosM) was from 16 healthy
volunteers (8 males and 8 females). The concentrated pool
(850 mosM) consisted of early-morning urines of four volun-
teers (two males and two females).

After the addition of 10% serum, which was used in all
experiments, the final working osmolalities of the dilute,
midrange, and concentrated urines became 200, 485, and 800
mosM, respectively. The urea concentrations in these three
pooled urines were 72, 195, and 365 mM, respectively.
Volumes of 4 ml of pooled urine containing 10% serum at

the required osmolality were adjusted under sterile condi-
tions to pHs 5, 6, 6.5, 7, and 8 with NaOH or HCl. This
caused a negligible change in osmolality.
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Isolation and preparation of PMN. Samples of 4 ml of
venous blood were taken from healthy donors and anticoag-
ulated with potassium EDTA. After erythrocytes were lysed
in isotonic ammonium chloride containing sodium bicarbon-
ate, PMN were isolated by low-speed differential centrifu-
gation in Hanks balanced salt solution (HBSS) without Ca2"
or Mg2" (Gibco Ltd.). This method was previously de-
scribed and compares favorably with other standard separa-
tion techniques in its preservation of the PMN functions (9).
PMN viability, assessed by testing the integrity of the cell
membrane with ethidium bromide and acridine orange (10),
was greater than 95%. The purified PMN were centrifuged
from HBSS at 160 x g for 5 min and resuspended in the same
volume of pooled sterile urine containing 10% serum to give
a concentration of approximately 4 x 106 cells per ml. The
viability of the PMN remained unchanged (greater than 95%)
after 1 h of exposure with rotation in each of the three urine
pools (200, 485, and 800 mosM) with 10% serum at 37°C.

Bacteria and culture methods. Two strains of serum-
resistant Escherichia coli, 398 (serotype 06) and 441 (sero-
type 018:K5), from urinary tract infections were supplied by
A. Roberts, Department of Microbiology, West London
Hospital. A strain of Staphylococcus saprophyticus, isolated
at the Royal Free Hospital, London, from a urinary infec-
tion, was also used. This was identified by novobiocin
resistance and ApiStaph (Biomerieux, La Balm Les Grottes,
Montalieu-Vercieu, France) profile. These species were cho-
sen because they are among the commonest organisms
involved in urinary infections.

All bacteria were grown in 5 ml of brain heart infusion
broth (CM225; Oxoid Ltd., Basingstoke, United Kingdom)
statically for 18 h at 37°C. Bacteria were washed once in
HBSS, resuspended in 1 ml of HBSS, and kept at 4°C until
used the same day.

Opsonization. A 5-,u sample of an E. coli suspension was
added to 995 pI of pooled urine containing 10% serum (from
the same donor as the PMN), giving approximately 2 x 107
organisms per ml. Then 200 pl of this suspension was added
to the same volume of a PMN suspension in urine, giving a
final bacterium/PMN ratio of approximately 5:1. A 15-plI S.
saprophyticus suspension was added to 985 ,ul of urine
containing 10% serum to give approximately 6 x 107 organ-
isms per ml. This gave a bacterium/PMN ratio of about 15:1
when mixed as described above. Controls for all three
organisms in urine (pH 7) without serum were prepared by
the same procedure, as were HBSS controls with serum, to
assess maximum phagocytosis.
The organisms were not preopsonized, and were only

briefly exposed to urine before they were added to the PMN.
This is because we have found that stationary-phase E. coli
exposed before phagocytosis to a nutrient source such as
serum or urine can develop resistance within 20 min to
subsequent intracellular killing (14).

Phagocytosis and killing. Two different methods (described
below) to determine phagocytosis were used in conjunction
to avoid the problem of distinguishing organisms that were
attached to the cell surface (membrane associated but not
ingested) from organisms that had been phagocytosed. The
use of crystal violet to quench the fluorescence of bacteria
not ingested by the PMN overcomes this problem. Crystal
violet does not penetrate the living PMN, allowing the
differentiation of ingested (fluorescent) bacteria from extra-
cellular cell-associated (nonfluorescent) organisms.

Stained Cytospin preparation. PMN were cytocentrifuged
and prepared as described by Horwitz and Silverstein (17).
After incubation for 1 h, 100-,l samples of the mixtures of

PMN and bacteria were cytocentrifuged onto glass slides
with a Cytospin 2 centrifuge (Shandon Southern Products
Ltd., Cheshire, United Kingdom), fixed, and stained with
Prodiff 1 and 2 (Braidwood Labs). Then 100 PMN were
examined microscopically to determine the percentage of
PMN that had phagocytosed bacteria and the mean number
of bacteria phagocytosed by each PMN.

Fluorescent extracellular quenching. The fluorescent extra-
cellular quenching procedure used was based on the method
of Goldner et al. (16). A 10-pI sample of acridine orange
(0.005 mg/ml in HBSS) was added to 25 pl of the mixture of
PMN and bacteria at the end of the incubation period (1 h).
This caused intra- and extracellular bacteria and the PMN
nuclei to fluoresce under UV light. After 45 s, 10 RI of crystal
violet (0.5 mg/ml in HBSS) was added, and a coverslip was
applied. The number of PMN that had phagocytosed bacte-
ria and the number of organisms ingested per PMN were
estimated as described above. With this method, phagocy-
tosis could be assessed rapidly.
The cytocentrifuged preparation was used in the final

determination of the percent phagocytosis of PMN and the
number of ingested organisms per PMN. There was little
difficulty in distinguishing organisms that had been ingested
from those that had not. Cytocentrifuged slides of suspen-
sions of PMN and bacteria in which phagocytosis had not
taken place (for example, in urine of high osmolality) showed
no bacteria within the boundaries of the PMN. These large
clear areas of PMN were in stark contrast to the distribution
of bacteria over the rest of the surface of the slide. Thus,
bacteria were not centrifuged into the PMN or onto the cell
surface but were dispersed to the periphery of the cell during
cytocentrifugation. This is an extremely useful artifact of
preparation with the Cytospin. When phagocytosis had
occurred, the majority of bacteria were clearly within the
boundary of the PMN membrane and there were usually
organisms within vacuoles. The results obtained by this
technique were compared with those obtained with extracel-
lular quenching.

Bacterial killing. Immediately after the organisms were
added to the PMN, 20 ,ul of the reaction mixture was
removed and added to 4.98 ml of distilled water (Travenol) at
pH 11 for 5 min at 37°C. This completely lyses PMN without
harming the microorganisms (13). The sample was vigor-
ously shaken, and viable counts were determined in dupli-
cate with MacConkey agar (CM7b; Oxoid) for E. coli and
blood agar for S. saprophyticus. Distilled water (pH 5 to 6)
was used as the diluent. The reaction mixture was rotated at
120 rpm in a water bath for 1 h at 37°C, and viable counts
were determined as described above. Bacterial killing is
expressed as the percent reduction of the initial viable count.
All experiments were carried out in triplicate. Control ex-
periments in HBSS were carried out to give optimal condi-
tions, and without PMN in urine to eliminate the possibility
that killing was due to serum, urine, or water at pH 11.
Where pH and/or osmolality had a detrimental effect on

the morphology of the PMN after 1 h, for example, at pH 5
in hyperosmolar urine, preparations for phagocytosis were
made after 15 min with a separate reaction mixture.

RESULTS

Verification ofmethods used to determine phagocytosis. The
results of phagocytosis determined with stained Cytospin
preparations agreed well with those determined with extra-
cellular quenching. A minimum of three experiments were
carried out with each method in urine samples from pH 5 to
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pH 8 for each of the three bacterial strains and analyzed
statistically with Student's t test. There was no difference
observed (P 2 0.16) between the two methods for E. coli
441. The phagocytosis of E. coli 398 and S. saprophyticus
also showed no difference between the two methods (P >
0.07), except in two instances. These were at pH 8 (484
mosM, P = 0.04) for E. coli, where the means ± standard
deviations were 96% ± 3% (Cytospin) and 87% ± 5%
(extracellular quenching), and at pH 6 (200 mosM, P = 0.03)
for the staphylococcus, where the means ± standard devia-
tions were 93% ± 7% and 82% ± 8%, respectively. Thus,
from a total of 30 paired sets of experiments in which the
Cytospin method was compared with extracellular quench-
ing, 28 showed no significant difference between the two
techniques.

Effect of pH on phagocytosis at 485 and 200 mosM. Good
phagocytosis of both strains of E. coli and S. saprophyticus
occurred over a wide pH range (6 to 8) in urine at 485 and 200
mosM. There was no significant difference between phago-
cytosis in urine and that in HBSS (P > 0.05, Student's t test)
(Fig. 1 and 2). The mean numbers of bacteria ingested per
PMN between pHs 6 and 8 were 5.9 for E. coli (both strains)
and 14.1 for S. saprophyticus. At pH 5, virtually no bacteria
were phagocytosed (Fig. 1). At this pH in urine, PMN were
reduced in size and pyknotic at 485 mosM but appeared
normal at 200 mosM.

Effect of pH on intracellular killing by PMN at 485 and 200
mosM. Killing by PMN in urine of all three strains was
optimal at 485 mosM at either pH 6.5 or 7 (Fig. 1), reaching
at least 90% of control values in HBSS (P > 0.05, with the
exception of strain 441 at pH 6.5). Killing by PMN in dilute
urine (200 mosM) at pHs 6.5 and 7 was significantly reduced
to between 50 and 70% of the control values (P < 0.05,
except for strain 398 at pH 7).
At pH 8, killing was significantly less at both osmolalities,

ranging from 27 to 57% of that of the control (P < 0.05,
except for strain 398 at 485 mosM). At pH 6, PMN could not
kill either strain of E. coli at either osmolality (despite good
phagocytosis). S. saprophyticus, however, was killed by
PMN in urine at pH 6 at 485 mosM (88% of the control value,
mean of six experiments, P > 0.05) (Fig. lc) but not at 200
mosM. No killing of any of the organisms took place at pH
5.
These results are summarized in Fig. 2, which shows that

optimum intracellular killing in the majority of experiments
lay between pHs 6.5 and 7.5.

Controls without PMN showed no killing of any of the
bacterial strains in urine throughout the pH range at 200 and
485 mosM.

Phagocytosis and killing at 800 mosM. Phagocytosis of both
E. coli strains was virtually eliminated at 800 mosM through-
out the pH range from 5 to 8 (Fig. 1). Phagocytosis of S.
saprophyticus, maximal at pHs 6.5 and 7, was only 30% of
that occurring in HBSS. In urine of this osmolality, the PMN
appeared shrunken and pyknotic at pH 5 and no killing
occurred (Fig. 1).

Controls without PMN showed no killing of any strain in
urine at this osmolality at any pH.

Phagocytosis in urine without serum. Phagocytosis of both
strains of E. coli was abolished, and that of S. saprophyticus
was reduced to a mean of 13% (SD, ± 11%; n = 4), when
serum was omitted from urine samples at 485 and 200 mosM
(pH 7). No phagocytosis of any of the three organisms in
urine of 800 mosM without serum took place. This would be
expected, because phagocytosis was minimal at this osmo-
lality even with serum.

a
C,n

0
C)
0
0)Con

100.

80

60

40

20

100

80

= 60-
;7

40.

20.

A

Key:

200 mOsm/kg
2 485 mOsm/kg

IE3 800 mOsm/kg

5

b 100
80 .

0 60.
'5 60 .
0

Co
= 40.
EL

20

0

100.

80 .

= 60.

20 40.

20 .

0

100.
C

80.
._en
0
>. 60.
0

c 40.
2L

20

I I

I I

I,",I
I, III ll.

6 6.5 7 8

pH

Key:

Q 200 mOsm /kg
2 485 mOsm /kg

S 800 mOsm /kg

T

T
"I
"I
"I
"I
"I

"I "I"I "I
"I "I"I "I
"I "I"I "I
"I "I"I "I
"I "I"I "I
"I "I"I "I

I'll"I I

"I , I, I,

h rrarv
00 Key:

200 mOsm /kg
80 []485 mOsm /kg

0 800 mOsm /kg
60-T

40-

20

HBSS control

pH7

IT

I H
5 6 6.5 7 8 HBSS control

pH pH7

L[F
T -r
"I

"I

"I

"I

"I
11,

11,

I I
IIII
IIII
I I

II
II
II
II

II
1111
I I

1111
11

1111
I I1

II
I'll

5 6 6.5 7 8 HBSS control

pH pH7

FIG. 1. Effect of pH on phagocytosis and killing by PMN of E.
coli 398 (a), E. coli 441 (b), and S. saprophyticus (c) in urine at three
osmolalities compared with controls in HBSS. Results are the
means + standard deviations of a minimum of three different
experiments.
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FIG. 2. (a) Phagocytosis by PMN of two E. coli strains and S.

saprophyticus at 200 and 485 mosM between pHs 5 and 8 (at least 20
experiments for each pH value). (b) Intracellular killing by PMN in
urine of all three strains at 200 mosM and both E. coli strains at 485
mosM (n > 15) (A) and S. saprophyticus at 485 mosM (n = 6) (B).
Bars indicate the standard errors of the means.

Bacterial growth in urine controls. Bacterial counts after 1
h in the absence of PMN were greater than those of the
starting population except at pH 5, where the counts re-
mained static.

DISCUSSION

Phagocytosis and killing of bacteria by PMN are efficient
in urine under appropriate conditions of pH and osmolality.
Under these circumstances, PMN could play a major role in
the elimination of infecting organisms from bladder urine.
The effect of pH on phagocytosis and killing by PMN was

apparent in urine of 485 and 200 mosM. Phagocytosis
occurred across a wide pH range; it was lost or severely
inhibited only at pH 5. This phenomenon has not been
properly addressed before, and reports are scanty and
misleading. For example, loss of phagocytosis of opsonized
E. coli by PMN in buffer ofpH 5.5 was reported by Chernew
and Braude (6). On the other hand, Bryant et al. demon-
strated good phagocytosis of opsonized Staphylococcus
aureus in urine at pH 5.6 (3). This can be explained by our

findings that the cutoff point where phagocytosis of S.
saprophyticus and E. coli ceases lies between pHs 5 and 6.

Killing by PMN was optimal only within a narrow pH
range, 6.5 to 7.5, at 485 and 200 mosM. PMN were able to
kill E. coli at pH 8 and S. saprophyticus at pHs 6 and 8, but
in the majority of cases the killing was less effective. Thus,
killing by PMN was more susceptible to pH change than was
phagocytosis.
pH was the dominant factor affecting PMN function in

urine of 485 mosM or less, but a high osmolality (800 mosM)
was a greater suppressor of PMN function than was pH,
almost completely preventing phagocytosis and abolishing
killing at all pHs. The osmotic contribution of the urea (365
mM/liter [365 mosM]) in our hyperosmolar urine (800 mosM)
could have been sufficient to interfere with PMN function.
Matsumoto et al. reported suppression of phagocytosis and
killing in hyperosmolar HBSS at 690 mosM, of which the
osmotic contribution of urea was 400 mosM (21).
Our observations of effective phagocytosis in urine at both

200 and 485 mosM agree with the results of others (20, 24).
Suzuki and colleagues showed that there was only a one-
third loss in phagocytic activity when PMN exposed to urine

with an osmolality of less than 200 or greater than 550 mosM
were removed from the urine for phagocytosis studies (25).
We found no reports on the effect of pH and osmolality on

the bactericidal activity of PMN in urine. The present results
show that although urine with a high osmolality (800 mosM)
abolishes killing by PMN, at lower osmolalities (200 to 485
mosM) killing does occur and is pH dependent. Dooley and
Takahashi noted that PMN in HBSS could withstand expo-
sure to osmolalities of 150 to 700 mosM with only a 20 to 30%
loss of killing ability at the extremes of this range (8).
However, their experimental conditions were very different
from ours. PMN were osmotically stressed in hypo- or
hyperosmolar HBSS before phagocytosis; the PMN were
then removed to isoosmotic HBSS, where opsonized E. coli
cells were added and bacterial killing was recorded.
The observations of Matsumoto et al. may explain in part

the mechanisms whereby osmolality can interfere with PMN
function (22). These workers showed that in HBSS raised to
515 and 715 mosM with NaCl, inhibition of phagocytosis
occurred and killing was abolished. Superoxide production,
an integral part of oxygen-dependent killing, was greatly
reduced and absent, respectively at these two osmolalities.
This correlated with a decrease in PMN intracellular ATP,
suggesting that the Na+-K+ pump depletes cellular ATP,
resulting in energy loss. Hyperosmolar urea caused a similar
inhibitory effect on PMN function by an unexplained mech-
anism that was not ATP related (21). The inhibitory action of
NaCl on phagocytosis has been shown to be reversible,
whereas that of urea is permanent (19).
The way in which pH inhibits intracellular killing by PMN

could be explained by the observation of Gabig and col-
leagues (12), that respiratory burst activity is much lower
when PMN are exposed to acidic conditions. This is a result
of a decline in superoxide anion production, which at pH 6.0
is 10 to 20% of that at pH 7.5. Phagocytosis was unaffected
by the reduction in pH in their experiments. This is in
agreement with our observations of the lack of killing by
PMN in urine at pH 6.0 despite good phagocytosis.

All experiments in this study were carried out in 10%
serum in urine to provide bacterial opsonins. This is not an
entirely artificial situation, since intrinsic urinary opsonins
are present in urine after experimental bladder infection (15)
and in infected urine from patients (24). Immunoglobulins,
particularly immunoglobulin G, a known bacterial opsonin
for which PMN have Fc receptors, can be detected at a
higher level in infected urine than in noninfected urine (1, 4,
26). This suggests that bacterial opsonins are present. Bryant
and coworkers found that phagocytosis of S. aureus did not
occur in normal urine without serum opsonins (3). However,
urine in their experiments was from a single uninfected
source and may well have been devoid of opsonins. Suzuki
et al. reported that the level of opsonins for E. coli in
noninfected urine was lower than that in infected urines (24).
We found that phagocytosis was poor or nonexistent in
pooled urine from a large number of healthy individuals,
without serum opsonins added.

Urinary pathogens usually grow very well in urine; how-
ever, their multiplication has been shown to be affected by
pH and extremes in osmolality with marked differences in
strain susceptibility (2, 18). The growth of E. coli stops
below pH 5.5 and is reduced at pH 7.5 or above (2). Urine in
our study was not bactericidal and was bacteriostatic only at
pH 5 for the strains tested. Although an acidic environment
can slow or stop bacterial growth, it unfortunately concur-
rently stops PMN activity as well. On the other hand,
phagocytosis and killing by PMN occur at pH 7.5. If such
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activity is accompanied by a slowing of the growth of the
bacteria, this could further hasten the eradication of the
organism.

In conclusion, it is apparent that phagocytosis is ex-
tremely efficient in urine. Killing by PMN also occurs, but
only in a narrower pH range. A high osmolality, a low pH, or
a combination of both of these factors is highly detrimental
to bacterial killing by PMN in urine and, to a lesser extent,
to phagocytosis. Alkalinization of the urine is used in clinical
practice, as is the lowering of osmolality by increased fluid
intake (5). Hence, by altering a patient's urine pH and
osmolality it could be possible to obtain optimal function of
PMN in vivo. This may be highly relevant to treatment of
urinary infections that are confined to the lower urinary
tract.
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