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The effect of cefotiam and cefazolin on the ultrastructure of Klebsiella pneu-
moniae DT-S in vitro and in experimental pneumonia in mice was examined by
electron microscopy. The action of both cephalosporins against K. pneumoniae
DT-S was bactericidal, and a dose response in the action was definite. At the
miniimal inhibitory concentration of each cephalosporin, filamentation of the cells
was induced and the cytoplasm became sparse during the course of incubation.
With elevation of the concentration of the cephalosporins, spheroplasts were

formed; they subsequently collapsed. In the lungs of mice, the infecting organisms
localized in the alveolar space, and each cell was connected by a threadlike
material. A fibrous matrix, located on the cell surface of the infecting organisms,
was observed in ultrathin sections. By administration of each cephalosporin to
the mice, several morphological changes, similar to those noted in vitro, were

observed in the infecting organisms.

Cefotiam is a cephalosporin with a potent
antibacterial activity against various gram-posi-
tive and gram-negative organisms, and its activ-
ity, especially against gram-negative organisms,
is superior to that of previously available ,B-
lactam antibiotics (21, 22). The excellent in vitro
and in vivo antibacterial effects of cefotiam on
Klebsiella pneumoniae have also been reported
(21, 22).
Although there are several reports on the

experimental pneumonia caused by K. pneumo-
niae, only observation by light microscopy of
the infecting organisms in lungs has been per-
formed (2, 3, 12, 16-18). A few studies on the
morphological response of K. pneumoniae ex-
posed to /8-lactam antibiotics have been pre-
sented (6, 23); however, all of them have been
carried out in vitro only.
This report describes the effect of cefotiam on

the morphology of K. pneumoniae examined in
vitro and in experimental pneumonia in mice,
with cefazolin used as a control cephalosporin.

MATERIALS AND METHODS
Cephalosporin. Cefotiam was prepared at Takeda

Chemical Industries, Ltd., Osaka, Japan. Cefazolin
(Cefamezin; Fujisawa Pharmaceutical Co., Ltd.,
Osaka, Japan) was obtained from a commercial source.

Bacteria. K.pneumoniae DT-S (biotype edwardsii,
capsular type 1) was maintained on Trypticase soy
agar (BBL Microbiology Systems, Cockeysville, Md.).
The minimal inhibitory concentrations of cefotiam
and cefazolin against this strain were 0.1 and 1.56 ug/
ml, respectively. The other characteristics of this
strain have been previously detailed (12).

Culture conditions. Organisms were grown over-
night at 37°C in brain heart infusion broth (Difco
Laboratories, Detroit, Mich.). For in vitro experi-
ments, the overnight culture was diluted in fresh brain
heart infusion broth and cultivated at 37°C for 2 h
with shaking to about 7 x 107 colony-forming units per
ml cell density. For in vivo experiments, the overnight
culture was processed as previously described (12).

Bactericidal activity. The killing of cefotiam and
cefazolin against K. pneumoniae DT-S was deter-
mined in brain heart infusion broth containing fourfold
serial dilutions of each cephalosporin. A sample was
removed at various time intervals, and the number of
colony-forming units was determined by the plate
count method.

Infection. Slc:ICR male mice (4 weeks old) weigh-
ing 22 g each were infected by the aerosol method.
The procedure of infection was the same as that
previously reported (12).
Chemotherapy. 'The cephalosporins dissolved in

sterile saline were administered subcutaneously four
times at 30-min intervals, starting at 30 h after the
infection. Doses were 80 and 20 mg/kg for cefotiam
and 640 and 160 mg/kg for cefazolin. The doses of 80
mg/kg for cefotiam and 640 mg/kg for cefazolin were
equipotent in that practically all of the infected mice
survived when treated by the following schedule: two
dosing series of the cephalosporins, each consisting of
four subcutaneous injections at 30-min intervals, were
made daily starting at 8 a.m. and 4 p.m., respectively,
and continued for 10 days (11).

Scanning electron microscopy. In the in vitro
experiments, the cells exposed to the cephalosporins
were prefixed with 2.5% glutaraldehyde (electron mi-
croscopic reagent) dissolved in 0.05 M cacodylate
buffer (pH 7.4) for 3 to 6 h. After washing with Ryter-
Kellenberger buffer (5), the cells were postfixed with
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1% osmium tetroxide (electron microscopic reagent)
dissolved in Ryter-Kellenberger buffer for 2 h. In the
in vivo experiments, the mice were sacrificed by bleed-
ing at various time intervals after the start of medi-
cation, and the lungs were removed. A part of the lung
in which a gross lesion developed was cut out and
steeped in the fixative. Fixation was carried out under
evacuated conditions during the first few minutes to
remove air in the lung and to assure penetration of
the fixative into the lung tissue.

After dehydration, tissue blocks were placed in gel-
atin capsules which were then filled with absolute
ethanol and frozen with liquid nitrogen, by using a
cryo-cracking apparatus (TF-1; Eiko Engineering Co.,
Ltd., Naka-gun, Ibaragi, Japan), and cut to obtain a
plane including the lesion. All of the specimens were
dried with a critical-point dryer (HCP-2; Hitachi Koki
Co., Ltd., Katsuta, Japan). For the surface conductiv-
ity, specimens were mounted on aluminum stabs and
sputter-coated with gold by an ion coater (IB-3; Eiko
Engineering Co., Ltd.). Observation and photography
were performed in a scanning electron microscope
(MSM 4C-101; Akashi Seisakusho Ltd., Tokyo, Japan)
operated at an acceleration voltage of 15 kV.

Transmission electron microscopy. The method
of fixation of specimens for transmiission electron mi-
croscopy was similar to that employed for the prepa-
ration of scanning electron microscopy samples. Fixed
specimens were stained with 0.6% uranyl acetate dis-
solved in Ryter-Kellenberger buffer, dehydrated by a
graded ethanol series, and embedded in Epok 812 by
the Luft method (8). Ultrathin sections were obtained
on an ultramicrotome (Ultrotome III; LKB Instru-
ments Inc., Rockville, Md.) equipped with a diamond
knife and doubly stained with uranyl acetate and lead
citrate (15). Micrographs were taken with a transmis-
sion electron microscope (JEM-IOOB; JEOL Ltd., To-
kyo, Japan) operated at 80 kV.

RESULTS

Bactericidal activity. The killing kinetics of
cefotiam and cefazolin against K. pneumoniae
DT-S in the exponential growth phase are shown
in Fig. 1. The number of colony-forming units
decreased slightly after the addition of 0.1 yg of
cefotiam per ml. At 0.39 and 1.56 fg of the
cephalosporin per mnl, a distinct decrease of col-
ony-forming units was observed through the
treatment. The effect of cefazolin on this bacte-
rial strain was also bactericidal. At a concentra-
tion of 1.56 yg of the cephalosporin per ml, the
number of colony-forming units began to de-
crease after 1 h of the treatment. At concentra-
tions above 6.25 ,ug/ml, the number of colony-
forming units decreased during the first hour of
the treatment. With both cephalosporins, dose
response in the bactericidal activity was clearly
noticed.
Morphological response in vitro. Scanning

electron microscopy revealed that the untreated
control cells of K. pneumoniae DT-S were sur-
rounded by an amorphous material which ap-
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peared to originate from the capsule (Fig. 2).
The cells became filaments after 2 h of exposure
to 0.1 ,ug of cefotiam per ml (Fig. 3a), and at 0.39
to 1.56 ,tg/ml, spheroplast-like structures to-
gether with filaments were formed (Fig. 3b and
c). After 4 h of exposure to cefotiam, sphero-
plast-like structures appeared even at a concen-
tration of 0.1 yg/ml, and at higher concentra-
tions, the spheres became more swollen and
collapsed (Fig. 3d through f). The morphological
alteration of the cells exposed to cefazolin for 2
h was almost the same as that observed with
cefotiam; filaments developed at concentrations
near the minimal inhibitory concentration, and
spheroplast-like structures or bulges were
formed as the concentration rose (Fig. 4a
through c). Bulges besides filaments emerged at
1.56 lAg of cefazolin per ml after 4 h of exposure,
and at higher concentrations, disintegrated cell
debris with vesicular conformation was observed
(Fig. 4d through f).
The control cells of K. pneumoniae DT-S that

were examined by ultrathin sectioning gave an
appearance of gram-negative bacilli. The cell
wall was made up of an outer triple-layered
membrane and an intermediate layer of murein.
In the cytoplasm, clustered ribosomes and dis-
persed nuclear regions were seen. After 2 h of
exposure to 0.1 to 0.39 yg of cefotiam per ml, the
cells became filaments, while the appearance of
the cell surface profiles and the cytoplasm were
relatively unchanged. At 1.56 Mg of the cephalo-
sporin per ml, prominent morphological changes
occurred: many cells turned into spheroplasts,
and as for the cells with bacillary form, both the
outer and plasma membranes broke; addition-
ally, the density in the cytoplasm rose, possibly
by condensation of the cytoplasmic contents.
The cytoplasm of the cells became sparse, and

scattered electron-dense lumps were seen after
4 h of exposure to cefotiam. Among the cells
which turned into a spherical form, some pos-
sessed the outer membrane whereas others lost
it. After exposure to 1.56 to 6.25 Mug of cefazolin
per ml for 2 h, the cells became filaments and
plasmolysis occurred. In addition, the electron
density in the cytoplasm rose enormously, and
the condensed nuclear regions showed abnormal
distribution. At 25 Mug of the cephalosporin per
ml, spheroplasts and disintegrated cell debris
were observed. After 4 h of exposure to cefazolin,
electron-dense lumps and many membranous
structures were often noted in the sparse cyto-
plasm (data not shown).
Morphological response in vivo. Scanning

electron microscopy of a cross section of a lung
sample after 34 h of infection showed distribu-
tion of infecting organisms. At the central part
of the lesion, the organisms localized densely in
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FIG. 1. Bactericidal activity of cefotiam and cefazolin against K. pneumoniae DT-S.
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the alveolar space, and the number decreased as

the distance from the center of the lesion in-
creased. A higher magnification revealed that
the infecting organisms were covered with a
fibrous material and that each cell was also
connected to others by this threadlike material.
The organisms were localized in the alveolar
space and not in the alveolar wall (Fig. 5). At 4
h after the start of medication with 80 mg of
cefotiam per kg, a dose which corresponded with
the chemotherapeutically effective dose, most of
the organisms in the alveolar space appeared to
be lysed, and the cells with bacillary form were

rarely observed (Fig. 6a). At 20 mg of cefotiam

per kg, which corresponded with the subeffective
dose, the organisms in the alveolar space turned
into filaments (Fig. 6b). The morphological re-

sponse of the organisms in the alveolar space at
4 h after the start of medication with 640 mg of
cefazolin per kg was similar to that noted with
80 mg of cefotiam per kg (Fig. 7a). At 160 mg of
cefazolin per kg, both apparently intact and dis-
integrated cells were observed, but filamentous
cells were not seen (Fig. 7b).
By ultrathin sectioning, localization of the in-

fecting organisms in the lung was clearly con-
firmed.
The configuration characteristic to gram-neg-
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FIG. 3. Scanning electron micrographs of K. pneumoniae DT-S exposed to cefotiam at 0.1 p.g/ml, 2 h (a);
0.39 ,ug/ml, 2 h (b); 1.56 Lg/ml, 2 h (c); 0.1 pLg/ml, 4 h (d); 0.39 pg/ml, 4 h (e); and 1.56 Lg/ml, 4 h (t). Bar = 1
pm.

ative bacilli was maintained in the alveolar
space. Unlike the cells cultivated in brain heart
infusion broth, the cells grown in the alveolar
space were often covered with a fibrous matrix
(Fig. 8). Density of the extracellular hairy ma-

terial differed among cells located at different

alveoli in a lung, and some cells lacked this
structure. At 4 h after the start of medication
with 80 mg of cefotiam per kg, the cells turned
into spheres and nuclear regions became sparse;
in addition, plasmolysis was observed. At 20 mg
of cefotiam per kg, filamentous cells possessing

ANTIMICROB. AGENTS CHEMOTHER.
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FIG. 4. Scanning electron micrographs of K. pneumoniae DT-S exposed to cefazolin at 1.56 jig/ml, 2 h (a);
6.25 jLg/ml, 2 h (b); 25 jg/ml (c); 1.56 plg/ml, 4 h (d); 6.25 pg/ml, 4 h (e); and 25 pg/ml, 4 h (t). Bar = 1 jim.

bulges emerged and electron-dense deposits cov- at 160 mg of the cephalosporin per kg. At 6 h
ering the cell surface were noted. At 6 h after after the start of medication, plasmolysis was
the start of medication, spheroplasts or spherical prominent in many cells (data not shown).
forms were forned. The cells treated with 640
mg of cefazolin per kg also turned into spheres DISCUSSION
at 4 h after the start of medication, and the cells, Cefotiam showed a potent bactericidal activ-
which were converting into spheres, were seen ity against K. pneumoniae DT-S in vitro and

VOL. 19, 1981
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FIG. 5. Scanning electron micrograph of cross section of the lung of a mouse after 34 h of infection with K.
pneumoniae DT-S by the aerosol method. Bar = 5 pn.

induced several morphological alterations both
in vitro and in experimental pneumonia in mice.
The range of concentration of cefotiam at which
elongation of K. pneumoniae cells was induced
was wider than that with cefazolin (11). The
minimal inhibitory concentration of cefotiam
against K. pneumoniae DT-S, however, was
about 1/8 to 1/16 of that of cefazolin, and a
similar degree of decrease of colony-forming
units was brought about by cefotiam at concen-
trations about 1/8 to 1/16 of those of cefazolin.
At concentrations above the minimal inhibitory
concentrations, treatment with either cephalo-
sporin resulted in spheroplast-like structures,
which subsequently underwent collapse, and
this was well reflected in the progressive de-
crease of the number of colony-forming units in
K. pneumoniae DT-S exposed to these concen-
trations of the cephalosporins. Konno et al. (6)
reported a phase-contrast microscopy study on
the morphological response of K. pneumoniae
treated with cefotiam in vitro, but the photo-
graphs they presented were those with cells ob-
served after fairly prolonged incubation with the
cephalosporin.
Transmission electron microscopy revealed

several intracellular ultrastructural changes

such as elevation of the electron density of the
cytoplasm and abnormal distribution of the nu-
clear regions. When the cells were exposed to
relatively high concentrations ofthe cephalospo-
rins, amorphous electron-dense clusters were ob-
served in the background; at a higher magnifi-
cation, these materials appeared to be composed
of ribosomes and deoxyribonucleic acid fibers
flowing out of the cells by lysis. In the cells
which were turned into spheres by exposure to
cefotiam, an inverse correlation was often noted;
the cells with apparently intact outer membrane
almost lost the cytoplasmic contents, whereas
the cells without outer membrane maintained
them. For the present, we do not have a reason-
able explanation for this somewhat contradic-
tory phenomenon.
Scanning electron microscopy revealed that

the infecting organisms in the alveolar space
were connected to each other by a threadlike
material, but it is uncertain whether this is of a
bacterial or host origin. In the report of Bayer
and Thurow (1), freeze-etching of capsulated
cells of dehydrated Escherichia coli revealed
that the capsular material became shrunken to
filamentous structures that extended from one
cell to the next. Therefore, the threadlike ma-

ANTIMICROB. AGENTS CHEMOTHER.
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FIG. 6. Scanning electron micrographs of K. pneumoniae DT-S in mouse lungs at 4 h after the start of
medication with cefotiam at 80 mg/kg (a) and 20 mg/kg (b). Bar = 5 ,um.

VOL. 19, 1981
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FIG. 7. Scanning electron micrographs of K. pneumoniae DT-S in mouse lungs at 4 h after the start of
medication with cefazolin at 640 mg/kg (a) and 160 mg/kg (b). Bar = 5 jm.

ANTIMICROB. AGENTS CHEMOTHER.
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FIG. 8. Transmission electron micrograph of K. pneumoniae DT-S in the lung of a mouse after 34 h of
infection by the aerosol method. Bar = 0.5 ,um.

terial observed in this study may have resulted
from capsule shrinkage induced by dehydration
of the cells employed for the preparation of the
electron microscopy specimens.

Springer and Roth (19, 20) examined the ul-
trastructure of the capsule of K. pneumoniae by
ultrathin sectioning and freeze-etching, and pro-
posed that the appearance of the capsule would
be diversified by the difference in the procedure
of dehydration and embedding. Some research-
ers (1, 7, 9, 19) mentioned that the fibrous con-
formation of capsule or slime material could be
prevented from collapse by pretreating the cells
with capsule- or slime material-specific antibody
before the performance of dehydration. For vis-
ualization of bacterial capsules in ultrathin sec-
tions, staining with ruthenium red has been pre-
ferred. Springer and Roth (19) described that
the cells of pneumococci stained with ruthenium
red were surrounded by the mat-like capsule; in
unstained cells, however, no such capsular ma-
terials were evident. In K. pneumoniae DT-S, a
fibrous matrix was clearly observed on the sur-
face of some cells in the alveolar space, even
when neither ruthenium red staining nor anti-
body treatment was applied. In the preparation
of the specimens for electron microscopy, it was

difficult to collect the cells of K. pneumoniae
DT-S by centrifugation; this might have been
caused by their viscous nature. The surface of
non-encapsulated gram-negative bacteria, in
general, has been shown to be relatively clean
by scanning electron microscopy (13). In K.
pneumoniae DT-S, on the other hand, the cells
were surrounded by an amorphous material.
Therefore, this material appears to originate
from the capsule.
With the infecting organisms in the lung, the

morphological response demonstrated after ad-
ministration of cefotiam and cefazolin was not
uniform, and this seemed to be attributable to
unevenness of the concentration of the cepha-
losporin in each alveolus. The damage of the
infecting organisms by the effect of the cepha-
losporins was severer in those located at the
center than in those located at the margin of the
lesion, and this phenomenon appears to be con-
sistent with the opinion of Halprin and Mc-
Mahon (4) and May and Delves (10) that the
integrity of the "blood-bronchus barrier" de-
creases during inflammation.
The morphological alteration of K. pneumo-

niae DT-S induced by cefotiam was similar to
that induced by cefazolin with a few exceptions;

VOL. 19, 1981 909g
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therefore, similarity of the penicillin-binding
proteins, to which each cephalosporin has an
affinity, is conceivable as confirmed in E. coli K-
12 (14).
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