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In situ-perfused rat livers were infused with a single dose of 1.5 3 107 radiolabeled borreliae. Significant
(P< 0.00005) differences in the liver uptake of the agents of Lyme borreliosis, Borrelia burgdorferi IRS, Borrelia
afzelii VS461, and Borrelia garinii PBi, and that of the agents of relapsing fever, Borrelia hermsii, Borrelia parkeri,
and Borrelia turicatae, were observed. The liver uptakes ranged between 65.9% for B. burgdorferi IRS and 40.5%
for B. turicatae. Neither relapsing fever nor Lyme disease borreliae were recovered from infected livers when
the livers were cultured in Barbour-Stoenner-Kelly II medium. The in vitro uptake of B. burgdorferi IRS by
isolated rat Kupffer cells was rapid, and within 30 min of the infection, large intracellular aggregates of
amorphous material were detectable by immunofluorescence with specific anti-B. burgdorferi antibody. The
reculturing of B. burgdorferi IRS from Kupffer cells incubated for 24 h in RPMI medium before inoculation with
bacteria was negative. The results obtained in this study indicated that borreliae are efficiently taken up and
killed by rat hepatic macrophages in the absence of serum factors.

The diagnosis of most borrelioses is primarily based on the
detection of spirochetes in the peripheral blood of febrile per-
sons or animals, which suggests that there are spirochetemias
that are not well defined so far as time course and concentra-
tion are concerned. Spirochetemias due to Borrelia burgdorferi
are mainly detectable in the early stages of Lyme disease;
however, they may also occur later in the disease (23). Relaps-
ing fever borreliae are detectable in the blood of patients
during pyrexia (8). In vitro studies of spirochetes show that
their interaction with phagocytes is quite as expected (5, 15)
and similar to that for many other microorganisms. Although
the importance of the hepatic reticuloendothelial system in
host defense by the phagocytosis and killing of blood-borne
pathogens has been well established, so far as we know, there
are no data about borreliae.
The perfused liver has been used several times in the past

decades to study bacterial hepatic phagocytosis (6, 14, 17).
Therefore, we used such a technique to evaluate two specific
aspects of the hepatic reticuloendothelial system in the elimi-
nation of circulating bacteria: uptake and killing. In addition,
the abilities of isolated Kupffer cells (KC) to associate with B.
burgdorferi in vitro were also evaluated.
Although the mouse is the most widely used model for

experimental borrelioses, this study was performed with rats,
since they are more suitable for liver perfusion and cell sepa-
ration because of their larger liver size. The applicability of rats
for experimental studies of Borrelia infection has also been
shown (4, 8, 12).
Bacterial strains, culture conditions, and labeling. The fol-

lowing Borrelia strains were used: Borrelia hermsiiHS-1 (ATCC
35209), Borrelia parkeriM3001, Borrelia turicatae, B. burgdorferi
IRS (ATCC 35211), Borrelia garinii PBi, and Borrelia afzelii
VS461. Borreliae were cultured in Barbour-Stoenner-Kelly

(BSK) II medium at 348C as previously reported (21). When
required, spirochetes were grown in the presence of 1 mCi of
14C-labeled amino acid mixture (.50 mCi/ml; Amersham Co.,
Amersham, United Kingdom) per ml for 96 h, washed three
times with Krebs-Ringer solution (see below), counted in a
Petroff-Hausser chamber, resuspended in Krebs-Ringer solu-
tion at a concentration of 1.5 3 106 motile organisms per ml,
and used within 1 h to perfuse rat livers.
Experimental animals. Male Sprague-Dawley rats (body

weight, 180 to 220 g) were used as liver donors. Food was
withdrawn the evening before the experiment; water was avail-
able ad libitum.
Liver perfusion. The technique of rat liver perfusion has

already been described (1) and was performed by following the
method of Mortimore (18). Briefly, the animals were anesthe-
tized intraperitoneally with pentobarbital sodium (50 mg/kg of
body weight), and the livers were perfused through the portal
vein, with the effluent being collected from the inferior vena
cava immediately above the sovrahepatic veins. The perfusate
was Krebs-Ringer bicarbonate solution containing glucose
(5.55 mmol/liter) with bovine serum albumin (3%, wt/vol)
(fraction V; Sigma Chemical Co., St. Louis, Mo.). The com-
plete blanching of all liver lobes indicated satisfactory perfu-
sion. Oxygenation was done with O2 plus CO2 (95/5, vol/vol),
with Silastic tubing being used (Dow-Corning, Midland,
Mich.). The temperature and pH of the perfusate leaving the
liver were monitored. The perfusate flow was established as 2.2
to 2.9 ml min21 g liver21. The portal vein pressure was con-
stant at 12 cm of water, no significant change in the aspartate
aminotransferase levels (12.0 6 2.0 IU/liter) was observed
throughout the experiment, and the pH of the effluent from the
liver ranged between 7.36 and 7.42. During each perfusion, one
dose of 1.5 3 107 radiolabeled (150,000 6 30,000 cpm) bacte-
ria in 10 ml of Krebs-Ringer solution was infused into the
portal vein. The effluent from the livers was collected at 1-min
intervals over 30 min in preweighted tubes immediately after
the infusion. At the end of each experiment, radioactivity was
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measured by directly applying 100 ml of each outflow sample to
0.45-mm-pore-size cellulose acetate membrane filters and
counting the radioactivity with a Packard 2000 CA liquid scin-
tillation analyzer after the addition of Ready-Solv EP (Beck-
man). The cumulative radioactivity throughout the experiment
represented the amount of bacteria escaping the liver uptake.
A 30-min period was chosen in order to rule out bacterial efflux
from the liver at later times.
Expression of the results of liver uptake of borreliae. The

hepatic uptake was expressed as a percentage of the adminis-
tered radioactivity and was calculated as 100% minus the per-
centage of outflow. The statistical analysis was performed by
the Wilcoxon test for independent data.
Quantitation of the hepatic concentration of viable borre-

liae. By a sterile technique, the liver was excised from the rat
and homogenized in 10 ml of BSK II medium. One milliliter of
homogenate was diluted in 10 ml of BSK II medium, and serial
10-fold dilutions in BSK II medium were done. The cultures
were incubated at 348C for 3 weeks.
Separation of KC. KC were harvested as previously reported

by Crocker et al. (11), with minor modifications. Briefly, rat
livers were first perfused with 50 ml of calcium- and magne-
sium-free Hanks balanced salt solution which had been pre-
warmed to 378C and buffered at pH 7.3 with 10 mM HEPES
(N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid) (Sigma
Chemicals). The livers were then perfused with 50 ml of com-
plete Hanks balanced salt solution containing 0.05% collage-
nase (type IV; Sigma) that had been prewarmed to 378C. The
livers were then excised, chopped finely with scissors, and sus-
pended in 20 ml of the collagenase solution described above
supplemented with 100 mg of DNase (type I; Sigma) per ml.
After digestion for 10 min at 378C, the cell suspension was
passed through a fine sieve. The cells were washed three times
with Ca- and Mg-free Hanks balanced salt solution by centrif-
ugation at 250 3 g for 10 min, suspended in 2 ml of buffer, and
layered over 5 ml of isotonic Percoll solution with a density of
1.037 g/ml. After centrifugation at 650 3 g for 30 min, the
pelleted cells were washed and finally resuspended in culture
medium (RPMI 1640 with 20% fetal calf serum) at a concen-
tration of 3.0 3 106 cells per ml. A 0.5-ml portion of the cell
suspension was added to glass coverslips (13-mm diameter).
Macrophages were selected by allowing them to adhere for 2 h
at 378C under 5% CO2. After nonadherent cells were removed
by gentle washing, adherent cells were incubated with RPMI
1640 for 24 h before uptake and killing experiments were
performed. More than 95% of the adherent cells were esterase
positive.
Uptake and killing of borreliae by isolated KC. The uptake

of borreliae by KC was studied by indirect immunofluores-
cence assay as follows. B. burgdorferi IRS cells (2 3 107 cells
per coverslip) were incubated with adherent macrophages in
RPMI 1640 for 5, 15, 30, or 60 min at 378C, washed in phos-
phate-buffered saline (pH 7.4), fixed in cold acetone, and in-
cubated for 30 min with mouse immune ascitic fluid anti-B.
burgdorferi (10). Bacterial cells were visualized with anti-mouse
fluorescein-conjugated antibody (Dako, Copenhagen, Den-
mark). For the recovery of macrophage-associated spirochetes,
B. burgdorferi cells (2 3 107 cells per coverslip) were added to
adherent macrophages and incubated for 2 h at 378C. Incuba-
tions were terminated by thoroughly rinsing infected monolay-
ers with RPMI 1640 for the removal of free spirochetes. The
cells were then scraped off and assayed for bacterial viability by
culturing them in BSK II medium at 348C for 3 weeks.
Electron microscopy. Liver sections were fixed for transmis-

sion electron microscopy according to standard procedures.
Twenty milliliters of 2.5% glutaraldehyde in 0.1 M sodium

cacodylate was infused directly into the portal vein. Approxi-
mately 25 1-mm3 sections of the liver were placed in the same
fixative overnight. After fixation, the liver slices were rinsed in
cacodylate buffer (pH 7.4), postfixed with osmium tetroxide,
embedded in Epon, and sliced. Thin sections were stained with
uranyl acetate and lead citrate and observed with an electron
microscope (JEOL 100CX).
The motility and viability of Borrelia strains in Krebs-Ringer

solution were preliminarily evaluated. Bacteria suspended in
Krebs-Ringer solution for 1, 2, 4, and 8 h were studied by
dark-field microscopy and by culture. No reduction in the num-
ber of motile organisms or viable bacteria in comparison with
controls suspended in BSK II medium was observed.
The results obtained after a single infusion of 1.5 3 107

radiolabeled bacteria through the perfused rat liver, which had
previously been washed free of blood, are reported in Fig. 1.
The liver uptake, expressed as the percentage of radioactivity
retained by the liver, ranged from 65.9% for B. burgdorferi IRS
to 40.5% for B. turicatae. The remaining Borrelia species gave
intermediate values. The differences in liver uptake for the
agents of Lyme disease (B. burgorferi IRS, B. garinii PBi, and B.
afzelii VS461) and the agents of relapsing fever (B. turicatae, B.
parkeri, and B. hermsii) were statistically significant (P ,
0.00005), suggesting that the different compositions and struc-
tures of the bacterial surfaces (2, 3, 7, 9, 19, 20) are likely to
play a crucial role in the bacterium-phagocyte interaction. In
fact, relapsing fever borreliae escaped hepatic uptake by the
liver reticuloendothelial system to a significantly higher extent
than did the agents of Lyme disease. This observation may be
of some relevance, considering that in vivo bacteremias are
more frequently detectable in patients infected with relapsing
fever borreliae than in patients with B. burgdorferi infections.
The kinetics of the radioactivity appearing in the liver efflu-

ents after portal infusion of Lyme borreliosis and relapsing
fever agents are given in Fig. 2. Borreliae appeared in the
effluent immediately after the infusion, and their numbers in-
creased to a maximum value within the second minute of
injection, after which they decreased to a baseline almost ap-
proaching zero. No diffusion of bacteria back into the perfus-
ate was detected, at least throughout 30 min. Under the
present experimental conditions, the hepatic uptake was far
from saturation, since an increase of the borrelia load to the
liver by 100-fold (2.5 3 109) reduced the hepatic uptake by
only 10-fold (data not reported).
Pretreatment of B. burgdorferi IRS with specific antibody

(indirect immunofluorescence assay titer, 1:4,096) obtained
from an immunized rat increased the liver uptake by 21.5%,
whereas heat inactivation (568C for 1 h) did not modify the
uptake compared with that with untreated bacteria. The up-
take was also unchanged when livers from previously vacci-
nated rats (four intramuscular injections of 35 mg of B. burg-
dorferi IRS proteins) were perfused with viable spirochetes.
In order to evaluate the recovery of infused bacteria, the

livers were washed, homogenized, and cultured in BSK II me-
dium. Neither relapsing fever nor Lyme disease borreliae were
recovered, showing an efficient uptake and killing of bacteria.
Reculturing experiments with Borrelia strains mixed with ho-
mogenized livers from uninfected animals gave negative re-
sults, ruling out any possible bacteriostatic or bacteriocidal
effect of materials released from disrupted liver tissue.
Electron microscopy of rat livers perfused with 1.5 3 108 B.

burgdorferi IRS cells and fixed 30 min after the perfusion re-
vealed the presence of bacteria in the KC but not in the
sinusoids (Fig. 3), suggesting an almost immediate phagocyto-
sis of infused bacteria by the cells of the hepatic reticuloendo-
thelial system. Sections from livers perfused with 1.5 3 107
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spirochetes were not adequate for an electron microscopy
study because of the paucity of bacteria present in most of the
sections.
The in vitro uptake and killing of B. burgdorferi IRS by KC

were also studied by immunofluorescence staining of macro-
phage-associated bacteria and by culture of infected cells. In-
gestion of spirochetes occurred rapidly (5 to 15 min within
infection) and did not require opsonization (5). Within a very
short time (5 min) of the addition of borreliae, the spirochetes
were adherent to the KC, sometimes being elongated or wound
around a cell (Fig. 4a). At a later stage (15 min), intracellular,
morphologically distinct spirochetes were rarely observed, with
small round fluorescent inclusion-like bodies being evident in

the cells (Fig. 4b). Within 1 h, large aggregates of fluorescent
material were present (Fig. 4c and d). This result confirms the
results of the time course study of mouse macrophage infection
with B. burgdorferi obtained by Montgomery et al. (16) and
extends the observation to rat KC. An effective killing of
phagocytosed borreliae was suggested by the impossibility of
reculturing bacteria from isolated and infected KC and from
livers after perfusion with B. burgdorferi IRS. These results,
however, are not in agreement with those of Montgomery et al.
(16), who documented the persistence, although only occasion-
ally, of B. burgdorferi within mouse macrophages by reculturing
spirochetes from macrophages after infection. The different
results may be, at least in part, explained by the use of cells

FIG. 1. Uptake of radiolabeled borreliae (percentage of the infused dose) by the liver. A single dose of 1.5 3 107 14C-labeled bacteria (150,000 6 30,000 cpm) was
infused into the portal vein, and the effluent from the sovrahepatic veins was counted for radioactivity. The data shown are the means 6 standard deviations. The
numbers of experiments are shown at the top in parentheses. The differences in liver uptake for the agents of Lyme disease (hatched bars) and the agents of relapsing
fever (open bars) were statistically significant (P , 0.00005).

FIG. 2. Time course of the kinetic display of the radioactivity (means 6 standard deviations) appearing in the effluent after infusion of 1.5 3 107 labeled bacteria
(150,000 6 30,000 cpm). Symbols: ■, Lyme borreliosis agents (B. burgdorferi, B. afzelii, and B. garinii); E, relapsing fever agents (B. hermsii, B. parkeri, and B. turicatae).
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from either different animals or murine macrophage cell line
J774 (16) instead of freshly prepared macrophages. In fact, an
established macrophage cell line may have either modified or
lost some of the phagocytic abilities expressed by the original
cells.
The results obtained in both the in vivo and in vitro studies

of the borrelial uptake and killing capacity of rat KC indicate
that spirochetes are rapidly taken up and killed by rat hepatic
macrophages in the absence of serum factors, demonstrating
that borreliae are highly susceptible to nonopsonic phagocyto-
sis in vivo as well as in vitro by rat liver macrophages. Nonop-

sonic phagocytosis may play an important role in host defense
against infection, especially in the initial phase of infection, at
sites where levels of antibody and complement are naturally
low. Nonspecific clearance is also important in host defense
against bacteremia (13, 22), with such clearance being a prom-
inent feature of the natural history of Borrelia infections.
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FIG. 3. Transmission electron micrograph showing phagocytosis of B. burg-
dorferi IRS by a KC. The fixative was directly perfused through the portal vein 30
min after the infusion of 1.5 3 108 spirochetes into the rat liver. Many intracel-
lular borreliae (some singled out by arrows) are present. The liver sinusoid (S) is
free of bacteria. Bar, 1 mm.

FIG. 4. Photomicrograph of time course infection of isolated rat KC by B.
burgdorferi IRS stained by immunofluorescence with specific mouse antibodies.
(a) A spirochete wound around a rat KC 5 min after infection. (b) Spirochetes
adherent to a KC and spirochete-derived inclusion-like bodies inside the cell 15
min after infection. (c and d) Spirochete-derived inclusion-like bodies 30 (c) and
60 (d) min after infection.
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