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An experimental skin lesion induced in rabbits by the bite of infected adult Ixodes dammini
showed dense dermal interstitial inflammatory cell infiltrates composed of mononuclear cells
(histiocytes and lymphocytes) and granulocytes. The prevalence of phagocytic cells in this ex-
perimental lesion motivated a study on the interactions of macrophages and neutrophils with
Lyme disease spirochetes. Interactions as measured by uptake of radiolabeled spirochetes and
by indirect immunofluorescence were enhanced by opsonization of spirochetes with immune
serum and not significantly decreased by heat inactivation of the same. Phagocytosis was in-
hibited by treatment of cells with Cytochalasin B. Adherence of opsonized spirochetes to
neutrophils was decreased by blocking Fc receptors with heat-aggregated IgG, suggesting an
important role for this receptor.

Lyme disease is a chronic inflammatory syndrome characterized by a skin lesion
and by various secondary manifestations involving joints, central nervous system,
and the heart [1]. The spirochetal etiology of this disease, now well established, pro-
vides a specific mechanism to understand the pathogenesis of this disease [2-4].
There appear to be two possible avenues for pathogenesis. Some spirochetal diseases
such as syphilis are characterized by multiple symptoms involving more than one
organ system which are temporally separated from each other, and relapsing fever,
caused by spirochetes of the genus Borrelia, produces recurrent periods of fever.
Lyme disease seems to fit within the pattern of other diseases of spirochetal etiology
in that various organ systems are affected and their manifestations can occur within
days to months from one another. However, in the case of syphilis and relapsing
fever, the causative spirochetes seem to persist so that pathogenesis for each relapse
or manifestation may be related directly to the presence of the same or antigenically
altered organisms. It is not known whether the spirochete of Lyme disease persists
for long periods of time within the organ systems involved in the disease. There is
evidence, however, that circulating immune complexes occur and persist in the
serum of Lyme disease patients [5]. Pathogenesis due to deposition of circulating
immune complexes triggered by an initial spirochete infection has to be considered
as an alternative mechanism to pathogenesis due to persistent organisms.
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It is doubtful that the pathogenesis of Lyme disease will be elucidated using only
human-derived specimens, since Lyme disease is seldom, if ever, fatal so tissues
from vital organs may not be readily available to answer some of these questions.
Therefore, the development of an animal model seems to be crucial for understand-
ing of the mechanisms of disease. The spirochetes are transmitted by ticks [2,6]. This
implies that the portal of entry of the organism is the skin. In the majority of pa-
tients, the skin lesion, or erythema chronicum migrans (ECM) is the first, and
sometimes the only manifestation of Lyme disease [1]. The skin is the most likely
organ to be affected directly by the spirochete and also the location where the initial
encounter of the spirochete with the host's immune system takes place. Spirochetes
have been isolated from human ECM lesions [4] and also recently in our laboratory,
as well as detected by silver stains in skin tissues [7].
We have been able to induce a skin lesion in rabbits after a ten- to eleven-day

period of attachment of spirochete-infected adult Ixodes dammini. These lesions
were uniformly erythematous, indurated, and centered around the sites of tick at-
tachment. Spirochetes were recovered from the blood of the rabbits while the ticks
were still attached so that experimental transmission of the organisms has been
achieved. Sections of the lesions show an interstitial mixed inflammatory cell in-
filtrate in the dermis. This infiltrate was denser in the deeper dermis, sometimes ex-
tending into the subcutaneous fat and the skeletal muscle (Fig. 1). Although the
composition of the infiltrate varies within different areas of the skin, the predomi-
nant cell was the histiocyte identified morphologically by hematoxylin and eosin
stains and histochemically by a-naphthyl acetate esterase (ANAE) staining [8].
Mononuclear cells of thymus origin [9] were present in these lesions (identified by
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FIG. 1. Border area between the

superficial and deep dermis of a skin
lesion experimentally induced by feed-
ing spirochete-injected adult Ixodes
dammini ticks on a rabbit. There is a
mixed inflammatory cell infiltrate
with predominant histiocytes, gran-
ulocytes, and lymphocytes. (Hematox-
ilin and eosin, 160 x)
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rabbit anti-thymocyte serum, generously supplied by Dr. Sheila Lukehart, Univer-
sity of Washington, Seattle) in numbers ranging from 10-20 percent of the infiltrate
but were most numerous in the deep dermis. Mononuclear cells bearing surface im-
munoglobulin (sIg; identified by direct immunofluorescence with goat anti-rabbit
Ig) and plasma cells were present, but in extremely low numbers. Granulocytes ac-

counted for 40 percent of the infiltrate and were most prominent in perivascular
areas and in necrotic abscesses thought to be the areas of tick mouthpart at-
tachments. Although readily identifiable in peripheral blood smears, rabbit
neutrophils, also called heterophils or pseudoeosinophils [10], cannot be easily
distinguished from eosinophils in tissues with dense infiltrates. Naphtol AS-D
chloroacetate esterase activity is present in neutrophils but not in eosinophils [8].
Granulocytes in the perivascular areas possessed this activity but those in other parts
of the lesion did not, although some were polymorphonuclear. Thus, at the present
time, we can only indicate that the granulocyte component of these lesions is mixed
and contains both neutrophils and eosinophils. This experimental rabbit lesion bears
some histological similarities to human ECM. Human ECM lesions have been
characterized as having three infiltrate patterns composed of lymphocytes, plasma
cells, and eosinophils [7] and as being primarily lympho-histiocytic [11]. Skin lesions
from rabbits exposed to presumably infected Ixodes dammini adults have also been
shown to have a mononuclear cell infiltrate [2]. Experimentally induced skin lesions
in rabbits after intradermal inoculation of Treponema pallidum also show a

lympho-histiocytic infiltrate [9]. It is of further interest that intradermal inocula-
tions of cultured Lyme disease spirochetes to rabbits do not produce a gross skin le-
sion but tissue sections of the sites of inoculation show diffuse histiocytic involve-
ment. Although a mononuclear cell response seems to be associated with human
ECM, and with lesions caused by other spirochetes, it is difficult to determine
whether the experimental lesion in rabbits exposed to infected ticks is due to the
presence of spirochetes or to tick bite injury, or both. A very comprehensive, quan-

tified study of the response of rabbits to colony-reared Ixodes dammini ticks also
showed a predominant mononuclear cell infiltrate in lesions induced by subadult
ticks, although no lesions were reported in rabbits after exposure to adults [12].
On the other hand, granulocytes could have a role in the mediation of tick bite in-

jury. Numerous studies involving other tick species and various laboratory animals
report neutrophil infiltrates as the predominant inflammatory cell [13-16].

Regardless of the pathogenesis of our infected, tick-induced, experimental lesions
in rabbits, it is clear that the phagocytic components of the immune system are deeply
involved in the early skin response of the rabbit, and mononuclear cells are also
prominent in the human ECM. In a series of studies, we attempted to demonstrate
the interactions of the Lyme disease spirochetes by peritoneal exudate macrophages
from laboratory animals, macrophage cell cultures, and human neutrophils. Three
methods were used to demonstrate in vitro interactions. The spirochetes were suc-

cessfully labeled with3H thymidine (10 jtCi) after overnight incubation. Incorpora-
tion of3H thymidine occurred only during the time of active spirochete growth; ad-
dition of the label to newly passed cultures did not result in significant uptake by the
organisms. Phagocytosis or adherence of labeled spirochetes by adherent, thyogly-
collate elicited peritoneal exudate macrophages from mice (Balb/c), rats (Sprague-
Dawley), rabbits (New Zealand white), and a cell line P388D1 [17,18] was measured
as a percentage of the uptake of labeled spirochetes (approximately 8-12 percent of
the radiolabel). The uptake of labeled spirochetes by macrophages from various
laboratory animals was enchanced by opsonization of spirochetes with homologous
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immune sera (30-35 percent of the radio label) and was significantly greater than the
uptake of spirochetes opsonized with normal sera (p < 0.05). Serum heat-labile fac-
tors (removed by heat inactivation of sera at 56°C for 45 minutes) did not appear to
have a significant role in the interactions of spirochetes with the macrophages since
their removal did not significantly decrease uptake of the 3H thymidine label.
The other technique for measurement of phagocytosis was first used successfully

to detect the uptake of Treponema pallidum by macrophages [19] and involves in-
direct immunofluorescence procedures. After incubation with spirochetes opsonized
with immune, heat-inactivated immune, normal, and heat-inactivated normal sera,
as well as non-opsonized spirochetes, the cells were smeared on slides followed by
methanol fixation, overlaid with heterologous anti-spirochete immune sera, fol-
lowed by FITC labeled anti-species specific immunoglobulin conjugates. Examina-
tion of these smears under UV light permitted counting of those cells which showed
fluorescent spirochetes, spirochete fragments, or fluorescent bodies (Fig. 2).
Macrophages by themselves had no fluorescent activity. Approximately half of the
cells incubated with spirochetes opsonized with immune serum showed fluorescence.
The rates decreased slightly with spirochetes opsonized with heat-inactivated im-
mune serum (35-40 percent), and significantly with spirochetes opsonized with nor-
mal serum (p <0.05) (18-20 percent). Murine macrophages (Balb/c peritoneal ex-
udate macrophages and P388D1) appeared to have more fluorescent bodies after
exposure to opsonized as well as non-opsonized spirochetes than rat or rabbit
macrophages, but these differences were not significant. Results obtained by the use
of the immunofluorescence procedure paralleled those obtained by the uptake of 3H
thymidine-labeled spirochetes.

Treatment of the murine cell line P388D1 with Cytochalasin B [20] (10 jg/ml)
showed a significant (p <0.05) decrease in the number of cells with fluorescent
bodies after exposure to spirochetes opsonized with immune serum (5-9 percent) of
the cells, rather than half of the cells as measured by the immunofluorescence pro-
cedure). An equal volume (10 11) of Dimethyl sulfoxide (DMSO) used as diluent con-
trol for Cytochalasin B had no effect.
Human neutrophils were obtained by dextran sedimentation followed by lysis of

erythrocytes in distilled water and restoration of isotonicity. Neutrophils were in-
cubated in tubes with opsonized and non-opsonized spirochetes (as described for
macrophages) at 37°C in 1 ml of culture medium for one hour. Neither technique

FIG. 2. Murine mac-
rophage containing spiro-
chetes, spirochete fragments,
and fluorescent bodies. The
faint outline of a macro-
phage without fluorescing
organisms or bodies can be
seen below. (Oil immersion,
1l,OOOx)
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could be used for measuring interactions with neutrophils since numerous cells had
spirochetes radiating from their surfaces, and consequently the uptake of 3H
thymidine-labeled organisms could not be determined since attached organisms ar-
tificially elevated the DPMs of the cell fraction. Likewise, uncertainty as to whether
an organism or a fragment was attached or inside precluded counts by the im-
munofluorescence procedure. The adherence of opsonized spirochetes to the surface
of the neutrophils, a phenomenon not observed with macrophages, may be due to
differences in techniques. The ratios of spirochetes to phagocytes were standardized
at 10:1 for all experiments. Neutrophils were incubated with the spirochetes in
suspension whereas the macrophages were incubated while adhered to plates. The
adherent properties of macrophages allowed almost total removal of free
spirochetes by vigorous washing of the plates. The neutrophils, however, had to be
separated from free spirochetes by differential centrifugation but this maneuver was
not completely effective. Nonetheless, transmission electron microscopy of neutro-
phil pellets suggested that approximately 30 percent of the cells incubated for one
hour with opsonized spirochetes contained fragments within phagosomes (Fig. 3).

Neither technique, uptake of 3H thymidine nor indirect immunofluorescence, pro-
vides definitive proof that spirochetes have been ingested. However, previous
studies utilizing similar techniques for the study of interactions between other
species of spirochetes and phagocytes have not hesitated in establishing the interac-
tions as actual ingestion of organisms [19,21-24]. The fact that phagocytes
pretreated with Cytochalasin B, a known inhibitor of ingestion but not of attach-
ment, had significantly reduced numbers of fluorescent bodies provides evidence of

FIG. 3. Spirochete fragment within phagosome of a human neutrophil. (36,900 x)
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phagocytosis rather than just attachment. Indeed, the adherence of opsonized
spirochetes to neutrophils precluded utilization of the techniques used for
macrophages; yet this phenomenon provided a mechanism for investigating the role
of the Fc receptor in surface attachment. Pretreatment of neutrophils with DEAE-
purified, heat-aggregated human IgG (20 mg/ml for one hour) to block the Fc recep-
tors resulted in an almost total absence of attached organisms, suggesting a role for
this receptor. (The purified human IgG was obtained through the courtesy of the
American Red Cross.)
We have obtained evidence that professional phagocytes can interact with the

Lyme disease spirochete in the absence of opsonins and to a much greater extent
after opsonization of the organisms with immune serum. This interaction may
reflect attachment of spirochetes to the cell surface and may also include actual
phagocytosis as evidenced by the use of phagocytosis inhibitors. In fact, immune
serum factors may be a requirement for attachment and interiorization utilizing the
Fc receptors of the phagocytes. Studies involving phagocytosis with other species of
spirochetes uniformly provide evidence that immune serum is needed for ingestion
[19,21-24]. The possibility that other surface receptors of macrophages and
neutrophils may be utilized to promote binding and phagocytosis needs to be in-
vestigated. Macrophages possess a large array of surface receptors which may be im-
portant in the initial encounters of phagocyte and spirochetes. Receptors for com-
plex carbohydrates [25] and for fibronectin fragments [26] may be instrumental in
initial binding of spirochetes to the macrophage surface in the absence of specific
immunoglobulin. Chemotaxis generated by activation of the complement and/or
clotting cascades or by the presence of organism-derived chemotactic peptides may
be the mechanism for the large phagocytic infiltrate of the skin lesion of Lyme
disease. The finding of a mixed inflammatory infiltrate with phagocytes and lym-
phocytes of thymic origin as well as few plasma cells and cells bearing slg in the ex-
perimental skin lesion in the rabbit suggest that specific and non-specific host
defenses against the spirochete may be initiated and effected in the skin.
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