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ABSTRACT

Whole cells of T. hyodysenteriae serotypes 1-7, avirulent T. hyodysenteriae
serotypes 1 and 2, and 5 strains of T. innocens were chemically extracted to
selectively remove a lipopolysaccharide-like substance (LPSLS).

The different

LPSLS were analyzed electrophoretically, immunologically, and chemically. SDSPAGE demonstrated migratory differences that were unique for individual
serotypes/strains. Additional differences were observed during attenuation which
resulted in reduced mobility of upper molecular weight components. Western
blotting with hyper-immunized rabbit serum (HRS) against serotype 1, 2, and 6
whole cell bacterins produced homologous and heterologous reactions with
serotype specific LPSLS. Rabbit antisera to serotypes 3, 4, 5, and 7 whole cell
bacterins produced only homologous reaction to the LPSLS. Convalescent-phase
swine sera (CSS) against serotype 1 disease showed only homologous reaction
to the LPSLS. Convalescent-phase swine sera against serotype 2 produced both
homologous and heterologous reaction to the LPSLS. Antigenicity was recognized
by HRS and CSS to the hydrophobic and hydrophilic components of acid
hydrolyzed LPSLS. Thin layer chromatography (TLC) of the hydrophobic portion
demonstrated the presence of a spot with an Rf of 0.18 that correlates with
non pathogenicity. Gas chromatography (GC) analysis of the carbohydrate content
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of the LPSLS revealed the presence of glucose, galactose, N-acetyl neuraminic
acid, N-acetyl glucosamine, and N-acetyl galactosamine. 2-keto-3-deoxyoctulonate
(KDO) and L-glycero-D-manno-heptose were absent.

The LPSLS from T.

hyodysenteriae was found to have low anticomplement activity in comparison with

LPS.

The LPSLS from T. innocens had one half the activity of LPS.

T.

hyodysenteriae LPSLS demonstrated comparable activity to LPS in inducing la

expression by macrophages.

The LPSLS from T. innocens was unable to

stimulate expression of la molecules on macro phages.
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RESEARCH PLAN

Specific Aims

A lipopolysaccharide-like substance (LPSLS) has previously been extracted
from Treponema hyodysenteriae. This material was shown to be a major antigenic
component when reacted to sera from convalescent pigs. Subsequent research
targeted this antigen as the basis for serotyping strains of T. hyodysenteriae.
Additionally, it was demonstrated to have biological activity when assayed for
mitogenicity and chemotaxis of macrophages. The objective of the proposed
research is to further characterize the physical and biological properties of this
molecule.

Specifically the research will:

1.

Examine the LPSLS from different serotype specific, attenuated, and nonpathogenic Treponemal strains for qualifiable differences in electrophoretic
mobility.

14

2.

Determine compositional differences which distinguish T. hyodysenteriae
LPSLS from the lipopolysaccharide characteristic of Enterobacteriaceae.

3.

Isolate and purify the lipophilic component of the LPSLS and make
comparisons between serotype specific strains, attenuated strains, and nonpathogenic strains.

4.

Assay for LPSLS anticomplement activity and for the ability of the LPSLS
and its lipophilic component to induce la k expression by C3H murine
macrophages.
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INTRODUCTION

Swine dysentery (SO), the condition resulting from porcine infection by

Treponema hyodysenteriae, produces a severe mucohemorrhagic diarrhea.
Weanling pigs are most susceptible, although adult hogs are vulnerable as well.
Transmission occurs from ingestion of feces from sick swine or older pigs acting
as asymptomatic carriers. A high susceptibility to infection results in morbidity of
up to 70% within a swine herd. Mortality of up to 30%, primarily due to the effects
of dehydration in conjunction with severely decreased feed/weight conversion
ratios, are devastating to the pork producer. The distribution of SO is worldwide.
In the United States, direct economic losses are estimated to be 130 million dollars
per year.
Initial outbreaks are most common in late summer or early fall and often
coincide with the addition of new pigs to a herd. Once an infection becomes
established, recurrences tend to become cyclical. Some, but not all, recovered
pigs demonstrate resistance to reinfection implying that immunity is induced.
However, resistance is serotype specific and reinfection with a different strain can
occur (Joens 1983).
mucoid feces.

The first signs of SO are diminished appetite with soft

Initially there may be a slight rise in body temperature.

diarrhea becomes more severe with the appearance of blood, mucus, and

The

16

possibly flakes of the intestinal wall. Symptoms may last from several days to over
a month.

Pigs which appear to be recovering commonly suffer relapses.

Recovered pigs are often stunted and unthrifty for the pork producer.
Control of SO is primarily through effective management and the use of
drugs.

Treponema hyodysenteriae, when protected from drying out by fecal

material, can remain infective for several weeks.

Once the disease becomes

established in a herd, eradication is difficult without depopulation and disinfection
of the premises.

Treponema hyodysenteriae rapidly becomes resistent to

antibiotics which necessitates a changing regime of drug therapies. Complicating
antibiotic control, dimetridazole, the most effective antibiotic, has been banned by
the FDA for use in food animals.
The pathogenesis of swine dysentery is poorly understood. Inflammatory
lesions are limited to the cecum and spiral colon. Grossly, a mucohemorrhagic-tofibronecrotic colitis with diphtheritic pseudomembrane formation are evident
(Schmall 1983). Microscopic lesions consist of edema and leukocyte infiltration of
mucosa and

submucosa,

and epithelial detachment and

erosion

best

characterized as a coagulative necrosis (Glock 1972). Treponema hyodysenteriae
does not invade beyond the lamina propria of the large intestine. Although the
organism can be observed within necrotic epithelial cells of the lamina propria, it
is not seen in viable epithelial cells and there is no evidence that invasion is
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required for lesion production (Glock 1974).
Sterile culture filtrates of Treponema hyodysenteriae or sterile filtrates of
colonic contents from affected pigs have not demonstrated the presence of
exotoxins (Wilcock 1979) .. When injected with filtrates, ligated intestinal loops do
not show an accumulation of fluid. Additionally, Y-1 adrenal cells do not undergo
changes when incubated with the filtrates (Whipp 1978). A hemolysin has been
isolated and purified from Treponema hyodysenteriae but its role in pathogenesis
is undefined (Kent 1989). High passage strains of Treponema hyodysenteriae are
able to produce the hemolysin and are culturable from feces but do not produce
characteristic lesions in the large intestine.
Earlier work by Nuessen et. al. was undertaken to establish whether the
LPSLS was biologically active. They found that it was toxic for murine peritoneal
macrophages at concentrations above 15 ug/ml, mildly mitogenic for murine
splenocytes, able to induce chemotaxis by porcine peripheral blood leukocytes
and when injected IP into mice it produced macrophages capable of enhanced
IgG-Fc and C3 receptor-mediated phagocytosis. The authors suggested that the
LPSLS had endotoxic potential and further study of this material may contribute
to an understanding of the pathogenesis of this disease. Current methods of
controlling and treating SD are ineffective.

Compounding this has been the

inability to identify ordinary virulence factors for T. hyodysenteriae such as

18

invasiveness or exotoxin production. Further examination of potential biological
activity and/or the possibility that the LPSLS may act as a determinant for virulence
could lead to a biological basis for limiting the effects of this disease.
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BACKGROUND
Although Treponema hyodysenteriae is considered an anaerobic spirochete,
it belongs to the broader class of gram-negative organisms. A characteristic of
these bacteria is an outermost membrane bound/associated layer which mediates
host interactions. Lipopolysaccharide, a major component of this layer, possesses
profound biological activity. Its major bacterial function is thought to act as a
selectively permeable barrier to control the transport of molecules into the cell
(Leive 1965).

Isolation of LPS from whole cells is easily accomplished by

extraction with cold TCA (Boivin et. al. 1935), aqueous butanol (Morrison et. al.
1976) or hot phenol/water (Westphal et. al. 1954). The first two methods yield a
mixture of LPS with associated lipid and protein while the Westphal method yields
relatively pure LPS.

Regardless of what extraction procedure is utilized, the

resulting material demonstrates similar biological activity.

The LPS molecule

consists of carbohydrate moieties covalently bound to a lipophilic molecule. In
1954, Westphal et. al. coined the term Lipid A to distinguish this lipophilic molecule
from associated lipids which were noncovalently bound.

The polysaccharide

portion of the molecule consists of two distinct regions, a core and an antigenically
specific chain of repeating carbohydrate units. Among the enterobacteriaceae, the
core region is identical. It consists of a deoxysugar 2-keto-3-deoxy-octulosonate
(KDO), LD-heptose, phosphorylethanolamine and hexoses. The antigenically
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specific carbohydrate chain, or a-antigen, consists of repeating units of
oligosaccharides. In wild type organisms, the molecules exist as high molecular
weight substances (> 100 Kd). The presence of the a-specific chain confers a
smooth mucoid appearance to plated colonies of gram-negative bacteria. Loss,
or reduction of the polysaccharide chain, produces colonies with rough and
uneven edges.
The component of LPS examined to the greatest extent has been Lipid A.
In 1950, Tal et. aI., working with extracts of Shigella paradysenteriae, postulated
that endotoxicity was due to a biologically active lipophilic molecule which they
designated component T.

Their hypothesis remained controversial until the

isolation of a heptose-deficient strain of Re mutant Salmonella minnesota (R595).
The heptose part of the core provides the attachment linkage for the a-specific
polysaccharide chain.

Salmonella R595 LPS, due to this defect, lacked the

polysaccharide chain but still demonstrated the same biological activity of smooth
strains of Salmonella LPS. This implied that biological activity was independent of
an intact polysaccharide chain (LOderitz 1966).
Chemical treatment has been used to modify the intact LPS molecule.
Cleavage into its constituent. components or transformation of toxicity can be
accomplished. Mild acid hydrolysis using 1% acetic acid for several hours at 100°
C severs the bond between Lipid A and KDa. The polysaccharide remains in
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solution while Upid A appears as an insoluble white waxy material. Upid A, being
hydrophobic, can be separated either by extraction into organic solvents or
partially purified by centrifugation.
Two more procedures are routinely used to detoxify intact LPS without
altering the antigenicity of the polysaccharide chain.

Polymyxin B binds

stoichiometrically to Upid A (Morrison 1976). 'One molecule of the cationic
antibiotic associates with two negatively charged phosphate groups on the Upid
A portion of the LPS. Mild alkaline hydrolysis at 56° C using 0.25 N NaOH for 30
minutes removes ester linked fatty acid components of the Upid A molecule while
leaving the polysaccharide portion unchanged (Neter 1956). Removal of the fatty
acids inactivates LPS toxicity.
The basic structure of Upid A appears to be conserved among gramnegative bacteria. Purified Upid A exhibits immunogenic properties which induce
antibody formation. These anti-Upid A antibodies show broad cross reactivity
among the Upid A's of gram-negative bacteria (Galan os 1971).

In enteric

infections however, antibodies to Lipid A are rarely seen. This may be due to it
being buried in the bacterial outer membrane which masks it from the host
immune system. The biosynthesis (Ray 1984) and structure (Rietschel 1983,84)
of Upid A has been elucidated in the last several years. This work has led to its
synthesis by Galanos et. al. in 1984. The demonstration of endotoxic biological
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activity in the

~ynthetic

compounds fully confirmed the role of Lipid A as the

molecule responsible for the effects of LPS.
The range of biological activity of LPS is extensive. Because of the location
of LPS on the surface of gram-negative bacteria, it is in an optimal position to
interact with the mammalian host. Gram-negative organisms and mammalians
have developed a symbiotic relationship. The presence of these organisms in the
intestinal tract is an essential component for nutrient processing of both bacterium
and host. Maintenance of this symbiotic relationship implies that mammals require
a swift and potent immune surveillance to respond to movement of these
organisms out of the gut and into the body where gram-negative sepsis can occur.
Although endotoxicity is associated with Lipid A, different regions of the LPS
molecule are responsible for activation of the immune system. The Lipid A region
of LPS is cytotoxic and activates complement through the classical pathway
(Grossman 1984).

The O-specific side chain is antigenic and activates

complement through the alternate pathway (Wilson 1982, Joiner 1984).
Early on in the investigation of gram-negative organisms, researchers noted
that they possessed pyrogenic activity.

Work done by Sanarelli in 1924 and

Shwartzman in 1928 demonstrated that two injections of culture filtrates from gramnegative organisms, if properly timed, produced tissue damage at the site of the
primary injection. What is now referred to as the Shwartzman reaction was due

23
to endotoxin induced disseminated intravascular coagulation (DIG). Evidence has
accumulated which suggests that DIG results from activation of Hageman factor
by LPS. Increased levels of bradykinin have been used to indicate if Hageman
factor has been activated.

Following intravenous injection of LPS in humans

(Kimball 1972) and sub-human primates (Nies 1973). increased levels of bradykinin
were observed. Fowl. which are deficient in Hageman factor (Soulier 1959), do not
develop DIG following properly timed injections of LPS (Skjorten 1973). In 1974.
Morrison showed that purified Lipid A could activate Hageman factor.
Humoral and cellular immunological effects are induced by LPS.
Immunization with whole bacterial cells results in formation of IgM and IgG
antibodies while purified LPS induces only IgM (Ahlstedt 1975). This study also
demonstrated that LPS would prime for a secondary antibody response due to
immunization with whole cells but not with a subsequent challenge with LPS.
Direct evidence for LPS stimulation of a proliferative response of murine
lymphocytes was produced by Takano et. al. in 1968. They examined the rate of
incorporation of 32 p into the nucleic acids of splenocytes 24 to 48 hours after
intraperitoneal injection of LPS. Analysis of DNNprotein ratios suggested that
lymphocyte proliferation was taking place.

In vitro studies of LPS applied to

murine splenocytes from five genetically unrelated ,strains of mice demonstrated
that all were stimulated to blast formation and had increased levels of DNA
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synthesis (Peavy 1970). As little as 0.5-1.0 ug of LPS per ml was required for a
statistically significant response. Studies measuring splenocyte responses to LPS
from congenitally athymic mice implied 8 lymphocytes as the subpopulation of
cells which were proliferating (Andersson 1972). Subsequent work that treated
normal spleen cells with anti-Thy-1.2 and complement showed no effect on LPS
induced proliferation and established the role of the 8 lymphocyte (Piquet 1973).
The role of Lipid A in the proliferative response was examined by several
inv!3stigators. Purified Lipid A and LPS from Re mutant Salmonella minnesota
R595 were both able to stimulate a

prolifer~tive

response for splenocytes

(Andersson et. al. 1973, Chiller et. al. 1973, Peavy et. al. 1973).

Further

confirmation of the role of Lipid A was demonstrated by adding polymyxin B to the
LPS (Jacobs 1975) or adding rabbit antiserum to LPS (Knudsen 1977). Both
inhibited the proliferative response.
A unique animal model, which arose through spontaneous mutation, exists
for comparing the biological responses to LPS.

The murine strain C3H/HeJ

(nonresponder) is hypo responsive to the effects of LPS while the genetically
related C3HeB/FeJ (responder) strain responds normally.

C3H/HeJ mice are

hyporesponsive to the effects of LPS due to a mutation of the LPS gene which has
been mapped to chromosome 4 (Schultz 1987).
hyposensitive

~o

Although C3H/HeJ mice are

the effects of LPS, they are more susceptible to gram-negative
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infections and show difficulty in clearing them (Vas 1973). The C3H/HeJ mouse
exhibits increased susceptibility to infection by Salmonella typhimurium (O'Brien
1982) and Escherichia coli (Hagberg 1985).

More recently, bacteremia by

Neisseria meningitidis was shown to be more prolonged in C3H/HeJ mice than

in LPS responder mice (Woods 1988).
Macrophages and the class II MHC gene products are central in the
immune response. Experiments have shown that the presence of la glycoproteins
on the surface of macrophages are required for antigen presentation which results
in lymphocyte activation (Benacerraf 1981, Unanue 1984).

When mineral oil,

peptone, or thioglycollate is given by intraperitoneal injection, it induces an
increase in the number of macrophages.

The proportion of la-positive

macrophages, however, remains similar to the resident macrophage population.
However, intraperitoneal injection of Listeria monocytogenes, a gram positive
bacteria, results in an increase of la-bearing macrophages (Beller 1980). This in
vivo gram positive bacterial la induction was found to be a T cell-dependent event

(Lu 1981). In 1984, Ziegler et. al. demonstrated that small amounts of LPS (1 to
1000 ng) given at 6 to 12 days after injection, could stimulate the expression of la
bearing peritoneal macrophages. C3HeB/FeJ mice, normal responders to LPS,
were able to develop la enriched macrophages upon exposure to both Listeria
monocytogenes and purified LPS. la induction on macrophages from C3H/HeJ
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mice, genetic low responders to LPS, was undetectable.

These same mice,

however, could demonstrate a positive la response when exposed to Listeria
monocytogenes. LPS has subsequently been implicated as a major determinant

for la expression by gram-negative bacteria (Wentworth 1987, Marshall 1989).
The majority of LPS investigative work has focused on enteric organisms.
Interest on virulence mechanisms of non-enteric, gram-negative organisms have
revealed both gross and subtle differences among lipopolysaccharides derived
from this group. It has long been observed that when plated colonies of gramnegative enteric organisms become rough, due to shortening of the O-specific side
chain on the LPS molecule, they become avirulent. In contrast, the presence of
long chains of O-specific antigen are rare among non-enteric gram-negatives. B.
pertussis (Le Dur 1980) N. meningitidis (Jennings 1983), H. influenzae (Inzana

1983) and N. gonorrhoeae (Schneider 1984) all have O-specific chains of limited
length.

Despite this reduction of O-specific antigen, these organisms do not

demonstrate impaired virulence. Biologically, the Lipid A from these organisms
mimic the activity of Lipid A from enterobacteriaceae. They produce a gelation
reaction with the Limulus amoebocyte assay, demonstrate rabbit pyrogenicity, and
are positive in mouse lethality assays. Their core KDO regions and Lipid A crossreact serologically with those of the enterobacteriaceae (Hitchcock 1986).
There has been debate over whether members of the order Spirochaetales

27
possess LPS and if they do, whether this material is biologically active. Isolation
and chemical characterization of the outer envelope of Leptospira pomona, where
the LPS molecule should reside, showed the absence of heptose and 2-keto-3deoxyoctonic acid (Ziegler 1975). Both of these molecules are consistently found
in classical preparations of LPS from enterobacteriaceae. Earlier work which used
identical extraction procedures for LPS from Leptospira interrogans canicola and
Escherichia coli failed to show endotoxic properties for the former but positive
endotoxic properties for the latter (Finco 1967). In 1985, Beck et. al. published
reports that they had isolated a lipopolysaccharide from Borrelia burgdorferi. Their
work was initiated by the observation that patients treated with antibiotics for Lyme
disease often exhibited the Jarisch-Herxheimer reaction.

This reaction is

characterized by the killing of gram-negative organisms which, in turn, releases
large quantities of circulating LPS that exacerbates symptoms. The reaction is also
a common occurrence in the antibiotic treatment of Treponema pallidum infections.
Their Borrelia LPS preparation was pyrogenic for rabbits and when injected
subcutaneously into rabbits and humans it produced an erythema chronicum
migrans-like rash.

This particular rash is pathognomonic for Lyme disease.

Subcutaneous injections of enterobacteriaceae LPS do not produce erythema
chronicum migrans. Using a stricter definition of lipopolysaccharide, Takayama et.
aI., in 1987, disputed the existence of LPS in Borrelia burgdorferi. In addition to
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the Westphal extraction for LPS, they also did a Galanos extraction. The Westphal
method only purifies hydrophilic LPS molecules. Severely rough forms of gramnegative bacteria do not possess sufficient polysaccharides to overcome the
hydrophobic nature of Lipid A. This type of LPS is therefore found in the phenol
phase of Westphal extracts. The Galanos extraction allows protein free purification
of LPS from rough organisms.

Both of their extraction products failed to

demonstrate the presence of either 2-keto-3-deoxyoctonate or Lipid A. The mild
acid hydrosylate from the different extracts and their different phases were devoid
of hexa-and pentaacyl monophosphoryl lipid A, the expected product of LPS
hydrolysis. Although the aqueous extract was Limulus amebocyte assay positive,
it did not stimulate prostaglandin E2 (PGE2) production by monolayers of rabbit
synoviocytes. The LPS from enterobacteriaceae is able to induce PGE2 in this
assay (Varon 1980). The authors conclusion was that classic enterobacterium-type
LPS was absent in Borrelia burgdorferi. They did not dispute the presence of a
LPS-like substance.
Among the first reports of LPS in the genus Treponema was that by
O'Alessandro in 1958. A crude LPS extract was prepared by a TeA extraction of
whole cells of the avirulent cultivatable Treponema pal/idum Reiter strain. The
resulting antigen when dissolved in water produced an opalescent solution
(characteristic of suspensions of LPS).

Rabbits immunized with the extract
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produced antisera which reacted in complement fixation tests with homologous
antigen but was unreactive to heterologous antigen prepared from extracts of
gram-negative enteric bacteria. Serum from rabbits infected with the Nichols strain
of pathogenic Treponema paJlidum reacted vigorously and consistently with the
Reiter strain TCA extracts. The specificity of the antigen was demonstrated by its
inability to react with normal rabbit serum, normal human serum or human serum
that demonstrated false positives to Treponema paJlidum. The TCA extracted
antigen reacted positively in 76 of 85 human syphilitic serums.
The ultrastructure of the lipopolysaccharide in Treponema paJlidum was
examined by Jackson et. al. (1973).

Ultrapurified Westphal extracts from the

nonpathogenic Nichols strain of Treponema paJlidum were examined by electron
microscopy. Morphologically they observed spherical particles about 14 nm in
diameter, ribbons with average diameter of 12-14 nm, and occasional doughnut
forms. This heterogeneity of forms is characteristic of enterobacteriaceae derived
LPS (Shands 1967). Of interest was that the Treponema paJlidum ribbon forms
did not have extensive branching which is commonly seen in Salmonella
typhimurium (Shands 1967) and Escherichia coli (Lopes 1970). Ribbon branching

may be due to the lengthy O-specific chain of the enteric LPS.
Although the exact location of Treponemal LPS has not been determined,
it is assumed that it is a component of the outer sheath or envelope. Several
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authors cite the work of Pillot who found that the outer envelope of the Reiter strain
of Treponema pallidum contained polysaccharides responsible for immunological
activity and specificity.

He also reported that the envelope contained

polysaccharides bound to lipids (Pillot thesis, University of Paris, 1965).
The first studies to examine the biological activity of LPSLS from Treponema
hyodysenteriae were undertaken by Nuessen et. al. (1982). Four assays, which

reflected potential aspects of pathology due to Treponema hyodysenteriae, were
performed. The authors investigated cytotoxicity, macrophage receptor-mediated
phagocytosis, mitogenesis, and chemotaxis due to the effect of aqueous phase
Westphal extracts obtained from whole cells of Treponema hyodysenteriae.
Cytotoxicity was assayed by obtaining macrophages from peritoneal lavage
of euthanized CF1 mice. After collection, the cells were plated and reacted to T.
hyodysenteriae LPSLS at concentrations of 0, 1.5, 15 and 150 jJ.g per ml for

approximately 10 hr. The presence of the Treponemal LPS caused detachment
of many of the macrophages, while concentrations of LPS above 15 ug per ml
demonstrated statistically significant cellular toxicity.
Macrophage receptor-mediated phagocytosis was examined by injecting
CFI mice with 75 ug of Treponemal LPS dissolved in 1 ml of PBS or PBS alone.
After 6 days, the mice were sacrificed and the peritoneal cells were evaluated for
their ability to ingest IgM and complement coated or IgG coated sheep
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erythrocytes (SABC). The results showed that the percentage of macrophages
able to phagocytize IgG-Fc receptor SABC's was similar for untreated and LPS
treated murine macrophages. However, the LPS treated macrophages ingested
twice as many SABC's. There was a 6x increase in internalization of C3 receptor
SABC's by LPS induced macrophages when compared to macrophages from
untreated mice.
To assay for mitogenic activity, Treponema! LPSLS was applied at
concentrations of 0.0, 1.5, 15.0, 50 and 100 ug per ml to spleen cell suspensions
from normal mice. After 72 hr, they were pulsed with 1 uCi of 3 H thymidine and
incubated for an additional 18 hr~ Cells were harvested and measured for
incorporation of 3 H thymidine by counting in a liquid scintillation counter.
Splenocytes incubated with 1.5 ug of Treponema! LPSLS had twice as many
counts as control splenocytes. Maximal mitogenic effect was seen with 15 ug per
ml of LPSLS (approximately 4 x number of counts when compared with control
splenocytes). Mitogenic activity rapidly decreased at levels above 15 ug per ml
of LPSLS. Decrease in mitogenesis with higher levels of LPS were probably due
to toxic effects.
Chemotaxis potential was evaluated by treating porcine serum with either
Escherichia coli LPS or Treponema! LPSLS. The two sera were diluted 1:2 and

used as the source for chemotaxin. Porcine leukocytes were assayed for their
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ability to completely migrate through 5 urn filters in blind well chemotaxis
chambers.

The Treponema! LPS demonstrated an approximately similar

chemotactic response when compared with E. coli LPS (3.3 x over untreated
serum or plain media). When the serum was preheated (560 C for 30 m) prior to
treatment with either LPS, the chemotactic effect was negated.
A year later, a follow up study by Nuessen et. al. (1983) addressed three
additional topics.

Using LPS responsive and unresponsive mice, they tested

murine lethality, murine macrophage chemotaxis, and lesion production by oral
inoculation of Treponema hyodysenteriae.
Murine lethality was demonstrated by intraperitoneal injection of Treponemal
LPSLS alone or with actinomycin 0 (a potentiating agent for LPS). Mice injected
with only actinomycin 0 were used as controls. The mice were then observed for
mortality over a 10 day period. All 9 of the C3H/HeJ (LPS nonresponders) mice
were recalcitrant to lethal effects of the Treponema! LPS combined with
actinomycin D. 8 out of 9 C3HeB/FeJ mice (LPS responders) were sensitive to the
lethal effect of the LPS when combined with actinomycin D.

When LPS or

actinomycin were administered individually lethal effects were not evident in
C3HeB/FeJ mice.
Murine macrophages were tested for a chemotactic response to
Treponema! LPSLS using C3H/HeJ and C3HeB/FeJ mice. Macrophages were
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collected by peritoneal lavage. Media either with or without Treponemal LPSLS
was placed in blind end chemotaxis chambers and overlaid with 5 um filters. The
macrophages were placed on the filters and incubated for 4 hr. Chemotaxis was
scored by counting the number of cells that had completely migrated through the
filters. Macrophages from C3H/HeJ mice migrated in response to the LPS/media
11 x higher than media alone. C3HeB/FeJ macrophages did not respond to the
LPS.

These results were in agreement with a previous study that showed

endotoxin was chemotactic for C3H/HeJ macrophages but not for C3HeB/FeJ
macrophages. The authors advanced two hypotheses. The first was that the
C3H/HeJ macrophages could respond to the LPS and subsequently limit its
effects.

The second was that the C3H/HeJ macrophages where unable to

respond to the LPS once attracted to the site of Treponemal infection. Without
release and activation of mediators, tissue damage or lesion production would be
diminished.

The authors previous work indicates that normal porcine

macrophages are only chemotactic to Treponemal LPS when complement is
present. '
C3H/HeJ and C3HeB/FeJ mice were tested to determine if an active
infection by Treponema hyodysenteriae could produce intestinal lesions. Following
a 24 hr fast, mice were inoculated intragastrically on two consecutive days with 1
ml of Treponema hyoflysenteriae' broth culture (1 x 108 viable cells). Mice were
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sacrificed 10 days after the second inoculation. Fecal samples, to check for the
presence of the organism, were collected before inoculation, two days after the last
inoculation, and at the time of necropsy. All the mice were culture negative for
Treponema hyodysenteriae at the start of the experiment.

Two days post

inoculation all of the mice were positive for fecal shedding of the spirochete. At
necropsy, most of the mice were still fecal positive, indicating that the organism
can become established in both LPS responder and nonresponder mouse strains.
Gross lesions at necropsy were present in 90% of the C3HeB/FeJ mice in contrast
to the C3H/HeJ mice which were completely free of gross lesions. However, 2 out
of 15 C3H/HeJ mice had microscopic intestinal lesions. The authors pointed out
that all of the mice which had organisms recovered at necropsy demonstrated a
significant infiltration of histiocytes in the lamina propria, including the C3H/HeJ
which were lesion free.
A report was published recently by Greer et. al. (1989) which provided
conflicting results with earlier reports of biological activity from Treponema
hyodysenteriae LPSLS. Biological assays were reported for mitogenesis, lethality,
Limulus amebocyte lysate gelation, adjuvanticity, pyrogenicity, and dermal

Shwartzman reaction.
Splenocytes were assayed for mitogenicity by incubating them with either
Westphal extracts of T. hyodysenteriae or T. innocens or aqueous butanol (AB)
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extracts (LPS plus associated proteins) from the same organisms for an
unreported period of time and pulsed with 0.5 uCi of 3 H thymidine for an 8 hr
incubation period (in contrast to 1.0 uCi of 3 H thymidine for 18 hr by Nuessen).
The authors did not report the use of a negative control to establish a baseline for
mitogenic activity. The Westphal extracts demonstrated limited mitogenicity when
compared to the butanol extracts.
Murine lethality was assayed by sensitizing mice with oral and Lp.
galactosamine followed by an Lv. injection of either Westphal or AS extracts and
observed for 48 hr (in contrast to sensitization with actinomycin D and observation
for 10 days by Nuessen). Westphal extracts had a 48 hr LDso of 350ug per
mouse while AS extracts had a LDso of 80 ug per mouse.
Results ofthe Limulus amebocyte lysate gelation assay showed comparable
activity (for both types of extracts from Treponema hyodysenteriae) to LPS from
Escherichia coli. The Westphal extract of Treponema innocens had 20% of the
activity of either T. hyodysenteriae or E. coli. However, AS extracts of T. innocens
had 2 x the activity of either LPS from T. hyodysenteriae or E. coli.
Adjuvanticity was assayed by giving SALS/cSyJ mice Lp. injections of saline
containing either Westphal or AS extracts of either T. hyodysenteriae or T.
innocens and a suboptimal dose of sheep erythrocytes. The mice were sacrificed
after 4 days and harvested for splenocytes. The anti-sheep erythrocyte plaque
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forming cell (PFC) response was determined. The authors did not report the use
of a negative control to establish a baseline for adjuvanticity. They reported that
Westphal extracts of both T. hyodysenteriae and T. innocens were not as effective
for adjuvanticity when compared to AB extracts of either Treponemal spp. or LPS
from E. coli. (data not reported).
To test for pyrogenicity, rabbits were given Lv. injections of Westphal or AB
extracts from either T. hyodysenteriae or T. innocens. The AB extract from T.
hyodysenteriae had the greatest pyrogenic effect at a level of 250 ug (but still less
pyrogenic than 10 ug of LPS from E. coIl). Extracts from T. innocens were not
pyrogenic. These results may reflect on the occasional slight febrile response,
possibly due to variation in host responses, of some swine to early infection with
Treponema hyodysenteriae.
The ability of the Treponemal LPSLS to elicit a dermal Shwartzman reaction
in New Zealand White rabbits was evaluated by giving the rabbits Ld. injections of
either Westphal or AB extracts from either of both Treponemal species or LPS

.

from E. coli. 24 hr later, they were given a provocative dose of the same material
Lv. into the marginal ear vein. The Ld. sites of injection were observed for the next
24 hr for signs of local necrosis. Gross signs of necrosis were not observed by
any of the Treponemal preparations. However, an Ld. site primed with 500 ug of
AB Treponemal extract demonstrated microscopic areas of inflammation and
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edema (data not shown).
When the lipopolysaccharides from the enterobacteriaceae, non-enteric
gram-negatives and the Spirochaetales are compared, a spectrum develops where
definitions of what lipopolysaccharides are and of their attributed biological
properties becomes diffuse. It has been conjectured that the LPS of spirochetes
possess biological activity substantially different from what is found among the
gram-negative enterics and several Neisseria (Holt 1978). Researchers currently
working with pathogenic strains of Treponema pal/idum dispute the existence of
lipopolysaccharide
in these organisms (personal communication spirochetologist
,
dinner ASM 1989). Treponema hyodysenteriae, the organism whose LPSLS is
under proposal to investigate, is unique for several reasons. First, it is the only
pathogenic member of the genus Treponema which can be cultured on artificial
media along with its status as an anaerobic enteropathogenic spirochete.
Secondly, Treponema innocens, an avirulent but closely related organism, is
available for comparison.

Additionally, an intermediate pathogenic form of

Treponema hyodysenteriae, strain T-22 (virulent for mice but not swine), and

attenuated Treponema hyodysenteriae (high passage) can be used for
comparative purposes.
The literature examining non-enterobacteriaceae derived LPS reinforces that
these molecules are structurally different from classic models of LPS. One would
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suspect that structural differences would imply differences among biological effects
and activities. This research is an attempt to help clarify the composition and
activity of the lipopolysaccharide-like substance from Treponema hyodysenteriae.
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MATERIALS AND METHODS

Cell Culture and Media

Treponema hyodysenteriae strains B234, B204, B169, A-1, 6933, 8044, and

Ack 300/8 (serotypes 1,2,3,4,5,6 and 7 respectively), attenuated T. hyodysenteriae
strains T-22 (serotype 1) and B204 (serotype 2, 131 or more passages in culture),
and Treponema innocens strains B256, 421, Dys 676, Taylor, and 1555a were
grown in sealed flasks containing 500 ml or 1000 ml of oxygen reduced Trypticase
Soy Broth (BBL Microbiology Systems) supplemented with 4% Fetal Bovine Serum
(GIBCO Laboratories) on a shaker platform for 48 hr at 37° C in an atmosphere
of 50% H2 and 50% CO 2.

Cell Harvesting and LPSLS Extraction

Cultures of T. hyodysenteriae and T. innocens were centrifuged at 7000 x
g for 30 min at 4°C. Supernatants were discarded and the pellets were stored at
70° C until extracted. Pellets from 500 ml cultures were resuspended in 10 ml of
68° C dH 20, combined with 10 ml of 72° C 88% aqueous phenol (Mallinckrodt)
(the temperature when the two liquids become monophasic) vortexed and
extracted by the method of Westphal et. al. (1952). After heating for 15 min with
additional vortexing at 7 minutes, the cell mixture was cooled in an ice water bath,
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centrifuged at 1650 x g and followed by the removal of the upper aqueous phase
which was retained. The phenol phase was re-extracted with another 10 ml of
dH 2 0 at 72° C with repetition of the previous steps. The second aqueous phase
was then combined with the first aqueous phase. Phenol contamination of the
LPSLS containing aqueous layer was removed by extensive dialysis at 4° C using
Spectra-Por (Spectrum Medical Industries) 3500 MWCO cellulose tubing.
Following dialysis, the retentate was ultracentrifuged at 100,000 x g for 2 hr at 4°C.
The supernatant was decanted and the sedimented

LPSLS crystals were

resuspended in 2 ml of dH2 0 and assayed for total carbohydrate content by
reaction with L-cysteine HCI and sulfuric acid (Dische 1949). As reviewed in
Carbohydrate Analysis (IRL Press 1986), this colorimetric assay provides the
greatest sensitivity and selectivity for hexoses. 35 mg of L-cysteine were dissolved
in 50 ml of 86% H2S0 4 .

2 ml of this solution was added to 0.2 ml of sample

(diluted 1:10, 1:50, 1:100 and 1:250) or standard (0,5,10, 15,20, 30

~g/ml

of

glucose) in a clean glass test tube and heated at 100° C for 3 min followed by
immersion in an ice bath. 200

~I

amounts of the reactants were pipetted into 96

well plastic plates and absorbance was read at 410 nm using a Dynatech 700
plate reader.

A standard curve was calculated to estimate the carbohydrate

content of the sample. The Lowry (1952) protein assay was also conducted to
ascertain that no colorometrically detectable levels of protein contamination were
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in the LPSLS extracts.

Additionally, the LPSLS was shown negative for

contaminating proteins by the inability to visualize banding with Commassie Blue
staining by Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDSPAGE).

Preparation of Samples for Electrophoresis

Aqueous suspensions of LPSLS containing 2.6
silver staining of linear gradients, 5.2
gradients or 26

~g

~g

~g

of total carbohydrate for

of total carbohydrate for exponential

of total carbohydrate for Western blots (linear gradients) were

solubilized and denatured by heating for four minutes at 95° C in a solution of 40%
dH 20, 20% glycerol (Mallinckrodt), 20% of 10% (WN) sodium dodecyl sulfate
(Sigma), 5% 2-mercaptoethanol (Fisher Scientific Co.) and 2.5% of 0.05% (WN)
bromophenol blue (Fisher Scientific Co.) to a final volume of 30

~I.

SOS·PAGE

Polyacrylamide gel electrophoresis was performed in a continuous buffer
system containing 0.1 % sodium dodecyl sulfate (Sigma) with either a linear
gradient without a stacking gel or an exponential gradient with a stacking gel (4%
bis-acrylamide) of 10% to 20% acrylamide (Bio-Rad Laboratories) cross-linked with
0.8% N,N'-methylene-bis-acrylamide (Bio-Rad Laboratories). Linear gradients were
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formed with a Mega Dalt gradient maker (Health Products Inc.) while exponential
gradients were formed with a Hoefer XPO 77 gradient maker. Linear slabs were
electrophoresed at 40 mA constant current per slab at 12° C. Exponential slabs
were electrophoresed at 20 mA constant current per slab at 12° C until the loading
buffer reached the resolving gel. Once at the stacking/resolving gel interface, the
constant current was increased to 40 mA per slab.

Proteins included for

calibration of molecular weights were 110 kDa, 87 kDa, 57 kDa, 40 kDa, 36 kDa,
26 kDa, 17 kDa, 12 kDa and 6.5 kDa (courteously supplied by the Center for
Separation Science, University of Arizona) or 200 kDa, 116.25 kDa, 97.4 kDa, 66.2
kDa, 45 kDa, 31 kDa, 21.5 kDa, and 14.4 kDa (Bio Rad High and Low
electrophoresis markers).

Staining of SOS-PAGE Slabs
Visualization was accomplished with a modification of the lipopolysaccharide
silver stain of Tsai and Frasch (1982) based upon oxidation of organic groups by
periodic acid.

The basis of this method is that periodic acid oxidizes the

carbohydrates which form the O-specific chains. Hydroxyl groups are converted
into aldehydes which increase their affinity for ammoniacal silver ions. By limiting
the availability of silver ions in the stain, they bind preferentially to the more
reactive aldehyde sites instead of the negatively charged amino acids of any
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proteins which may also be present in the sample. All of the following steps were
done on a shaker platform. Slabs were fixed with 10% acetic acid in 50% ethanol
overnight. The slabs, without washing, were reacted with 1.05 g of periodic acid
dissolved in 150 ml of dH2 0 with 4 ml of 25% isopropanol in 7% acetic acid for 5
min and washed 8 x with 200 ml+ dH2 0 (5 min/wash). The staining mixture
(which consisted of combining 28 ml of 1 M NaOH with 2 ml of cone NH 4 0H,
adding 5 ml of 20% AgN03 and stirring until the precipitate dissolved followed by
the addition of 115 ml dH2 0) was applied for 15 min. After staining, the slabs
were washed 8 x with 200+ ml dH 2 0 (5 min/wash).

Visualization was

accomplished by applying a solution of 250 ml containing 50 mg of citric acid and
0.5 ml of 37% formalin dissolved in 1 L of dH2 0 for 10 min. The reaction was
stopped by removing the developer and adding 150 ml of 10% acetic acid for 1
hr. The slabs were rinsed and stored in plastic. A standard curve of molecular
weight plotted against electrophoretic mobility was constructed based upon the
molecular weight standards. The molecular weights of the visualized LPSLS bands
from the seven serotypes of T. hyodysenteriae and T. innocens were estimated by
the standard curve.

Antisera Preparation
Sera containing the primary antibodies was prepared from New Zealand
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White rabbits by separately hyperimmunizing them with serotype specific formalin
treated whole cell extracts of Treponema hyodysenteriae.

Individual bacterins

against all seven serotypes were prepared by suspending bacterial pellets from
500 ml cultures of Treponema hyodysenteriae in 20 ml of formolized phosphatebuffered saline (0.3% Formalin), and inactivated at room temperature for 24 hr.
The suspension was then adjusted to 0.75 optical density at 525 nm. Bacterins
were then mixed 1: 1 with Freunds Complete Adjuvant prior to injection. On day
1, each rabbit received 0.2 ml intramuscular (1M). At days 14 and 21, each rabbit
received an ID injection of 1.5 ml and an 1M injection of 0.5 ml of bacterin and
Freunds Complete Adjuvant.

At days 28 and 35, each rabbit received an IV

injection of 1.0 ml of bacterin and Freunds Complete Adjuvant.

Rabbits were

exsanguinated on day 42. The harvested sera was filter sterilized (0.22 um) and
stored at _20° C (Mapother 1985). Convalescent swine sera was obtained from
animals recovered from either a serotype one or a serotype two swine dysentery
infection. Drawn blood was allowed to clot, mixed with a wooden applicator stick
and centrifuged at 568 x g. Serum was pipetted out, filter sterilized (0.22

~m)

and

stored at -20°C

ImmunobloHlng of SOS-PAGE Slabs
Immunological analysis of LPSLS was performed by the Western Blot
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method of Towbin et. al. (1979). Polyacrylamide electrophoresed samples were
transferred to Immobilon Paper (Millipore) at 20 v constant voltage for 12 hr, then

30 v constant voltage for 3 hr in a buffer system containing 0.19 M glycine (Sigma
Chemical Co.) and 0.025 M trizma base (Sigma Chemical Co.) in 20% methanol.

Detection of Antigens
Polyclonal sera from hyperimmunized New Zealand White rabbits and
convalescent swine sera were used as a source of primary antibodies for the
LPSLS antigens in the Western Blotting assay. Serum from unexposed rabbits
and pigs was used as a negative control. Hyperimmune and normal rabbit sera
were diluted 1:400 while convalescent and normal swine sera were diluted 1:200.
Binding of the primary antibody to antigens was visualized by biotin labeled antirabbit or anti-swine IgG (1 :400, Kirkegaard & Perry Laboratories, Inc.), reacted with
peroxidase labeled strepavidin (1 :400, Kirkegaard & Perry Laboratories, Inc.) and
developed by mixing equal parts of H2 0 2 solution (Kirkegaard & Perry
Laboratories,lnc.) and 4-chloro-1-naphthol (Kirkegaard & Perry Laboratories, Inc.).
Developed blots were scored for intensity of reaction on a scale of 0-3 and then
recorded photographically.

46
Preparation of Upophilic Component
The LPSLS extracted from 1000 ml cultures of Treponema hyodysenteriae,
serotypes 1-7, and Treponema innocens were suspended in either 1 ml of 1%
acetic acid or 1 ml of 1M HCI (Takayama personal comm), sealed in a glass test
tube under N2 with a teflon lined screw cap, and heated at 100° C for 4 hr. LPS
from a 400 ml culture of Salmonella typhimurium, grown aerobically in brain heart
infusion broth at 37°C, was hydrolyzed under the same conditions using 1% acetic
acid and used as a positive control.

After cooling to room temperature, the

reaction mixtures were subjected to the Bligh and Dyer (1959) lipid extraction
procedure. 2.025 ml of chloroform and 3.375 ml of methanol were combined with
the reaction mixture and vortexed to produce a monophasic system.
Subsequently, 3.56 ml of chloroform and 2.85 ml of dH 20 were added, revortexed,
and spun at 568 x g, and then agitated for five minutes. The aqueous phase was
removed and the hydrophobic phase was transferred to a clean test tube and
evaporated at 50° C under a stream of N2 . Samples were preserved by storing
at -70° C under N2 until analysis by thin layer chromatography.

Thin Layer Chromatography
LPSLS lipophilic material obtained from 1000 ml cultures of Treponema
hyodysenteriae and Treponema innocens were dissolved in 10 j.L1 of chloroform
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and methanol (50:50), spotted onto HPTLC Silica G plates (Analtech), and
evaporated to dryness. Purified Salmonella minnesota R595 lipid A (Sigma) was
used as a control. Plates were chromatographed in a sealed and equilibrated
glass chamber using chloroform: methanol: dH2 0 : conc NH4 0H (40:35:4:2) as
the mobile phase (Takayama 1987 and personal comm». To visualize the dried
plates, 5 mg of potassium dichromate were dissolved in 7.25 ml of H2S04 and
mixed with 3 ml of 100% ethanol. The visualization reagent was lightly sprayed
onto the HPTLC Silica G plates. The plates were then heated to allow charring of
the chromatographed lipophilic material. The visualized spots were photographed
and their resulting Rf's were determined by measuring their migration from their
point of application.

Analysis for Antigenicity of Hydrophobic and Hydrophilic LPSLS Components
LPSLS from Treponema hyodysenteriae serotype one was hydrolyzed and
separated into its hydrophobic and hydrophilic components as previously
described. The two components and intact LPSLS were suspended in separate
coating buffers, 0.015 M Na carbonate with 0.035 M Na bicarbonate pH adjusted
to 9.6, and used as the primary antigens for ELISA reaction with homologous
hyperimmune rabbit sera or convalescent swine sera as prepared above, and
normal rabbit sera, and unexposed swine sera.

Binding of rabbit or swine
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antibodies was detected with either peroxidase labeled anti-rabbit or anti-swine IgG
(Kirkegaard & Perry Laboratories, Inc.).

Binding of the labeled secondary

antibodies was visualized by reaction with a 50:50 solution of 2,2'-azino-di-[3-ethylbenzthiazoline sulfonate] (Kirkegaard & Perry) and H2 0 2 (Kirkegaard & Perry).
The ELISA reaction was quantified by absorbance of the wells at 410 nm using a
Dynatech 700 plate reader.

Analysis for the Presence of KDO and Other Sugars by Gas Chromatography

LPS from Salmonella typhimurium, LPSLS from Treponema hyodysenteriae
and 2-keto-3-deoxyoctulonate (KDO) (Sigma) was placed in 0.3 ml of a
derivatization mixture consisting of O-methoxylamine hydrochloride (66 mg/ml)
(Sigma) and 4-dimethylaminopyridine (66 mg/ml) (Sigma) dissolved in pyridinemethanol (2: 1 [volivol]) and heated at 75° C for 25 min in a sealed glass test tube
with a teflon lined screw cap. The mixture was then cooled, mixed with 1 mlof
acetic anhydride and heated at 75° C for another 15 min. After cooling, 2 ml of
1,2-dichloromethane was added and vortexed.

In rapid succession it was

extracted 2 x with 1 M HCI (with removal of the upper acidic layer) followed by
extracting 3 x using dH 2 0. After the water was removed, the tubes were spun at
1500 rpm to aid in the removal of any additional water.

The remaining 1,2-

dichloromethane was transferred to a clean test tube, evaporated to dryness at
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50° C under N2 and dissolved in 100 III of ethyl acetate-hexane (1:1 [vol/vol])
(Guerrant 1986). Approximately 1 III was utilized for gas chromatography analysis
using a Hewlett Packard 5880A Gas Chromatograph with a 25 m OV5 5% diphenyl
95% dimethypolysiloxane column at 150° C-3000 C with a rise of 10° C/min
(Guerrant 1986). All three samples were run independently followed by IIspikingll
the LPS and LPSLS with the authentic KDO. A comparison of retention times was
used to confirm or deny the presence of KDO in the LPS and LPSLS. Additionally,
standard samples of D-glucose, D-galactose, n-acetyl neuraminic acid, n-acetylglucosamine, n-acetyl-galactosamine, D-mannose, D-methyl-D-glucoside, Draffinose, D-ribitol, D-xylose, D-trehalose, D-melezitose, and D-arabinose were
derivatized by the above procedure.

The retention times of the derivatized

standards were utilized to reveal the identity of peaks produced by the derivatized
LPSLS.

Anticomplement Activity
Approximately 0.0, 25, 50, 100 and 400 Ilg of Treponema hyodysenteriae
serotype 2 LPSLS and corresponding quantities of Treponema innocens LPSLS
and Salmonella typhimurium LPS were dissolved in 20 III of dH20 and incubated
with guinea pig serum (50 Ill) at 3T' C for 30 min. The guinea pig serum was
freshly harvested and prepared as follows to allow removal of natural hemolytic
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antibodies.

One adult female guinea pig was exsanguinated and the blood

allowed to clot at 4° C. The clotted blood was stirred with a wooden applicator
stick and centrifuged at 568 x g to allow removal of the serum. The serum was
then incubated with saline washed packed sheep red blood cells (at a ratio of 100
volumes of serum to 3 volumes of packed cells) at 0° C for ten minutes followed
by centrifugation at 468 x g for 5 minutes at 0° C. The absorption of serum to
cells was repeated two times with subsequent storage of the serum at -70° C.
After incubation, the samples were diluted with 100

~I

of barbital buffer. 10

~I

from

each sample were then incubated with 5 x 108 sheep red blood cells (sensitized
by rabbit anti-sheep red blood cell IgG, Boehringer Mannheim) in 1 ml of barbital
buffer at 37° C for 1 hr. After centrifugation, hemolysis was measured at 546 nm
against a blank using a Beckman DU-7 spectrophotometer with a 0.5cm Iightpath
cuvette. Anticomplement activity was expressed as percentage loss of hemolytic
activity (Galanos 1984).

RIA Detection of la Expression by Macrophages
C3H/HeJ and C3HeB/FeJ mice (2 mice per treatment group) were injected
intraperitoneal (I)P with 1

~g

of either Salmonella typhimurium LPS, Treponema

hyodysenteriae serotype 2 LPSLS, Treponema innocens LPSLS or phosphate

buffered saline,. After 7 days (Zieglar 1984). peritoneal exudate cells (PEC) were
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collected by peritoneal lavage with hanks balanced salt solution (HBSS) containing
10 units of ammonium heparin per ml and 600

~g

of bovine serum albumin (BSA)

per ml. The duplicate pairs of lavaged HBSS from each treatment group were
combined and centrifuged at 468 x g for 7 min at 4° C. The pellet was then
resuspended in RPMI 1640 containing 10% heat inactivated fetal bovine sera, 2
mM L-glutamine, 10 mM HEPES, 0.07% sodium bicarbonate, 0.5 mM sodium
pyruvate, 50 units of penicillin and 50

~g

of streptomycin per ml.

The

concentration of viable PEC's (as determined by trypan blue exclusion) was
adjusted so that 2 x 105 cells per well could be placed in duplicate wells using
plastic 96 well plates. The plates were incubated for 2 hr at 37° C with 6% CO 2 ,
Nonadherent cells were removed by gentle washing with 0.1 % BSA in Phosphate
Buffered Saline (PBSA).

The remaining adherent cells were fixed with 1%

formaldehyde in PBS for 1 minute. Fixed cells were washed with isotonic glycine,
2.19% w/v pH 7.2, and stored overnight in PBS at 4° C prior to la measurements.
The following morning, the PEC's were treated with 1% BSA for 45 min as a
nonspecific blocking agent. After blocking, the cells were washed one time with
PBSA.

Each treatment group was incubated at room temperature with either

supernatant from the ATCC TIB 93 hybridoma (specific for murine C3H lak
molecule) or ATCC HB3 hybridoma (specific for DBA 2 and Balb/C lad molecule).
The HB3 monoclonal antibody (Mab) supernatant was used to determine
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background values due to nonspecific binding. These values were then used to
correct the binding values from the TIB 93 Mab. After a 1 hr incubation, the
supernatants were removed.

The cells were washed 3 x with PBSA and

subsequently incubated with 25

~I

of rabbit anti-mouse IgG immunoglobin

(Kirkegaard & Perry Laboratories, Inc.) diluted 1:500 in PBS. Cells were then
washed 3x with PBSA and incubated for 1 hr with 125'-labeled S. aureus protein
A (DuPont, specific activity 8.71
Hunter

and

Greenwood

~Ci/~g

method

and prepared by a modification of the
with

purification

by

ion-exchange

chromatography) diluted to yield 8 x 104 CPM. The cells were then washed 4x
with PBSA and allowed to dry. The individual plastic wells were separated from
the plate by cutting them with a heated nichrome wire. Binding of the labeled
protein A was measured with a LKB 1282 Compugamma counter (Zieglar 1984).
Analysis of variance with p values of < 0.05 were used to determine if differences
among groups were significant.
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RESULTS
Cell Harvesting and LPSLS Extraction
As a rough estimate of potential yield, 6 L of T. hyodysenteriae 8204,
serotype 2, was harvested and Iypholyzed. The total mass from this volume of
growth was 1.71580 g. After the Westphal LPS extraction (400 ml of 50:50 hot
water and 88% phenol per extraction) and purification by ultracentrifugation, 1700
J..Lg of LPSLS was obtained (all masses determined gravimetrically). Additionally,
the yield of lipophilic material released by acid hydrolysis from the LPSLS was
measured. When 425 J..Lg of 8204 LPSLS was subjected to mild acid hydrolysis
with 1% acetic acid at 100° e, 185 J..Lg of lipophilic material was released (43.5%
of total LPSLS mass). However, if 425 J..Lg of 8204 LPSLS was hydrolyzed with 1
M Hel at 100° e, 270 J..Lg of lipophilic material was released (63.5% of total LPSLS
mass).

SOS-PAGE Silver Stains
Electrophoresis of the T. hyodysenteriae LPSLS demonstrated separation
differences unique to each serotype. On linear gradients, all of the pathogenic
strains exhibited two characteristic bands that ranged between 18 K and 24 K (fig
1a). Notably missing was repetitive banding, or stepladder effect, normally seen
in electrophoresed lipopolysaccharide from smooth strains of E. coli (fig. 1a). T.
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innocens strains (fig 1b), with the exception of 421, lacked the distinct upper
molecular weight band of the pathogenic strains. T. innocens strain 421 contained
bands at approximately 26.9 K, 25.7 K, 24.5 K, 22.9 K, 21.9 K and 17 K which
produced a partial stepladder effect. A comparison of pathogenic serotypes one
and two with attenuated serotypes one and two (fig. 2) revealed the
disappearance of the upper molecular weight band characteristic of the
pathogens. In addition, attenuated serotype two developed three new bands
which occurred at 20.4 K, 25.1 K and 30.9 K.

Separation of the LPSLS by

exponential gradients resulted in a larger number of bands that could be visualized
(fig 3b). Electrophoretic mobility was decreased and bands could be visualized
as high as 42 K. Serotype one LPSLS produced 6 bands between 18.6 K and
37.6 K. Serotype 2 still produced 2 bands but they ranged between 19 K and 31

K. The banding pattern of serotype 3 resulted in 7 bands between 18.5 K and 43
K., serotype 4 had 3 bands between 18.5 K and 37.6 K., serotype 5 had 5 bands
ranging from 18.5 K to 40.7 K, serotype six had 4 major bands between 18.5 K
to 40.2 K and serotype seven had eight bands between 18.8 K and 37.6 K.
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A

B
A. Salmonella typhimurium LPS separated by exponential SOS-PAGE. From left to ri9ht 4119, 2119,
1 119, and 0.5 119
B. T. hyodysenteriae serotypes 1-7 LPSLS separated by exponential SOS-PAGE

figure 3
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Western Blots With Hyperimmune Rabbit Antisera
Homologous rabbit antisera to T. hyodysenteriae serotype one reacted
strongly to the transblotted serotype one LPSLS, but also cross-reacted, to
variable degrees, with all the T. hyodysenteriae LPSLS extracts (fig 4a). Rabbit
antisera against T. hyodysenteriae serotype two demonstrated a strong
homologous reaction but exhibited cross-reactivity with serotypes six and seven
(fig. 4b). Rabbit antisera to serotype six reacted to its homologous LPSLS but
also faintly cross-reacted with serotype two LPSLS (fig. 6b).

Rabbit antisera

against serotype three, four, five or seven showed only a homologous reaction (fig.
Sa, 5b, 6a and 7a). The banding pattern produced by serotypes three, four, five
and seven was unique for each pair of homologous antisera/LPSLS reaction.
Rabbit antisera revealed the presence of a multitude of antigenic bands not
visualized by silver staining (fig 7b). Table one summarizes these reactions.

Reaction of Hyperimmune Rabbit Sera Against LPSLS 1

LPSLS
1

2

3

4

5

6

7

Anti-!

3+

+

+

+

2+

2+

+

Anti-2

-

3+

-

-

2+

2+

Anti-3

-

-

3+

-

....
OJ

Anti-4

-

-

-

3+

-

-

-

ffi"

Anti-5

-

-

-

3+

-

-

Anti-6

-

+

-

-

-

3+

-

-

-

-

2+

-

-

-

-

Anti-Serum

cr

.....

Anti-?
Norm Rabbit

1

-

-

Data represents the intensity of reactions of hyperimmune rabbit sera against transblotted T.

hyodysemeriae serotype 1 through? LPSLS's subjected to SDS-PAGE separation
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Western Blots With Convalescent Swine Sera

Sera from pigs recovered from a serotype one infection showed only a
homologous reaction to serotype 1 LPSLS (fig. 8a). Convalescent sera from a
serotype two infection reacted strongly to its homologous LPSLS, but also crossreacted with serotypes six and seven (fig. 8b). Sera from convalescent swine
yielded banding differences in Western blots when compared with hyperimmune
rabbit antisera. Hyperimmune rabbit antisera, induced by formalized whole cells
of serotype one, reacted against antigens at 26 K and 22.9 K. Convalescent swine
sera from a serotype one infection did not recognize these two bands.
Convalescent swine sera from serotype two infections reacted with one more
antigen at 27.5 K in addition to those antigens recognized by serotype two
hyperimmune rabbit antisera. Table two summarizes Western blot analyses of
convalescent swine sera reacted against the T. hyodysenteriae and T. innocens
LPSLS extracts.

Reaction of Convalescent-Phase Swine Sera Against T. hyodysenteriae LPSLS

1

- -

SERUM

r+

III

cr
CD

I\)

LPSLS
1

18

2

2b

3

4

5

6

7

Convalescent
serotype 1

2+

3+

-

-

-

-

-

-

-

Convalescent
serotype 2

-

-

3+

3+

-

-

-

2+

2+

Unexposed
Swine

-

-

-

-

-

-

-

-

-

a naturally attenuated strain T-22
b attenuated by laboratory passage

Reaction of Convalescent-Phase Swine Sera Against T. innocens LPSLS1
-

SERUM

LPSLS
421

8256

DVS 676

Taylor

1555a

Convalescent
serotype 1

-

-

-

-

-

Convalescent
serotype 2

-

-

-

-

-

Unexposed
Swine

-

-

-

-

-

1 Data represents the intensity of reactions of convalescent-phase swine sera against transblotted T. hyodysenteriae
serotype 1 through 7 and attenuated serotype 1 and 2 LPSLS and T. innocens LPSLS subjected to SOS-PAGE
separation
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figure 8
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Thin Layer Chromatography

T. hyodysenteriae LPSLS is incompletely hydrolyzed by 1% acetic acid at
1000 C for 30 min (fig 9b). This was observed by gravimetric measurement in
addition to TLC profiles. At longer times (4 hr), 8204 LPSLS produces two spots
with Rf's of 0.50 and 0.56 when visualized by charring (fig 9a). If the same LPSLS
is hydrolyzed under more vigorous conditions (1 M HCI at 1000 C) another spot
is seen with a Rf of 0.61. Upophilic material from serotypes 1 and 2 appeared
identical.

Serotypes 1, 2, 3, 6 and seven and T. innocens 1555a all shared the

spots with Rf's of 0.50 and 0.56. Serotype 3 and 5 both possessed an upper spot
with a Rf of 0.66 instead of 0.61. Serotype 4 lipophilic material was recalcitrant to
visualization and only extremely faint spots could be visualized at Rf's of 0.50 and
0.56. Serotype 5 lacked a spot with an Rf of 0.50 but had 2 spots at 0.56 and
0.66. Attenuated serotype 1 (T-22) serotype 2 (131 + passages), serotypes 6 and
7 (nonpathogens) and T. innocens 81555a all had a common spot with an Rf of
0.18. T. hyodysenteriae and T. innocens lipophilic component do not share any
common spots with Upid A (Sigma) when chromatographed by thin silica layers.
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Analysis For Antigenicity of Hydrophobic and Hydrophilic LPSLS Components
The LPSLS, when hydrolyzed by 1% acetic acid, demonstrates greater
antigenic reactivity to immune sera than hydrolysis with 1 M HCI. This difference
is greatest when the hydrolyzed LPSLS is reacted with hyperimmune rabbit sera.
ELISA optical density with rabbit sera for the acetic acid hydrophilic portion is 3.5
x higher than the HCI hydrophilic portion (table 3 and fig 10). The corresponding
acetic acid hydrophobic portion is almost 2 x higher than the HCI hydrophobic
portion. With hyperimmune rabbit sera, the products from HCI hydrolysis reacted
only slightly higher than the normal rabbit sera control. Strongest hydrosylate
reactivity was observed with the acetic acid hydrophilic portion.
The difference in reactivity to the assorted hydrosylates with convalescent
swine sera was not as great. The acetic acid hydrophilic portion was 1.9 x higher
than the HCL hydrophilic material. The acetic acid hydrophobic portion was 1.2
x higher than the HCL hydrophobic hydrosylate (table 3 and fig 11). Convalescent
swine sera reacted more vigorously to the HCI hydrosylates than the hyperimmune
rabbit sera.

ELISA Reactivity of Swine and Rabbit Sera Against
Hydrophilic and Hydrophobic Components Of T. hyodysenteriae LPSLS
--_.-

~

--

NSS

CSS

NRS

HRS

Hydrophilic hydrosylate

0.126

0.375

0.153

0.517

Hydrophobic hydrosylate

0.127

0.237

0.153

0.304

1% ACETIC ACID HYDROLYSIS
I

1 M HCl ACID HYDROLYSIS

....
0>

Hydrophobic hydrosyJate

0.115

0.197

0.115

0.144

CD

Hydrophobic hydrosyJate

0.111

0.195

0.143

0.163

0.144

1.463

0.249

1.663

cr
(,.)

UNTREATED LPSLS
NSS (normal swine sera)
CSS (convalescent-phase swine sera)
NRS (normal rabbit sera)
HRS (hyperimmunized rabbit sera)
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ACID HYDROLYZED T. HYODYSENTERIAE
LPSLSREACTED WITH RABBIT SERA
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figure 10
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ACID HYDROLYZED T. HYODYSENTERIAE
LPSLS REACTED WITH SWINE SERA
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A
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figure 11
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Analysis for KDO and Other Sugars by Gas Chromatography

Analysis of the derivatized LPSLS from T.

hyodysen~eriae

serotypes 1-7 and

T. innocens strain 8256 failed to detect the presence of KDO but confirmed the

presence of glucose, galactose, n-acetyl neuraminic acid, n-acetyl glucosamine
and n-acetyl galactosamine. Under the assay conditions, the O-methoxylamine
acetate derivative of KDO has a retention time of just under 15 minutes (fig.12)
The identically derivatized samples of LPSLS from T. hyodysenteriae (fig 13a and
13b) or T. innocens, regardless of serotype, did not produce a peak which would
have corresponded with KDO.

The major carbohydrate components of the

LPSLS's were glucose and galactose.

When all of the different LPSLS's are

compared, these two sugars constitute over 70% of the total carbohydrates with
galactose predominating except for serotype 2 were glucose predominates (table
4 and fig 14).

The amino sugars occur as minor components of total

carbohydrates with n-acetyl neuraminic acid prevailing.

L-glycero-D-manno-

heptose, a carbohydrate component of the core from Enterobacteriaceae LPS,
was not detected (explained in discussion).

Carbohydrate Ratios of Selected Sugarsl

1

la

2

3

4

5

6

7

B256

GLUCOSE

16.8

13.5

55

13.5

12

16.8

15

5.2

5.2

GALACfOSE

63.7

52.2

5.6

49.5

50

56

55

56

6.2

1

2

5

20

4

11

28

9

4

SAMPLE

NAN A
r-+

ru

IT

CD

.J:>.

1 As

determined by integration of area on GC chromatogram

Key to samples:
I
serotype 1 LPSLS
la
serotype 1 (T-22) attenuated LPSLS
2-7
serotypes 2-7 LPSLS
B256 T. imlOcens
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CARBOHYDRATE RATIOS
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A
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10%

K

0%
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figure 14
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Anticomplement Activity
When compared with S. typhimurium LPS, the LPSLS from T. hydysenteriae
demonstrates greatly reduced levels of anticomplement activity. LPS, at 100
shows almost 50% reduction in anticomplement activity.

~g,

The LPSLS from T.

hydysenteriae at 400 ~g reduced anticomplement activity by only 40%. LPSLS

from T. innocens did demonstrate approximately half of the activity of the
Salmonella LPS (table 5 and fig 15). At low levels (25 ~g) the T. innocens LPSLS

had 20 x greater anticomplement activity than the LPSLS from T. hyodysenteriae.
At high levels (400

~g)

the LPSLS from T. innocens was 1.5 x greater in activity

than T. hyodysenteriae LPSLS.
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Anticomplement Activity
measured at 546 nm against a blank

ISample
Salmonella typhimurium
LPS

*

T. hyodysenteriae LPSLS
serotype 2

T. innocens strain 1555a
LPSLS

Normal Guinea Pig Serum
Heat Inactivated NGPS

I

JJg

Exp.
#1

Exp.

i

%.1 1

I

#2

25

1.0331

1.0848

1.0590

38.77

50

0.9266

0.9729

0.9498

45.09

100

0.8844

0.9286

0.9065

47.59

200

0.6840

0.7182

0.7011

59.46

400

0.6110

0.6415

0.6263

63.68

25

1.6752

1.7645

1.7199

0.56

50

1.5686

1.6470

1.6078

7.04

100

1.2261

1.2874

1.2568

27.34

200

1.1401

1.1971

1.1686

32.44

400

1.0331

1.0848

1.0590

38.77

25

1.4977

1.5726

1.5352

11.24

50

1.0011

1.0512

1.0262

40.67

100

0.9571

1.0049

0.9810

43.28

200

0.9543

1.0020

0.9782

43.44

400

0.6797

0.7137

0.6967

59.72

1.6874

1.7718

1.7296

0

0

0

0

100

1 Anticomplement activity is expressed as percentage loss of hemolytic activity.

table 5
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Inhibition of Anticomplement
Activity by LPS and LPSLS*

0/0

%

70%
60%

0
E 50%
C
R 40%
E
A
S

E

30~

20%
10~

O,*,
25 ug

50 ug
-e- S. typhimurium LPS

100 ug
-R- T. hyo. LPSLS

200 ug

- I - T. innocens LPSLS

• measured at 546 nm against a blank

figure 15

400 ug
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RIA Detection of la Expression by Macrophages

The expression of lak molecules on murine peritoneal macrophages was
significantly induced by 1 Jlg of either the control Salmonella typhimurium LPS or
the LPSLS from T. hyodysenteriae (table 6 and fig 16). 1 Jlg of T. innocens strain
1555a LPSLS did not significantly demonstrate an increase of lak molecules over
the negative control, phosphate buffered saline.

In the LPS low responder

C3 H/HeJ mice both S. typhimurium LPS and T. hyodysenteriae LPSLS caused a
1.7 x increase in la molecules over PBS. T. innocens LPSLS did not show any
increase of la expression over PBS. When C3 HeB/FeJ mice are inoculated IP with
S. typhimurium LPS, the peritoneal macrophages show a 3.2x increase in the

numbers of lak molecules. The LPSLS from T. hyodysenteriae, on a per weight
basis, was 84% as active as LPS and increases the amount of lak molecules by

2.7 x

RIA Measurement of Induction of Ia k Molecules on Peritoneal Macrophages by LPS
or LPSLS
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DISCUSSION
SDS-PAGE
80S-PAGE of hot phenol/water extracts of T. hyodysenteriaes outer
membrane demonstrated qualitative differences between all seven known
serotypes. A comparison with lipopolysaccharide from E. coli showed that the T.

hyodysenteriae extracts possess banding patterns only of low molecular weights.
This

implies the

presence

of lipooligosaccharide or

LPSLS

instead

of

lipopolysaccharide which is higher in molecular weight due to the length of the 0specific polysaccharide chain. Lipopolysaccharides commonly consist of a lipid
molecule, core sugar and a carbohydrate or O-specific chain (Luderitz 1982). If
the lipid moiety and the core carbohydrate linkage of the LPSLS's of T.

hyodysenteriae are conserved between serotypes, then the observed molecular
weight differences should be due to variations in the O-specific chains.

The

carbohydrate backbones of lipopolysaccharides are immunogenic (Westphal
1983). Variations in the O-specific chains among T. hyodysenteriae serotypes may
be the basis for serospecificity. Extracted LPSLS's from T. hyodysenteriae are
used as the coating antigen in ELISA serological confirmation for the presence of
this organism in swine herds (Joens 1982).

To identify the serotype of the

causative agent in field cases of swine dysentery, LPSLS is extracted from the
isolated organism and reacted to known antisera in Ouchterlony double
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immunodiffusion (Baum 1979)
Western blot analysis demonstrated complete specificity of some of the
homologous antisera against serotype specific LOS while in several cases, crossreactivity occurred.

This is not inconsistent since cross-reactivity has been

demonstrated between distantly related organisms such as Staphylococcus aureus
and Streptococcus faecalis (Heidelberger 1984).

The appearance of cross-

reactivity between T. hyodysenteriae serotypes probably results from common
carbohydrate sequences or shared epitopes that form portions of the LPSLS 0specific chains. Despite the occurrence of cross-reactivity, homologous antisera
reacts more vigorously to the complementary serotype specific LPSLS. Crossreactivity can be eliminated by absorption of homologous sera against whole cells
of

the

cross-reacting

strains

of

T.

hyodysenteriae

(Mapother

1985).

Immunodetection by Western blots increases the number of bands that can be
visualized in the LPSLS extracts when compared to linear silver stained SDS
polyacrylamide gels. Upooligosaccharides from Neisseria gonorrhoeae have also
demonstrated similar visualization differences between Western blots and silver
staining (Mandrell 1986) This could imply that the extracts contain substances
which are unable to complex with ammoniacal silver but do react with antibodies.
The possibility exists that ammoniacal silver and antibodies could react to different
aspects of the same molecule.

Ammoniacal silver is thought to react with
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aldehyde and pre-aldehyde groups of periodate-oxidized LPS (Hitchcock 1983).
Conversely, immunoblotting with antisera demonstrates specific epitopes that form
the antigenic character of a molecule. Although only low to middle molecular
weight species are involved, the banding pattern seen in Western blots reveals a
profile that partially mimics the step ladder effect produced by silver staining 505PAGE separated Iipopolysaccharides. When these same LPSLS's are separated
by exponential 50S-PAGE gradients, differences in banding from the linear
gradients are observed.

Silver stained gradient gels resemble the pattern

produced by Western blots. These differences can be partially explained by the
conditions which are unique to the different techniques. The decision to load 2.6
~g

of total carbohydrate per well on linear gradients was based upon preliminary

gel work that examined optimal staining with varying amounts of LPSLS. Levels
above 2.6

~g

started to show the effects of overloading with degradation of

separation in addition to overly dense staining before achieving a reasonable
background color. Silver stained gels require a developed background color to
detect substances which are unable to complex with silver and resultantly produce
a "negative" band.

Exponential gradients are able to separate middle to low

molecular weight substances which do not produce highly resolved bands (Le.
carbohydrate moieties) more stringently than linear gradients for a given migration
distance. Because of this, the exponential gradient gels were able to withstand
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heavier loading since molecules that tended to co-migrate under linear conditions
(producing fewer but heavier staining bands) would separate under exponential
conditions. However, the mechanics of these two different separation techniques
and the possibility of some of the LPSLS components inability to bind silver does
not completely explain banding differences between Western blots and silver
staining.
The silver stained linear gels had one tenth the amount of total carbohydrate
loaded than the antibody probed Western blot transfers. The silver stained gels
may very likely

have contained some of the higher molecular weight LPSLS

molecules. At 2.6 JJ,g of total carbohydrate they could be too low in concentration
to visualize with silver staining. Upopolysaccharides, and probably the LPSLS,
exists as heterogeneous aggregates. The aggregates contain greater amounts of
low molecular weight forms with decreasing quantities of higher molecular weight
forms. As seen in figure 3a, preparations of lipopolysaccharide from Salmonella
demonstrate higher quantities of the lower molecular molecules. Because of the
range limits of silver staining, you cannot load and optimally visualize a
heterogeneous sample of LPS. To visualize the low molecular weights, a reduced
quantity of sample is loaded which does not allow staining of higher molecular
weight molecules.

If sufficient material is loaded to view the upper molecular

weight molecules, the ability to observe the lower molecular weight material is
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impaired (fig 3a). Western blot transfers did not demonstrate the same degree of
negative effects from overloading which occurred with visualization by silver
staining. With the greater amount of LPSLS loaded, these higher molecular weight
molecules were one log higher in concentration. This may partially explain the
ability to detect these bands by Western blot transfers.
The larger of the two molecular weight bands, characteristic of LPSLS from
the pathogenic species of T. hyodysenteriae, disappears when this same species
becomes attenuated, as demonstrated by silver stained SDS polyacrylamide gels
(fig 2). However, its' presence in Western blots implies that either a structural
change which prevents it from complexing with silver ions has taken place or its
absolute amount may be diminished. The attenuated serotype one isolate used
in this study is a naturally occurring organism that is unable to produce
characteristic lesions in swine. However, the attenuated serotype two that was
used was artificially produced by in vitro passages. A SDS-PAGE comparison of
pathogenic serotype two with attenuated serotype two shows the attenuated strain
losing one band while gaining three new bands. Western blot analysis of the
same two strains shows virtually identical banding patterns between them.

It

appears that laboratory attenuation may produce subtle changes which affect the
ability of the LPSLS components to complex with silver, or as previously
suggested, induces a decrease in the relative amounts of components from a
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heterogeneous molecule. Silver staining shows the presence of a new band at
approximately 30.9 K in attenuated serotype two. Convalescent type two swine
sera does not recognize this particular band, which may indicate that this
component is absent in the pathogenic serotype two LPSLS (fig 8b).
Despite the possibility of structural changes in the upper molecular weight
bands of attenuated T. hyodysenteriae or changes in relative amounts of the
LPSLS components (fig 2), the ability of the LPSLS to react specifically in
Ouchterlony double immunodiffusion remains unaffected. This may indicate that
the lower of the two bands, visualized by silver staining, is a major determinant
responsible for contributing to serospecificity since it appears to be conserved.
Demonstrable differences exist among the LPSLS's of T. hyodysenteriae due to
strain variation.

While strains of T. hyodysenteriae vary in their degree of

pathogenicity, their pathogenic mechanisms are poorly understood. Changes that
occur in the LPSLS's of T. hyodysenteriae during attenuation, in conjunction with
comparisons to nonpathogenic T. innocens strains, may further our understanding
of the events that take place within the host.

TLC Analysis

Lipopolysaccharides are integral components of the outer membranes of
gram negative bacteria.

Structurally, they are large amphiphilic molecules
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assembled with a conserved architectural theme. External to the bacterial surface
is the O-antigenic polysaccharide composed of repetitive units of di-, tri- tetra- or
higher oligosaccharides that are specific to the bacterial serotype. Among the
Enterobacteriaceae a fairly conserved region, commonly referred to as the core

polysaccharide, links the O-side chain to the membrane imbedded region of the
molecule. The core polysaccharide has been postulated as a receptor for certain
bacteriophages (Lindburg 1977). The most conserved portion of the molecule is
the hydrophobic mOiety lipid A. Lipid A acts as an anchor in the outer portion of
the bilayer forming the bacterial external membrane. Although bacterial survival
is independent of the presence of the O-antigenic polysaccharide, the absence of
an intact lipid A with an inner core region is lethal.
The covalently bound lipid A has received the greatest attention of
investigators since, in pure form, it demonstrates the majority of pathophysiological
effects attributed to LPS i.e. lethality, shock, fever, pyrogenicity, activation of
complement, macrophages and B-Iymphocytes and Schwartzman reactivity
(Galanos 1979). Salmonella lipid A has been extensively analyzed and is used as
a structural model for other gram-negative bacteria. When this molecule is purified
and subjected to thin layer chromatography using an appropriate solvent system
a characteristic pattern is produced (fig 9a and 9b). The lower half of a developed
TLC plate shows a mixture of spots.

The bottom spot which possesses the
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smallest Rf is diphosphoryllipid A. This molecule, because of the extra phosphate
group, is more hydrophilic than other components which reduces its affinity for the
mobile phase. Migrating above this is a mixture of spots composed of hexa-,
penta- and tetraacyl monophosphoral lipid A. Heterogeneity among lipid A from
different gram-negative organisms are primarily due to one or more combinations
of three differences.

The presence or nature of the phosphoryl substituents

attached to the lipid A backbone, the type and chain length of fatty acids and the
degree of O-acylation of the hydroxy fatty acids (Seid Jr. 1986). However at the
level of TLC analysis, these kind of differences are difficult to detect and require
analysis by fast atom bombardment. When the lipid A portion of T. hyodysenteriae
is compared to Salmonella lipid A by TLC, gross differences are seen. Without
any spots with common Rf's between the two molecules, the previous explanation
of heterogeneity among various gram-negative lipid A's is not valid for Treponemal
IipidA.
In all probability, the structure of lipid A from spirochetes do not share the
same components of Enterobacteriaceae lipid A. There is a paucity of information
concerning this aspect of spirochetes. In 1985 Beck et. al. described a biologically
active lipopolysaccharide from Borrelia burgdorferi. When this molecule was more
intensely scrutinized, another set of authors concluded that the molecule was not
a true lipopolysaccharide (Takayama 1987). They were unable to generate any
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free lipid A when the LPS was subjected to mild acid hydrolysis for 30 min.
Additionally, the Borrelia preparation lacked some of the biological properties
associated with either LPS or lipid A.

However, variation in certain biological

activities from lipid A's extracted from different bacterial sources is commonly
observed.
Insight into the biological activity induced by Salmonella lipid A has been
elucidated through synthetic preparations. Synthetic analogs of lipid A which
have been processed to alter one aspect of the molecule have been studied for
changes in activity (Kotani 1984). This work demonstrated that lipid A's stimulatory
effect on murine spleenocytes, guinea pig macrophages, human PMNL's, clotting
of amoebocyte lysate, murine lethality, human complement activation and rabbit
pyrogenicity and Shwartzman reactivity are independent events. Manufactured
structural changes were able to diminish or eliminate one of these activities with
little or negligible effect on another. These results explain why lipid A from closely
organisms can differ in one or more activities.
Although TLC analysis is inadequate to reveal potentially minor variations
in the lipid A from different serotypes of T. hyodysenteriae or T. innocens, gross
differences are observed.

The occurrence of a TLC spot with an At of 0.18

coincides with avirulence (fig 9a).

Because of the solvent system used for

separation, this spot is more hydrophilic then the other components of the
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Treponemal lipid A. The different migratory Rt's of the Salmonella lipid A result

from substitutions of in number of charged phosphate groups and type of fatty
acids.

It is likely that changes in bound groups are also occurring with the

Treponemallipid A. The presence of this spot in attenuated T. hyodysenteriae and
T. innocens may directly effect the biological activity of the native LPSLS.

Antigenicity

It has been long recognized that lipopolysaccharides are heat stable gramnegative bacterial antigens responsible for serospecificity. Serospecific antibodies
are directed against the O-side chains of LPS which have unique patterns or
sequences of carbohydrates. With active infections, probably due to continual
priming of the host, high titers are produced. Immunization with purified LPS is
only marginally successful. Problems arise with toxicity and induction of adequate
serum titers. In attempts to eliminate these problems but retain the serospecificity,
LPS conjugates have been investigated for their vaccine potential.

The

oligosaccharide side chains are removed from the native LPS molecule and bound
to a strongly immunogenic protein such as tetanus toxoid.

In less esoteric

preparations, immunization with Salmonella typhimurium LPS-LAP (aqueous
butanol extractions which contain LPS and lipid A associated proteins) protected
mice from challenge while protein free LPS did not (Killion 1986). Although it was
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not the intent of this study to evaluate the vaccine potential of the LPSLS, we were
interested in the immunogenicity of the LPSLS components.
During porcine infection by T. hyodysenteriae, the LPSLS is recognized
immunologically.

Animals which recover from swine dysentery infections

demonstrate this by producing elevated levels of antibodies against the LPSLS.
In ELISA reaction with antisera, the intact molecule demonstrates the greatest
reactivity to both convalescent and hyperimmune sera (table 3 and fig 10-11). This
is expected since both types of sera are polyclonal and contain antibodies which
react with a multitude of epitopes characteristic of the LPSLS. The lessened
reactivity of the hydrolyzed subcomponents probably is due to a combination of
factors.

First, there are fewer epitopes that polyclonal sera will react with.

Secondly, it is likely that the conditions of hydrolysis which permits the molecule
to be separated into its hydrophobic and hydrophilic components alters or
destroys some of the epitopes. Both sera reacted more strongly to the acetic acid
hydrosylates than to the HCI acid ,hydrolysates. As demonstrated by TLC and
gravimetric measurement, the mild acid hydrolysis does not completely hydrolyze
the LPSLS.

The presence of incompletely hydrolyzed LPSLS increases the

number of epitopes that are available to react with the sera and could explain
higher ELISA values.
demonstrated

Rabbit sera, both unexposed and hyperimmune,

greater reactivity than

the

corresponding

unexposed

or
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convalescent swine sera to the whole LPSLS molecule. This relationship remained
the same when the mild acid hydrolysates were reacted to these sera. However,
this was reversed for the more vigorous acid hydrolysis. Convalescent swine sera
reacted more vigorously to the fractions produced by cleavage with 1 M HCI than
hyperimmune rabbit sera.

This difference may be due to infection verses

hyperimmunization. Since the early 1950's it was recognized that infection with
gram negative organisms produces a constant stream of endotoxin due to
bacterial turnover and lysis.

Endotoxically active and inactive fractions are

subsequently found to be continually excreted and concentrated in the urine of
man and many animals (Galanos 1977).

Animals that recover from swine

dysentery have been continually exposed to the LPSLS. Although the fate of the
molecule is undetermined, it is likely that the immune system becomes primed to
its subcomponents. These would arise from metabolically driven degradation of
the LPSLS in a host attempt to detoxify and excrete the molecule.

While

hyperimmunization is an effective means for raising serum titers to antigens, the
fate of these antigens may not parallel the processing which occurs during
infection.

KDO and Sugar Analysis by Gas Chromatography
The inability to detect the presence of KDO by GC analysis explains the
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failure of 1% acetic acid to completely hydrolyze the LPSLS (fig 13). It is the
ketosidic linkage of KDO to lipid A that is cleaved on hydrolysis with either organic
or inorganic acids. Although conditions vary, generally 0.1 N acetic acid at 100°
C for 15-120 min will liberate free lipid A. Smooth forms of LPS require longer
hydrolysis times than rough forms of LPS.

Lipopolysaccharides which do not

contain KDO may have to be hydrolyzed extensively before a free lipid A
precipitate is obtained (Galan os 1977).
hyodysenteriae and T. innocens.

The lack of KDO is not unique to T.

This core sugar is also absent from Vibrio

cholera, Pseudomonas spp., Leptotrichia buccalis, Spirillum serpens and
Bacteroides gingiva lis (219, 57, 220, 221 Koga 1985).

Anticomplement Activity
For over thirty years, LPS has been recognized as an activator of the
complement system. When the LPSLS from T. hyodysenteriae is compared to S.
typhimurium LPS for anticomplement activity, a reduction in activity was observed

(table 5 and fig 15). T. innocens LPSLS, although not as active as the Salmonella
LPS, demonstrated greater activity than T. hyodysenteriae LPSLS. The effect of
complement on whole cells of T. hyodysenteriae and T. innocens was explored by
Joens et. al.(1986).

They found that normal swine sera was bactericidal for

avirulent T. hyodysenteriae and T. innocens but not for virulent T. hyodysenteriae.
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By selectively eliminating complement components, the investigators determined
that the classical pathway was responsible for the bactericidal effect. As noted by
the authors, this would seem to indicate a difference in the molecule(s} on the
external surface of the virulent and avirulent organisms.
Gram-negative bacteria, under appropriate conditions, are able to activate
both the alternate and classical pathways. The repeating carbohydrate units which
form the O-specific side chains can initiate the alternate pathway. In the presence
of immunoglobins, these organisms are susceptible to the direct bactericidal action
of the terminal complement sequence which results in irreparable membrane
damage. Many gram-negative organisms attempt to circumvent these events by
exporting polysaccharides which form an external capsule. In addition to their antiphagocytic properties, the capsular or K-antigens have been found to prevent
agglutination of live whole cells by O-specific antisera. The K-antigens seem to
accomplish this by restricting the access of immunoglobins and complement
proteins from coming into contact with the LPS and other complement activating
substances on the bacterial surface (Hammond et. al. 1984). This can effectively
prevent the initiation of the complement sequence in close proximity to the outer
membrane. The degree of protection afforded by K-antigens is related to the
thickness of the capsule, K-serotype, and concentration of serum components.
Unlike the Enterobacteriaceae, T. hyodysenteriae and T. innocens do not
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possess a capsule and investigators have yet to describe the occurrence of Kantigens as components of the spirochetal surface. Taxonomically, spirochetes
are primitive to the Enterobacteriaceae.

It can be hypothesized that the

occurrence of K-antigens was an evolutionary event which aided in the survival
potential of these bacteria. For spirochetes to be successful pathogens in lieu of
a capsule, it would make sense that they would have other mechanisms or
structural differences to avoid activating complement in the absence of O-specific
antibodies.
As previously noted, the bactericidal effect of normal swine sera on avirulent
T. hyodysenteriae and T. innocens was mediated by the classical pathway of

complement fixation. The ability of LPS to activate the classical pathway (in the
absence of Ag-Ab complexes) is limited to the lipid A portion of the molecule
(Vukajlovich 1986). Thin layer chromatography demonstrated that avirulent T.
hyodysenteriae and T. innocens had an extra spot with a Rf of 0.18.

The

pathogenic strains of T. hyodysenteriae did not demonstrate the presence of this
particular component. The possibility exists that the spirochete has circumvented
the activation of complement by altering the structure cf this molecule. Although
lipid A analysis has not been examined at this level, in Leptospira similar variations
in pathogenicity exist. Normal human or rabbit sera is bactericidal for the avirulent
Leptospira biflexa but not for the virulent Leptospira interrogans (Johnson 1967).
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Typically, intact lipopolysaccharides activate complement by the alternate
pathway instead of the classical pathway. Activation of the classical pathway is
normally limited to rough forms which lack polysaccharide chains.

As the

polysaccharide chain length increases, classical activation activity' decreases while
alternate activation activity increases. Smooth forms of LPS demonstrate little or
no ability to activate the classical pathway. The longer carbohydrate chains may
be sterically covering the reactive sites in the lipid A molecule. Vukajlovich et. al.
(1987) have shown that activation of the alternate pathway by LPS occurs by two
mechanisms.

The first mechanism concerns the O-antigen oligosaccharide

composition and its' state of aggregation. The second mechanism, which appears
to be independent of the first, concerns determinants of the LPS core. Specifically
they found that the presence of the monosaccharide L-glycero-D-manno-heptose
will confer the ability to activate the alternate pathway.
Although the presence or absence of this sugar in T. hyodysenteriae and
T. innocens was not confirmed by GC analysis with an authentic standard (due to

lack of commercial availability), it is unlikely that this monosaccharide is a
component of the LPSLS. The first indication is by the indirect observation that
normal swine sera was bactericidal for susceptible non-pathogenic Treponemes
via the classical pathway in the absence of specific antibody, but not the alternate.
The second indication is by the derivatized LPS and LPSLS samples analyzed by
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GC. Retention time on the GC column is related to the volatility of the bound
molecules. As the temperature rises, the less volatile molecules become displaced
i.e. longer retention times on the chromatogram. For carbohydrates, the number
of carbons significantly affects retention time. Increasing the number of carbons
has the effect of decreasing the volatility of the sugar. L-glycero-D-manno-heptose
is unique in its' bacterial origin and, as the name implies, it is a seven carbon
sugar.

Because of its carbon backbone, it is the last sugar to appear in GC

analysis of hydrolyzed and derivatized LPS.

In the samples of derivatized S.

typhimurium LPS, a peak which appeared after KDO can reasonably be assumed

to be L-glycero-D-manno-heptose (Guerrant 1986). The derivatized Treponemal
LPSLS did not demonstrate the presence of such a peak. The probable lack of
this core determinant may also explain the reduced ability of the LPSLSs to
activate complement when compared to LPS.

RIA Analysis of la k Expression
The effect of LPS upon mammals appears to be due to the response of the
immune system to its presence. The response can directly or indirectly harm
and/or help the host. Non-specific immune responses, due to LPS/complement
interaction and subsequent activation, can damage host tissue in addition to
bacterial membranes. Effector cells of the immune system, when stimulated by
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LPS, induce fever by the release of endogenous pyrogens, become mitogenic, and
demonstrate increased expression of an array of Iymphokines.

Much of the

pathogenesis of local tissue damage from lipopolysaccharides has been attributed
to its effect on macrophages. These cells, when activated by LPS, increase in
phagocytic and secretory activity.

Secretion of tissue factor (which causes

activation of the extrinsic coagulation pathway), lysosomal enzymes, coliagenase
plasminogen activator, Iymphokines, and sequestering of neutrophils can all
contribute to this damage.
Macrophages are critically important in the immune response because they
are able to process and present antigens. Phagocytized and partially degraded
antigens are returned to the cell surface bound to la class II major
histocompatibility complex (MHC) molecules. The antigen presenting ability of LPS
stimulated macrophages is significantly enhanced over unstimulated macro phages.
Because of this antigen/la association, T-helper cells can be alerted to the
presence of the antigen and become stimulated. These helper cells are then able
to stimulate B-Iymphocytes that present the same antigen in conjunction with an
la molecule.

Expression of la molecules by macro phages is a dynamic and

transient event (Steinman 1980, Beller 1981, 1982). Upopolysaccharides have
been shown to stimulate the expression of la molecules by macrophages at levels
lower than those which produce adverse effects. The amount of LPS needed to
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induce la expression is dependent on its form. On a per weight basis. deep rough
forms are 10-fold more active than smooth forms. However. the greatest activity
is demonstrated by lipid A (as little as 1 nanogram) implicating it as the moiety
responsible for this effect (Wentworth 1987). It is thought that enhancement and
stimulation of general immunity by LPS is due to an increase in resident la bearing
macrophages (Zieglar 1984).
This study has shown that the LPSLS from T. hyodysenteriae is able to
significantly increase the expression of la molecules by murine macrophages (table
6 and fig 16). Conversely. the LPSLS from T. innocens was unable to produce
significant increase of la molecules over the negative PBS control. These results
have potentially important implications for the pathogenicity of T. hyodysenteriae.
As previously reviewed. the pathogenesis of swine dysentery is poorly understood.
There are no comparable bacterial enteric pathogens that produce disease in the
absence of detectable toxins and/or the ability to invade host cells. The lesions
of swine dysentery are essentially inflammatory in nature with the occurrence of
coagulative necrosis. Outwardly. it gives the appearance of an inappropriate host
immune response to a biological mediator. Several researchers have observed
that the mechanisms related to the Shwartzman reaction may be operative in the
development of swine dysentery lesions (Espinasse 1973. Nordstoga 1973. Teige
1978. Teige/Nordstoga 1979).
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There is scant knowledge of the molecular mechanism(s) by which Lipid
NLPS initiates macrophage moderated cellular events. The high specificity and
activity of this molecule implies a receptor mediated phenomenon.

Recently, it

has been demonstrated that macrophages do possess specific receptors or
binding sites for lipid A (Hampton 1988). Other cell lines, such as chinese hamster
ovary fibroblast cells and murine-derived L929 fibroblasts displayed a complete
lack of specific binding in the same range of cell densities. The presence of
receptors implies that the structure of the substrate becomes critical if a receptor
mediated event is going to occur.
Because the lipid A portion of avirulent T. hyodysenteriae and T. innocens
LPSLS is structurally different from the pathogens, it may be unable to interact in
the same way with macrophages. Without an appropriate initiation event, the
increased production and secretion of macrophage products would not occur. If
indeed the pathology of swine dysentery is the result of host immunological
responses, then variations in the LPSLS may help explain pathogenicity.
It has long been recognized that there is extreme variability among
mammals in their responses to lipopolysaccharides.

These differences are

probably mediated at the macrophage level. Certain animals, such as rabbits,
horses, dogs and man are highly sensitive. Sensitive species show the classic
pyrogenic effect by a rise of 2° to 3° C in core temperature when injected with LPS
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at a dose of a few nanograms per Kg of body weight. Other species, such as
some strains of mice and guinea pigs are moderately sensitive while some mouse
strains and primates are highly insensitive. An intravenous dose of 0.1 JJ,g of LPS
will cause a febrile reaction and changes in the white blood count in man while 100
mg of the same preparation will not effect a 25 Kg baboon (Westphal 1975).
Species variation in response to LPS or possibly a LPSLS may explain why swine
develop such severe lesions from T. hyodysenteriae while other animals which are
susceptible to enteric colonization by the organism are affected less adversely.
The lesions produced in the murine model, characterized by catarrhal enteritis with
mucus exudate, do not approach the severity which occurs in swine (Joens 1980).
Studying and attempting

to

understand the

pathogenesis of T.

hyodysenteriae with its resultant pathology, may help provide insight into other

spirochetal diseases.

Many spirochetes appear to lack common pathogenic

mechanisms but prove to be very successful pathogens. Often the pathology
appears to be induced by a host directed response to the presence of the
organism. As powerful modulators of the immune system, Iipopolysaccharides or
lipopolysaccharide like substances, may play an integral role in this process.
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APPENDIX A:

FINAL THOUGHTS

Swine dysentery is frustrating for both the producer and researcher.
Economic losses can be catastrophic for the former while the inherent quirks of
the organism hinder the latter. Previous researchers have demonstrated biological
activity from the LPSLS of Treponema hyodysenteriae. Their results suggested
that the pathogenicity of the organism may somehow be related to this molecule.
Unfortunately, there are no other enteric disease models which can set
precedences for the disease process and the observed pathology. Because of
this, unconventional approaches wi" probably become necessary if this problem
is to be completely elucidated.
This research has been an attempt to fit a few more pieces of the puzzle
into place. Differences observed between virulent and avirulent organisms LPSLS
further implies the potential role of this molecule in the disease process. The
fundementa"y important concept which has resulted from this is that the structural
differences of the LPSLS apparently affects the response of the immune system.
Very often, when swine are experimentally challenged, the healthiest pigs succumb
first while the less thrifty animals take longer to show symptoms. Although this is
a qualitative observation rather than an empirical one, it indirectly implies that
greater immune competency of the host results in earlier symptomology. Many
challenges remain in unraveling this story. Hopefu"y they wi" be tackled like so
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many others.

107

REFERENCES
Ahlstedt, S., and J. Holmgren. 1975. Alteration of the antibody response to
Escherichia coli 0 antigen in mice by prior exposure to various somatic antigens.
Immunol. 29:487-496
Andersson, J., et. al. 1973. The mitogenic effect of lipopolysaccharide on bone
marrow-derived mouse lymphocytes. Upid A as the mitogenic part of the molecule.
J. Exp. Med. 137:943-953
Andersson, J., O. Sjoberg, and G. Moller. 1972. Eur. J. Immunol. 2:349 (from
Morrison 1979)
Baum, D.H., and L.A. Joens. 1979. Serotypes of beta-hemolytic Treponema
hyodysenteriae. Infec. Immun. 25:792-796
Beck, G., et. al. 1985. Chemical and biologic characterization of a
lipopolysaccharide from the Iyme disease spirochete (Borrelia burgdorfen). J. Intec.
Dis. 152:108-117
Beller, D., and E. Unanue. 1980. Regulation of macrophage populations. I.
Preferential induction of la-rich peritoneal exudates by immunologic stimuli. J.
Immunol. 126: 1426
Beller, D., and K. Ho. 1982. Regulation of macrophage populations. V. Evaluation
of the control of macrophage la expression in vitro. J. Immunol. 129:971-976
Beller, D., and E. Unanue. 1981. Regulation of macrophage populations. II.
Sythesis and expression of la antigens by peritoneal exudate macrophages is a
transient event. J. Immunol. 126:263-269
Benacerraf, B. 1981. Role of MHC gene products in immune regulation. Science
212:1229
Bligh, E., and W. Dyer. 1959. A rapid method of total lipid extraction and
purification. Can. J. Biochem. Biophys. 104:1-18
Boivin, A., and L. Mesrobeanu. 1935. Recherches sur les antigenes somatiques et
sur les endotoxines des bacteries. I. Considerations generales et expose des
techniques utilisees. Rev. Immunol. 1:553-569

108
Chiller, J., et. al. 1973. Relationship of the structure of bacteriallipopolysaccharides
to its function in mitogenesis and adjuvanticity (lipid NB lymphocytes). Proc. Natl.
Acad. Sci. U.S.A. 70:2129-2133
D'Alessandro, G., and C. Carpio. 1958. A lipopolysaccharide antigen of the
Treponema. Nature 181 :991-992
Dische, Z., L. Shettles, and M. Osnos. 1949. Arch. Biochem. 22:169 (from Chaplin,
M. and J. Kennedy, ed. 1986. Carbohydrate analysis. IRL Press. Oxford
Elin, R., A.L. Sanderg, and D.L. Rosenstreich. 1976. Comparisons of the
pyrogenicity, Limulus activity, mitogenicity and complement reactivity of several
bacterial endotoxins and related compounds. J. Immun. 117: 1238-1242
Espinasse, J. 1973. Etiologie, pathogenie et therapeutique de I'enterite
hemorragique du porco (Etiology, pathogenesis and therapy in haemorrhagic
enteritis in pigs. Rec. Med. Vet. 149: 1519-1530
Fenwick, B., and B. Osburn. 1986. Vaccine potential of Haemophilus
pleuropneumoniae oligosaccharide-tetanus toxoid conjugates. Infec. Immun.
54:583-586
Finco, D., and D. Low. 1967. Endotoxin properties of Leptospira canicola. Am. J.
Vet. Res. 28: 1863-1872
Galanos, C., and O. Luderitz. 1976. the role of the physical state of
lipopolysaccharides in the interaction with complement. High molecular weight as
prerequisite for the expression of anticoplementary activity. Eur. J. Biochem.
65:403-408
Galanos, C., M.A. Freudenberg, and W. Reutter. 1979. Galactosamine induced
sensitization to the lethal effects of endotoxin. Proc. Natl. Acad. Sci. U.S.A.
76:5939-5943
Galanos, C. O. Luderitz, E. Rietschel, and O. Westphal. 1977. International Review
of Biochemistry (T. Goodwin ed.). University Park Press. 14:239-335
Galanos, C., O. Luderitz, and O. WestphaL 1971. Eur. J. Biochem. 24: 116-122

109
Galanos. C .• et. al. 1984. Endotoxic properties of chemically synthesized lipid A
part structures: comparison of synthetic lipid A precursor and synthetic analogues
with biosynthetic lipid A precursor and free lipid A. Eur. J. Biochem. 140:221-227
Glock. R.. D. Harris. and J. Kluge. 1974. Localization of spirochetes with the
structural characteristics of Treponema hyodysenteriae in the lesions of swine
dysentery. Infect. Immun. 9:167-178
Glock. A.. and D. Harris. 1972. Swine dysentery. II. Characterizations of lesions in
pigs inoculated with Treponema hyodysenteriae in pure and mixed culture. Vet.
Med. Small Anim. Clin. 67:65-68
Greer. J .• and M. Wannemuehler. 1989. comparison of the biological responses
induced by lipopolysaccharide and endotoxin of Treponema hyodysenteriae and
Treponema innocens. Infec. Immun. 57:717-723
Grossman. N.• and L. Leive. 1984. Complement activation via the alternative
pathway by purified Salmonella LPS is affected by its structure but not its 0antigen length. J. Immunol. 132:376-385
Guerrant. G .• and C. Moss. 1986. Detection by gas chromatography of 3-deoxy-dmanno-2-octulosonic acid and I-glycero-d-manno-heptose in whole cells of
Neisseria elongata. J. Clin. Micro. 32:425-430
Habicht. G.• G. Beck. and J. Benach. 1987. Lyme disease: a bacterium transmitted
to humans by the bite of a deer tick causes this hazard of summertime. Interleukin1. an immune system regulator. may mediate its potentially serious arthritis-like
symptoms. Scien. Amer. Aug. 78-83
Hagberg. L.. D. Briles. and C. Eden. 1985. Evidence for separate genetic defects
in C3H/HeJ and C3HeB/FeJ mice. that affect susceptibility to gram-negative
infections. J. Immunol. 134:4118-4122
Hammond. S .• P. Lambert. and A. Rycroft. 1984. The bacterial cell surface. Kapitan
Szabo Publishers. Wsahington. DC.
Hampton. A.. D. Golenbock. and C. Raetz. 1988. Lipid A binding sites in
membranes of macrophage tumor cells. J. BioI. Chem. 263: 14802-14807
Harris. D.L.. and A.D. Glock. 1981. Swine dysentery. p.432-444. In H.W. Dunne and
A.D. Leham (ed.). Diseases of swine. Iowa State Press. Ames. Iowa

110
Heidelelberger, M. 1984. cross-reactions of polysaccharides of staphylococci and
streptococci in antipneumococcal and other antisera. Molec. Immun. 21 : 1011-1 013
Hitchcock, P., et. al. 1986. Lipopolysaccharide nomenclature-past, present and
future. J. Bacteriol. 166:699-705
Hitchcock, P., and T. Brown. 1983. Morphological heterogeneity among Salmonella
lipopolysaccharide chemotypes in silver-stained polyacrylamide gels. J. Bact.
154:269-277
Holt, S., 1978. Anatomy and chemistry of spirochetes. Microbiol. Rev. 42:114-160
Inzana, T. 1983. Electrophoretic heterogeneity and interstrain variation of the
lipopolysaccharide of Haemophilus influenzae. J. Infec. Dis. 148:492-499
Jackson, S., and P. Zey. 1973. Ultrastructure of lipopolysaccharide isolated from
Treponema pal/idum. J. Bacteriol. 114:838-844
Jacobs, D., and D. Morrison. 1975. Dissociation between mitogenicity and
immunogenicity of TNP-lipopolysaccharide, a T-independent antigen. J. Exp. Med.
141 :1453-1458
Jennings, H., C. Lugowski, and F. Ashton. 1984. Conjugation of meningococcal
lipopolysaccharide R-type oligosaccharides to tetanus toxoid as route to a
potential vaccine against group B Neisseriameningitidis. Infrc. Immun. 43:407-412
Jennings, H., and C. Lugowski. 1981. Immunochemistry of group A, B, C,
meningococcal polysaccharide-tetanus toxoid conjugates. J. Immunol. 127: 10111018.
Jennings, H., K. Johnson, and L. Kenne. 1983. The structure of an R-type
oligosaccharide core obtained from some lipopolysaccharides of Neisseria
meningitidis. Carbohydr. Res. 121 :233-241
Joens, L.A., and A.D. Glock. 1979. Experimental infection in mice with Treponema
hyodysenteriae. Infec. Immun. 25:757-760
Joens, L.A., N.A. Nord, J.M. Kinyon, and I.T. Egan. 1982. Enzyme-linked
immunosorbant assay for detection of antibody to Treponema hyodysenteriae
antigens. J. Clin. Microbiol. 15:249-252

111
Joens, L., R. Glock, and J. Kinyon. 1980. Differentiation of Treponema
hyodysenteriae from T. innocens by enteropathogenicity testing in the CF1 mouse.
Vet. Rec. 107:527-529
Joens, L., S. Whipp, R. Glock, and M. Neussen. 1983. Serotype-specific protection
against Trepomema hyodysenteriae infection in ligated colonic loops of pigs
recovered from swine dysentery. Infec. Immun. 39:460-462
Johnson, R., and V. Harris. 1967. Antileptospiral activity of serum. II. Leptospiral
virulence factor. J. Bacteriol. 93:513-519
Joiner, K., et. al.. 1984. Mechanism of bacterial resistance to complement-mediated
killing: inserted C5b-9 correlates with killing for Escherichia coli 0111 B4 varying
in O-antigen capsule and O-polysaccharide coverage of lipid A core
oligosaccharide. Infec. Immun. 45: 113-117
Killion, J., and D. Morrison. 1986. Protection of C3H/HeJ mice from lethal
Salmonella typhimurium LT2 infection by passive immunization with
lipopolysaccharide-lipid A-associated protein complexes. Infec. Immun. 54: 1-8

Kimball, H., K. Melmon, and S. Wolff. 1972. Endotoxin-induced kinin production in
man. Proc. Soc. Exp. BioI. Med. 139: 1078-1 082
Knudsen, R., et. al. 19n. Specific activation of murine B cells by low molecular
weight polyamino-polycarboxylic acids (ampholytes). Cell. Immunol. 34:340-355
Koga, T., T. Nishihara, T. Fujiwara, and et. al. 1985. Biochemical and
immunobiological properties of lipopolysaccharide (LPS) from Bacteroides
gingivalis and comparison with LPS from Escherichia coli. Infec. Immun. 47:638647
Le Dur, A., R. Chaby, and L. Szabo. 1980. Isolation of twp protein-free and
chemically different lipopolysaccharides from Bordetella pertussis phenOl-extracted
endotoxin. J. Bacteriol. 143:78-88
Leive, L. 1965. Release of lipopolysaccharide by EDTA treatment of E. coli.
Biochem. Biophys. Res. Commun. 21 :290-296
Lopes, J., and W. Inniss. 1970. Electron microscopic study of lipopolysaccharide
from an avian strain of Escherichia coli 018. J. Bacteriol. 103:238-243

112
Lowry, O.H., N.J. Rosebrough, AL. Farr, and R.J. Randall. 1951. protein
measurement with the folin phenol reagent. J. BioI. Chem. 193:265-275
Lowry, 0., et. al. 1951. Protein measurement with the Folin phenol reagent. J. BioI.
Chem. 193:265-275
Lu, C., E. Peters, and E. Unanue. 1981. la-bearing macrophages in athymic mice:
antigen presentation and regulation. J. Immunol. 126:2496-2498
Luderitz, 0., M.A Freudenburg, C. Galanos, V. Lehmann, E. Th. Rietschel, and
D.H. Shaw. 1982. Upopolysaccharides of gram negative bacteria. Curro Top.
Membr. Transp. 17:79-151
Luderitz, 0., and O. Westphal. 1966. The significance of ent~robacterial.mutants
for the chemical investigation of their cell-wall polysaccharides. Agnew. Chem.
(Intern Edit) 5: 198-21 0
Mandrell, R., H. Schneider, M. Apicella, W. Zollinger, P.A Rice, and J.M. Griffiss.
1986. Antigenic and physical diversity of Neisseria gonorrhoeae
lipooligosaccharides. Infec. Immun. 54:63-69
Mapother, M.E., and L.A. Joens. 1985. New serotypes of Treponema
hyodysenteriae. J. Clin. Microbiol. 22: 161-164
Marshall, N., and H. Ziegler. 1989. Role of lipopolysaccharide in induction of la
expression during infection with gram-negative bacteria. Infec. Immun. 57: 15561560
Morrison, D., and L. Leive. 1975. Fractions of Escherichia coli 0111 :B4 prepared
by two extraction procedures. J. BioI. Chem. 250:2911-2919
Morrison, D., and C. Cochrane. 1974. Direct evidence for hageman factor (factor
XII) activation by bacteriallipopolysaccharides (endotoxins). J. Exp. Med. 140:797811
Morrison, D., and J. Ryan. 1979. Bacterial endotoxins and host immune responses.
Adv. Immunol. 28:293-450
Morrison, D., and D. Jacobs. 1976. Binding of polymyxin B to the lipid A portion
of bacteriallipopolysaccharides. Immunochemistry. 13:813-818

113
Neter, E. et. a!. 1956. Studies of enterobacteriallipopolysaccharides. Effects of heat
and chemicals on erythrocyte-modifying, antigenic, toxic and pyrogenic properties.
J. Immuno!. 76:3n-385
Nies, A., and K. Melman. 1973. Variation in endotoxin-induced kinin production and
effect between the rabbit and the rhesus monkey. Am. J. Physio!. 225:230-233
Nordstoga, K. 1973. Fibrinous colitis in swine, a manifestation of Shwartzman
reaction? Vet. Rec. 92:698
Nuessen, M., J. Birmingham, and L. Joens. 1982. Biological activity of a
lipopolysaccharide from Treponema hyodysenteriae. Infec. Immun. 37: 138-142
Nuessen, M., L. Joens, and A. Glock. 1983. Involvement of lipopolysaccharide in
the pathogenicity of Treponema hyodysenteriae. J. Immuno!. 131 :997-999
Nuessen, M.E., J.A. Birmingham, and L.A. Joens. 1982. Biological activity of a
lipopolysaccharide extracted from Treponema hyodysenteriae. Infec. Immun.
37:138-142
Nuessen, M.E., L.A. Joens, and A.D. Glock. 1983 Involvement of
lipopolysaccharide in the pathogenicity of Treponema hyodysenteriae. J. Immun.
131 :997-999
O'Brien, A., E. Metcalf, and D. Rosenstreich. 1982. Defect in macrophage effector
function confers Salmonella typhimurium susceptibility on C3H/HeJ mice. Cell.
Immuno!. 67:325-333
Peavy, D., et. a!. 1973. Mitogenicity of bacterial endotoxins: characterization of the
mitogenic principle. J. Immuno!. 111 :352-357
Peavy, D., W. Adler, and A. Smith. 1970. The mitogenic effects of endotoxin and
staphylococcal enterotoxin B on mouse spleen cells and human peripheral
monocytes. J. Immuno!. 105: 1453-1458
Peterson, A., and E. McGroarty. 1985. High-molecular weight components in
lipopolysaccharides of Salmonella typhimurium, Salmonella minnesota, and
Escherichia coli. J. Bacter. 162:738-745
Piquet, P., and P. Vassalli. 1973. Eur. J. Immuno!. 4:477 (from Morrison 1979)

114
Raetz, C.H.R., S. Purcell, and K. Takayama. 1983. Molecular requirements for Blymphocyte activation by Escherichia coli lipopolysaccharide. Proc. Natl. Acad. Sci.
U.S.A. 80:4624-4628
Ray, B., G. Painter, and C. Raetz. 1984. The biosynthesis of gram-negative
endotoxin. J. BioI. Chem. 259:4852-4859
Rietschel, E., et. al. 1983. Analysis of the primary structure of lipid A. Am. Chem.
Soc. Symp. 231 :432-438
Rietschel, E., et. al. 1984. Concepts of the chemical structure of lipid A. Rev. Infect.
Dis. 432-438
Schmall, L., A. Argenzio, and S. Whipp. 1983. Pathophysiologic features of swine
dysentery: cyclic nucleotide-independent production of diarrhea. Am. J. Vet. Res.
44:1309-1316
Schneerson, R., O. Barrera, A. Sutton, and J. Robbins. 1980. Preparation,
characterization, and immunogenicity of Haemophilus influenza type b
polysaccharide-protein conjugates. J. expo Med. 152:361-364
Schneider, H., et. al. 1984. Heterogeneity of molecular size and antigenic
expression within lipopolysaccharides of individual strains of Neisseria
gonorrhoeae and Neisseria meningitidis. Infec. Immun. 45:544-549
Schultz, L., and C. Sidman. 1987. Genetically determined murine models of
immunodeficiency. Annu. Rev. Immunol. 5:367-403
Shands, J., Jr., J. Graham, and K. Nath. 1967. The morphologic structure of
isolated bacterial lipopolysaccharide. J. Mol. BioI. 25: 15-21
Shwartzman, G. 1928. A new phenomenon of local skin reactivity to B. typosus
culture filtrate. Proc. Soc. Exp. BioI. Med. 25:560-561
Shwartzman, G. 1928. Studies on Bacillus typhosus toxic substances. I.
Phenomenon of local skin reactivity to B. typhosus culture filtrate. J. Exp. Med.
48:247-268

115
Skjorten, F., and S. Evensen. 1973. Induction of disseminated intravascular
coagulation in the factor XII-deficient fowl: morphological effects of liquoid, bacterial
endotoxin and tissue thromboplastin in the normal anticoagulated fowl. Thromb.
Diath. Haemorrh. 30:25-35
Soulier, J-P, O. Wartelle, and D. Menache. 1959. Hageman trait and PTA
deficiency: the role of contact of blood with glass. Br. J. Haematol. 138
Steinman, R., N. Nogueira, M. Witmer, et. al. 1980. Lymphokine enhances the
expression and synthesis of la antigens on cultured mouse peritoneal
macrophages. J. Exp. Med. 152: 1248-1255
Takano, T., and D. Mizuno. 1968. Jpn. J. Exp. Med. 38:171 (from Morrison 1979)
Takayama, K, R. Rothenberg, and A. Barbour. 1987. Absence of
lipopolysaccharide in the Iyme disease spirochete, Borrelia burgdorferi. Infec.
Immun. 55:2311-2313
Tal, C., and W. Goebel. 1950. On the nature of the toxic component of tile somatic
antigen of Shigella paradysenteriae type Z (flexner). J. Exp. Med. 92:25-34
Tanamoto, K, et. al. 1984. Biological activity of synthetic lipid a analogs:
pyrogenicity, lethal toxicity, anticomplement activity, and induction of gelation of
Limulus amoebocyte lysate. Infec Imm. 44:421-426
Teige, J. Jr., K Nordstoga. 1979. Electron microscopic changes in colon in
experimental swine dysentery. Acta. Vet. Scand. 20:224-237
Teige, J. Jr. 1978. Influence of diet on experimental swine dysentery. 3.
Pathological changes. Acta. Vet. Scand. 19:506-519
Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic transfer of proteins
from polyacrylamide gels to nitrocellulose sheets: procedure and some
applications. Proc. Natl. Acad. Sci. U.S.A. 80:4350-4354

Tsai, C., and C. Frasch. 1982. A sensitive silver stain for detecting
lipopolysaccharides in polyacrylamide gels. Anal. BioI. 119: 115-119
Unanue, E., D. Beller, C. Lu, and P. Allen. 1984. Antigen presentation: comments
on its regulation and mechanism. J. Immuno!. 132: 1-5

116
Vas, S., R. Roy, and S. Robson. 1973. Endotoxin sensitivity of inbred mouse
strains. Can. J. Microbiol. 19:767
Vukajlovich, S., J. Hoffman, and D. Morrison. 1987. Activation of human serum
complement by bacteriallipopoysaccharides: structural requirements for antibody
independent activation of the classical and alternative pathways. Molec. Immun.
24:319-331
Wentworth, P., and H. Ziegler. 1987. Induction of macrophage la expression by
lipopolysaccharide and Listeria monocytogenes in congenitally athymic nude mice.
J. Immunol. 138:3167-3173
Westphal, O. 1975. Int. Arch. Allergy Appl. Immunol. 49:1
Westphal, 0., and O. LOderitz. 1954. Chemische erforschung von
lipopolysacchariden gram-negativer bakterien. Agnew. Chem. (Engl) 66:407-417
Westphal, 0., K. Jann, and K. Himmelspach. 1983. Chemistry and
immunochemistry of bacterial lipopolysaccharides as cell wall antigens and
endotoxins. Prog. Allergy 33:9-39
Westphal, 0., O. LOderitz, and F. Bister. 1952. Uber die extraktion von bakterien
mit phenol-wasser. Z. Naturforsch 78: 148-155
Whipp, S., et. al. 1978. Enteropathogenicity testing of Treponema hyodysenteriae
in ligated colonic loops of swine. Am. J. Vet. Res. 39:1293-1296
Wilcock, B., and H. Olander. 1979. Studies on the pathogenesis of swine
dysentery. II. Search for a cytotoxin in spirochetal broth cultures and colon
content. Vet. Pathol. 16:567-573
Wilson, M., and D. Morrison. 1982. Evidence for different requirements in physical
state for the interaction of lipopolysaccharide with the classical and alternative
pathways of complement. Eur. J. Biochem. 128:137-141
Woods, J., et. al. 1988. Mouse genetic locus LPS influences susceptibility to
Neisseria meningitidis infection. Infec. Immun. 56: 1950-1955
Varon, M., et. al. 1980. Stimulation of prostaglandin E production by bacterial
endotoxins in cultured human synovial fibroblasts. Arthritis Rheum. 23:921-925

117
Zeigler, J., "nd W. Eseltine. 1975.1solation and chemical characterization of outer
envelope of Leptospira pomona. Can. J. Microbiol. 21: 1102-1112
Ziegler, H., L. Staffileno, and P. Wentworth. 1984. Modulation of macrophage laexpression by lipopolysaccharide I. Induction of la expression In Vivo. J. Immunel.
133:1825-183

