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In conducting the zecearch described in this
report, the investigators adhered to the "Principles
of Laboratory Animal Care as established by the
National Society for Medical Research,"
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ANNUAL PROGRESS REPORT

Project No, 3A012501B813 Title: ARMY MEDICAL BASIC RESEARCH
IN LIFE SCIENCES

Task No. 02 Title: Microbiology

Subtask No. Ol Title: Mode of action of anti-

microbial agents

Description:

A study of the molecular biology, biochemistry and microbiology
of bacteria under the influence of antimicrobial agents in order to
elucidate the modes and mechanisms of action of these agents,

Progress:

Mode of Action of Chloroguine.

The emergence of chloroquine resistance in several strains of
Plasmodium falciparum has become a matter of grave concern to AMEDS.
In order to understand the nature of this resistance phenomenon, it
is essential to elucidate the mode of action of chloroquine, as well
as to study its potential role as a mutagenic agent.

The mode of action of chloroquine is unknown., Since the drug
is equally active in vitro and in vive (Taylor et al., Am. J. Trop.
Med. Hyg, 1:132, 1952) its molecule does not require conversion in
vivo into some form of "active metabolite." Two observations appear
to be pertinent to the problem of the mode of action of chloroquine.
Parker and Irvin (J. Biol. Chem. 199:897, 1952) have demonstrated by
spectrophotometry and viscosimetry an interaction of chioroquine with
nucleic acids, especially with DNA, and Schellenberg and Coatney
(Biochem. Pharmacol 6:143, 1961) have shown that chloroquine inter-
fered with the biosynthes1s of plasmodial nucleic acids. Since
this effect requires drug (molar) concentrations one order of magni-
tude higher than those of cinchona alkaloids or mepacrine, producing
the same inhibition, the authors concluded that the effects on
nucleic acid synthesis were "unrelated" to the mode of action of
chloroquine.

‘The essential precondition for successful studies on modes of
action is the availability of a sensitive test organism that is
readily grown in quantity and lends itself to the application of
methods of molecular biclogy. It is a scientific fallacy to assume
that the study of the mechanism of action of aa antimalarial drug
requires the use of plasmodia as test organisms. Any bacterium that
is subject to growth inhibition by chlorcquine at a concentration
range of 10°°M appears to be suitable,
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In a first series of experiments it was shown readily that sever:l
bacterial species (Sarcina lutea, Bacillus Subtilis, Micrococcus lyso-
deicticus) are highly sensitive to chloroquine. Strains of E. coli
were less sensitive but exhibited characteristic changes in the morph-
ology of their chromatin material upon exposure to chloroquine. Since
B. subtilis is a favorable organism for precision studies on type trans-
formation and M. lysodeicticus lends itself ideally to the preparation
of cell-free extracts and constituents, the technical preconditions for
studies on the mode of action of chloroquine now exist. A few prelim-
inary attempts at demonstrating a mutagenic effect of the drug have
been unsuccessful but efforts in this direction continue. Experiments
are also under way to determine if any of the essential macromolecular
syntheses (protein, DNA, RNA) are specifically inhibited by chloroquine.

Based on the earlier work of Parker and Irvin, loc. cit., experi-
ments L:ave been conducted to study the nature of the interaction Letween
chloroquine and DNA. Highly purified DNA from E. coli was used. It
was readily demonstrated that the absorption spectrum of chloroquine
is very markedly altered in the presence of DNA while the spectrum of
DNA shows no appreciable change. These findings indicate that chloro-
quine interacts with DNA but they do not specify the nature of the inter-
action.

The hypothesis has been proposed (F. E. Hahn, on Chemotherapy
of Malaria, Report to the Director, WRAIR, December 1963) that by
virtue of its molecular dimension, shape and charge distribution, chloro-
quine might be interposed between the planes of base pairs in the DNA
double helix. Separation of the two strands of native DNA can be experi-
mentally demonstrated by following the changes in abscrbancy at 260 my in
solutions of DNA that are being heated through a temperature interval,
Strand separation, and hence the establishment of a greater degree of
randomness results in increases in absorbancy at 260 my of the order
of 40 per cent. The specific temperature at which one half of this change ..
is manifest is called the Tp, temperature. Under standard experirﬁ'eﬂtal
conditions, the value of Ty, is a natural constant for each DNA of a given
base composition. It provides a measure of the overall strength with
which the two companion strands of DNA are held together by hydrogen
bonds. The Ty temperature of DNA in the presence of a few micrograms
of chloroquine was elevated by 10° C, i.e., by a very large temperature
interval. This observation suggests that the hypothesis mentioned above
is correct and that chloroquine contributed to the overall strength with
which the two companion helices hold together. It suggests further that
chloroquine might interfere with the normal replication of the genomes of
sensitive organisms and raises a strong suspicion that the drug is muta-
genic. Detailed biophysical studies on the interaction between chloroquine
and DNA continue.
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Mode of Action of Erythromycin,

It has been known for some time that the antibiotic, erythro-
mycin, inhibits the biosynthesis of protein in susceptible bacteria
but permits continued synthesis of nucleic acids. The action of
erythromycin can, thus, be compared to that of chloramphenicel, and
the two drugs inhibit bacterial growth in an additive manner
(Brock and Brock, Biochim, Biophys. Acta. 33:274, 1959).

Antibiotics which are specific inhibitors of protein synthesis
in vivo have been shown to inhibit the incorporation of radioactive
amino acids into trichloracetic acid-insoluble polymers by cell-free
ribosomal systems prepared from sensitive bacteria., This has been
demonstrated by various authors for chloramphenicol, puromycin,
tetracyclines and streptomycin., Inhibition of such cell-free sys-
tems by inhibitors of protein synthesis, especially chloramphenicol,
is now generally regarded as circumstantial evidence that such a
system represents a valid model system for protein synthesis.

A cell-free ribosomal system was prepared after the methods of
Nirenberg and Matthaei (Proc. Nat. Acad. Sci. 47:1588, 1961), using
E. coli as a source of ribosomes and soluble factors. 1In such a
system erythromycin inhibited the formation of polyphenylalanine,
under the direction of polyuridylic acid as messenger~RNA from
added radioactive phenylalanine. The data are listed in Table I.

TABLE 1
Additions Radiocactivity in polymer
(counts per min)
Complete Syatefn . 33,649
Energy source (ATP) onipted -~ 2,762 °
Messenger-ENA (poly U) omitted 764
1.0 pmole Erythromycin added 14,815
1.5 pmole Erythromycin added 6,765

The detailed mechanism at the molecular level by which erythro-
mycin inhibits protein synthesis is still unknown. The antibiotic
is a member of the macrolide group., It contains a l4-membered ring
system of aliphatic carbon atoms closed by a lactone oxygen bridge.
The two sugars, desosamine and cladinose, are substituted to this
ring system. The chemical structure of erythromycin offers no ready
clue to its mechanism cf action.
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It was observed in this laboratory, however, that erythromycin
is capable of precipitating RNA and certain synthetic polynucleotides
which can serve as models of messenger-RNA in cell-free ribosomal
systems. It is inferred that the mechanism of action of erythromycin
may involve an interaction with one or several categories of RNA
that mediate protein biosynthesis. By virtue of possessing a con-
siderable number of hydroxyl groups, erythromycin should be able
to engage in myltiple hydrogen bond formation.

A preliminary report by Vasquez (Biochem. Biophys. Res. Comm.
12:409, 1963) that erythromycin prevents the attachment of radioactive
chloramphenicol to bacterial ribosomes has been readily confirmed
in this laboratory and expanded to the demonstration that this effect
of erythromycin is reversible and competitive in nature. It is plaus-
ible, therefore, to assume that the sites of action of erythromycin
and of chloramphenicol on the ribosome are identical.

Mode of Action of Streptomycin

it was originally dis<overed in this laboratory that streptomycin
inhibits protein synthesis in susceptible bacteria (Hahn and Ciak, Bact.
Proc. 1959, p. 131). This view has gained general acceptance, especi-
ally after it was shown by other investigators that the antibiotic also
inhibits protein synthesis in cell-free model systems.

One part of the original findings in this laboratory consisted of
the demonstration that in streptomycin-exposed bacteria the biosyn-
thesis of nucleic acids continued for approximately one generation time
but eventually became minimal. The nature of nucleic acids synthe-
sized during streptomycin action and the reason for the rapid decline
in the rate of nucleic acid synthesis have been subject of intensive in-
vestigation in this laboratory. In the proceding Annual Report, some
results of centrifugal studies were reported which suggested that the
synthesis of ribosomal RNA, the bulk of bacterial RNA, declines
rapidly in streptomycin. action and that a low-molecular RNA with the
sedimentation properties of transfer RINA accumulates.

A conclusive study of this problem has now been carried out. A
special chromatographic column, consisting of methylated albumin ad-
sorbed onto kieselguhr (henceforth referred to as MAK column) was
employed (Mandell and Hershey, Analyt. Biochem. 1:66, 1960). The
MAK column separates nucleic acids upon elution with a linear gradient
of NaCl solution into the transfer-RNA fraction, the DNA, and the 16 s
and 23 s ribosomal RNAs. '

Cultures of E. coli in a synthetic medium were exposed to 30
pg/ml of streptom;:in for 60 min. These cells and cells from a
control culture without streptomycin were collected, washed and
lysed by a sequence of lysozyme and detergent treatments. The
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nucleic acids were extracted from the lysates with phenol. (verall
nucleic acid concentrations were standardized spectrophotometrically,
and identical numbers of adsorption units (260 mu) were chromato-
graphed on a MAK column, The nucleic acids from the streptomycin-ex-
posed culture showed a markedly different distribution from that of
the normal bacterial nucleic acids. There was a huge excess of trans-
fer-RNA and correspondingly much less ribosomal RNA present in
streptomycin-treated bacteria,

When an excess of radioactive uracil was supplied to the experi-
mental culture immediately after the addition of streptomycin, all
nucleic acids produced during streptomycin action were labelled.

The net analytical increase in RNA during one hour of streptomycin
action was 66 per cent, The fractions collected from the eluate

of the MAK column were subjected to liquid scintillation counting,
and the distribution of radicactivities was made commensurate to
the distribution of nucleic acid mass and compared, The overwhelm-
ing amount of RNA produced during the action of streptomycin was
found in the transfer-RNA fraction. Little radioactive material
was in the ribosomal RNA fraction, and the chromatographic dis-
tribution of this material differed so markedly from that of

normal bacterial ribosomal RNA that it represents probably a col-
lection ot different molecular species which are either precursors
or degradation products c¢f ribosomal RNA, No radioactive material
was eluted beyond the position of the 23 s ribosomal RNA suggesting
that messenger-RNA did not accumulate to a significant extent during
streptomycin action,

The streptomycin '"transfer-RNA'" was isolated and tested for
its ability to react with activating enzymes, ATP, and amino acids,
i,e.., for its actual function as transfer-RNA, Five amino acids
were tested and for all of them the specific acceptor activity of
normal transfer-RNA and streptomycin transfer-RNA was identical with-
in the limits of error, It must be concluded that the streptomycin
material chromatographing in the transfer-RNA region is normal compe-
tent transfer-RNA,

Tissiéres et al.,, (J. Molec. Biol, 7:100, 1963) have shown that
the enzyme RNA Eglymerase which 1s responsible for the tranmscription
of RNA from DNA is strongly inhibited by free transfer-RNA and
appreciably by amino acyl-charged transfer-RNA, The present find-
ings can be explained by assuming that the large quantities of tramns-
fer-RNA formed in streptomycin-treated bacteria inhibit progressively
the RNA polymerase and thus throttle the synthesis of ribosomal RNA.
This work is nearly completed and a publication is in preparation.
The problem of the mechanism of action of streptomycin, however, still
awaits solution, This is likely to be accomplished when the
structure and function of the ribosomal particles become more com-
pletely understood,
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Mode of Action of Chloramphenicol.

Chloramphenicol acts in an area of protein synthesis beyond the
synthesis of amino acyl transfer-RNAs but prior to the formation of
peptide bonds between amino acids. Two types of processes take place
in this area: (1) the assemblage of complexes of ribosomes and messenger-
RNA (polysomes) and (2) enzymatic processes by which amino acyl transfer-
RNAs are linked to the 50 s moiety of ribosomal particles and the amino
acids are condensed with the formation of peptide bonds.

Chloramphenicol resistance of mutants from chloramphenicol-
sensitive wild strains of bacteria is a polygenic cooperative phenomenon.
This makes it appear unlikely that the action of the antibiotic is upon a
single enzyme, the mutational change of which would lead to strong drug
resistance in one single mutational step. This genetic argument focuses
the attention upon macromolecular assemblages as the processes most
likely to be inhibited by chloramphenicol.

A suggestion that such might be the case was forwarded by Jardetzky
and Julian (Nature 201:397, 1964) who have shown that chloramphenicol
prevented partly the formation of polysomes from ribosomes and radio-
active polyuridylic acid (as a model for messenger RNA). Since a poly
U-instructed cell-free ribosomal system which synthesizes polyphenylal-
anime (see section on Mode of Action of Erythromycin) is relatively in-
sensitive to inhibition by chloramphenicol (2 x 10-3M required for partial
inhibition) the use of poly U in Jardetzky's experiments was a somewhat
unfortunate choice. A ribosomal system with polyadenylic acid (poly A)
synthesizes polylysine; this system is highly sensitive to the action of
chloramphenicol (Speyer et al., Cold Spring Harbor Symp. 28:559, 1963).
Preliminary experimentsﬁ—a-ns laboratory have shown that chloram-
phenicol suppresses the formation of a complex of ribosomes and poly A
completely. It is inferred that the antibiotic inhibits protein synthesis by
preventing the essential interaction between ribosomes and messenger-
RNA. This idea also explains the selective toxicity of chloramphenicol.
Microbial protein synthesis is mediated by ad hoc assemblages of ribo-
somes and messenger-RNA and is sensitive to the action of the antibiotic;
mammalian protein synthesis is mediated by more permanent combinations
of ribosomes and messenger-RNA that is not subject to turnover: this type
of protein synthesis is insensitive to chloramphenicol,

An interference with the formation of ribosome-messenger-RNA
complexes by chloramphenicol might logically be brought about by an
interaction of the antibiotic with either ribosomes or messenger-RNA.
Studies using radioactive chloramphenicol in this laboratory have
shown that the site of action of chloramphenicol is on the ribo-
some., Purified ribosomes of E. doli were suspended in solutions
of radiochloramphenicol in a series of graded specific radioactivi-
ties. These suspensions were sedimented by preparative ultracentri-
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fugation, the sedimented ribosomes were resuspended and subjected to
liquid scintillation counting for carbon-14, The amount ¢f radio-
chloramphenicol associated with ribosomes was strictly proportional
to (1) ribosomal mass, and (2) specific radioactivity of the suspend-
ing chloramphenicol solution. This proves the existence of competi-
tion between C-12 and C-14 chloramphenicols for ribosomal bindings
sites. Had the ribosomal sediments merely entrained a given voluue
of chloramphenicol solution without specific binding, the counted
radioactivities would have also been proportional to ribosomal mass
but would have been identical for all graded solutions of chloram-
phenicol containing the same total radioactivity, irrespective of
the differences in specific radioactivities. Efforts at demonstrat-
ing binding of chloramphenicol to RNA and to synthetic polyribo-
nucleotides were unsuccessful. 1t is concluded that chloramphenicol
prevents the attachment of messenger-RNA to ribosomes by interacting
with the ribosomes,

Since the interaction of messenger-RNA with ribosomes, the
interaction of messenger-RNA with amino acyl! transfer-RNA (i.e., the
actual reading of the genetic code), and the initial (non-enzymatic)
interaction of amino acyl transfer-RNA with the 50 s moiety of
ribosomes are relatively weak and reversible processes, one should
expect that the effect of chloramphenicel (which is a bacteriostatic,
hence a reversible effect) should also be reversible when studied
in cell-free model system of protein synthesis, This was demon-
strated in this laboratory using a general experimental design out-
lined by Ackermann and Potter (Proc. Soc. Exp. Biol, Med. 72:1,
1949), 1In the ribosomal poly U system which synthesizes poly-
phenylalanine (see section on Mode of Action of Erythromycin) co:.-
centrations of either, ribosomes, or poly U, or transfer-RNA were
made the rate limiting factors for the initial velocities of for-
mation of radicactive polyphenylalanine, When these concentrations
were graded, it was readily shown that within certain concentration
limits the reaction velocities were directly proportional to con-
centrations of ribosomes, poly U, or transfer-RNA. The presence
of a constant amount of chloramphenicol reduced the reaction
velocities by constant percentages rather than by constant amounts.
This type of finding is indicative of reversible inhibition,

When the data from these kinetic experiments were evaluated by
plotting the reciprocals of the rate-limiting concentrations of
ribosomes, poly U, or transfer-RNA as a function of the reciprocals
of the initial reaction velocities carrying out this data reducticn
for control experiments and for experiments with partly inhibitory
concentrations of chloramphenicol, typical Lineweaver-Burke-plots
were obtained in which the lines representing the control experi-
ments and the inhibition experiments intercepted on the ordinate.
It is customary to‘consider this type of result as evidence for
competitive inhibition, Rather than assuming that all three
components (ribosomes, poly U, transfer-RNA) are competitors of
chloramphenicol in the assemblage of a functional ribosomal system,
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it is thought that the data probably reflect a kinetic situation which
is too complicated for a superficial application of the double
reciprocal plot,

The problem of the mechanism of action of chloramphenicol has
been reduced to the same set of questions that arise in connection
with studies on streptomycin, erythromycin and tetracyclines, viz.,
these of the nature of the structure and function of the ribosomal
particles as production units in protein synthesis.

Effects of Inhibitors of protein Synthesis on DNA Synthesis.

Inhibition of protein synthesis in microorganisms, for example
by chloramphenicol, erythromycin, streptomycin and tetracyclines,
permits continued synthesis of DNA, This DNA synthesis, however,does
not usually attain increments of 100 per cent before it comes to a stand-
still. Studies by Maalde and his associates (J. Cell. Comp. Phys. 62
suppl. 31, 1963) have shown that the replication of the genome in bacteria
occurs in cycles and that some form of protein synthesis is required to
initiate each new cycle. In the absence of protein synthesis, therefore,
a typical asynchronous culture permits those organisms to complete
the cycle which have already initiated it at the time when protein syn»
thesis becomes inhibited.

The nature of this "imitator protein'' is hypothetical (Jacob et al.,
Cold Spring Harbor Symp. 28:329, 1963). It may be a soluble enzyme
or could be a protein that becomes actually attached to completed DNA
at the beginning of another replication cycle.

Associations of DNA with proteins, peptides, or amino acids,
have been demonstrated for mammalian DNA and phage DNA under
conditions which make it appear extremely unlikely that these materials
represent residual contaminations carried over from the preparation
of DNA. No such demonstration had been made so far for bacterial
DNA. Studies in this laboratory have now revealed the presence in
E. coli K-12 DNA hydrolysates of 15 different amino acids that jointly
constitute about 0.1 per cent of the mass of DNA.

DNA was prepared from mass cultures of E. coli K~-12 by a modi-
fication of the procedure of Marmur (J. Mol. Biol. 3:208, 1961) by
increasing the number of deproteinization steps, including several
phenol extractions, and increasing the number of reisolations of DNA
to such an extent that it virtually eliminates any possibility of carrying
contaminating bacterial proteins over into the final DNA preparation.

This DNA was native, i.e., double-stranded since it exhibited
a2 hyperchromic shift at 260 my of 40 per cent upon heating through
a temperature interval from 80 - 96° C and had a Ty, temperature of
88 - 90° C, typical for E. coli DNA, The sedimentation coefficient
of this material was 18-20 —s-,—-indicating that the DNA prepé-
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ration was of high molecular weight.

Paper chromatography of acid hydrolysates of this DNA revealed
the presence of glycine and ammonia. These substances represented
degradation products of the constituent bases of DNA as they were
also found in solutions of individual purine and pyrimidine bases
or deoxyribosides that had been subjected to the conditions of acid
hydrolysis,

Automatic amino acid analysis of hydrolysates of 300 mg samples
of DNA resalted in the identification and determination of 15 dif-
ferent amino acids listed in Table II. Milligram quantities of gly-
cine and ammonia were not tabulated nor considered in the interpre-
tation of data. Alanine could not be determined because the large
glycine peak eclipsed the elution area of that amino acid. Columns
5 and 6 in Table II list the moles per cent for the amino acids
determined in samples la dn 2; columns 7 and 8 list the correspond-
ing numbers calculated for the same amino acid population of 15
from the analyses of the proteins of E. coli of Roberts et al.
(Studies of Biosynthesis in Escherichia coli, Carnegie Inst. of
Washington, Washington, D.C., 1955, p 28) and of Sueoka (Proc.

Nat, Acad, Sci. 47:1141, 1961),

The relative abundance of amino acids in the hydrclysates of
E. coli DNA was different from the global amino acid composition
of the bacterial proteins, This appears to render unlikely the
possibility that these amino acids were derived from the hydrolysis
of small quantities of bacterial proteins, contaminating the DNA
preparations at random. The nature of the association of these
amino acids, suggesting the presence of a protein bound to DNA,
is under investigation.

Influence of antimicrobial agents upon the normal replication
of the genome, be it direct as assumed for chloroquine, or in-
direct as postulated for the inhibitors of protein synthesis, re-
quires verification by electron microscopy. This type of study
must utilize the highest magnification and full resolution power
of modern electron microscopes, These instruments resolve objects
two to five Angstr8m units apart; however, the amount of infor-
mation obtainable at this level of resolution has remained limited
because of the rapid accumulation of large quantities of contami-
nating materials on the specimen,

Most modern electron microscopes operate at pressures of the
order of 10™* Torr; at these pressures, the partial pressures of
residual hydrocarbons are of the order of 10°° to 10~° Torr.
Consequently, monomolecular layers of hydrocarbon form on all inner
surfaces of the instrument in equilibrium with the gas phase,

This occurrence would be of little consequence except that at
critical areas in the microscope where the electron beam strikes,
the molecules of the monolayer become activated and polymerize to
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form nonvolatile layers of contamination,

The most critical areas of this type are the specimen itself,
as well as the condensor and objective apertures, The accumulation
of contamination on the specimen occurs at a rate of several hundred
Angstrbms per min, i.e., after only one minute the specimen is
covered with a layer of contaminating material 100 times as thick as
the structures which the microscopist wishes to resolve, Additional-
ly, the usually asymmetrical contamination of the aperture results
in the introduction of asymmetry of the electrical lemses at
critical points in the instrument; this produces a rapid deterio-
ration of the quality of the electron image.

It is, therefore, essential for electron micrescopy of objects
of molecular dimensions that contamination is eliminated. During
the past year a number of pilot studies have been conducted from
which sufficient data have been obtained to show that it is possi-
ble to operate an electron microscope at pressures approaching 107°
Torr wich hydrocarbon partial pressures well below this figure.

The important changes which are necessary to achieve this include:
(1) replacement of all gasketing material with either 'Viton A,"
a material having extremely low vapor pressure and low porosity,
or with metal gaskets, (2) elimipation of all leaks to a level
where the system has the necessary vacuum integrity to cperate at
these pressures, and (3) the replacement of the usual oil diffu-
sion pumps with a high-velocity titanium "getter-ion" pump. The
final pilot study succeeded in pumping the instrument clean and
preventing contamination of all critical surfaces. Specimen con-
tamination rates were reduced from several hundred Angstréms per
minute to less than one Angstr¥m, and contamination of the
aperture has been eliminated, i

In this final study, a temporary arrangement was used which
had the disadvantage that pump-down times during routine operation
were longer than practical. The data from this study, however,
has led to the design of a system to be incorporated into the
Siemens Elmiskop I which provides for satisfactory routine opera-
tion and will eliminate contamination of all critical areas. The
permanent modification of the Siemens Instrument in the Depart-
ment of Molecular Biology 1is under way.

Summary and Conclusions;

The antimalarial drug, chloroquine, was found also to be a
very strong antibacterial agent. It interacts with DNA presum-
ably by interposition between the planes of the hydrogen-bonded
purine and pyrimidine bases, Erythromycin inhibits a cell-frec
ribosomal model system of protein synthesis that synthesizes poly-
phenylalanine, Marked accumulation of transfer-RNA in streptomycin-
exposed bacteria is accompanied by a dramatic decline in ribosomal
RNA synthesis; this is attributed to a progressive inhibition of
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RNA polymerase by transfer-RNA. Chloramphenicol inhibits protein
synthesis by intérferfng with the formation of the messenger RNA-
ribosome complex threugh direct interaction with ribosomes,

Kinetic studies show that the effect of chloramphenicol upon the
ribosome~paly Y-uysted 1y reversible and satisfied formal criteria
for competitive indibitiom. Hydro]:ysates o6f tacterial DNA con~
tain >15 amino acids amounting to 0.1% of thé mass of DNA, Pre-
sumably, these amine acids are derived from an "injtiator protein
responsible for trigiering” i.ndividual rotinds of ‘replication of ‘the -
genome, In order to visudlize some of the macromolecular events
cited above, a medified vaccim system has been developed for the
electron microscope vhich eliminates object contamination and
allowé the utilizaﬁiqn of the full resolution power’ of the fnstru~
ment .
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ANNUAL PROGRESS REPORT

Project No. 3A012501B813 Title: Army Medical Basic
Research in Life Sciences

Task No. 02 Title: Microbiology

Subtask No. 02 Title: Microbial genetics

and taxonomy

Description: The purpose of these studies is to investigate the
genetic characteristics of the metabolic and antigenic
changes occurring in the enteric bacteria as a conse-
quence of genetic recombination, episomic transfer, and
transduction in order to examine the genetic basis of
virulence.

Progress:

1. Studies on Episomic Elements

Since 1959 there has been an increasing number of reports of
infectious multiple drug resistance in enteric bacteria. The most
frequently encountered type of multiple drug resistance is for strep-
tomycin (SM), chloramphenicol, and tetracycline (TC) although other
combinations have been encountered and many strains are resistant to
sulfonamides (SU) and Kanamycin (KM) as well. The pra:tical signifi~
cance of infectious multiple drug resistance is shown by the recent
report that up to 20% of the enteropathogenic Escherichia coli sero-
types isolated in Western Germany harbor infectious 5 drug resistance,.

The drug resistance markers are carried and transferred by an
agent, RTF, which possesses many of the properties of an episomic
element. The composite agent (R-factor) composed of RTF and the drug
resistance markers may be transmitted among enteric bacteria by conju~
gation independently of the transfer of chromosomal determinants, R~
factors apparently replicate autonomously within a cell since they may
be eliminated spontaneously or with acridine dyes. All aVailable evi-
dence indicates that R-factors behave as a single unit of transmission
and replication.

Previous studies from this laboratory have clearly demonstrated
that the intergeneric transfer of episomic elements betwaen organisms
which differ significantly in the overall guanine and cytosine (GC) con-
tent of their deoxyribonucleic acid (DNA) represents a unique method
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of biological fractionation. During the past year we have studied the
transfer of a number of R-factors from E., coli and Shigella sp. to
Proteus mirabilis. DNA extracted from Proteus cells infected with
R-factors exhibit a striking molecular heterogeniety in CsCl density
gradients, Additional or satellite bands of DNA are recognizable in
episomally infected Proteus but not in uninfected cells. Since the
satellite bands may be correlated with the gain or loss of R-factors,
it is felt that the satellite material represents the transferred genetic
material.

Table 1 shows the genetic constitution of the R-factors studied,
their source, and the mean GC composition of the DNA species which
may be recognized upon fractionation of R-factor DNA. In addition,
the relative size of each R-factor is listed as compared to the classi-
cal factor 222 (SU, SM, CM, TC) which comprises about 6-8% of the
total DNA extracted from infected Proteus cells. The spontaneous
loss of a drug marker by mutation is always associated with a decrease
in the size of an R-factor which physically confirms the genetic evidence
that drug marker loss is a deletion phenomenon. Moreover, loss of one
or more drug resistance markers results in a change (often drastic) of
the molecular distribution of R-factor DNA. For example, R-factor
222 (SU, 6M, CM, TC) exhibits 3 main classes of DNA molecules with
overall GC compositions of 56%, 51% and 48%, present in the propor-
tions . 35, .47 and . 18 respectively. A spontaneous variant of 222,
222r3, which has lost the TC drug marker (SU, SM, CM) although
still exhibiting the same main 3 classes of molecules now has the
proportions . 47, .39 and . 14. In other words, 222r3 DNA shows a
relative increase of . 12 for the 56% GC molecules while relatively
the 51% and 49% components have decreased by .08 and . 04 respec~
tively. This observation indicates that the TC drug resistant marker
is composed of GC molecules with about equimolar dose composition.
In addition, the observed .12 relative redistribution of DNA correlates
well with the . 10 size reduction of the 222 to 222r3 mutation.

These types of observations have led to the following conclusions.
The TC drug marker is composed of low (50%) GC molecules whilg the
CM drug marker is composed of high (56%) GC molecules. Together
these two markers represent about 30% of R-factor DNA. The SU
and SM drug markers as well as the RTF component have mean base
compositions in the range 48-53%. Preliminary evidence indicates
that the drug markers occupy the higher values while RTF tends
towards the lower value. The KM drug marker probably has a GC
composition very close to 53%. It is significant that R-factors isolated
from so many widespread locations: USA, England, Germany and
Japan exhibit remarkable similarity in terms of molecular makeup
and size. This indicates that R-factors all belong to a single family
of genetic determinants.

447




Table L

Source R-Factor e Oﬁ:??;ii_w Relative Size Molemjz_ia;; decies
Japan 222 SU, 5M, (M, 1 56, 51, 49
Jepan 2221'3 SU, SM, CM .9 56, 51, 49
Japan N-3 87, 8,726 82 53, 50, 48
Japen R-15 SU, M .71 52, 50, 48
USA RM SU, 8M, 20 82 gk, 51, 49
Englend Sr3 SU, SM, W 38 53, 50, 48
Germeny *g SU,5M, CM,2C, 14 1.06 56, 53, 51, 48
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2. Episomic Elements in Proteus

Several Proteus stirains were isolated from nature possessing the
unusual ability to ferment lactose (lact). It was found tha‘c one of
these strains, a Proteus mirabilis, could transfer the lac character
at high frequency to species as different as Escherichia o coll, Serratia,
Salmonella typhosa and Shigella, all the strains that received the lac™
character could in turn transfer it at high frequency to other strains.
The recombineants received no other genetic characters. Thus the lac
marker was capsble of being transferred as a unit independent of the
bacterial chromosome and hed other properties in commen with the episomic
element F-lac. This genetic element detected in Proteus shall be consid-
ered an episome and termed P-lac because it resembles, but is not iden-
tical to the F-lac episome.

Ordinarily, bacterial DNA examined in a CsCl density gradient
forms & unimodal distribution about a characteristic mean density which
is related to the chemical composition of the DNA. However, DNA from
this Proteus strain with the P-lac episome, had in addition to the char-
acteristic Proteus DNA, a large satellite band of DNA with a markedly
different base composition, The buoyant density of the Proteus DNA is
1.698 gm/cm3 which corresponds to an aversge guanine and cytosine (G-C)
content of 39%, characteristic of Proteus DNA. There is a satellite
band of density 1.710 gm/cm® which corresponds to 50% G-C. This
satellite is not an artifact of preparation because exactly the same
banding pattern is obtained when different extraction procedures are
used to isolate the DNA. The satellite DNA is alweys precent in Proteus
strains with the episome, but never present in strains without the epi-
some .

In strain of Salmonella, Shigellas, and E. coli the DNA associated
with the episome has the same buoyant densi ty as that of the normal
bacterial DNA, so that the episome assoclated DNA does not form a
satellite band. These strains still retain the ability to transfer
this element and it appears sgain as a satellite band when the episome
is transferred to a lac’ Proteus. It is possible to measure the smount
of DNA in the satellite band and it was calculated that 10% of the total
DNA extracted from Proteus with the P-lac eplsome 1s in the satellite
band. It is possible to purify this episomal DNA by absorption and
elution from a methylated albumin keiselgar column. This purified DNA
has not been shown to be biologically active because itransformation is
not possible with Proteus or the other enteric strains and it has yet
to be tried on strains that can be transformed by DNA.

Proteus strains normally do not produce the enzymes necessary for
the utilization of lactose so the amount and the nature of the enzyme
produced after episome infection was investigated. The Proteus strain
with the episomes produces less B -galactosidase than the coli strains
with or without the episomes. Maximum enzyme activity of the cells was
measured after induction for 24 hours in the presence of the substrate
lactose or s synthetic galactoside.
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Strain Non=Ionfused Induced

Proteus P-lac 12 EU/u gr. esll X 33 EU/u go. cell N
E. coll W586 c.3 ) 109
E. coli P-lac 0.2 332

The regulatory mechanisms do nob goaw o fumstlon properly in Proteus
because there is a substantial level of =mzyme nroduced even in the
uninduced cells. Coli cells with the P-lec episome produce asbout 3
times as much B-galactosldasse as a haploid cell. This has been inter-
pretted es an indicatlion that there are & nuwnher of copies of the lac
genes per cell. -

The enzyme ltself was examized bt btest whethor the D-galactosidase
produced by Proteus with P-lae wag Identlosl with the enzyme produced
by E. coll K-12. Crde extracts wer prepacved by sonicgtlon of Proteus
cells and coli cells. The sedimenbatiog roef. and Midhael's coef. were
the same for both enzyme preparabions. An ilrmmaologlesl titratlion of
the two enzyme extracts with (mll Degalactosiiese antiserum showed that
the immunologicel character of the bwo e aonres is different. At equiv-
alence the same amount of ant;.ue.nm precipitated 42% of the coli B-gal-
actosidase activity and only 11% of the Proteus ge.lac tosidase activity.
A marked difference was also ouserved inm the lze,ux, sensitivity; B galac-
tosidase from Proteus is inewtiveated m.cl fazber ﬁ:aan the enzyme from
E. coli. These results are swmnarized fn the fliowing table.

Protens - Pologe Celi - K-12
Xn 2.0 % IRV 1.9 x 10’1‘ M
act. ppt./ml. entiserum 15,3 8 Wb s
sed. coef. Li% h2%
at equivalence
- e ok .o=~1
K59 .50 min. 0.12 nmin.



3. Chromosome Transfer Kinetics uf Salmonells Hfr Strains

The mechanical interruption of chiomosome transfer at regular
intervals during the mating process has made possible the precise
localization of genetic determinants, in units of time, in Hfr strains
of Escherichia coll K-12. Recombinatlion frequenclies and linkage date
obtained in this and other lahouravworles have indicated that Salmonells
Hfr strains possess a gene oxder identical. to 12, and transfer their
chromosomel genes to ialmonells recipients in a manner analogous to that
of K-12 Hfrs. Howeve:', localigation of Salnonells Hfr markers in time
units by interruption of mating has not been revorited. We therefore
examined the kinetics of chromosome transfer of an S. typhosa Hfr and
an S. typhimurium Hfr in interrupted matings with mltiply auxotrophic

S. Typhimurium iecipients.

The S. typhosa donor, labelled TD-7, was derived from S. typhosa
strain 643 by mating with the S, Typhdmurdws Hfr strain SC-19, and
selecting those hybrids receiving the terminal lactose utilization
(lac ) gene of SC-19. Since this gene is closely linked to the sex-
factoz, 5 in SC-19, F is received along with lac” by a certein percent-
age of the 643 hybrids, which thereby become Hfrs. SC-19 was itself
derived from S, himurium LT-7 by a similar hybridization with the
E. coli Hfr P'IIX-JGc Thus, TD-7 has the same tremnsfer orientation as
Sc-19 and P4X-6, i.e., proline synthesis (pro*) is injected as a lead
marker and lg_g"' is the temminal genetic marker linked to F.

Interrupted matings were performed with TD 7 and the multiply
suxotrophic S. 1murium recipient strains OSR-1S' and 74R-1S*. The
selected ma.rkers pIo’, mett (methionine synthesis), __5+ (arginine
synthesis), and ile' (1soleuc.ine synthesis) were found to enter the
recipients at 8, 32, 36, and 51 minutes, respectively, after initial
contact. The order of entyry of these markers 1s ddentical to that exhib-
ited by the analogous E. coli Efx PLE-6, copfimming the identity of gene
order. However, the entry times themselves were considersbly different
from those obtained in P4X-6 X E. coli F~ interrupted matings where the
same markers entered at 5, 20, 22.5, and 28 minutes vespectively. A
similar extension of entry 'tilﬂ("o was observed with 5. typhimurium Hfr
SR-305. SR-305 was isolated afier F-iafection of strain 17-2, and
transfers its chromosomel markers to O8R-1LSR in the reverse order 3_.'1_.9_ -
me'b - _p__ at 4 minutes, 18 mimutes, and 46 minutes, respectively.

A comparison of the TD-7 entry times with those of P4X-6 (Table 1)
shows that for the pro, met, and arg merkers the entry time ratio,
P4X-6/TD-7, is constant at 0. 63. This is interpreted as indicating an
identical length of chromosome in the *two organisms, and a rate of

‘chromosome transfer in the Salmonella donor which is only 0.63 that of

the E. coll Hfr. The possibility that the 0.55 ratio for the ile marker
might indicate a longer physical length of Salmonella chromosome me between
met and ile is contradicted by the SR-305 kinetics, where the 1lh-minute
Interval observed between ile and, met is about what would be predicted
by the 0.63 ratio.
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These findings suggest that the sex factor of K-12, vhen integrated
in a Salmonells, is unsble to mobllize the chromosome of that organism
with the same degree of efficiency that it exhibliis in mobilizing the
E. coli chromosome, under the same experinental conditions.

Tabls XX

Comparative entry times of PiX-6 and TD-7"

pro et arg ile

Phx-6 5 20 22.5 28
TD-7 8 32 36 51
RATIO (P4X-6/TD-T) 0.63 C.63 0.63 0.55

*The entry times, in mimutes, for ZD-7 were delemined by interrupted
metings with S. typhimarium streins OSR-19% snd Th3-10%, PhX~6 entry
times were determined by ilvtarrupted metings wiih ¥ strains of

Eo COli K"la .

4., QCenetics of Virulence irn Suimpnelia

Recently, geneii: syatems in Sslzmonille tophlmmirdium heve haen
developed which make it posasible to zrriy srbangive regions of the
bacterial chromosome by recombinaticz. “Me laborsieor; mouse is very
susceptible to infectlon with S. typkimurlum when the hscleria are
introduced into the perditonmeim. Mamy ebtreins of the some species or
related Salmonelle are completely aviral.nt on jussess Intermediate
levels of virulence. Since this chavesieristic 13 uscally steble for
any particular species of Salmomellas. it was egwerbal that a genetice
bagis for mouse virulenre migiit be found.

The primary eim of thies ziwiy wee o e leraine vhether the mouse
virulence of the highly virulawt siyel: 7 «f S. tynbimcluos zould be
modified by recombination witd e avi .. & 2. epony styain. The donor
strain of S. abony iz comuletely aviiuvh«.h for W mowe, nelng uneble
to multiply or produce infechioss in fuls soporinenind andimal. It is
lethel for mice only when a gatiiefaniir L7, doge (dbout 88 hasteria)
is injected to produce toxloity. Wz <5 stowlon of T tm,’ximur:hm,
on the other hand, are highly vimal=ut 2 sual oy e mosoeldity 1n mice
injected with even very small 2osas of bacherle.

Bybrids from the cross S. sbosy svirmilent doaor X 8. typhimurium
C5 virulent recipiert were isolaled mad sifJonted g genetic analysis.
Hybrids vhich received tae his™, his’ flaiy, or hie", _._122."' markers from
S. sbony were unchanged in toeir viralerss., The tranefer of either the
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his™ str-r rhe' region or the inos* marker by itself, however, produced
partially avirulent hybrids. 'The reglon involved in the determination
of this difference in virulence lies within the chromosomel segment
his - str - inos. Further classes of hybrids were isolated and tested
end only those hybrids which possess either the str or the inos loci
exhibit & decrease in their virulence. The hybride which displayed a
loss in virulence, however, did not possess the completely avirulent
character of the S. abony dono:.

Additional crosscs were performed to determine whether an initial,
pertially avirulent hybrid would become completely avirulent were it to
further receive the other region involved in the transition of virulence
to partial avirulence. For these studies, the hybrid C5 hist str-r
possessing an LD.y of 10° bacteria was back-crossed with the S. abony
Hfr, with selectéon being made for the EIE+ marker of the donor. Among
the classes of hybrids obtained from this backeross, only the hybrid
which received the inos region, in addition to the previously trans-
ferred str region, becomes completely avirulent.

Summary and Conclusions:

1. The R-factcr is an episomic element consisting of DNA which
likely exists as a single molecule with heterogeniety along its length.
A correlation exists between the genetic constitution of R~-factors and
the molecular banding pattern of DNA is CsCl density gradients. The
TC drug resistent marker has an aversge GC composition of 50%, while
the CM merker is 56%. The RIF component and the SU, SM, Kan markers
have mean base compositions in the range 48 - 53% GC.

2. A strain of Proteus mirsbilis was investigated which possessed
the unusual ability to ferment lactose. is genetic character is
transmitted by an eépisomic element. DNA extracted from this Proteus
strain was examined by CsCl density gradient centrifugation and contained
8 large satellite band. The regulation of the synthesis of the inducible
enzyme B-galactosidase in Proteus with the episome indicate that the
repression mechanism does not function properly. The evidence also
indicates that the B-galsactosidase produced by the cells with this
episome is different than the B-gelactosidase produced by Escherichia
coli K-12, T

3. A Salmonella typhoss Hfr, TD-7, examined in interrupted metings
with Salmonella typhimurium recipients, was found to transfer the pro,
met, arg, and ile markers at 8, 32, 36, and 51 minutes, respectively,
after contact with the recipient. The analogous Escherichia coli Hfr,
P4X-6, transfers these markers to E. coli F~ strains in the same oxder,
but at times of 5, 20, 22.5, and 28 minutes, respectively. Extended ~
entry times were noted also with S. typhimurium Hfr SR-305, which
transfers in the reverse order ile - met - pro, at 4, 18, and 46 minutes
respectively. The PiX-6/Salmonella entry time ratio is constent at 0.63
for the earlier markers transferred by both TD-7 and SR=-305. This
suggests that these Salmonella donors transfer thelr chromosomes to
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Salmonella recipients at a rate which is only 0.63 that of the PiX-6
transfer to E. coli F~ strains.

L. The results of this study demonstrate that the acquisition
of partial avirulence is always assoclated with either the str or inos
marker. The complete avirulence of the backcross hybrid which encom-
passes the regions of both the str and inos markers is interpreted as
being due to the fect that it recelved both the determinants of aviru-
lence (avir, linked to str-r and avir, linked to inos). Each deter-
minent by itself would allow the phenotypic expression of partial
avirulence, but both are presumsbly necessary for the expression of
complete avirulence.
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ANNUAL PROGRESS REPORT

Project No. 3A012501B813 Title: ARMY MEDICAL BASIC RESEARCH 1IN
LIFE SCIENCES

Task No. 02 Title:r Microbiology

Subtask No. 03 Title: Role of bacteriez in shock

Description:

The Department of Germfree Research, through the use of its unigue
technology, ettempts to eveluate the menner in which bacteria end their
products mey modify the respense of the orgenism to injury from physical,
chemical, and viable noxae and to combinations thereof.

Study vhases are in progress:

1) Tec esteblish end use exnerimental uvrocedures which create
conditions that are of interest to and o” nractical imgortance for military
medicine.

2}  To determine the locel snd/or systemic changes which occur,
their mechanisms, end their significance to health and direase.

3) To comoare the res»conses of germiree, defined=-{lora, and
conventionel(ized) animasls challenged with ohysical, chemical, snd vieble
noxae, or to combinstiong thereof; to learn the rcle o the microorganisme
(end their products) of the internal and external environment; end the
effect of their modification and/or control.

Progregs:

Bowel Shock: Suverior Mesenteric Artervy Occlusion (SMAQ)

Reduced verfusion of the splanchnic vascular bed occurs in cliniesal
conditions which result in systemic hyoctension. It hes been suggested
that reduced solanchnic blood flow triggers & chain of events which
pervetuate the hypotension. We sought to .reoare &n experimental model
which would allow us to observe ischemia ol the bowel in the intact
unanesthetized snimsl, thus isolating this from other factors which might
be a contributing stressor to the animal.

Stenderdization of procedures - A metaliic snsre was devised with

the helo of Dr. I. Levin, Instrumentation Division, WRALR. The snare device
is & metallic cylinder with 2 metel oot nlate to which is attached &
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length of polyethylene tubing. When the tubing is looped around an
artery, it can be vassed into the cylinder. A piece o metal tubing

can then be crimped onto the free end of the nolyethylene tubing enabling
the operator to occlude end release the esrtery at will. The snare device
offers several advantages: it can be reused; is easily sterilized; and
it is impervious to sttempts by the animal to remove it.

The snare device was surgicselly implanted into male Wister strain
rats, anesthetized with Nembutal, under asentic conditions in the
operating suite. An incision was made in the left flank and retro-
peritoneal dissection was continued until the superior mesenteric artery
was exposed. The loop of the snare was passed asround the ertery and the
length of the loop adjusted. The metal tubing wee crimned onto the
polyethylene. The foot plate of the snare was sutured into the flank
muscles in effecting their closure. The skin was then sutured closed.
The rats were then returned to their cages. In one week, the rsts had
regained or surpassed their operative weight and appeared healthy. At
this time, the snare was closed occluding the superior mesenteric artery
without genersl anesthesia. The occlusion can be of any time interval
desired and can be repeated at desired intervals. Snares have been
in place for six months and asre still orerable.

Initially, snares were implanted in order to determine the effects
of varying periods of intestinsl ischemia.

Mortality and Survival Time After
Temporary or Permanent SMAO

SMAO, No. Mortality Survival
min. Rats Time, Hrs*

45 9 0% -

60 10 20% 15

75 10 40% 5

90 7 57% 10
105 7 71% 8
120 7 57% 10
180 8 75% 8
240 9 88% 5
Permenent 11 100% 8

* After SMAO in those dying.
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Rats subjected to 120 minutes or less of SMAO showed no ill effects
during the period of occlusion. After release of the artery, the majority
became weak and showed bloody dierrhea. Some of these animals died and
some survived. Some subjected to 180 minutes or more of SMAO began to
show listlessness and diarrhea during the period of occlusion, which
increased after release ol the artery.

It will be noted thset there was essentially no difference in
survival time between animals: in which SMAOC was permanent and those
which died from temporary SMAC of more than one hour.

Autopsies were verformed. All of these animals showed areas of
darkened small intestine and the lumen was filled with bloody material.
The length of the dark bowel varied from the entire small bowel and
cecum with bloody peritoneal fluid to a small area of spproximately
3 cm. of small bowel. The aree involved most constantly wes the terminal
ileum. (Parenthetically, the gross picture was indistinguishable from
that seen in rats dying from irreversible hemorrhagic shock.) Length
of survival could not be correlated with the extent or severity of
hemorrhagic bowel.

Several animals were anesthetized and the appearance of the bowel
was observed and photogranhed before, during and after SMAO. The blood
in the mesenteric vessels turned dark immediately after SMAC.
Approximately 90 minutes after SMAO, the bowel progressively darkened
in severity and extent with time. Uocn release, the blood in the
mesenteric vessels rapidly became pink and the darkened bowel began to
return to its normel color. The animals observed died before the bowel
had returned to its normel color.

Several animals which survived a period of temporary SMAC were
sacrificed after 24 and 48 hours and were found to have grossly normal
bowel. The tissues were vreserved in 10% buffered formalin and were
subsequently examined histologically. In 81l cases, the aorta and
superior mesenteric artery were found to be vatent and no harm to these
vessels was evident from the snare device.

Animals which died from temporary SMAC of three hours or less showed
no lesions in the bowel. Four hours of temporary SMAO and permanent
SMAO produced intestinal infarction.

One of the advantages of the snare device is that it can be used
to subject animals to repeated boutsz of temporary SMAC, Survivors of
the primary chaellenge were subjected to reneated periods of temporary
SMAO at 3-4 day intervels.
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The following results were obtained:

First Mortelity, %

SMAO, Subsequent SMAQ, minutes :
min. 45 60 75 90 105 120 135 150 165 180 240
45 0¥* 17 0 100 - - - - - - -
60 20% 12 0 0 0 75 100 - - -
75 yAOL 0 20 0 0 25 0 0 -
90 » 57% 0 0 100 - - - -
105 71% 50 0 0 0 100 -
120 | 57% 50 0 0 100 ~
180 75% -
240 ggx

%* Initiel mortality.

Clinically, animals subjected to repested occlusions reacted as
did those subjected to a single SMAO.

Gross examination -~ enimals dying from repeated SMAO's showed the
same picture as animals uying after a single SMAO. Histologically,
nowever, these animals showed ulcerations in the mucosa of the small
intestine with marked surrounding inflammation. No such lesions were
found in animels dying from & single period of SMAO.

To summarize, an easlly sterilizsble, reusable snare device which
cen be chronically implanted in the rat and which resists elforts of
the animal to remove it, was devised. It has been observed to functlon
for periods of at leest six months. This device provides a method of
producing bowel ischemia of a temporary nature on repeated occasions in
the intact unenesthetized animsl. Periods ol temporary SMAO up to three
hours produced bloody bowel of varying extent and degree. The gross plcture
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could not be correlated with survival time. No infarctions were seen
histologically. Duration of SMAO could not be used to predict mortelity
or survival time on an individusl animel bssis. Temporary SMAO for
four hours or permanent SMAO produced blocdy bowel of similar extent
and gross appearsnce. Lnfarction could be detected histologicelly.
Temporary SMAO resulted in no Aifference in survival time from
permanent SMAOC although mortailty rate was less. There 1s individual
variation among rats in thexr ability to withstand intestinal ischemis.
No tolerance (ability to survive a highly lethal injury) to intestinal
ischemia was demonstrated by the training regimen we followed but this
does not exclude the oossibility that another training regimen might
not succeed. Revneated brief SMAO's, in Tact, produced ulceration

of the small intestinal mucosa with severe surrcunding inflammetion
but without perforations.

Pathogenesis and treatment ~ No nhysiological measurements were
made in the SMAO animels in order to add as little stress as possible
to the injury inflicted. The mechanism by which SMAO causes death is
not clear. Marston (Ann. Surg. 158:952, 1963), working with permanent
SMAO in dogs, suggested that plasms and whole blood loss was of great
significance in “he pathogenesis of this injury and that blood is lost
into the splanchnic bed by bleeding through the portal vein.

To estimate fluid lost into the small bowel, the weight of the
small bowel, including contents, from oylorus to ileocecal valve,
was compared between normal animels and those exhibiting the most
severe hemorrhagic bowel after fatal temoorary SMAO. The average
figures were:

Normal Bowel SMAO Bloody Bowel
(8 rats) (6 rats)
4Le5 Gm. 6.8 Gm,

An increase in weight, presumably due to fluid loss, was noted. We,
therefore, sought to determine whether parenteral fluld administered
to the rats would increase elther the survival rate or survival time.

Male rats with snares implanted as described above were allowed to
recover from surgery for 7 days. They were divided into two paired
groups by weight. Both groups were subjected to 180 minutes of SMAO.
The treated group received 30% oi their body weight in saline just prior
to release of the SMAO. This treatment has been found to be highly
effective in protecting mice from limb ischemia shock that is ordinarily
fatal.
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The following results were obtained and showed no statistically
significant differences:

No. Mortality Survival

Rats Time
Untreated 6 83% 3.5 Hrs.
Saline-Treated 7 71% 9.7 Hrs.

A second group of animals with snares implanted were divided into
two equal groups. The control group had 3 hours of SMAO and were then
anesthetized with ether, and the external jugular veinisolated. The
wound was closed, the occlusion released, and the animals were returned
to their cages. The treated group was treated similarly, but the
external jugular vein was cannulated, 5 cc. of Low Molecular Weight
Dextran (average molecular weight 35,000) was given i.v., 20 cc. saline
was given i.p., the occlusion released and the animels were returned
to their cages after the neck wounds were closed. The following
results were obtained and showed no statistically significant
differences:

No. Mortality Survival

Hats Time
Untreated 3 100% 4.0 Hrs.
Trested 3 100% 13.3 Hrs.

To determine whether retrograde bleeding from the portal vein
occurred when arterial pressure was reduced by SMAQ, a series of acute
experiments was carried out. Male Fischer rats were fasted the night
preoperatively. The abdomen was sheared, anesthesias was induced end
maintained with Fluothane. Surgery was performed under aseptic
conditions in the operating suite. Various combinations of visceral
vessels were permenently occluded; in all ceses, arteries were occluded
before veins. The laparotomies were then closed in two layers, the
animals rapidly awekened from the light anesthesia and were observed
until death. Autopsies were performed and tissues were preserved.

If retrograde bleeding from the portal vein into the superior

mesenteric vein (SMV) and the intestinal vascular bed lergely accounts
for the blood loss, then, conceivably, occlusion of the SMV or the
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celiac artery (CA) might curtail such blood loss and result in an
increase of survival time beyond that of animals subjected to SMAO alone.
Furthermore, animals subjected to SMV, CA and SMA occlusions might be
expected tc show pale rather then bloody bowel at autopsy. The Tollowing
results were obtained, however:

Occlusion No. Mortality Survival
Rats Time

SMA 6 100% 9.0 Hrs.

SMA & SMV 12 100% 6.5 Hrs.

SMA & CA 12 100% 5.2 Hrs.

SMA, CA, SMV 6 100% 1.9 Hrs.

Unsurprisingly, all animals died. All showed bloody bowel. In
the animals with SMA and CA occlusion, the livers were also congested
and the animals convulsed prior to death. The cecum was congested in
& number of these animals, but this finding was not constant. Guilaic
positive material was present in the lumina of all the intestinal tracts.

Histologically, all specimens showed degrees of damage varying from
moderste to severe. The severely damaged areas showed coagulation
necrosis, while the less demaged areas showed minute, suverficilal
ulcerations. The cecum showed the same picture ss the moderately
damaged areas of the small intestine. No correlation could be msde between
the histological picture observed and the vessels occluded or the length
of survival.

An additional six rats subjected to permenent occlusion of the
celiac artery survived past 48 hours. Postmortem examination showed
congested livers and hemorrhagic stomachs. No other lesions were noted.

To summarize, the presence of grossly and histologicsally avnarent
hemorrhagic small bowel and the presence of bloody material in the
intestinal lumen indicate that blood loss may be one of the factors in
the lethality of SMAO. The amount of blood present in the small bowel
and i1ts contents is apnarently not large wher grossly hemorrhagic
intestines are compared with normsl intestines by weight. Parenteral
fluid therapy did not significantly chenge survival time or mortality
rate. The source of the hemorrhage intc the smell bowel is not clear.
Occlusion of the superior mesenteric and celiac arteries, followed by
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occlusion of the superior mesenteric vein resulted in small bowel
hemorrhage and g survival time that was less than when SMAO alone was
performed. Further studies are in progress to determine the mechanisms
of lethality in SMAO in conventional animals.

SMAO in germfree and conventionalized enimals - Reduction in

splanchnic blood flow hss been shown in nearly all forms of systemic
hypotension. Hemorrhk: ;ic smell houwel is present and very similar in
appearence in rats dying {rom irreversible hemorrhagic shock and from
SMAO.,

Bacterial factors have been implicated by Fine and his associstes
in the pathogenesis of irreversible hemorrhagic shock and are ocresumed
to enter the system circulation through the ischemic intestine.
Furthermore, recent work by Amundsen and Gustaffson (J. Exp. Med. 117:
823, 1963) and Cohn et al. (Ann. Surg. 156:692, 1962) has shown that
germ{ree animals tolerate strangulation obstruction far better than do
their conventional counterparts end has implicated bacterisl factors in
the lethality of strangulation obstruction.

Utilizing our exverience with open-room conventionalized rats, we,
therefore, sought to determine the course of SMAO in germfree animals to
compare it with the course in conventionalized animeals.

Male germfree Fischer rats obtained from the Charles River
Breeding Laboratories were used. At six weeks of age, they were divided
into two groups and one grouvn was conventionalized with the cecal contents
of open-room conventional rats. One month lster, the animals were used.
Two serles of experiments were performed - the first a study of temporary
(180 min.) SMAO and the second a study of rermanent SMAO, In the first
group, & snare dévice was implented as described previously (surgery
performed in a surgicel isolator) and animals were subjected to 180 min.
SMAO. Both groups of enimels dying Jrom SHAC shiewed hemorrhapic small
bowel and cecum. The folloving mortality results -vere obteined and
showed no statisticelly significant differences:

Microbial Mortality Survival
Status Time
Germ{ree 75% 2 jire.
Conventional 67% 18 lirs.
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A comparable group of animals were used in another study. They
wvere fasted the night preoperatively. The flank was depilated, and
anesthesia was induced and maintained with Fluothane. Surgery was
performed in a germfree surgical isolator. The SMA was tied, the wound
closed, animals awakened very shortly from the light anesthesia, and
they were observed until death. The following results were obtained:

Microbial No. Mortality Survival
Status Rats Time

Germfree 5 100% 5.5 Hrs.
Conventional 5 100% 5.5 Hrs.

At autopsy, the gross picture was the same in the two groups. The

smell bowel and cecum were hemorrhagic.

Histologically, some
infarction in both grouns.
showed superficisl mucosal
inflemmation and exudation
and degree of inflemmation

segments of the small bowel showed comnlete
In less severely damaged areas, both groups
ulcerations sttended by varying degree of
into the intestinel lumen. The ulceratisns
vere milder in the germf{ree than in the °

conventional group, however.

In summary, preliminary observations de not point up any marked
differences between the course o' SMAC in germfree and conventionsgl
rats. Further studies are in urogress.

Limb-Ischemi To iquet) Shock

On the basis of our experience and t'indings with tourniquet shock
in open-room conventional ICR mice and past studies with tourniquet
shock in defined-flora and germfrec mice which suggested that bacteria
play a role.in this injury (Levenson, Einheber, and Malm, JAMA 181:874,
1962), we are extending these studiez.

Saline-irreversible tournicuev shocr -- Adequate amounts of
isotonic sodium salts have been fo:nd t> Lo highly effective in
promoting survival of mice af'ter thry have received “one lethal dose"
of burn, tourniquet injury or hemcrrhage. However, 1t has been
reported (Rosenthal, S.M. in In2 Blochemical Rasponge to Injury, C G
Thomas, 1960, p. 397) that rew mice survive mcre than cne lothal dose
of trauma (tourniquet to four legs) "in epite of therapy with up to
30% body weight saline ove: when supplemented with plasma or wholae blood
and antibiotics.," Tho difficulty of explaining "why doubling the trauma
18 not to some oxtent counteracted with the double the amount of
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therapy", h4s led Rosenthal to consider this as evidence that factors
in addition te fluld, electrolyte and protein disturbances sre acting
in shock, If we can substantiate these findings with four leg
tourniquets, then it would be of interest to repeat these experiments
with germfree mice to determine whethe or not a bacterial factor is
involved, i.e,, whether these mice are more tolerant of this injury
than conventional mice,

We have been able to corroborate Rosenthal's observation by
demonstrating an episole of limb-ischemla thal is refractory to saline
therapy, Thig we have done by contrasting the survival response of
open-room conventional ICR mice given saline i.p. in amounts calculated
to be therapeutic when administered immediately after release of
isolateral tourniquetg (both a front and hind limb on either the left
or right side of the mouse) or of guadrilateral tourniguets (all four
limbs) that were applied for 3.5 hours (Table 1). In preliminary
studles, we demonstrated additionally: that no difference in mortality
occurred in mice subjected to either right or left-sided isolateral
tourniquet injury, and that both procedures responded equally and
successfully to 15% body weight saline i.p.; and that tourniquets ("I")
could be left on all four limbs for A48 hours without a fatality. In
fact, removal of the tourniquets at this time did not result in death
during the next 48 hours the mice were observed.

Table 1
" Time, No. Tourniquet Therapy at Mortality, %
Hours Mice Procedure nTr-0ff, Hrs Post- "T"-Off
I.P. 6 24 48
3¢5 35 Quadrilateral None 80% 100% 100%
3.5 39 Quadrilateral 30% B.W. 13% 69% 87%
Saline
3.5 50 Isolate al¥* None 30% 88% 9%
3.5 50 Isolateralt 15% B.W. 0% 4% 32%
Saline

*Results of right and left isolateral tourniqueted animals pooled.

While a degree of protectlon is provided up to 24 hours after
quadrilateral tourniquet injury by 30% body weight saline, the benefit
is lost by 48 hours, The isolateral tourniquet injured animals are
definitely protected by 15% body weight saline therapy, and the survivors
that were realimented after 48 hours proved to be indefinite survivors.
We are in the process of determining the amount of fluld lost into the
ischemic tissue following isoclateral or quadrilateral tourniquets. Tf
the amount lost after the latter is lzss than twice that lost after the
former, then the refractoriness of the mice to a doubling of saline
therapy from 15 to 30% of the body weight would be even a greater enigma.

467



Response of germfree and conventionalized mice to 1imb ische -
Ten-month-old germfree and conventionalized ICR mice, of elther sex,
were subjected to limb-ischemia shock by placing rubber band tourniquets
on all four limbs (quadrilateral tourniguets). Tourniquets were applied
to the limbs of the mice f'or either 3 hLours or 48 hoirs. All mice that
received 48-hour quadrilateral tourniquets were untreated. Mice
subjected to 3=hour quedrilateral tourniquets were either not treasted or
were given an i.p. injection of sterile isotonic saline amounting to 30%
of thelr body weight immedlately after tourniquet release. All mice
were weighed and given identifying color markings on the day before
experimentation. A1l mice were allowed food (L-356 diet) and water ad
1libitum before experimentation, but none after. Tourniquet procedures
were carried .out.within a two-man plastic operating isolator. The
animals were transferred from their holding isolators to the operating
isolator for tourniquet application and then back agaln for observation.
The technique we used to apply the tourniquets to the hind limbs of the
mice is the same we have standardized and used 1n the open laboratory
(see Ann. Prog. Rept., Roie of Bacteria and Endotoxins in Shock, 1 Jul
62 - 30 Jun 63). The technique we used to apply to