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‘20. Absivoct (conthsu,4

develop a system to examine th. effect of oxygen tension on various aspects of neutrophil
function, Including phagocytosls, Of and H202 production and bacterial killing.

Previous studies have shown that Kupifer cells, as well as hepatocytes
and p.rltoneal macrophages, contain significant quantities of several glycosldos. activities.
Tb. respons, of selected Kupffer ciii glycosidases to In vIva Inoculation of bacteria was
examined using techniques previously developed. Afi r’~~~lnlsProtIon of liv. E. coil,
levels of N-acetyl.4..D-glucosamlnosidas. and Ø-glucuronldas. rose to twice ~~~~~levels. Maximum activity was seen three days after a single Inoculation of bacteria; levels
had subsided to normal by five days. Bacteria killed by autocioving had no effect on
glycosidase levels under similar conditions.

At this point the direc tion of the research changed, and studies were
begun on oxidative killing by neutrophils. Using S. aureus, an organism resistant to the
oxygen’4ndspendent bactericidal mechanisms of gmnulocytes, we attempted to reproduce
previous work showing survival of bacteria in the presence of neutrophils under nitrogen,
except using techniques that would permit shorter periods of equilibration with th. atmos-
pher. before mixi ng the bacteria with the n.utraphils. Th. techniques employed for these
studies were unsucc.ssM, In thai they appeared to damage the neu trophils.

We aim presently developing more gentl, techniques for the Incubation
of neutrophils under defined atmospheres, using nitrogen as the test gas and the abolition of
O~° production by activated cells as the Indicator of satisfocto.y equilibration.

--u---
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SUMMARY

The overall purpose of the prolect Is to understand the means by which

phagocytes kill bacteria . Th. goals originally set For the year covered by the re-

port were to carry out further studies of the glycosidoses of Kupffe r cel ls , invest igat -.

Ing the effec t of bacteria on the activities of the glycosidos.s as a function time

and other parameters . During the project year, and with the permission of the U. S.

Army Medical Research and Development Command, a major changes was made in the

direction of the research supported by th. present Contract. In accordance whh this

change, the goals since Jul y have been to develo p a sys tem to examin , the effect

of oxygen tension on various aspects of neutrophil functi on , Including phagocytosls,

02 and 11202 production and bacterial kill ing.

Previous studies had shown that Kupifer cells , as wel l as hepatocytes and

peritoneal macrophag.s, contain signifi cant quantities of sev eral glycosidas. activi t ies .

The response ~.f so lect.d Kupffer cel l glycosldases to In vT~~i inoculation of bacteria

was examined using techniques previous ly developed . After administration of ilve E. 
- 

-

coi l, level s of N.acei)4— $-D-.glucosaml nosidase and ~-glucu ron idase rose to twice

control levels. Maximum activity was seen three clays afte r a sing le Inoculation of

bacteria; leve ls had subsided to normal by five days . Bac ter ia kill ed by autoclaving

hod no effect on glycos idase levels under similar conditions .

At this p&nt the direction of the research changed, and studies were

begun on oxi dative kilUng by n.utrophfls. Using S. aureus , an organism resistant to
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Suewnory (continued)

the oxygen 4ndepsnd.nt bac ter icidal mechanisms of gronulocytes, we attempted to

reproduce previous won t showing survival of bac ter ia In the presence of n,uImphlls

under nitrogen, except using techniques that would permit shorter periods of

equilibration with the airnospher. before mxing th. bacteria w ith the n.uIraphlls.

The techniques etr9loy.d For these studies were unauccessM, In that they appeared

to damage th. neutvop~iHs.

We ore presently developing more gentle techni ques for the Incubatio n

of neutraphils under defln.d atmospheres, using nitrogen as th, test gas and the aboli-

tion of 02 production by activated cells as the Indicator of satisfactory equilibration.
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FOREWORD

In conducting the research described In this report, the investigator

odJs.r,d to the “Guide for Laboratory AnIma’ Facilities and Core”, as promulgated

by the Committee on the Guide for Laboratory Animal Resources, Notional Acad..

emy of Sciences - National Research Cauncil.
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BODY OF REPORT

Backgrou nd

1. Glycosidoses of Kupffer Cells, Hepatocytes and Perifoneal Macro.-

phoges

Mcscraphagss represent a heterogeneous population of cells which func—

Hon as scavengers of particulate matter of diverse origins, including bacteria, products

of cellular disintegration, and nonsp.cIFIc Foreign material (e.g., carbon particles)

which may be token up by the organisms. There Is considerable evidence that in the

course of disposing of ingested particulate materials, macrophages degrade them to

soluble constituents. In particular, degradation by these cells of bacteria uniformly

labelled with 14C or ~~P has been shown, to lead to the release of Prlchloraoc.plc

acid soluble radioactivity from the mIcroorgonism~~. - - -

Among the substances that must be handled by macrophag.s which hove

Ingested bacteria Is the bacterial cel l W~
&2

~, a highly conçlex structure composed

of a polysoccharlde consist ing of alternating residues of N-acetylg%ucosom~ne and

N-oc.tyln*womic acid , cross-linked by short p.ptfdns to form a covalently linked

Iwo dimensional mesh. In addition to the cross—I inked polysaccharlde (the pepfld-

glycon), the cell wa lls of Gram negative organisms contain Upopolyiaccharide - (endo-

tox1i~). This substance is composed of lipid A, containing glucosamine oligosac—

charid.. whos e hydroxyl groups are completely substituted by fatty acids , to which
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is attached a polysaccharlde whose composition varies with the species of mkro—

organism~~. Llpapolysaccharide is harmful to mammais~~, but mammals are abl e to

defend themselves against this agent , in part through the function of the macmp}iage,

whic~h has been shown to degrade endotoxin to biologically inert ater als~
5’5~.

The degradation of bacterial cell walls by macrophages imp lies the

existenc e In these cells of hydrolases capable of depolymenizing macromolecular

cel l wall constituents. In particular, gl ycos idases wou ld be necessa ry to degrade

the carbohydrate portion of endo tox in as wel l as to cleave the glycos idic link ages

of peptklog lycan . The existenc e in hepatic lysosomes of a larg e numbe r of giyco—

sidases potentially capable of participating in the degradation of thes e substances

has been known for some t ime~~. This laboratory has recent ly analyzed the dis—

tribution of several of these glycosidases among hepatic cel l types. These studi es

showed that hepatocytes, Kupffer cells and peritoneo l macrophages al contained

approximately equal quantities of the glycosid ase activities examined. Further studies

with Kupff .r cells showed that the glycos idases were lucated in the lysosomes, as ex-

pected for enzymes that participate in the degradation of foreign materials by phago—

cytic celIs~~.

The enzyme content of macro phages has been shown to va ry with the

physiological sta te of the cell. Bo th in vitro and in vivo stud ies have shown that the

exposure of mocraphages to suitable agents causes the ir content of hydrol yti c e,~ymes

to increase signi fi cant l y while they undergo morphological changes consisten t with an



.—,--, .— .,.,~~~
-—-—--,--- 

-- ~~~~~~~~~~;~ 
- - -- -—--- — — — - .,, — — 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~1 ~~~~~ ~~~~~~~~~~~~~~~~~~~ _____ _—.~—--~ r n —  —
-~~~~~~~~~~~

-
~~~~~

-
~

•

9

increased capacfly to deal with Ingested materi aI~~. Whether Kup ifer cell glycosld—

ass. undergo similar changes Is not yet known.

2. Oxldafive Killi ng M.chonisms of Neutrophils

Upon exposure to apionlzed bacterial, normal gronulocytes undergo

changes In their oxidative metabolism (the ‘respiraioiy burst”) which result In a

marked Incr.ase In oxygen uptake , a rise In H202 and superoxide (02 ) production

and a tenfold increase in the amount of glucose metaboilzed via the hexosemono..

phosphate shuntV ° ”). These changes In meto bDlism ore thought to be related to

the activation of oxygen-depend.nt bacteric ida l mechanisms, sinc e patients whose

granulocyfes cannot undergo these metabo lic alte ra tio ns (e.g. , pat ients with chronic

gzanulomaious di~ as• or severe glucose- 6-phosphat. dehydragenas. def iciency) are

unusua lly susceptible to bacterial Infect1orJ18’1~~. Hydrogen peroxide in particular

has been Implicated in a bactericida l process, since Kiebanoff has shown that bacte ria

ar, readily killed when incubated with hydrog en peroxide and halide ion in the pre—

eric. of myslaperoxidase, an enzyme present In large amounts in the primary granules

of polymorphonuclear leukocyte.~~~.

Though th.r. Is much evidence Indicating that the p.rocid.—haf ld.—

my.Icp.roxidas. system is involved In bacteria l killing by gmnulocvps., D Is clearly

riot the only oxygen—dependent kill ing mechanism employed by these cells. This Is
shown by the fact that patients whose granulocyts. are devoid of myelopemxidas. on

a hereditary basis have little trouble with bacterial Infection, and appeor to hav, nor-

~~~~~~ .-~—-~——-—~~~~~~~~~—-—~~--—-—-- -- - -—-- - -  —
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mel life expecrancies~~~. This is contrary to what would be expected if the peroxide.

hallde-my.ICp.rOX dDs. mechanism were th , only oxygen dependent bactericidal mechan— —

lies employed by gr ulocyt.s, since under such circumstances, patients with myelo—

pesoxidase deficIency would be expected to be as susce ptible to bacterial infections as

patients wHh chronic gronulomatous disease.

With regard to the nature of the non—tnyefcperoxfdose requhing ox idotlv e

bactericidal mechanisms of granulocytes, It Is possible to envision hydrogen peroxide it.

sel f as one of the agents involved, since in sufficiently high concentrations this compound

Is bactericidal in the absence of myeloperoxidase and hal ide~~~. However , recent oh-.

serva flons showing that activated granulocytes generate larg , amounts of 02 
(10-14)

have led to sugges tions that this compound, or subs~ances such as OH and singlet oxygen

whic can be formed from this compound in seconda ry reactions , may also play a

role In the myeloperoxidase—Independent bactericidal act iv ity of granulocytes. Work

has been published indicating that in artificial systems, these substances are able to kill

certain strains of bacts kP4 2
~~, althoug h other strains of bacteria appea r not to be

susceptible to the effec t of these agents under otherwi se similar conditions. A recent paper

by Johnston et al. has provided strong evidence for th . partici pation of’ • OH in the action

of human granulocytes on several pathogenic bacterio~~~.

- _ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Results

1. Studies on the Glycosfdases of Kup ifer Cell from Rat Liver

With the complet ion of studies designed to characterize the glycosid—

ass. of Kupifer cells in uniniec ted on moIs~~ , investigat ions were begun in animals

infec ted with bacteria. E. coi l O111:B 4:H W35 the organism selected For use in

these studi es , becaus. the st iuc tur s of its cel l wall lipopolysacchoride is known.

For th. initial experiments, rats were inoculated by tail vein wi th co. io8

organisms per a&mal , and selected Kupffer cell glycosidoses weie measured at  various

Intervals of time after infection. Some animals received live bac teria , whi le others

received organhnn that had been killed bycu toc lavi ng. Contro l ra ts received normal

salin. or Honks’ buffered salin, so lution . At 48 hou rs , 13-D-glucosaminosidose leve ls

in ro ts that had received live bacteria were twice norma l , w~iIe levels in animals

inocu lated with killed bacteria were not different than control . By contr ast , ~—gIu—

curonidose arid ~—D.gaIactosidase level s were the same in all three groups of animals.

Simi lar results were seen after five days .

Subsequent studies were carried cut under more precisely defined concH—

tio.n to .spabflsh mare accurately the time cou rse of the changes in glycosidose ocliv—

fly. In these experiments, rats were inoculated by tail vein with 5 x ~~ live E. coti

per 100 g. body weight. At various times after inoculat ion , Kup ffer cells were isolated

I. 
~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ —
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and their con tent of $-D—glucosamlnosldas. and $-glucuroni dase was measured.

Th. results are shown In Fi gure 1. UnlIke the previous experiments , the levels of

both gl ycosid ases rose after inoculation. Peak acti viti es were observ ed three days

after administration of the bac teria , and by f ive days the lev. ls of enzymes had

begun to decline again. The magnitudes of the incr eases were simi lar to those

undergone by ~—D—gIucosam1riosldase In the previous exper iment (Figure 1).

2. Studi es on Oxygen—dependent Bactericida l Mechanisms of

Phagocytic Cells

In res~ome to a favorable rep ly to 3 request for permission to under—

take a major change in the direction of the research wpported by USAMRDC Contract

No. DAMD 17-74—C—40 55, my laboratory has begun studies on the oxygen -dependent

bacter icida l mechanisms of n.utrophlls. Certain stu dies on th Is top ic had alread y

been accomplished in th is laboratory. Althoug h support For these studies came from

a source other than an Army Contract , the results are pertinent to the work to be

accom pl ished under th . present Contract and are therefore included in this repor t .

- - .- - —  . - .  - .- - - -—r ’ - — — — — — — -—-- - ‘, .~ _:~ _ L %~~ - t-- -r —. S- - —
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(10— 12) (13— 14a. Studies carred out in th is and other

laboratories over the past three years have shown that 02 Is produced by granulo—

cytes during the respiratory burst that accompanies phagocytosls. ~n seeking a pas—

sible direct role for 02 In the bacte ricidal acti vIty of granulocytes, experiments

were performed to ascertain whether bacteria are kfll.d by a system consiating of

xanthine oxidas. plus purine, a known source of 02 and 11202, and , IF so ,

whet her 02 part ic ipates direc tl y In this process . (For the purposes of this sxperl—

merit , “direct participation” referred to participation in any manner ot her than as a

source of H202). Thes. experiments showed that both E. co lt and S. epfd.rmidis

were killed by this system , provi ded that xanth ine ox idase was presen t at suff icient—

ly high concentration. WI th E. coi l, killing was prevented by catal ase but not by

superoxide dismutase, Indicating that th. bactericidal agent was H202. Wi th this

organism, 02 did not participate directly In the killing, but merel y served as a

source of H202, which arose by the spontaneous disrnuta tion of to oxygen and

H202. With S. epiderm dis, on the other hand, killing was prevented by both

catalase and superox de dismu tase . This finding showed that the bac tericidal agent

was neither 02 nor H202, but a compound Formed by the reaction of 02 and

H202 was proposed as the agent respons ible for the ki lling of S. ~pidermi dis~~’~ ,

- -~~~- - - ~~~~~~~~~ 

- -  
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14

b. Attempts were made to stud y the killing of S. aursus by granu—

locytes asa function of oxygen tension. S. aureu s was selected because of a stud y by

Mandell showing that this organism Is resistant to the oxygen-Independent bac ter icida l

mechan ism of gronulocytss~~
).. In prel Iminavy studies of phagocytosis under anerobic

conditions, granulocytes were found to take up emulsified opsonlzed paraffin oil droplets

at a normal rote , but to only 75 percent of the extent seen wi th the same cells Incubated

In air. Extensive studies were then conducted using a strain of S. ciureus purchased from

the America n Type Culture Collection to determine th . op timum condi tions for Investigat-

ing killing by granulocytes under hypox ic cond itions . In these studies, th, quantity of

granulocytes, the ratio of granulocytes to bacteria and th. times of Incubation were varied.

1O7 granulocytes per ml. was found to be a suitable concentrat ion of cells. Killing was

maximum at a bacteria /cell ratio of 1 :1 , was easi ly detec table a t a  ratio of 5: 1, but

did not appear to take place at a ratio of 10: 1. The elaboration of leukocidal prote ins by

the mcroorganisms was not studied.

Attempts to measure anerobic killing were then made. These

were unsuccessful, probably for technkal reasons. The experiments were carried out in

15 ml. Warburg f lasks . Granulocytss in 1 ml. of medium were placed In the vessel it-.

sel f , whi le 0.5 ml. of bacter ial suspension was placed in the sidearm The atmosphere

In th. flask was then changed by several cycles of evacuation followed by flus hing with

N2. Th. evacuation was acco mpanied by cons der~ible foaming in the granulocyte sus-

pension . After exchang. of th. atmosp here th. bacteria were ti pped from the sidearm

Into the reaction vessel . Incubatlons were conducted on a rocker at 370
, and were
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terminated w Ith 10 ml. of distilled water lnlected through th. serum port with which the

flask was stoppered. Determinations of the num!~ers of surviving bacteria revealed no

killi ng under N2, nor were bacteria ki lled in control incubaiioris carried out in a

similar manner except that room air was used instea d of N2. Killing was obse rved , how-.

ever , in other control incubations wh ich had not been carried throu gh the cycles of evacu-

ation and gassing. We hove concluded that the gr~nulocytes were damaged by the evacu-

at ion—gassing cyc les, and in the future we Intend to gas wi thout evacuation.

c. Exper iments are planned that will measure th. dependence of

02 production on oxygen tension. For these experiments , as for measurements oF kill-

ing under onerobic conditions (see above) , It will be necessary to devise a method for

equilibrating the reaction m xture with a defined atmosphere wflhout evacua ting the

system. Attempts to abolish 02 production by neutrophil suspensions wh ich have been

bubbled with N through a serum port in a sealed tube hove failed, indicating that

oxygen has not been removed from the reaction mixture s by the tech niques so far em—

ployed. Presentl y we are attempt ing to deoxygenote the reaction mixtures by incubat—

lug them under on atmosphere of N2 in a sealed flask, using incubation mixtures of

relat ively sma ll volum . to maximize the surface area through wh ch equilibration of

the mixture with the overl ying atmosphere is atta ined. Abolition of 02 production In

the Incubat ion mixtur , wil l be used as an indicator of satisfactory equilibration.
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Conclusions

1. Glycosldoses of Kupffe r Cells

These experiments have shown that the InoculatIon of bacteria

h~to rats leads to a rise In the level of Kupffer cell glycosidases. The concentra-

tion of enzyme reaches a maximum at three days, then begins to decline. Thus,

the behavior of Kupifer cell glycos dus.s resembl es the response of other macro-’

phage lysosomal hydrolases to stimulation. The duration of the increase in pre-

vious studies has been longer than observed here, a difference that is likel y to be

related to the difference s In the nature of the stimuli used in the various experi-

ments.

2. Oxygen—dependent Bactericidal Mechanisms

When suitably activated, neutrophils generate a large amount of 02
that Is used for bacterial kill ing . Most Is used after conversion to hydrogen peroxi de,

but we, and others, have found some Insta nces in which Oj appears to partici pate

as a precursor of hydraxyl radical. With regard to oxygen-inde pendent bacter icidal

mechanism, experiments so far have been Inconclusive for technical reasons. We

are presently developing techniques by which thes, mechanisms can be Investi ga ted.

I ~
IS A JLA~
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