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v Influence of the Normal Flora on Mucosal Morphology
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w The coneept of rupid and continuous re.
>_ newal of the epithelium of the normal simall
intestive has been established by morpho-
ﬂ— logic study® and by kinetic anadysis om-
ploving radionetive  deoxyribonueleie neid
precursors and  atorndiographic  tech-
nigues.? 1 Fxperimentally,  eetlulnr - pro.
liferntion and migrtion in the intestinal
LJ«J epithelinom are known to be influenced by
g SHCH Tetors ax endoevine deficieney* starva-
woewew tion,” expostire to ionizing radintion,” partial
b tesection of the small intestine, and age
of the animal ! However, the mechanisms
: by which epithelial renewal is regulinted in
wavmms the normal state, ad the faetors which de-
}“-" termine the nornal paee of the renewal
process, wre largely uinknown,
q The eharacter of the intrmluminal environ.
ment of the infestine might renconably be
expected to influence the life evele of mu.
cosal cells, The baeterind flovn, a signifieant
component of this environment, hasx been
shown by comparizon of germ-free and con-
ventional animals to be an important de.
terminant of mucosal wtrneture. Morphologie
study of the guinen pig! * and metrie stud-
iow; purtieulnrly of the mt.** have estab-
fished that many “norimal” eharnceteristios
of the mucosn fuil to develop fully in the
absenee of o baeterind flor. 1o fuet, the
novmal state of affaie in the mucosa has
been deseribed as one of “physiologieal in.
flmnmution,”™
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and Cellular Renewal in the lleum

A Comparison of Germ-Free and Conventional Mice*

Gerald D. Abroms, M.D., Heinz Bouver, M.D., and Helmuth Sprinz, M.D.

I the coure of a study extending these
abservations to various parts of the gstro-
intestinal truet of the mow, eertain fon-
tures of the epithelivm and the Laming
propria suggested that their mtes of eellular
renewnl might be influenced by the presenes
or alwence of a living flom, Therefore, a
detailed analysis, employing tritinted thy-
midine ax 0 treer in germ-free amd con-
ventional mice, «vax undertaken to delinente
the role of the normal florn in establishing
thexe rates. The present report coneerns
the original morphologic olwervations ad
the sulmequent  antorndiographie  findings
in the ileum of these animals,

MATERIALS AND METHODS
ANivars

Miee of the Swise Webnter (N1)-2) strnin
were wsd, Preliminary  morphologie  ob-
servations were made on aninals between
3 and 6 monthe of age, whereax the mice
wsedd in the antorndiographic study woere all
3 months ok, All animalx, including those
of the conventional group, were nnintained
in flexible plantie irolntorm,? with the use of
stuidard gnotobiotie technigques,® and were
fed the 1,462 diet. The germ-free amd the
conventional animale, Laad under den
tical eonditions and feed the rame aeritized
diet, differed only by virtwe of the proenee
of u living bacterinl florn in the conventional
animls,* The germ-froe state wan defined
in termm of the abwenee of protozoan, fangal,

*The feenl forn of eonventionnl miee miml
o dn thin atudy in known asinlly . te include
anneribes of the Clamtridighy nT tprniden -
grotps, diphthemi o™ J:A‘nﬂw
bueilli, mieroeoeet, Uil
tnehiling mieta T
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356 ABRAMS, BAUER, AND SPRINZ

baeteviad, or aetuzonn agents demonstgble
by stundard teehnigues,” Caltures from the
germ free isolators, which alwiys inelided
feeal materind v the inoeatum, were con
sistentiy uegative hefore nud after the ox.
preriment s,

Avroapiocrariie Trensgees

Seevile tritinted thymidine (0236 ¢, per
mntole) was taken into the isolators in gliss
ampudes, through o loek  sterilized  with
peracetiv peid, Fael monse was given W ge,
intraperitoneadly in 0.4 mi. of ixotonie suline
solution. The animalx were sacerificed  im-
mediately upon exposure to the conventionn)
environment at intervads of 1, 1, 24, 036,
and I8 howrs after the administrmtion of
teitinted thymidine, Fach time group in.
cluded four to seven germ-free mice and
approximately ns many conventionnl mice,
both sexes heing represented,

At neervopsy, the terminad 8 em, of ileum
were divided into three sogments which
were opened and finttened on o enrd and
fixed in formalin, The puraffin-embedded
tissue wax seetioned at 4 g, and one wlide

from ench block wis stained with hema-

toxylin and eoxin while two additional slidex
were conted with nuelenr track  emulsion

(Rodak* NTB-2) by the dipping method,”-

I'hese nutoradiographs were developed after
a -month period of exposiire, and stained
with hematoxylin,

QUANTITARIVE FvaLvation

Fonld of the quuntitative histologie evalun.
tions the segments of e from o given
animnl were sepurntoly seored at different
times (o minimize the bigs inherent in per.
forming connts on conseentive samples from
the sume animal, Fhe diata presented for o
given mouse pepresent the counts derived
from the three blocks of ilenim, pooled after
completion of the counting, .

T comparing mueosad dimensions, erypts
and vilh were mensuisd I terms of e
Ietw of epithelinl eolle pnther. than in Ynear
dimensions i order (o climinate varinblos
relntedd too ditferentinl shrivknge and  dis.
tortion, 1By this methad, similae to that of
Quuastler,' tlie depth of aerept, Tor indtanee,
womensured in terms of the samber of epl-
thelind eells ina single-file colimmn extending

Laboratory Investigotion

vertieally from the botiaio of e erypt to
the level of the ervpt-villus junetion, Only
the crypt-villus units that were seetiomsl
s o inelade, in contingity, the bottom
of the ervpt, the lumen of the ervpt, o eon
tinous erypt-villus junetion, and the tip
of the villus were ineluded in sieh connts,

In the autoradiographs, eellx were seonsd
as labeled if three or more silver gmins were
preset over their nuelei, In the mice aeri-
ficed 1 hour after injeetion of trituted thy-
midine, the mean mumber of fabeled eolls
per erypt seetion wan determined by count-
ing cofls in 40 ideally seetioned erypts per
animad. In the remaining time groups, the
position of the label in each animal wax
seored in terms of the avernge number of
epithelinl cells in single-file  columns ex-
tending vertien!!v from the bottom of the
eryptz up to the leading labeled epithelin
eells in ideally sectioned erypt-villus unita,
An avernge of 30 such units was evaluated
for cach mouse, and the mean count was
recorded ax the value for that animal, Plot-
ting these values ax functions of time al-
lowed a statisticnl comparison of the mte
of epithelial turnover in germ-free mind con.
ventionnl animals,

RESULTS
Mosenorouie OnsERvATIONS

The marphogenotic impaet of the normal
florn on the mucoss ix apparent from the
comparin of the iloum of the germ-free
moune with that of its conventionnl counter.
part,

The lnmina propria in the germ free wonse
(Fig, 1) connistn of only a spame stromn
surronnding - the blood  vemols amd  lym.-
phaties, amd it containe few fympheeyton
andd mononuelear eells, In the eonventional
mote (Fig, ) the laming propria s ex.
parkled to ite more familiar state, and lym.
phoeytes, mononvckar colls, and plroann
vellv are more nmerour,  Nimidlarly, the
Peyer's patehies in the gern-five mowe are
anller than in the conventional anhnl, mvl
they show fower renction  conters, fowr
plasma volls, and welntively fittle mitotie
netivity,

The epithelium of the gemfree animsl
tentds 10 he more regular than that of the
conventionnl animal, msl, expeelally in wee.

.
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Hons ~tted stk the peviodie wewd Selatt condelngn < meh grester o the consen
reagent . the colmmar absovbingg colls ap ponad than e the germ Free animal,

pear o leve o wider brashe border, he Comparison of over all mueosal arelitee
nnbier of Ivimplioevtes associted with the tire o the two gronps of mice indieates
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Foo, 1 Heane or geems free monse. The Boninee progoci s preenls develogud, with elativels few eells
e ttspterstices Pl ervprs are didlov . Compare with Figore 20 Hematonslin and eosin, x 11

Froo, 2 e of eopventions! nposse. The Lasina propra is aell develaged and contzans e
Sonphoes tes, setwenloetdiothelial ool ol plasma colls Tl ervpts are deepes than tese of the geim
droee g, el divi<ion Bgages are mere namweons Hemotosshin vl sosin: w111
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Laborotory lnvestigation

Ty boDestissions o Tusss, Mucosyas Gery Frer ase Cosvesrions, Mur

Fotal mucong)
Thickness

Cierm Tree 024 imnes) 1.2 4 0.0
Conventional 26 miees AT 0N
I value of diferenee <ol

CLispressod in pumbiers of epithelinl eolls,

that the totad mueosal thickness is somewhat
less, und that the erypts, in particular, are
shallower in the geem-free than in the con-
ventional animal, This impression ix borne
out by actunl eell countx, summarized in
Table 1, where the presence of the conven-
tiona] florn ix seen to be ansociated with an
imevense in all muceosal dimensions, but with
a relutively greater inerease in the length
of erypts, This appuarent shift in favor of
the genemtive mther than the funetionnl
c'umpumm-nl of the epithelivm ix aluo re.
fleeted in mitotie counts done on five germ-
free and five conventionnl mice, The mean
totanl number of division figures per 10
ideally sectioned erypts in the two groups
e 66,06 2 6.2 and 3.0 £ 6.0, respectively,
the difference being statistienlly signifieant
(r < 0.02),

These datn, suggesting ax they do, mther
busiec alterations in the mueosa brought
ahout by the florn, led to 0 more detailed
kinetie analysis of cellulur renewanl in the
two groups of animals,

Ananysis of CeLnrnan ReExkwal,

Epithelivm, In animals saevifieed 1 howr
after the administration of tritinted thy-
midine, the label ix found within cells that
are in or immedintely beyond the premitotie
phase of deoxyrilionueleie acid (DNA) syn-
thesin, ‘Thus, in the ileal epithelium of both
germ-free and conventional: umnmls meri-
ficed at this interval, the label ix seen ex-
clusively within the ervpta (Fige, 3 and 4),
The mean nmimber of Inbeled cells per erypt
seetion, based on o count of 40 ideadly wee-
tioned ervpts per animal, is 7.0 = 0,0 in the
germ-free group as compared to 11,0 £ 0.4
in the conventional group,; the dilferenee
hotng signitieant ot the 0.01 lovel, These
duta, paealleling the mitotie counta given
nbove, indiente that the prosence of n bae.

Rootur, longth ol s ity

fatusrh of vty Lol of a1ygts’ tor Teweshy o 18108

S0 2 0N 13,2 £ 0.1 200 £ 0.0

0.0+ 0.6 17.8 £ 0.8 2.8 4+ 0.0
<.t <i.001 < {101

torind flom ix meocinted  with  inerensed
cellular profiferation in the ileal epithelinm, *

With pausage of time following ndminis-
tration of tritinted thymidine, the label ix
known to be distributed to the progeny of
the cells originally labeled, and to remain
within these eells onee they no longer divide.
Thus, Jabeled colls in the intestinal epi-
thelium, onee having renched the villi where
vormally no further divikion oceurs, remain
labeled during their ascent of the villi, The
advanee of the labeled epithelium with time
ix shown in Figures 5 to 10,

Eleven hours  after  administration  of
tritinted thymidine, labeled epithelinl celis
have inereased in number and have reached -
the area of the erypt-villus junction in both
germ-free amd conventional animalx (Fige.
3 and 6). At 24 hour the leading edge of the
population of labeled eells has traveled np-©
proximately half the length of the villi in
conventional animals, whereas in germ-free
animain o slight Ing Imn, bheeome apparent,
At sticeemsive intervale of time after the
injm-timn of tritinted  thymidine this differ-
ence. in pasition of the advancing odge o
the labeled omtlwhum in the two- rroupe of
animals becomes oven greater (Fige. 7 amd
R). Finally, at 48 hours lubeled eella are
found at or very near the tips of nost villi
in cotventional mice (Iig. 9), whercas half
or shghtly Yesa of the length of villi remaine
yet to he trversd in their germ-free
eminterparts (Fig, 10),

These obwervations, expressed qmmlitn-
tively, are shown in Figure 11, which alw

* A given Inbeling index in grenter than the
eorrenponding mitotie index beeatne of the ria
tively greater durmtion of DNA it hesin an com.
prred e the duration of visible mitosts, The rtie
of the twn indiees has been ostimnied to be np
proximately 10,4
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Fra. 3, Hew s of eomventionnl mouse, 1 hour after ndministention of teitinted thymidine, Labeled
epithelind colts o oxelusively within eeyptu, Oeensionnl Iymphoes  es s retienloendot helind eells within
the taming peoprin nre lnbeled,  Sutoradiograph; hemntoxyling X 108,

Free, 4, Tewm of germ-froe monine, 1 howr after administention of tritinted thymidine, Te bhoth the
epithelivg and the luming proprin fower colls are labeled than in the eonventionnl neme.  Antordin
graphs hematoxsyling X108,

Fies, b Henm of eonventionnd monse, 11 hours after administention of tritinted thywidine, Labelel
epithelin) eolls have ronehed the area of the erypt-villun junetion,  Autormdisgeaph; hemntosyling
X105, >
Fra. 6, Henm of germ free motne, 11 hones nfrer adminimration of tritinted vhymidine, Labeled
epithelinl eolln have renched the nron of the eexpt.villue junetion, The erypte, however, are shallower

theen i the conventionnd animal. Nutorndiograph; hennmtoxyvling X108,
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Fra. 7. Meam of eonventionnd mouse, 88 Dones uftor adminint eatlon of teitinted thymidine, The Inbwled
epithelim b tenversed abmest three fourthe of the lengdds of Vil Antaediogreaph s hematasyling
X 1. ‘ .

Frei. 8, Heun of germ - Croo motse, 306 Donrs fter administ ention of (ritinted thymbdine, The mivaneing
edge of e Inbweled epithetin popubntion hius not yet renelumd the leved of midvillue, - Autoradiogeph;
Lot sy b X100,

Fio, 0. Heans of eonventionnd mouse, 18 unrs nfter ndminist ention of tritinted thymidive, The Inbeled
epithotinm in nearimg the tips of vl genernlly, oo ine netandly senelud tie thw of o fow,  Antermlin
gruples hemntosyling X100,

Fros, 18 Beannn of georos (ree mongse I8 ungrs after ndidniet endfon of T3t inted thymidine, Even thengh
villi e monpewbhat shostor than in the eonventionnt animnl, Vhe tnbelod opithelinm eoxtends only to
midviltus Toved Autopndiogrnphes henutosyling X103,
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oo, 11, Migeation of the Jabeled epitheting
popilation  after  adwinistention  of  critinted
thymidine to germ-froe (O - Q) nmvl comven-
tiomal (@ @) wiee, Fneh point represents the
vetlue for one mote, expressed pe e menn nun-
ey of epithelinl eolls in vortien! ealumne extend.
i feom the Dottoms of ervpts 10 the highent
lubwled opithelinl esolln on eorresponding vith,
The 08-honr interval mnrkn spproximntely the
i the epithelium beglun {ta pseent of the villl,
after emerging from the erypis,!
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demonstentes graphieally the extent of vari.

ation in powition of the label in the sevem!
member of enel time group, The mite of
migration of epithelium in ecach of the two
groups of mice appears to bee constant, ..,
the relationship hetween time and position
of lnbeled epithellum in eneh came ix Tiear,
Phe vegremdon s, fitted To the deta,
diverge sharply (¥ig, 11), hnving cocflickonts
of 0868 nnd 0872, Aunlysis of covarinwes
{I'utdee 2) shows that the diference between
the slopes of the lines (representing (he
difference between the epithelisl turmsver
rten in the (wo groups) is highly significant
(F o AB02: df, § wind 40; I*, < 0.0)),

Using the avernge mucosal  dinensions
teeorded in Tuble | and extrapolating from
the above data, it is seen thnt epithelinl re-
newnl s complete, fe, the Inbeded  colls
reach extruson zotes, in the Heam of con-
ventiona! mice in somewhat over 2 days,
whereas roughly 4 days are apprrently re-
quired in germefroe miee,  despite  their
smewhat shorter villi,

Lamina Propria. Within the lamina pro-
prin aid its lymphoid tissue there is neither
an anatomically delined genermtive com-
partment vor -t single path- of oniflow of
colls, ‘Therefore, with the presont. experi
mental design, analysis of collniar enewal
wind migrution ennnot be ax procise jn thewe
arens ux jn the epithdliom, Thus, in eon
ventionnd wiee waerifieed 1 honr after ad-
ministeation of tritinted thymidine, varying
numbers of lnbwkd  colls,  predominantly
Iymphoeytes and  retientoendothelinl eolls,
are senttered  drregularly  in o the laminn
proprin, ad ocensionally. appear to e mi-

<
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preting threonugh the epithelium ot varions

tevels el the villi (Fig. 5, M subsequent

intervals of time no consistent elunge in
the papulation of lubeled eells enn be dis-

corned, This is likewise found to be the ease

with  fubwled dvmphoeytes and  retienlos.
endothelin eolls in Pever's patehies, Tow-
ever, compnrison o the entive serios of
germ free wod conventional aimals reveals
thut, in all time groups, the number of
lheled eolls in the lnminn proprin, the num-
ber wssoeinted with or migenting through
the epitheliim, and the number in the
Ivmphoid tissue are regularly lower in the
germ free than in the conventional animals,

DISCUSSION

T'hin study extublinhes that the mpid mte
of coliale renewal ordinarily seen in the
ileal epithelim s due, at lenst in part, to
the presenee of o living baeterinl flom, In
the absenee of suely a flor, .0, in the germ-
free animal, the renewn! process proceeds
at u signifienntly slower paee, Sinee the basie
mechanisms involved in the continuous
turnover of intestinal epithelium are poorly
understood, it i+ not possible to state pre.
cisely how the presenee of baeterin results
in aeceleration of the process, |

The continuous migration of the intestinal
epithelinm does not seem to depend upon o
“push’” from dividing eells in the erypts, as
it continues even when mitotie netivity is
markedly depressed T Rather, it appenrs to
represent, ux in other epithelin, o response
to the loss of colls, with an adjustment of
the mitotie mte corresponding to the need
thus extablished, Aecordingly, the present
ditn suggest that living bactorin may aet
to gecelomte the mte of lows of colln from
the so-enlled. exteusion zones ot the tips of
villi, ‘Fhus, i the ileum of the conventional
motise, maintenapee of un intact opithethm

requires o higher mte of eollular proliferntion -

in the erypts than s required in the germ.
froe monse, Correspondingly, in the preseace
of grenter rates of collular lose aned repluce.
ment, the mte of epithelinl migention in the
conventionnd  mouse  exeeeds that o ite
germ-froe connterpart,

Compurison of the mucosn! dimensions
of the two groups of andmabe by this study,
evin tuking bnto aeeomt the Himitations

Laboratory Investigation

inherent in sich & two dimensionnl estinmnte,
sigests that the presence of o baeterial
florn rewults not only in secolerntion of el
lalae turnover, but alw in an inerease in
xize of the epithelinl  populution, Tlhiese
figures ape esentinlly in aecond with mens.
wrenments obtained in the et ,? whieh showed
the surfuee aten of the intestingd mtieoss (o
he grenter in the conventional than in the
germ-free animnd, How this offeet is medi
utedd in anknown, Conecivably, the size of
the epithetinl populution may someliow b
linked to the volume of the lnming proprin,
which has been shown in this amd other
studien® to be srikingly nopomsive to the
presence of n living flom,

Whatever the preeime  determinants of
the size wied renewnl mte of the epithelinl
populution, the presence of a living miero-
binl florn clearly swnilts in o marked redue.
tion in the life span of ileal epithelinl eolls,
Thux, in the conventionn! mowse, the opi-
thelinl colls reaching the extrusion  wmww
are somwwhat over 2 days of gge, wherens
in the germ-froe mowse, even with its shorter
villi, the correxponding eells probably rench
approximately 4 days of age before they
are lont into the lumen,

The microbial flora exerts o profowd in-
fluence upon population dynamics, not only
in the epithelium but in the lnmina proprin
as well, ‘T'his influenee i evident from the
differences hetween germ-free aid conven-
tional animals with respeet to the total
mumber of cells, the apparent mte of tmp-
epithelind low of cofln, andd the. number of*
labeled colla-within the lnmina propra mixd
itw lymphoid tieate,

The physiologie comequenees . of - these
differences in mucomal cell dynamien have
et v vot heen exploved, Tt has heen ome
phusiged  thas, during ite migmtion, the
opithelial coll i undergoing constant. change
with rspeet 1o enxyme xystonis, chemionl
comtituents, ultmstruetuml  onganization,
wied probably funetional eapaeity.”® Thun,

- with regnnd to abwptive fanetion, for ‘in.

stance, the florm may oxert an influenee
hoyond simply afferting the total surfaee
nrvn of the mueosa, changing ax it oo the
aetaad life evele of the epithelinl vell, Sine-
Harly, thromeh otn profoannd  influenee on
the  lnmdun proprin, 1 highly  rearthve
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Clymphiovetioular tissue, the mierobinl Horg
may shape e defensive Tunetions of the
mneosi, This latter possibility is sigeggested
by the diseovery that the germ free guisen
pigg, whieli, like the germ-free mouse, has o
poorly developed lnniina proprig, stieewmbs
rapidly to an omd challenge with Shigella
Heaeneed 20, an organism thit produces no
siguiticunt diseanse o the vanltered, von-
ventional guinen pig."™

The ilewm was seleeted for the present
stidy by vietue of the morphologie evidenee
of its great pesponsiveness to the baetorial
flovn and beenuse of the considerntion that
the nnximud baeteriad concentration in the
normal small intestine oceurs in thisx area,
If the effects of the Born upon the mteoss
are medinted loceally, it s possible that at
other Jevels, in the presence of  different
Joeal bacterinl concenteations, the influence
of the florn coulil be of a dilferent magni-
tude, Alternatively, the effeets of the boe-
terinl florn could be medinted systemienlly
and could be related, for instance, to the
mueh higher bueterinl concentention present
in the cocum. These problems are enrrently
heing investigated in owre lnboratory,

The present study serves o emphasize
the dynamic eharneter of the mtestingl mu-
vor, The histologie appeurinee of both the
epithelivm and the lamisa proprin must be
viewed ax but a satie: representation of
complex, moving events; uas o refleetion of
the existing state of equilibrium among the
vate of generntion, the life spun, and the
rate of loss of eellx from the renewal syxtem,
The normnl bieterinl florn i seen to e one
fuetor that plays a definitive role in the es-
tablishment of the “normul” equilibrivnm of
thix complex system,

SUMMARY

© By eomparison of germ-free and conven-
tional miee, many of the morphologie chay-
aeteristien of the ilenl mueomn ordinarily
recognized as “normal™ were demonst rted
aetunlly to develop in response to the pros.
enee of the baeterind florm of the natwm)
eivironment,

Autorediographie study of the Heum wt
various times after administention of teiti-
ated thymidine to the two groups of miee
roverded that eellulne renownd pates in the
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mieos e likewise sharply influénesd by
the norpal microbinl Hoen, Phe ete of tarn-
over of the ilenl epithelingm in the germ: fre
stte was fonnd to be signifienutly Jower
thun in the presenee of the conventionnl
florn, Although not menssired us procisely,
turnover of cells in the lnming propeia aid

Peyer® patehes appenred to be affected

similarly by the living flor,

The possible implieations of these effocts

of 1ie florn were disensad and the coneept
of the imtestinn] mucosn as 1 dypamic xys-
tem was emphasized,
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