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Abstract
Studies were designed to‘Betermine_how the intestine
responds to acute radiation injury, and. what factors are

required for the -repair of damage. Tests used to monitor

'recovery ‘from 1njury 1ncluded in VIVO transport ornithine

decarboxylase (ODC) act1v1ty, and myeloperdxidase activity.

ODC has been implicated in the regulation of DNA synthesis,

. Y
- and myeloperoxldase was(}used as a measure of tissue

leukocyte infiltration. Rats received 6 Gy  of ..gamma

‘radiation ‘to the adbomen, and were studied 3, 7, or 14 days

later.

'No change occurred in the pa551ve uptake of L glucose
or D- leuc1ne after 1rrad1at10n, but active D-glucose and
L-leucine uptake was reduced at 3 days post-irradiation,

Only L-leucine uptake remained%slightly reduced at ‘7 days.

‘Increased sensitivity to phloridzin was seen at 3 days..
_Thus,‘care is required in wusing -this glucose transport

inhibitor when intestinal damage is likely to be present.

The'potential difference generated by a hyperosmotlc- load,

‘indicative of mucosal permeabll*ty, was increased at 7 days

only oDnc act1v1ty was elevated at 3 days and was still
sllghtly increased ‘at 14 days, 'whereas‘ myeloperoxidase
activity was depressed until 14 daysu“Thus the transport of-

substrates in vivo may not be a good indicator of intestinal

recovery, as other parameters remain altered for a longer

period.

iv
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| Viilus héight' iﬁj_all reglons of the small 1ntest1he;

\

- was reduced 3 days post 1rrad1at1on, but- were normal by 7

’days., Mean B enterocyte m1grat1on rate, assessed by

autoradiography, was-unchanged from controls at 3 days, .

'increasedV’at 7 days, and normal at 14 days. Thfslsuégests

increased cell 1loss at 3 and 7 days,‘ with adaptation

occurring by 7 days such that normal -villus height is
maihtained. - | |

To determine if decreasing food intake could account
for the changee in transport~caused by irradiatioh, control
and irradiated animals were starved tor 3 days..Glucose

uptake in both groups was reduced to’ a similar extent. - The

oDnc peak in 1rrad1ated rats was abollshed by starvation, and.

myeloperdoxidase levels were higher than in fed rats. Thus,

- feeding is requ1red for ODC induction in the intestine. The-

)

importance of ODC to normal function and to recovery was

assessed by feeding the animals difluoromethylornithine

v

(DFMO), an inhibitor of ODC. Both starvation and DFMO

-

reduced villus heights in control and ifradiated-aqjmais;

Despite continued food intake, DFMO administration reduced .

glucose uptake in 1rrad1ated and non 1rrad1ated rats. DFMO

also 1ncreased‘myelgperox1dase levels compared to those in-

‘non-irradiated: rats. ODC 1s.therefore 1mportant_to normal
intestinal function and morphology, “and its inhibition

delays recovery from injury.

Several drugs were used to determine if recoVery from

intestinal _radiatioh damage' could be influenced. Aspirin

~
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reduced glucose ﬁptakeuand-increased ODC“attivicyfin';ontrol
rats. No further change in uptake or 0DC activity - occurred.
in  irradiated rats recéi&ing "aspirin,  but “intestinal

adhesions qg;g\erominent.,This was not. due to weak' acid

o — o . A o -
effects, as p-aminobenzoic acid (PABA) caused no change in

glucosé ~uptake or adhesion  appearance compared with
v‘controls._ However, the. ODC -peakv in irradiated rats was'
eliminated by PABA,'suggestiné a requirement for increased
intracellular pH in the induction ovaDC.'Prostaglandin
b¥ockade was not involvedvin‘the additional damage seen with
aspirin,- as | indomethacin increased glucose uptake in
{fradiafed ra;s, without adhesion formation. Prednisolone.
increased glucose ‘uptake and ODC activity in control gats
‘but caused ﬁd fur;her change in irradiated fats.
“Allopurinol, an inhibitor of xanthine oxidase, imbfoved
glucose upta?e in irradiated rats, and abolished the O0ODC

péak.
| Refeeding after starvation induces ODC. Intestinal
perfusion witﬁ specific nutrients into starved animals
showed .that D-glucose, L-glucose, 3—O—me;hylglﬁcose and
D-galattose‘ increased 0ODC levels;‘sgt D—fructoge, L-leucine
ér phloridzin combined D- or L;giucose were without effect.
Intravehous‘ glucose also failed tovstimulafe ODC activity.
jThus, intestinél QDC._indUCtion requires 'nu;rient on the

_ y

. luminal side of the énterocygg; and does not require active

transport, or intracellular mefa'olism.

vi
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I. Introduction and Objectives
Within the paét decade, several exhaustive reviews and
symposié' have been published documenting thé extensive
changes in transport function and cell proiiferation in the
intestjne as it adapt§ to large fluctuations 1in 1its
environment and functional workload (114, 249, 250,/ 61).
Resection (62), starvation‘(3), lactation (72), diet change,
and diabetes (114) are some of the experimental
manipulations that have been employed to elicit what is’
known as intestinal adaptation. Explfcitly egéluded from
consideration, howevér, has been the 'adaptation' of .the
intestine to pathological situations p;oducing damagg to the
gut, on Fhe bas:s- that 1injury evokes entirely differeht‘
réspoﬁses (61). Yet in order to survive, the -intestine must
compensate for inc;eased cell death by altefing the fate of
cell proliferation as well as that of transport, if it is to
meet the functional demands on the tissue. I: would be
reasonable ‘to expect therefore,vthat at _.eas: some of the
mechanisgs regulating intestinal adant. would also be
. involved 1in the adaptation' to inju -, ‘a2 shall bé

referred to below as repair.

The precise nature of the signals tri . ~ rooair,
~as well as_the cellular and biochemicel mec.arc . ..able
to the gut in order to effect repair, have larg.  remained

a” mystery. . To date, no comprehensive reviewv has aiizarec
dealing  specifically with the intestine's response to

injury. In fact, -progress in general has been slow in
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aeveloping a scientific (rather than empirical) 'basis. for
effective tféatment for intestinal disease of non-ﬁicrobial
origin. A large part of this may lie in the difficulty in
developing . adeqﬁatef animal - models, especially for the
idiopathic inflammatory diseases. Several models do 'éxigt
for stﬁdy,Ahowever. These include intestinal ischemia (201),
radiation-indﬁced injﬁry (183)( ekpefimental 'uremia (221);

and  damage by }cytotoxic drugs '(146) or parasiticb or

! i

bacterial infestation (225). In human patients, studies on
proliferative and histological ‘changes as well as limited
studies on in vivo. Eransporf. in certain- diseases, mdst
notably” celiac disease (177);’have aléo providéd important
information on the disease p:ocess. |

The model  of intestinal damage chosen for

\‘;;investigation in the following studies was that of acute

4fadiation injury, a damage state for which a large

background of data has éccumulated and can be built wupon.

The. intehtion of the studies was to use * the model fo

appfoach the general questibn,of how the in;eétine responds

to injury, as well as to answer the following more specifié
guestions: | |

1. | What is the éxtent of damége and the time eceourse of

’recovery for intestihal transport? What tests canvbe

uséd as reliable'meaSures of injury? Are there aspects

of function or morphology‘ that recover from injury

more rapidly tham other parameters?

2. An important mode of repair for the intestine is_ the
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stimulation of cell renewal. Could a consequence of
injury and of subsequent rapid cell renewal be the

repopulation of the intestine with immature cells?

The enzyme o?hitﬁiné décarbéxylése is imporﬁant in tﬁe
reguiation of DNA synthetic activity (190). tould this
enzyme also be important in the recovery process? Is
it obligatory for recovery or is it supplementary? If
its activity}is changed by damage, does the time

course of its recovery match that of tissue repair?

What are the stimuli for the activation of the enzyme?

-Can the course ©of recovery be influehced‘ by

pharmacologiéal agents?



I1. Literature Review

A. Radiation - Physical Considerations

The description of the effects of raéiétion‘damage to
tissue calls for a cursory understanding of the nature of
the damaging ageht."While the electromagnetic specfrﬁm
covers severai typés of radiation, only two will be focused
on here; X-rays, and gamma rays, due to their damaging
effect on tissﬁé and the frequency of their use 1in
therapeutic regimes. . . | |

Unlike alpha or beta rays, which have a component of
mass (the equivalent of a helium nucleus or an .electron,
respectively) as well as energy, X- and gémma rays possess
only energy (89). X-rays, first aisbovery by Wilhelm: Georg
Roentgen in 1895 (and initiallyvrefefred~to as "Roentgen's
rays") are artificially produced in .vacuum tubes when
electrons are’ aécelerated in an electric field-and collide
with a solid body, wusually a ' tungsten target. As it
app:oaches the targeﬁ nucleus, the electron decelerates,
fesulting in a loss of energy which is emi-.:2 from the
target material 1in ‘the form of energy-possesing photons.

Gamma rays, on the other hand, are products of the‘decayf'bf

the atomic ‘nucleus, or ' "natural radiocactivity"” as first

described by Henri Becguerel at the end of the last century.

X-rays are generally described as those rays having
wavelengths between 10°? and 10-° nm, and gamma rays those

with wavelengths from 10-® to 10°* nm, although X-rays in

4
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the gamma range have also‘been reported (89).
The two most common fadionuclides used in radiotherapy
include ‘°Cobal£ and '*Cesium. Both emit betag as vell as
gémma rays, but,’the beta particles'gre generally absorbed'
_ within the radiocactive source resulting in the ihteraction
with atomic nuclei to form X-rays (1138). These X—rayé.dOSnot
contribute appféciabl§ to the delivered dose, howéver, as
they are stfongly attenuated wiﬁﬁin tﬁe radiocactive matgrial
and its cépsule. Compareﬁ to '’’cesium, ‘°cobalt has. a
higher energy, emitﬁihg two photons per disintegtafion with
energies of 1.17 and 1.33 ‘MeV. '2'°Cesium  emits ohly one
photon with éh ener;; of .66 MeV. In addiﬁion, the hailf life
of ¢°cobalt is shorter than that of "’éésium (5.26: versué
30 years respectively). The shorter half life of ‘°cobalt
necessitateéAhore frequent replacemenﬁ, and therefore higher
cost, and as a result ié not currently as frequentiy used as

a

'37cesium.

B. Dose Represehtation

Radiatioh doses were originally expressed in
-roentgens, introduced in . 1928. A measure of ionization in
air, one roentgen (R). was originally defined as 1
electrostatic unit pér cm® air at standard temperature énd
pressure. This Is equivalent to the current definition,
i.e., 1R = 2.58 .x 10-* coulombs per kilogram air (159).
Common use of this measurement was superceded in A953 by the
establishment of the rad, which in cdntrast to the roentgen

~



(which refers to the exposure dose ), describes instead the

dose absorbed by 2 material. 1 rad represents the absorption

of 100 ergs per gram of 1rrad1ated marerlal or 10-* joules
. - " :

per kilogram (119). Con51derabre conru51on “can arlse in .

reading the literature, from the 51m11ar1ty of abbrev1at10ns

used for the roentgen (R) and the rad (r). In a more recent

dpdate, the Gray has been adopted as the unit of absorbed

’

dose, 1 Gray.(Gy) being eQual'to 100 rads.

Cc. Radiation - Interaction wifh Matter

As it passes through matter, radiation loses its
- energy. In the case of ultravioiet light, this may simply
1nvolve d1splac1ng e;:ctrons from ‘one orbitalA shell to
another shelL,of hlgher energy, thus "absorbing™ the energy
" of the radiation. X-rays and gamﬁa rays, howeQer, dissibate
their energy by ejecting electrons from atoms in’ thelr path
a process referred‘ to ”as 1onlzat10n This 1is not a
selective process, as,'aAy atom or molecule in the path of
the radiation may be ionized. In the cell, however, ‘water
makea up 70;80% of the'tissue and is therefore‘statistieally
most likely to be ionized (40). |

Under normal circumstaﬁces,"electrons in moleeules

generally occur in pairs, each having a spin in a direction

opposite to its pair. When radiation ejects an electron, the

resultant compound is left with ~an uneven ,humber of.

electrons, an 1nherently unstable configuration referred to

as a "free radicdl“. In the case of water, H20® is formed by’



the loss of an eléctron, and' this ‘;ompouna undergoes a
s&:ies‘ of rapid reacfions producing products which include
OH- and H-. (40). In this case, thé hydfoxyl radical, OH-
c?rries' no éha:ge,  bécause the' numbéf of 'prdtons and

electrons is the same (i.e., 9), but since ¢there 1is "an

uneven number ‘of electrons, the compound is referred to as a

‘radical. On the other hand, the superoxide radical, bz'-,
formed by the accéptaﬁce'of éﬁ_electron by molecular oxygen,
is negativelyvcharged, Yet is also a considered a radical
since it too has an unéven number of electrons (i.e., 17).

| Free radicals differ substantially in  their
reactivity, -bu; primary ﬁrqdicals such as  the hydroxyl
radical are highly; ;eactive,’ and only 'diffuse, 'sh?rt
distances before _réacting wifh other compounds. Hhtcﬁison'
(108) est;mated"ﬁhis distance; to be 3 - nm. Sécondary-
radicals, such as ,superoxi@e,' are less reactive, but may
sfill,react'with'compbuﬁds such as hydrogen peréxide to
r:generaté the"mo;ev reaciive hydroxyl ' radical (39, 54).
~ Although attémpts to directly demonstrate this reaction have

_ féilgd, rhydroxylvrédical\regeneration in bioloéical systems - -

2

‘may proceed through th? mediation of metal catalysis, with

.combounds such as pqrphyrin iron‘(39). |
Hydroxyi radicéls may react with other hydroxyl

radicals to producé hydrogen peroxide, or react with organic .

.moleCules, for example by ﬁhe\\addition of the hydfdxyl

’

across a carbon—tarpon double bond to form an alkoxyl

radical, or by abstracting a hyd:dgen to -produce H}O and a

N

-
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carbon radical (39). ﬁnsafurated viipids are among the
molecules"vulnerable to this rédical reaction, and the
résulting radical —may react with neighboﬁring ' lipigl
"mdlecﬁles, tdw propagate thé‘ pfoceSs, or withA oxjggn to
produce a lipid peroxide. It has been estimated that 60—70%
of cell‘linactivation, may be attributed to OH:- and H-, and
30-40% to,fhe direct effectsv.of the radiation (40). The
.'importance of thesé ind;rect, hydration-related effects can
also be seen in the requ’ -ment of 2 to 50 times‘the'doseuto
obtain similé; _enzyme deac£ivation in wet versus dry yeas£
"cells (109). lt‘_ . : g
Oxidizigg radicais 'can  be responsible’ for the
inactivgtion<g%' ehzymes and “hose :with sulfhydryl " (SH)
groups are eSpeCiélIy Qulnerable;_ In 1950, Barron (14)
Showed'thét enzymes damaged in this way could be reactivated
by, supplying a compound such as glutathione,'Which‘pqssessés
,i\yégibl groups, although such.reactivation did notiféke 3p1ace
if damage other than that of the SH groups}ocqur;éd;
ASubstances which compete for radicals, referred to as
scavengers; f;educe énzymé inactivation, andvhave—beeﬁ‘much
stﬁdied since Dale (SO) published his ‘classic méxﬁerjmgnés
using -léﬁcylgiycine ‘as a . scavenger .in 1942.
Dimethylsulfoxide (DMSO5 and ‘cysfeémine' are 1‘tw6”"sugﬂ‘
scavengers that have received considerable attenfiohf(&d).
fHeypsf (102) was oie of‘£he earliest‘inVestigatdrsvvto“«
publicize: the exfreme radiafion éensitivity of cells f.;
actiyelj synthesizingvnucleic acids. The effect téﬁds to ;be’/(J_'

g

e



greater with DNA than with RNA because the DNA ‘presentE a
larger target, and because new RNA can be syhthééized if the

DNA remains intact. Radiation affects both the structure and

the synthesis of DNA. Hevesy, and later, Nygaard (172),

demonstrated decreased incorporation ‘of . radioactive

"precursors ‘into DNA as a result of irradiation. Lett and’

po?§orkefs (137),¢working with mammalian ‘célls, used the
sedimentation rate of DNA in aa alkaline sucrose gradient to
show that the size of 1isolated DNA  decreased aftefl
irradiation. This returned .té ~normal if thé cells were
incubated,with.nucleic'acid-précursors to allow for . further
DNA synthesis;.thusvindioaéing a fépair'procéss at work.

One Gf the results of DNA damage is’ the delay of cell

cleavage . (89). The duration of "the delay increases with

increasing doses of radiation, and the block has usually

been .ascribed .~ <he G. phase of the cell cycle. Progress

through mitc.:+ may be deiayed by delivering radiation at

. any point 1in the cell cycle, however. Certain phases, such

as the S (synthesis) phase, appear to be less sensitive than

others (91).

&

D. Intestinal Effects of Radiation
In 1897, only two years after the discovery of X-rays,

Walsh.made the first report of the detrimental action of

- . . 4 . . 3 . N . N
ionizing radiation on the gastrointestinal tract, noting
vomiting and diarrhea in a human patient (241). Pioneering

work by Warren (243) established thatmradiation injury was a
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resﬁlt of direct .injury of the intestine-by the radiation,

rather than a secondary ‘effect arising from systemic

2 .

influence%.'This'was~established by the observation that the

diarrhea and ileal necrosis that occurred in dogs after
abdominal .irradiation was not ‘seen if only the chest was
irradiated.

Ambng ~ the changes seen in experimental animals

receiving radiation t;éatment was weight loss (29), which

was partially attributed to delayed gastric emptying (167,
223). Smith (217} experimented with several doses of
radiation and found that weight loss in rats increased with

the dose administered. At SOO,R, 3 days was required  to

regain the original yeight.l'A number of Vinteresting'

0y

anomalieév were noted, however. For example, if the -
irradiated ‘animals were starved, weight,gain on refeeding:
; _ ‘ Ln

was faster than starved controls despite identical food:

v

intake. Further, "if irradiated animals were force fed,
signifiéant"mortality resulted. This hinted at twé.impbrtant
but = largely overlooked points: first, that the recovery
process might'be_mo;e than a simple resumption of - mitosis
and second, that overtaxing the‘compfomised function of ;he

injured gqut could itself be detrimental.

Five years later, Kay (118) noted that although no

changes occurred in the weight bf the muscle layer  of the
'_small ~ bowel, mucosal weight declined after 600 R of

X-irradiation. A subseqguent increase in mucosal weight four

days later, to a level greater than in controls, was
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attributed tolceli swe;ling, As hé cQﬁcurfent DNA overshoot
was observedf Kay also found that fasted rats receiving
" radiation “treatment gained weéight more rapidly than
non-irradiated animals. A. similar overtompensation‘ for
weigﬁt loss was also found by Detrick (57).

| By the end of the Sécohdv wOrldVVWar, two' majbr
approaches had been established. in research on intestinal
radiobiology:.One group pursued the influence of radiation
on transport ability (222). The second group was primarily
cdncerned ‘with the effects  of radiation on  cell
proiiferatioh and 4its~abili£y to delay mitosis and even to
'prodpce_ cell death (189). .Many of‘ these studies Qére
sponsored by, the military, for the .senéitivity of the
inteé;ine to'radiationzdamage‘seemed.to be a-major factér in
acute mortality resulting from tﬁe @assi&e radiation
exposure associated with nuclear blaéts.' Such spohsorship
did reStriét thé phblishing of some data, as seen in
Friedman*s CQmméht in 1945 that further experiments were
"brought to a 'c}OSe ‘by the war and cannot be reportéd at
‘this time" (78).

”:g Studies .by Friedman (77) and those of Knowlton "(125)

haq;;stablished that mitosis was suppressed by radiatioh and
thaé?vthe depression - in mitotic index was dose dependent.
‘Lebiégd's pioneeriﬁg studies published in 1948 drew
éttention‘ to the high :afe of cell préiife:atioﬁ in_thé

intestine, showing that new cells were produ;éd in the

crypts of Leiberkuhn, and migrated up the villus to be
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exfoliated. at the tips. He estimated the time required for
‘the process in ‘the rat intestine' was 38 hours in the
duodenum, compared to 32‘ hours in the ileum, wheré villi
were shorter (132).

There - appeared to be a lég time, however, betweeﬂ
mitotic interruption and  villus -changes. Montagna (164)
noted that the villi were histologicélly normal for 96 hours
until massive.cell loss occurred thch éoincided with the
bulk of the deaths resﬁlting from the‘treatment. ther
authors also  found the greatest,_morphological changes
occurring three to four days aftér irrédiatign in the form
of blunted villi (11, 238, 222). This occurred,'however;' at.
a time; whep mitosis had ‘resumed, - and often exceded the
original proliferative rate. This led Quastler (189) - to
speculéte- thatv ihe' ntey fofmed‘cells were beingvabdrted
prior to reaéhing the villus. However, it was later noted
(215) that cell migratioh dp the villus still took placé
during the first 12 hours after irradiation, during.a period
when no éell production took placé, as determined by
radioactive thymidine incorporétion or tHe 1presence of
‘labelled mitétic figures. ‘No movement. out of the crypt

Uoccurred at 48 hours; however, which was éttributed to crypt

cell depletion. This appZared’to alter the usual proportion

of p:oliferating and differentiating cells in the crypt.
Under normal'circumstances, most prolifération.octurs

at the base of the crypts, referred to as the "proliferative

zone", while the upper crypt, termed the "maturation zone",
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' seems to be more related to cell differentiation (84). After

irradiation, the latter zone disappears as the proliferative
zone moves upwards (136, 130). Most authors noted, however,

that cell proliferation had usually increased by the time

.gross changes in villus morphology were apparent (36, 222).

The inherent advantage of continued cell migration .deSpité
inte;rupted mitotic activity is evident. As cells are lQSt
from the Villus, they are replaced by migrating 'cells. By
the time that the crypts have been depletea‘ of their
reserves,‘cellvregeneration has generally resumed.

That DNA synthesis is the "weak link in the chain” in

the ability of a cell to avoid radiation damage can be seen

in experiments with  hibernation. In *tae ‘hibernating
dormouse, irradiation during hibernation leads to a

postponement of early radiation death until after arousal

(2). In-the intestine, mitosis is blocked during hibernation

at the G, phase. This is unlike starvation, where the block

occurs in the G, phase, having more phases to proceed

through before mitosis- occurs. Some DNA synthesis still

occurs during hibernation, although only at 4% of control
rates. The. association:’ of death with _the résumption of
mitosis, therefore suggests that. DNA - destfﬁction .does noﬁ
becoﬁe lethal un®il the cell divides. |

The enterocyte is .not equally sensitive to .DNA
alteration’ at all stages of the céll cycle. Of the G{, S,
G,, and M phases, the S phase appears to ‘be the méét’

radioresistant (19, 91). This has been elegantly shown by
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. altering 'the"amount of time “the cells spends in various
~parts of the éell cycle. Intestinal resection has been shown
to' increase cell proliferation in the gut (60). Hanson (95)
"~ demonstrated that this is -acCompanied by . a greater
pfopo;tion of . cells in the'_s éhase by tbeir .g;eater
sensitivity to hydrbxyufeé, én S phase specific cytotoxic
drug. By increasing the.proportion of cells in this phase,
he was able to .incréasg the survivaiy. of iffadiated
intestinal cryﬁt cell culturés.

It appears that the time required for cells to travel
through - the villus compartment is_a critical determinant of
survival timé after large radiation doses. Cell transit time
tb the wvillus tip 1is- increased in the gérbil (17#)} in
germfree m;ce‘(84), and in mice fed an eleﬁental diet (135).
'immediately af;ef irradiapidﬁ, there is generally no change
in the rate .of migration, but in germfree and elementally"
fed’ animals, there ié a delay in ~the‘4increasg in
proliferaﬁive activity usually seen after ifrqdiatioﬁ. In
the gerbil, the;e is a delayed éppearance on the villus”by
celis laSelled in the crypt during mitosis (171). This ' is
aléo' associated with increased survival from potentially
.lethal radiation doses. The cbnclusion geherally drawn from
such results is that the radiosensitivity of the mucosa can
'be decreased by factors which ‘normally décréase cell
exféliation. |

Studies on éhimals with lower metabolic rates such as

the goldfish (110) and the amphibian Necturus maculosus
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(188) often revealed that enterocyte proliferation was lower
~than for»ahimals such as mice or rats. In both cases, this
was. associated with an increase in the rate 6f survival
 after high doses of radiation. Experiments with goldfish
‘revealed that "as the tempgraﬁure of their envi}énment
incréased from‘ 6° C. to 25° C., cell migration rate
increased and histological damage developed more rapidly.
Similarly, very high radiation doses could be administered
to the necturus, which is normally kept at 7° C., Qithout
visible int;stinal pathology. In both cases, it was
suggested that the iower metébolic rate was important in
détermining survival success. It is interesting to speculaEe
that .cell proliferation could be sfimulated by cell loss,
~which in turn is influenced by the metabolic rate.

As radibtherapy came to play an incrgaéiné role in the
treatment of pel&ic tumours, damage arising from éthurrént
©injury of normal intestinal  tissue underscored the
importance. of the'wbrk with experimental animals. Vomiting
and diarrhea were frequently reported, in some: cases
occurring intratherapeutically, but often not beiné evident
for up to ten years after radiation treatment (204; 230).

A§ early as 1931, Buchwald reported décreased

absorption of. glucose, fructose, and mannose from jn situ
loops of raté after radiation exposure (34). In these early
studies, doses often exceded 15 Gf, and recovery responées
were often obscured by death. Neyertheless, . the functional’

. R .
response after radiation 1s wusually a depression in

-/
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substrate uptake by the third ~day, and recovery by about six
days, whether assessed using in vttho (222, 182, 184) or in
'vivo (162, 163,‘183) techniques. In human patients, reduced
disaccharidase activity (232) and glucose halabéorption (51)
" have been observed. ' ‘ 3

Several shortcomings existed in early studies. The
tendency to  use a singlebconcentration to assess transport
(183, ]62) makee it impossible to draw any conclusions
concerning kinetic changesvwhich might have occurred; such
as a change .in tﬁe affinity of a transporter without
affecting its maximai transport rate. Also, the use ot
volume markers have frequently been neglected. Thus, the"
| decrease‘lin the .paesive absorption of sorbose reported by
Moss in 1957 in rats receiving 7 Gy (167) could.have beeu an
artifact arising from decreased fluid absorption. .

Some discrepancies in uptake studies have been noted.
For example, Perris (182) fouod ‘no change in galactose,
3-C-methylglucose or histidine uptake in vitro after 6 R,
~but found a depre551on in vivo 1in all these substrates'
:(183) D glucose uptake, on the other hand, waé'depressed in
both 51tuatrons. In addition, histological changes are not.
always assoc1ated w1th transport changes. Decreased glucose
uptake has been observed in rat everted sacs four days after
receiving 6 Gy despite normal histology (57) Curran (49)
reported - a reduction in ileal sodium and water transport in
vivo, as early as six hours after irradiation, ‘well before

morphologicai damage had appeared, and suggested- that
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transp;rt synthesis had been inhibited.ASullivan (222) found
that absorption of 290 mM glucose Jn vivo decreased with
increasing doses, but  over 9 Gy, no further depressicn in
transport could be seen, despite evidence of greater
histological dantage. Indeed, the work of Cheeséman'et al.
(41) indicates that three days afﬁer irradiation, D-gqlucose
and glycyl—L-leuciﬁe uptake (expressed per enterocyte) was
actually elevated rats which had received 6 Gy to the
abdomen. | | | ‘
Fluid and sodium absorption have also  been reported
follbwing  radiation treatment (49, ‘222). Perris (183)
observed that glucose stimulated fluid flux in vivo to the
same degree in irfadiated rats as 'in controls, but the
baseline absorptiop was‘lower in the former. An osmotic
gradient 6n the serosal side created with sorbose was able
to increaée serogal fluid accumulation. Several other
authors have suggested that increased mucosal permeability
contributes to excessive fluid loss after radiation, usually
assessed. py ~the ability of poorly permeable probes such as
mannitol (240), or non-permeating . compounds. suéh as
polyvinylpyrrolidine (105) to penetrate the damaged huéosa.

- Attributing changes fn absorptive parameters such as
fluid flux solely to permeability changes provide certain
problems,  howevér;--In generél,* itw is difficult to
differéntiate between changeé in permeability arising in the
intestinal vasculature versus a "leakiness" of the tight

junctions between enterocytes. Since fluid flux across the
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intestine 1is governed by Starling forces (86), it is quite
qonteivable that increased sérosal préssure arising from
tissue edema could result in fluid secretion even in the
absence of mucosal permeability changes. Any such mucosal
permeability chahges‘would only modulate underlying forces.
Lifson (144), for instance, demonstrated that increased
venous pressure could result in luminaliy directed fluid -
flow. |

Several vasoactive éompounds such as kinins (168),
lhistamine (251), serotonin (88).and-prostaglandins (30), may
be released by damage. The .fesuiting tissue-edema could
cause a nét pressure gradient directed towards the lumen and
“result in fluld loss (86). In the rat, intestinal"histamfne
content is reduced -within 24'houfs of éxposure to 15 Gy.,
indicating release from intracéllular stores (251).
Histamine 1is capable of stimuiating substantial fluid
secretion in normql dogs, an action secondary to its
vasodilatory properties (134). Howeveﬁ{ antihistamine drugs,
are only able to decrease ihi;ial changes in permeability
after radiation treatment (251). In the case' of serotoniﬁ,
intestinal tiséue levels of ‘this agent are reduced after
administeriné 725 R. to the rat (77), and
serotonin—containiqg Kulchinsky cells in the gut appear
depleted (133). These findings suggest that more extended
changes 1in intestinal permeability are mediated by'other

.agents.
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Studies from the va;culariy perfused rat sﬁow thgt
'.decreasea blood 'flow results iq decreased water absorption
(253). Microangiographs 6f the;uir;adiated‘ ;étv lntestine
reveal substéntial arteriole bcclusiom as chi as a
reduction in the number of_veséel preﬁent 24 hours after the
exposure (66), .albeif to rather large (1460 R) doses. This
appears to givé Qay to marked vasodilafion by the féurth
post-exposure day. On the other hand, the capillary -
filtratioﬁ coefficient,  which provides an indication of the
capilla;y ?érea‘open to'circulation, is reduced in catsAﬁour
”days after 15 Gy, and although. some recovery occurs, the
coefficient remains below normal for some time (69). At
best, then, data on blood flow in the ifradiated intestine
is sketchy, and definitivg statemeﬁtéJ on the effecté of
changes in‘blood flow on fl;id transport await -further

characterization, especially at lower, less lethal radiation.

doses,. -

E. Comparison with Other Intestinal:Damage‘Syndromes
| Intestinal damége produced by a wide variety 6f agents
often " elicits similar symptomé and most, if not all of them
are also shared by radiation damage. These include decreased
villus height, decreased activity of brush border enzymes as
well as glucose and  amino acid transport, Aand' eiéher

dimfnished fluid absdrption, or net fluid secretion.
Villus héight is redﬁced after damage produced by

_lactic,acid'(93) or formalin instillation (160), by ischemia
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(198), administration of the cytotoxic dreg methotrexate'
(229, 237), the estrogen antagohist( triéaranol (196),
infection by bacterial or parasitic agents (225), and in
celiac diseasev(256) In celiac disease, evidence for an
ong01ng damage process may be seen in the 1ncreased loss of
DNA into the intestinal lumen (48). Appropriately enough,
cell proliferatioh is substantially increased, which likely.
enables the intestine to compensate for the increased cell
loss (48, 244). 1Increased cell produetion»has aiso been
6bserved'foliowing‘intestinal ischemia ‘(198), as well as
ulcerative colitis (211) and giardia infection (120). In the
latter case, villus histology.appeared normal, which weuld
" be consistent with a- new"balance being achieved between
increased cell loss and_inereasgd cell proliferation, such
that no net change in villus height eccurs.

A decrease in the fenctional activity ofvthe‘intestine
is" another hallmark of intestinal injhry, although rechery
is generally rapid, returning to normal in a matter of days.
Three days after two hours' ischemia, 3-O-methylglucose and
phenylalanine accumulation by mucosal slices 1is 'decreased,
but has returned to control levels by seven days (200, 202).
Brush border enzyme activity, including that ‘of sucrase,
alkaline phosphatase, and leucine—aminopeptidase, is also
reduced, but return to normal i; a siﬁilar time. spaa (32,
199) .. Decreases in glucose absorption in vitro have been .
reported follow1ng formalin injury, and three weeks or more

may be reqguired for repa1r_(160). In humans, celiac disease
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is ‘acoompanied~‘by " decreases \in élucose and aminohaoid'
absorprion as well as in disacc Tdase activity (27, .185).

As with radiatioh injury, decreases in enZYme.activity
and transporter Funct1on may reSult in much more rapid cell
loss, leav1ng the v1llus populated with 1mmature cells. For
instance, immediately after a period of intestinal ischemia;
cells ‘appeax towbe shed intact inro the lumen. QUantitarive'
histochemical studies on desquamated ¢e11§' reveal normal
’levels‘ of enzyme activiry' (82). As recovery procedes,La
greater proportlon of cells in the post ischemic crypt- _show
m1tot1c activity, resultlng in a sma%ler maturation zone
(198). Non-specific esterase andf neutral dlucosidaSe
activities on theryillus,‘also determined histochemically,
decrease as’' cell 'proiiferation/v increases. Increased
proliferative activity, therefore, appears to interfere with
normal maturatlon processes |

A similar relatlonshlp between' maturation andi
proiiferation also holds'in other ‘damage states. Ten days
‘after innoculation = with Nippostrongylus brasiliensis, when
parasire counts are highest, the enterocyte ‘population is
actually increased, yet maltase, ieucihe aminopepridase and
.alkal;ne phosphatase activities .are decreased (226). 1In
addition,d the activity -of suocinic dehydroger se, a
cytosolic enzyme, 1is also decreased. Changes in enzyme
funotioh are therefore not due simply to the proteolysis of
disaccharidases on the membrane .surface. by 'inoreased

'pancreatic protease action (5), as intracellular enzymes are

v
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"y

affected as well. .e " ) | R ;

d

The activities of many mucosal enzymes such as

'disaccharidaSes (52) . alkaline phosphatase (245), and

‘adehosine deaminase (111) 1ncrease in enterocytes as they

-

approach the villusA t1p provided that the cell mlgratlon

-rate does not decrease, condltlons involving increased " cell

loss therefore result in the exfollatlon of younger ceIls,
allow1ng less opportunlty for full expreSS1on of the enzymes
requlred to meet the functlonal workload of the villus.
Premature appearance‘on the villus of cells labelled during
mitosis  in both celiac ‘disease (177), and after

Nippostrogylus infection (224), also tends to decrease the

average age of cells at_the top of the .villus. This agaih

resembles the pattern of cell maturation observed after®

radiation ‘injury,. i.e.,' cell migrationvcohtinues despite
cell damaoe, leading to greater recruitment of new: cells
from the upper crypt, which reach the villus tip earlier
than.normal‘(215). |

éluid' absorption in vivo is decreaeed after ischemia,
and recovery ofinormal water uptake can be more retarded’
than the_ reeovery of the active transport of glucose'ahd

amino acids (201). This has been  attributed to increased

intestinal ibermeability, as some , investigators have
demonstrated enhanced passage of . normally impermeable

macromolecules such as inulin >vP and creatinine in the

rabbit intestine (122). On the other  hand, . Robinson (201)

found that phenol  red 1njected intravenously into the ‘dog
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did not appear in the iumen of the ischemic intestine.
Nevertheless, there is some evidence'that increasedlvascular
permeability is 'detrimEnt;l to the  ischemic gut. When
éminoguanidine is used to inhibit histamine metabolism by
diamine oxidasel (DAO) in rébbits or aogs with experimental
intestinal ischemia, histamine - levels increase. This is
'assoéiated',with a substantial increase in mortality of the
animals, likely as é result of the ‘alteration in vascular
-permeability induced by histamine (129). It should also be
noted ’thag DAO .metabolizes  other moieculeé, ndtably
polyamines, which will be discussed in greater‘aetail below.
The association of inéreased fluid 1loss with an
increase in intestinal permeability has also been noted in
other damage models, notably parasitic infestatién in rats
(43) - and in celiac disease (44). Bjarnasoa and Peters (26),
using a series@pf polyethylene-%glchl: (PEG) molecules of
different molecular we%?hgg, found iggreasgd permeability to
molecules under a. molecular'wyeigﬁt uof 1500 daltons in
pétients wi£h. celiac diséaséi which persisted<éven aftngu
gluten withdrawal. Such permeabiiity'changes, fhowever, may
only  affect 1 fluid movemenf " indirectly. Notiﬁg -thét
'i%munogen;g,fragments of gluten had a size of approximately
1000 dalfgns, the.authors‘suggested that the effect of the
incfeased permeability was to make the intestine moré
susceptible to _invasioqlgy antigenic moleches which could
then provoke ap‘immuﬁé r;actioh. It could be fhat the immune

-

response, and the accompanying tissue edema could serve as
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the driving fofce for fluid efflux. This bears considerable
similarity to. intesfinal radiation - damage,' in which

. \
increased susceptibility‘ to bacterial 1infection has been
attributed to permeability thaﬁges ‘resulting in inéfeased
invasion by the pathogen (240).

One explanation“fog the decreased fluid absorption  1is
that it is simply " du€ to a reduction in the.surface area
available to diffusion as a result of the ‘'loss of Qillug
cells (27). Robinson . (201) has further refined this by
suggeéting that a gréater prbédbtibn of cells remaining
after damage aré secretory in nafure. He notéd that sohe‘
investigatofs' (59, 246) have claimed that crypt ceilé
secrete sodium and coqtribute to luminal fluid fiux, whereas
villus cells predominantly take ~up . sodium aﬁd - are
‘respAnsiblé’ for water absorptibn. Since most Histological,
démage appears to occur in the villus tip, loss of tip cells
would result in an increaséd proportion cof secretory cells
~without any change in the nature of'the remaining te;ls. In
support of _this, Robinson (201) found tﬁat unidirectional
serosal-to-mucosal sodium flux was largely unaltered in - the
is;hemic "dog intestine, whereas flux 1in the opposite
direction was considerably reduced, prédﬁcing'a net sodiuﬁ
secretion and fluid movement into the lumen. |

,.The fact that at least residuel active transport of
sugérs and aminé acids remains after injury s an important
factor in-the cont;ol of excessive fluid 1loss. Glucosel is

co-transported with sodium independently of underlying



sodium fluxes (7€) and is able to increase sodium uptake anﬂ

water absorption even in the presence of fluid . secretion..

This 'substrate—coupled stimulatidn of fluid absorption 1in
the presence of injury has also been noted aftér ischemia
(106)} and after cholera toxin adhinisﬁrétion\(74)._
\ Recently it has beén_ suggested th?f oxyéén ‘f:ee
. ;édicals may 'play an important role inhtheikffhogenegisvaf
‘iS§hemiclinjury (87, 178).  While the generatiégu‘ZEmboxygen
radicals miéht appear to  be impfobable in‘ such an
oxygeh—deﬁiéient state, damage is often not observed _until
the  tissue 1is repeffuséd. Using increasing protein content
in lymph;as an inaication éf intestinal démagé, Grange;
foﬁnd that ischemic injury“-in the cat iﬁtestine could be
prevented by administering dimethylsulfoxide, a free radical
scavengér, Qr Supéréxide aismutase, an enzyme which removes
the sgperoxide ra@ical.

McCord (157) noted tﬁat the tissue content of xanthire

oxidase, which. converts ATP breakdown products into  uric

acid and ‘superoxide, was increased when tissue damage was

present. By administering allopurinol, an inhibitor of

xanthine oxidase, Granger (178) could substantially decrease
ischemic damage. The 1increase in. ATP catabolism in an

energy-deficient tissue in tandem with increased xanthine
\

€1,

cxidase activity fcllowing ischemia woul therefore result
in increased superoxide production and tissue destruction.

_ . :
This mechanism could potent.ally offer an explanation for

bt

the ability of intraluminal mannitol to ameliorate the

A
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effects of intestinal rischémia in some cases (201), since
maﬁnitol can act as a frée radical_scavenger (192). The ‘low
permeabilit& of mannitol could be a limiting factor in such
-,protection, howevé{[ és extensive damage mayfhave ‘to occur'
before the cell allows sufficient mannitol influx. :

Other systems are aiso capablé\ of generating free
radicals, and probabiflthe mdst'physioiogically'relevant to
the current discpséﬁon.is that of‘NADPH oxidase, found on
'the exterior 'éu;facé of  polymorphonuclear leukocytes (8,
-155). Important in its bacteriociaal acfion, patients uhabie
to reduce oxygen‘wifh this enéyme suffef recurrent bacterial
inﬁections which may pro&e fatal (8). It has been suggested
that increased superoxide release by inflammato:y cells
plays an important role in the ihflammatory response in
chronic diseases such as,ﬁlcerétive colitis and‘rheumatoid
arthritis (54, 156).

The extracellular nafure of free radicél generation by
NADPH oxidase is: of special. importance in the pathogenésis
of inflammatory diseases, because enzymes contributing to
the breakdown of'freé radicals such as superoxide dismutasé,
‘are predominanfly.intracellular (155). This makes connective
tissue and vascular elements vulnerable to peroxide attack.
Del Maestro (55) has documented hyaluronic acid dégradation,
increased - microvascular permeabilityﬁ_ and “increased
polymorph-endothelial cell adhesion in the presence of free
radicals. These radicals' wefé generated using 'éftificial

systems, usually with xanthine/xanthine oxidase.
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Unfortunately, the difficulty in guantifving tissue peroxide
or rédical content has thus far stood 1in the way of
establishing jﬁhether.peroxide levels in diseased tissue are
SUbstantial;y,diffefent from normal‘tissue.

.Nevertheless, inflammatory status likely haé some
irfluence on the function of intestinal cells. Hessel and
gowdrkers>‘(101) 'found that primary infection of ratsvby
trichnella spiralis produced no changes in a-methylglucoside

uptake by intestinal seghents invitro. BY'qomﬁariéon, a 20%
decrease'in(absorption oécﬁrfed in immunized rats within, 30
minutes of viﬁnoculation: Other evidence also suggests that
ihfiammatory infiltration and decreased enterocyte function
occur in tandem. The activity of peroxidase, a useful enzyme
‘marker of leukocyte infiltration, 1is. elevated following
infection or b? acetic acid injury to the inféstine (128),
over a period of time which coincides with a @epression of
mgltése activiﬁyi " Finally, inhibition of .inf;ammatory
activity by cortisone is known td‘be‘effgqtive in ggstorihg
normal glucose uptake in celiac diséase (117). Cortisone,
however, can increése glucose uptake in vivo in the normal
bowel (16, 210), so it remains uncertain if the effecﬁ in
-celiac disease is-a direct or an indirect one.

'It‘ can bg» éeen, therefcre, that ffee radical
generation results not onlf from expoéu;e to radiation, but

also occurs when damage has been produced by unrelated

‘means. Indeed, an unexplored avenue in radiation damage 1is

&

the extent to which free radical generation from sources
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other than  the initial radiation insult 1itself may

contribute to the overall damage picture.

F. Polyamines and Cell Growth Regulation

The short lifespan of the average enterocyte means

.that the wultimate defence of the intestine against damage

and accelerated cell 1loss 'is  the stimulation of ceilb

regeneration. Polyamines play an important role .inlthe

pathway regulating DNA. synthesis and cell prolifération

(190, 227), and thus are of considerable ihgg;estgin_the
study of the repair process in the injured intestine. Due to
the massive amount of work now available on the subject, it

would -be impossible to present a comprehensive review of the

field, and therefore, only a cursory overview is provided

here.

"Polyamiﬁe": is a collective name given to any{of the
tompounds putrescine,.spermidine, and spermine. These smgll;
cationic molecuies ‘are found in_ail tissues of the,body{'
Leewenhoek is generaily credited with gbe first obServétion

<

of spermine érystals in human sperm in 1677 (227), but the

chemical structures for spermine and spermidine were not

elucidéted until 1926 and 1927 respectively (63, 64).
Mofebver, although the details of their} synthesis and
degradation pafhways have been known for at least three
decades, sources as recent as 1961 relied primarily on data
from bacterial systems (227), and thé biological function of

polyamines in mammalian systems was largely speculative.

>
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- The pafhway for the{ synthesis apd aegradation of
poclyamines in mammalian  cells is outlined in Figure 2.1
Ornithine decarboxylase (ObC).is considered to be ‘the .fate
limiting step in the pathway, owing to‘its low level of
activity in gquiescent tissue relative to .that of .the
.spermidine'_”and_ spermihe 5yhthases (191). Among the
remarkable features of the enzyme is .its_‘short half-life,.
which has been estimated to be as brief as 11 minutes (208),
'mgking it the shortest among enzymes studied to date. The
enzyme 1is ‘aependeht on the preseﬁce of pyridoxal phosphate
for éctivity. When assayed, ODC also requires thiol
containing reagents .such  as dithiothreitol4 for full
activity, being an inactive dimer in its absence (79).
qumally preSent in small émounts in. quiescent cells, the
distfibution of ODC varies throughout. the body, with one of
the highest concentrations found in the intestine (191),
likely a reflec£i0n~of the'high'raterfvcéll,production that
normally occurs in this tissue. - |

Some of the.earliest data tobihdiCate the vimpértance
- of polyadines in cell growth came from the isolaﬁion of
‘bacterial mutants”qﬁithlgcggvapCW*Eﬂéﬁ_quuiged exogenous
putreScine: for continued grdwth (99). More recentl&, a
particular line of mutant Chinese Hamster Ovary (CHO) cells
has also been described 1in Which ODC is also absent, and
likewiée réquires.exoéénous polyamines for growth (220),
thué establishing that~a.similarApathway exists 1in mamﬁalian

cells.
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arginine

ornithine

argmnase
urea R

ornithine dééarboxylase

diamine oxidase = ¥
— putrescine

SAM
. J
SAM decarboxylase

" dSAM

. , _ Abermidine synthase
polyamine oxidase o
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/spermine synthase

— spermine: ’

A

Figure 2.1 The polyamine pathway. Arrows on the left of the
figure indicate catabolic processes. Arrows on the right of
the figure point  to synthetic reactions. SAM =
S-adenosylmethionine, dSAM = = decarboxylated
S-adenosylmethionine. -
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Intracellular polyamine content ie usually elevated
when the rate of cell proliferation is increased (98, 113).
Friedman (80), working with synchronized Don C cells, and
Heby and Anderson f96,-98) using CHO cells have shown that
jle activity and polyamine content peak in early G,/S phase,
immediately prior to DNA synthesis. Polyamines bind tightly .
to polynucleotides, and are involved with the enzymes of DNA
synthesis, stabilizing the correct helical structure of DNA
polymerase I (124). Polyamines also play an important role
in protein synthesis. Spermidine binds tightly to the tRNA
molecule (227), and decreases the rate of misincorporation
of  precursor am;no acids into neQ -proteins. It also
increases the initial rate and ”prolongs the linearity of
’ protein synthesis reactions (1). ODC also appears able to
activate RNA polymerase I dlrectly (207). c

While polyamine contept and ODC activity is generally
low in’non—dividing cells, this changes dramatically ,Qhen
cells are stimulated to proliferate. Much of the current
intereSt?Ln the role of polyamines in mammalian cells "stems
from the - experiments of‘Dykstra and Herbst (65), who found
that‘*ipcreases in spermidine occured aftet partial
hepatectomy'ih‘rats which parallelled RNA synthesis. Schrock

et al. (209) demonstrated that increases in ODC activity of

50-fold or more were assoc1ated with partlal hepatectomy and

liver regeneration. Sham operation alone did not appear to

" increase hepatic ODC. Similar stimulation of ODC activity
' -9

was also documented in chick embryonic development (206) and
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in malignant cells (113),’both conditions being associated
with rapid cell growth. Tﬁese increases in the activity of
" the enzyme are dependent oﬁvnew protein synthesis, and can
be | inhibited by protein Synthesis inhibitors such as
cycloheximide (80) and puromycin (71). |

Considerable advances in tﬁe study of polyamines have
been made due to the introduction of specific inhibitors of
ODC such as a-methylornithine (a reversible inhibitqr) and
a—-difluoromethylornithine (DFMO, a non-reversible
inhibitor),. and of S-adenosylmethionine decarboxylasefsuch
as methylglyoxal (bis) guanylhydrazone, (MGBG) (152, 153)..
‘The growth of cell cultures is arrested by DFMO, but resumes
when the inhibitor 1is removed from the medium (152),
indicating that the compound 1is not cytotoxic. Cell
proliferati&ﬁ caﬁ also be ‘reveréed by ‘the addition of
exogenous putrescine. Although previous authors had found %o
effect of polyamine inhibitors on RNA and DNA synthesis in
HTC cells, Mamont (153) demonstrated that a decrease in DNA
synthesis occurs only after the first round of~division. The
existence of a spermidine pool in the cell apparently delays
polyamine depletion and probably accounts for the latency of
the effect of inhibitors on proliferative activityf

A wide variety of hormonal agents Have the\ability to
stimulate ODC activity; Catecholamines (151), cortisone.(21,
-45), cyclic AMP (21) and p%&staglandins (9), are among the
many agents whicﬂ elevate tissue ODC leveis; Phorbol esters, 

which are widely used tumour promoters, are also effective
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in inducing the enzyme (33, 116, 239).

The mechanism by which ODC stimulation occurs_is
unclear. Using a line of CHO cells deficient in protein
kinase, Lichti and Gottesman (f43) could show that phorbol’
- esters could' still stimulate ODC act1v1ty The locus of the
stlmulusv from this agent at least, must'theqefore be distal
to the,cAMP/protein kinése system, which itself can induce
ODC (9, 215.'Prostaglandins are also potential mediators of‘
OoDC stimulation, and prostaglandin E accumulation . in
epidermal cells is prpmotea by phorbol esters (7). Indeed,
inhibito;s of prostaglandin synthesis such as indomethacin
or aspirin have been reported to also block ODC stimulation
(33, 239). |

Intracellular calcium levels have been implicated in
the induction of ODC activity, which is consistent with the
role of this >n  in the initiation of cell proliferation
(112, 248). ODC can be stimulated in guinea pig lymphocytes
by the 'use of the calcium ionophore A23187 (176), and
increased extracellular calcium stimulates the activity of
the enzyme in ¢ _-ured epithelial cells (131). Increased
médiﬁm rgalcium. ieve;s. are also capable of stimulating
phospholipase A, gctivity in the membrane (70), which
promotes prostagléndin release by the provision of its
precursor, arachidonic acid. This may lead to an.indiréct
~stimulation of ODC via increases in cell or tissue.

prostaglandin levels.
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Phorbol ester induction of ODC can be inﬁfbited by
mepatrine, a phospholipasé A, ‘inhibitor. Whereas
indomethacin inhibition of’ODC induction can be overcome by

"PGE, éxogenous prostagléndins are unable to stimulate ODC

activity after mepacrine treatment (116). ThlS suggests that

- the products of the llpoxygenase pathway, the leukotrienes,

could serve as an important ODC stimulus, as lipoxygenase is
less affected by indomethacih than is cyclo- oxygenase the
initial enzyme of prostaglandin synthesis.

In addltlon to their regulatlon of cell proliferatioﬁz
polyamines may also be importéntv in iﬁfluencing cell
differentiation.h The differentiation of CUltured Friend
erythroleukemlc cells can be stlmulated by dlmethylsulfox1de
(DMSO), and thlS process 1is accompanled by an increase in
ODC' activity. This differentiation _;én be inhibited by
polyamine inhibitors such as  MGBG (85).  Similarly,
fibroblast conversion tou adipocytes in  the presenée”of h
insulin and methylisobutylxanthihe 1s accompanied by .an
increase : intraceilular spermidine levéls and has been
reported to be blocked by DFMO (23)..Cultured mammary cells
from virgin mice normally dQ not wundergo milk protein
synthesis, but may be stimulated “to do so in a medium
containing prolactin, insulin, and cortisol. It was foun;
that spermidine could‘replace cortisol in the stimulation of -
ﬁamhary‘ gland development. Further, casein préduqtion could

. be blocked by DFMO, which in turn could be overcome by the

addition of exogenous spermidine (174, 175).
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G. Role of Polyamine Metabolites

Some ofvthe‘effects ofvpelyamiﬁes may be due not to
the ofigihal polyemihe molecule, but rather to an acetylated
or oxidized form. Several synthetie'diamines have been found
to possess potent capability to 1nduce dlfferentlatlon in
 Friend erythroleukemla cells (194) Removalv of an amlne.
group by acetylatlon could enhance polyamine ex1t and entry
“into cells. Since they COntaln fewer p051t1ve charges these.
acetylated derlvatlveégcould,compete with nuclear polyamines
to destabilize DNA structure, an ‘inte;esting possibility
partlye .cog?ﬁrmed - by the' fact that the effects were
1nh1b1t1ble by putresc1ne In addition acetylatlon may make
the molecule more llpld soluble, and therefore more capable
of penetrating the membrane's 11p1d bi rer. ance polyamine
~acetylation is a normal process that occurs in the cell
(181), ‘the efferts observed may reflect a physioloéical‘
_ phemomenon. | B . ‘

Polyamines are metabolized to aldehyde derivatives‘ by
the enzymes diamine oxidase (DAO), first desctibed by Best
in 1929 (22), and polyamine oxidase, with the concur:ent
production' of H,0, (10). The intestine contains the boayfs
highest concentration of DAO, although"it,‘may also ‘be
released ‘into the circulation, especially after injury’
(146). Polyamine oxidase is found phedbminently in  the
blood. As .a result ef the action of thesertwq'enzymes, only

Jow levels of free polyamines appear in the blood. However,

polyamine content of both urine and plasma is much higher
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after hydrolysis, indicating the. fo:mation of polyamine
conjugates (205). 1Intravenously injected polyamines are

rapidly conjugated. Polyamine conjugates may be important in

N

the inhibition of cell growth. While exogenous spermine may

- itself inhibit cell growth in vitro, polyamine-containing

conjugates were ten times more. potent in inhibiting the
growth of JB~1 cells in culture than spermine (13).
Efflux of spermidine from cultured cells occurs when

they reach confluence (159), resulting in the repression of.

~further growth of the culture. This can be reversed by

placing the COnfluent-cells ihvfrésh‘meaium. Thé export of
polyamines into the'sﬁrrounding médium may not be the only
means of depressing growth in surrounding cells. The ability
of fhe-fluofescént compound fluoresceﬁn (MW = 330) to pass
between adjacent cells in the Chironomus salivary gland
suggests that cell Jjunctions might.iplay ‘a role in the
passage of reguiatory molecules between éells (203). Even
the largest of the_polyéﬁines is small enough (spermine MW =
202) to take advantagé bf this route to inhibit growth -in
neighbouring ceils.' | | | ’

Junctional permeability appears to depend on

intracellular calcium concentrations. Microinjection of a

series of fluorescent ébmpounds of different molecular

~weights indicates that the decrease in  junctional
“-permeability occurs . in a graded fashion as intracellular
calcium levels are increased. Lven the lafgest molecules

‘tested are passed between cells when EGTA, a calcium
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chelator, is present (203). It would be expecteqd, therefore;
that cell division, when intracellular calcium 1evel$ are
- elevated (112, 24B), would coincide with low junctional
bermeability.llndeed Slack and Palmer (2356) found' £hat
fluoreécein did not move between neighbouring cells of: the
embryo of the‘amphibian'xenopus laevis. Smaller moieculeé,
such as sodium} were still permeable, however, for cur%entﬂ
' movement céuld still be detected'lby microelectrodes in
.adjacent ;ells. As ' embryonic tissue also has a  high
?olyamine content (97),: interceilﬁlar moVehent of these
}’ " molecules would also likely be blocked.
| . Such a zontrol of the passage -of regulatory ’mélecules
between neighbouring cells' would bé of substantial
.importaﬁce in tﬁé intestinéy in’ which the rate of cell
'.broliferatioh ;Eaﬁ ‘be 'r%pidl} altered by.é.wiAe variety of
eﬁvironmental factors; IncreaSing'tﬂe céypt mitotic index
leads to a disorganization of .the enteroﬁytq's tight
junctions, Whilg"the opposite occurs when-  the cell
proliferation rate is decreased (236). fhis‘is consistent
with thé ability of elevated intracellular calcium levels to
i inte;fere with microtubule assembly, wh;ch is involved in
'Mjunctionql'organization (158). |
-
* H. Polyamines and Infiammatién
Inhibition of mitogenic transformationvof~ lymphocyteg
L .J  | éndT@Jinhibition of lymphocytic prolifefatidn are other-

posSib1e functiQns of polyéminegmetaﬁblites. Incubation of

T - ~ °
g % PRI T ’ A .




Bri8 leukemi
DAO produced
metabolized

s rzduced

C iymphocytes with putrescine in-the presence of
growth stasis, whereas histamine, which is also
oy DAC, or gamma-aminobutyric acid (GABA), which

aiter several subseguent metabolic steps, were

without effect in the same System. That the lymphocyte

‘inhibition

inhkibitor, i

and not pc

'f"effect (35).

Other
higher orde
interaction

complexes i

could be reversed by aminoguanidine, a DAO
5 consistent with the idea ‘that .DAO products,

lyamines themselves were responsible for :he

evidence, however, suggests’ 'that it is the

l -

r polyamines that play a major . role in
with immune elements. Thymus extracts containing

ncorporating polyamines are able to inhibis

u

mitogen-stimulated lyvmphocyte transformation in the presence

of bovine se
oxlildase.
pclyamines,

putrescine

rum (4), which is known <to -<contain polyamine

Hydrolysed samples, which conta:ined free
could also inhibit transformatiorn, but
could not, suggesting an effec:, in -his case,

specific to the higher ﬁolyamines. On the other hand, human
serum, which seems to 1 ér'con:ain ve:?ylow'leve}é of
-polyaﬁine’ oxidase ,updﬁf Lol ci;cums;ances,‘ Siq not
prevent the transforma+t:-r. TP vt "*imula:ion of DNA
synthesis in. lymphocytes by concana " be ebpclished
by spermine and' s?ermidine i the gre e ¢f gcvine, but

not human or

po}yamines,

synthesis up

mouse sera. The adcition ¢f either c¢cf =-he above

but not putrescine car effectively 'inhibi- DNA

to 24 hours after concanavalir A 'addi:ion,

)
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aithough greater amcunts are recuirec¢ the rater the

ot

polyamine adai ion pccurs  (35). The main difficulty in
assessing this evidence iies ir the fact that infcrmation
obtained Irem in viTrc systems may not account fer-the full
range of 'intefbonversions among differéﬁt forms of

polyamines that could occur in vivo.

o7

The resistance of the fetus to maternal ‘rejection
J
despite © the - presence of paternally irherited

Ristocompatibllity antigens has been a research area of

~

considerable irterest. Morgan and Illei (165) found high

levels of polyamine oxidase activity in retroplacental.blood
which could significantly suppress *H-thymidine
) N

incorporetion by human lymphocytes ir the presence of

3

1S

O

exogenous spermine. Serum'coqcen:ra:io cnta:ining higher
polyamine oxidase édtivdcy.than Cthat found in peripheral
materna: ;Serum duf;ng pregenancy were reguired, however,
This ‘appears tc incdicate that <he eﬂue:E_occurs cnly at a
local, i.e. <rtissue level, <thereby avciding inhibition cf
immune function elsewhere in the body, where defence ggaiﬁst
disease ﬁakes greater priority. This may aisc be reflected
in the low polyamine'oxidase'activi:y in the sera <f nmice

anc rarcpits, whereas high activity is found ir the .:iver and

spieern ¢of these arimals. DAC may alsc r~ave some rc.e *o olay

in evciding fetel redection, in additign to -nas c.evel oy
pclyamine cxidase, &s g.asma DAC levels rise tnrcughcust
pregnancy, Doput remalin 10w in wOmen whc abor:t SponTtaneous.lv
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If énzymes stch as DAO 1in part serve to protect
tissues frém inflammatory attack, one might ©bpe led to
conclude that injured tissues: Qith reduced DAO. activity
might be espgcially vilnerable to infiltratzonvby immune
e}ements. While DAO activyt_ may be 1lower,  however, the
damage may provide more substrate by inducing ODC activity..

{Tbe net effect may.thén still 'be to 'preQent inflammétory
infiltration.‘What needs to be,underscored hefe, however, is
the relative paucity of data dealing with the effects of

pclyamines on immuﬁe elements in normal and injured'ﬁiséue%

in,Vivo, especially 1in the intestine, which normally has a

high content of fnflammatory cells (35).

I. Polyamines in the Intestiné

' The 1intestine 1is an'eXtremely dynamic t:issue capable

of substantial morphlclogical changes in response =c changes

in its functional load. Low demand states such as starvatiorn

{2, ¢, 13&), intraverous feeding (12€, 27, 107 cr
consumpt:ion of an elemental cdlet (which-Is totally abscrbed
within a small pcrrion of the upper gur (166,: resylt in

tissue atrophy associated with decreased transpcrt activivy,

VLT . .. .. , L . .
ang reducec ce.l preoiiferation angd micraticon rates. On the

. .
p » 5 L h 3 & A Lot N - g Y. Lo N
cTther- nancg, T.‘gf‘. cemanc resc.Ts 1 & Ry'pEYZTCDT.-v conclTicCrn
e wnlZn ViaLlE .’;6‘1;71, €. crC.lIleratTlaT a’.C cZToVve

. '«)
trensport cl €& LnCZrecsec cE_LneTITomy T <, 2 enC
+altatilrl -, tZ are amcng tne C.rcumstances “nzer whniZTo
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1f polyamineé are closely linked with rapid cell:
growth, it would ' be reasonable to expect increases in
inﬁestinai ODC activity to occur whénvdemand ishhfgh'in this
tissue. Indeec, even in"periods\ of " normal déﬁand, the
importance of ODC in the intéstine can be seen in the fa;t

that this tissue contains the highest content of ODC in the

‘body, next to the prostate (190). The importance of ODC in’

intestinal adaptation has been demonstrated in a series Of,
paperé by Luk and his colleagues. Jejunectomj, thought to
result 1n the exposufe 6f the ileuml to nutrient{‘normally
absorbed in the proximal gut, coincides with'an,ihtréqse?in
ODC activity (147). Inhibition of this increase by DFMO
prevents the hypertrophic response to resection. Similarly,
in;estinalvhypertfoghyéﬁhat occurs during lactation can ?150
pe inhibited by'DFMO.(257), Weaﬁing results in an increase
in-ODC.ac:ivity as well ég disaccharidase activity, and'both

these :hahges are inhibited by DFMO (746). Proliferative

“activity in starved animals increases upon refeeding. (89)

and this ccincides with a rapid increase in ODC activity

1754,

Intestinal injury by the cytotoxic drug

i

arabincfuranosylicytosine (ARA-C) results in a decrease 1n

disaccharidase &ctivity which gradually returns to normal

cver severel days 34 ccmperiscr,  ODC activity is
suosTantian.y e-é.a:e: shcrtoy  after the injury and ODC
;:h::i:i:;\by DFMC Creverts the recovery oi other intestinal
enzvmes A That this increase in ODC activity occurs
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Wheh that of many oﬁher mucosal enzymes 1s depressed
indicates that the induction of the enzyme is.not simply a
result oi‘a generalized increase in protein synthesis. It 1is
interesting to note that among the vintestinal ‘enzymes
depressed by ARA-C injury is diamine oxidase (148, 149), an
enzyme involved in thebdegradative metabolism of pﬁtréscine,
the pfoduct'-of OoDC. More rapid recovery of the synthesis
compared to the 7degradation of polyamines may be a
significént part of tﬁe repair process.

'Itihas.been suggested that the localization of . ODC
ac;ivity in ;he intestine follows>a distinct pattern. Using
. cell fractionation techniques, Baylin‘ (17) found that a
gradient 'in the ‘activity of this enzyme existed on the
villus,’with.the.highest levels in the villus tips. On the
ofher‘ hand, Bail (12) using a tissue planer, found little
diffefence in ODC content between the villus and crypt. Even
if levels in the tips were similar to thoée_in the crypt,
howevéf, they ~would still  be unusuélly ~high  for
non-proliferating cells. ;>

"The levels of other enzymes in the polyamine pathway
may be important in unde;standing‘this phenomenon. Diamine
QXidase;’ which degrédés 'putrescine‘ to an aldéhydé
deriVati;e, is ‘also found to a'larger extent iﬁ the villus
tips (17, 213), suggesting khat a larger percéntage of the
putrescine ﬁ5ynthesizedA in the crypts is available‘for the
synthesis of higher | polyamines. In addit@bn,

S-adenosylmethionine decarboxylase activity, which 1is
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necessary for spermidine and spérminevsynthesis, is'highest
in the crypts (186), as is the intraéellular conéentration
cf spermidine and spermine. This may indi;ate a specialized
fuhction for different polyamines in the control ‘of eithét
proliferation or differentiafion, and tﬁis may be reflecﬁed

in their localization. : o

J. ‘ﬁethodologicai Considerations foberanspbrt Studies in
vivo

Considerable advances have been madé in. thg last -
~decades in the study of intesé}nal transport mechanisms
’usiné in vitro techniques, most notably those employing
eithef.bfush bo:dér yesicles cr isolated entefocytes (121).
Removal of ';he intestiﬁe from the body, however, diSrupts
several facf;}s which would normally contribute to the
controi oﬁ}ngorption of fluid, electrclytes and substrate;
Levine cbserved rapiduhisto;ogical-dete:ioration of everted
intestinal sacs inm vitro (?4?);‘al:hougé *his particular
preparation may 'rep:esent an extreme example _of> tissue
viability. As ex:énsively reviewed by Tépper (23?),‘neufal

influences play an important role in fluig "absorption.

Pt

ACrenergic :nfluences stimulate flii¢ and e ectrolyte

abscrption, whereas.chcliinergic elements mediate secret:ion

<

L}



44

increased, and the reverse when blood flow 1is decreased
(253).. Likewise, both L-phenylalanine and,3—0—methylglucose
uptake have been  shown to decrease when blooa flow 1is
"decreased (254). .The ;dntihued'removai-of abeorbed'substrate
froﬁ‘the serosal surface of the entere;yte appears to
facilitate absotption by ma1nta1n1ng the/chemlcal gradlent
| across. absorptlve membranes. In addition, the absorptlon of .
glucose 1tse1f stimulates an 1ncrease in blood flow,'thereby
'%facilitating its bwh‘removal‘trom the mucosa (28).
| Water uptake may also follow a differentfpattern‘in
'vivo than with isolated tissue owing to hydrostatic effects.
Lifson (144) demonstrated that intestinal Secretioh;could be
ihduted experimentaily by elevating venous pressure and
shggested- that increases in interstitial. pressure .from
"tilssue .edema (86), te§ulting from' the vreleaSe of
inflammatory mediators, could produce a sihilet effect.
Experimental difficulties using ]in vivo tec iques
arise, however,’ if more than a 51mple comparison of total
absorptlon is attempted In vitro, for '1nstanceﬁ gluCose
transport can be shown to be an active, saturable process
which conforms to the Michaelis-Menten equation (75) In
vivo, however, some - authors have clalmed that glucose uptake
d: spiays character:stlcs ‘typical of simple dlffuszon, ie.
linearity ©of uptake over a range of concentratiohs (126
185}, This can now be shown tc be a resul* of the use of low
. perfusion '*ates resultlmg in a large unstirred layer which

acts as a resistance to solute uptake by the _mucosa (58,
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247).

Unstirred |(layers arise when any solid surface is
superfused by a moving fluid, asj a physical property of

/ A

fluid dynamics. Several reviews aﬁd‘theoretical descriptions
of the unstirred layer effect may be referred to for a more
complete approach tb the topic (58, 247, 234, 235). In the
intestine, statLonary.léyers of adhefent flﬁid arise‘next,to
the mucosa, formiﬁg'a res;stanée to tréﬁsport in addition to
that of the lipid membrane. ;n.the case of some substrates,
esbecially“ lipid soluble “ones, this unstirred layér
represents the rate-limiting* step to substrate tranSport
(235). L “ o

While pnsti:red layers may be reduced by -increasing
the turbulance-iﬁ~the system, i.e. by stirring or increasiné
the perfusion réte (142, 255), they cannot be entirely
eliminated, as tissue:destruction oécurs if stirring is too
vigourous (142). In addition, increasing the flow rate in
vivo can increase iﬁtraluminal pressure, whicb in turn leads
to greater fluid uptake as the villi are - forced apart,
exposing a larger surface;area}for‘absorption (160);’Whe;her
the resistance attfibuted\io unstirred layers is solely a
function of fluid dynémics }E\itself a matter of controversy
(56). Some authors have ¢lé§@pd that adherent mucus and the
" glycocalyx also maké a significant contribution to the

resistence of ‘the system to substrate transport across the

epithelium (219).



Y46

In practical terms, the effect of unstirred layers on
estimates of transport kinetics is reflected 1n the

following simplified equation (139, 140):

; Apparent Km = Actual.Km + Vmax(d/D)
where Km is .the concentratlon requ1red for . half saturation
,of the system Vmax is the maximal transport: rate, dis the’
thlckness of gpe unstirred layef, and. D is the free
diffusion coefficient of the substrate wunder study. The
épparent Km df‘ the transport -‘system is therefbfe always
increaSed compéred to its ’real; value. Further; aﬂb{Acrease
in the Vmax will result in an artificial iﬁcreaSe in the Km
as a result of the unstirred layer. o

Methods hav; been described for the measurement of the
unstirred layer. The exposure of the mucosa’ td a
hyperosmotic solution (mannitol is typically Qsed) résults
in an increase in‘fiuid flux directed towards the lumen,
which also results in sodium flux in the same direction,
owing to solvent drag. This creates a charge separation or
potential differencé which 'hay be measured by electrodes
placed on opposite sides of the'tissue. The half time (t1/2)
required for this poﬁential to attain a steady state.plateau
provides an estimate of the dimensions of the unstirred
iayer (247).

Another techniqgue is -¢ use a serles of alcchecls wi-h

varying chain length§wiigj, 233). Highly lipid soluble, a-3

thereby capable of readily crossing lipid membranes, the
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uptake of these .aicohols will increase with increasing chain
length as their lipid-solubility increases. A-limiting chain

lengtn 1s reached at whicn no further lncrease in uptake

occurs. ‘At this point, the unstirred wa

‘limiting.step, and <changes .-in.. uptak g his  chain
R S '7""‘:“:"5’ ¥ T
length therefore reflect changes sk ness of the

e

unstirred layer. It must be emphasiZe tHe appadent Km
T ST e Sy ' . : .
. 2 . . . . . R T N
1s a function of the = free dlffu51on'cdgff;61ent of the
(_Al‘ . " . ‘ g - - .

probe. Since this value varies from subs.rate to ,substrate,
the ~effect o©f ‘the unstirred layer on transport parameters

v

will vary depending on the substréte used:

Other considerations involved in. assessing. results

obtained by in vive techniques involve the. method of
normalization " of the  da£a. Variousi investigators have
_expreésed uptake on the basis of length of intesﬁine, dry
§%<éigbt, - or per enterggyte{ with ﬁarkedly different

conclusions. This has been extensivelv reviewed by  both

Karasov (115) and Levin . (74Q), whco. bo:th arrived at -he

Tt

conclus:ion that the most reliable and. physiologically

D

relevant  standard was uptake ©per uni: 1 ngth. They no:zed

rt

-~
that dietary or surgical manipulation cften results 1in
changes 1n intestinal weight, as well as in uptake, which

may tend to cancel each cther out. Starvation, for exampie,

. 1A 3., 3 3 —~
TesuLls 1 Considgerarnly redyuced Jut cwelan-s >
[
- 4 - ~ . = i
LXDIeSSING UDTaKke Der enterjpcvoe Zoun ."",_"-“‘g"‘_’ cTnher
5 = * - 2 |

‘r

hand, assumes that a.. ce..s on <-he .v:.lus -Transper

substrate tc a similar extent. In facs,. autoradiographic.
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techniques have shown that cells at the tip tend to
: . N
transport more substrate than cells in the lower portion of-

the vgllds or in the trypt (5, 123, 218). This could be due

either to fewer t;émsporters-in the cell membrane, or.to the
‘greater unstirzed layer that?¢the probe must cross in order

‘to’ reach the cells ,at the villus base. Expressing uptake as

: -—a~€dnction of gut--length-therefore .remains .the method .of

che for. normalizing data.

K. Teprties

'Early studies " on ébsorption‘in vivo used the simple
method of tying off a loop of ihtestine, filling it with a
solu#ion containing a probe;, ana, after Qaiting fdr a given
period of time; rémo&ing the looﬁland déte;mining‘the‘amouht
of probe remaining (34). As only a single concentration of
substrate was‘usUally used;, this.methodvéufferred from the
likelihood of overlooking subtle changes in uptake. As
in:gs:inéi transport of hexoses and most amino acids has
often ‘.been shown to obey“ Michaelis-Menten or  related
<inetics, changes_in Km and Vmax could occur such that ornly
minihal” changes ,?Quid be detgctéq at some ﬁoncgnf:atibns,

wnile larger differences may occur a: others. 'Choosing an

inappropriatéw concentratlon "couid'.ihereforé_.rssult in
changes be.ng ove ;«ed.vln adii:ionl the comgplete latk o©f
sTirring 1o the  3vStem - wOouil - reswtlIi LN ex::E;éAy nigh
unscicrec layers, which in ;5me cases could be—go,high'as e}
be the rate-limizing step 1A <transport, rather than
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transport across the membrehe.

Attempts to deal with the fermer problem have resulted
~in the developmert of the perfused intestine, as described -
by Sheff and Smyth (2i4). Using elthe— a pump or a, gas l1ift,
solutions, generally covering a range of concentrations, are
‘perfused through the intestine without -disturbing the
vascular supply. | Both re- c1rculat1ng (53) and single pass
(81) @ethoas ha&e been employed with thie 'technique.‘ That
‘unstirred léyers remain a significant considetation in this
technique is refleeted in the increase in uptake that ‘occurs
with an 1increase in pump rate (2555.vAs the rate oflflqw
_through the intestine_ increases, the. unstirred. layer
decreases, resulting in greater absorption of the probe as
the resistance te its uptake 1is diminished.. In general,
non-absorbed markers of larger molecﬁlat weight such as
v_inulin er  polyethquge glycol t..(PEG), are perfused
.simultaneously with the prdbe to cocrrect for volume changes

resulting from fluid Flux. |
‘In vitro experlments have firmly establlshed that the
absorptlon of ‘glucose and. most amlno ac1ds by the enterocyte
octcurs by an active, sodlum dependent Dathway at the mucosal.
’}ssue, “this 1is
. i
exoressed by movement of sodlum ions (a process COupled to

R T .
glur - movement) across :ne%,ep::neizum, causing a rapid

surface of the cell (121). In the

Y

rise in the :transepithelial potential-difference. Debnam and
Levin (53) have described an in vivo technigue based on this

pripciple to measure the active (sodium dependent) component.
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. difference.

7 ’ :
of glucose transport in vivo which has been successfully

N

employed in both rats and in man (193). .By inserting an

-electrode (via an agar bridge) .into the lumen of the -

"intestine, and using a wick electrode in the peritoneum as a

ground, the potential difference can be measured. The

transport of glucose out of the lumep ‘results in sodium
: . . Y
movement, which is measured as an increase in the potential

- ' N » ’ 5l
Previous attempts- to separate active transport from
i . } e

- passive diffusion had largely r&fiegﬁén'inhibitor studies by

using phloridzin, a glucose spec1fic transport inhibitor, to

eliminate the active-'component‘ of transport, leav1ng a

.'component attributed  to passive _flux (114, 178, 179) .

- Glucose transport is 1nh1b1ted by phloridzin-~ in the

. .o

intestine in vivo and in. VItPo, as” well as in other tissues,

‘most notably the kidney. Phloridzin consists of a glucose
G .

molecule coupled to anogﬁpr molecule, phléretin. In the
intestine, phloridzin acts primarily at the Eucosal surface,l

-) - X . B "
in a competitive fashion, i.e., its effects are reversible

by increasing concentrations of glucose.. By comparison

‘ phloretin 1s 100 fold less effective at this site, but is

o T

the more effective 1nh1b1tor 1n red blood cells, and at the
serosal surface of the enterocyte’ (46)

| Potentlal orob'ems, could arise, however, in using
phlor1d21n toi ~assess the active transport component in the
intestine under conditions where intestinal function-‘is

-~

altered - by injury or by other aaaptive changes. The
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to ‘be shown whetﬁenf

51
‘ .
m:
[ . . - < oay
description of a phleridzin hydrolase on the mucosal Surface
raises guestions about the limitations of this inhibitor.
This hydrolase 1is a disaccharidase which has been “isolated
as part of a complex 2lso containing lactase, in & manner
analagous ' to" the . appearance ,of -the enzymes sucrase and
isomaltase in’'the same complex (94, 242) .5 Patients with

lactase def1c1ency also dlsplay an 1ncrease in phlor1d21n

medlated 1nh1b1t10n of glucose, transport (145) lthough the

phy51olog1cal 51gn1f1cance" of. ~such .an enzyme remains

e . ) )
unknown, the effect of 'a depression in the activity of tn.

enzyme\ would be the <inhibition_ of glucose transport it
concentratlons of - -phloridzin- con51derably "lower than tha:
STy

normally employed

Other approaches tc *he study of passive or diffusive

transport‘ have' 1nvolved the use of substrates whose uptake

L

xylose';and L glucose have been suggested to fall irito this

o

'category«(53; 252) Even with compounds such as. these, it

»hust"bef borne"inn‘%ﬁnd that some.lnvestlgators’have found

» .
) - - f.vr

ﬁ_gggortj espec1a11y in 8tarved animals

ev1dence for actwv ;

(169 170) and‘a' choncentratlons (24, 25, 37). All such

reports‘come,ffom‘i however, and it &Eemains

I
o

: ' N : . . L
these sugars as probes of pasgive permeation in vivO

R

e

{
e _'v4

1s supposedly not medlated by an active process. Sorbose;ﬁf

_ndrngs_SuCh:as”these affect the use of.i

i3
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"However, many, p*ev;ous

Achanges obse*ved when oamage sa
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L. A&n Integfatéd‘hpproach to Assessing Intestinal Injury and

’ _— -
. .oh !
Repair ' . v

I
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The 'study of;:he recovery frorn inzestinal

K o s
e C: 'b\i:":'i‘"]' varying
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Qg’}a esy ,type cf

radiation, * Jn@

frame fof\jﬁumayﬁ
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’ R . i

K / K
% . %

;documénteo tbﬂ'<-ul;- recovery process. Thus : there . g

,*«._,’

’uncertainty“ whethe* functional changes are ccrrela-ed with

nlstolog¢ca‘ ones ‘esbecially under simi.ar ccongiticns, D¢

-both , these features retyrn «+:¢ nCrmas cover & similar time

scale, or does one recover.more repicly than the cther? In
4 , v - , S .

addition, . some ‘morphclogicael <changes, such ke ez ier

. “.. N : ’ ’ - R ,.

.exfolietiog of -enterocytes, mav nc:t be. immedizzely

W)
[ ==1
1)}
O
0
jog
m
tO
(4]
O,

migration rate, are
,.” i

1{ substrate uptake

),

of ‘mucosal injury or repair, 1. must ‘be Yegoe 1o mind | othes
intestinal absorption

one of which may be chan
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Exper1ment 1: *The Assessment of Recovery‘of the

Intest1ne After Acute Radlat1on "Injury.

. ‘ I ” a / L .
\ ) = - . Y - oo . ] j\
A. INTRODUCTION | ' B
. L . [

Acute 1ntest1nal ‘radiation 4nju%y‘1s characterlzed by

oy

a ~w_de”‘cr'e'ase’ ing glucose and ahlino éc%% &Ptake (16- 43 VQB),

’ 5. ‘ . . u ! E
' ?%%%h border, 3hzyme activity (6, 58.f‘and a"reductlon‘ in,

Y vi

~villus helght (44% Si)'ﬁ within W%he f1rst "three. days

“normal over the next one to two weeks (u3, 48, 57). A~

"Variety of in VItPO (11, 43,?48&949, 61) and bn_VIvo (7, 16,9 2

£

.)

followlng exposure. These parameters subsequently retufn to

1 .
ey

> : 4 :
47 . 57) technlques have been employed ,to monitor ‘the

v

seﬁerlty of the damage produced byeabdomxnal 1rrad1atlon and
theJ subsequentg course: of’ recovery Contradlcto y results

have gﬁen obtalned however,‘ dependlng on the technlque

g
-

used Cheeseman. et - al ' 111) noted that glUcose transport
R ’ i A_/

actually ancreased 3 days after rats ;ecelved 6 y to ‘the
'3 > :

&

)

3

e

M

'abdomen. Slmllarlym Thomson (61) demonstrated bhat the ~

&0

f.OI'. ' o : . . .

maxrma; transport-rate ln VItro 1ncreased threQ days ~after
ariles b (

irradiation' once‘changes in: unstlrred ;ayers were . accounted
' Y R Ce ’
a"
Prev1ous reports deallng w1th the effect oﬁ substrate
uptake in v7vo conta1n several techn1ca1 problems which make

1t dlfflcult to determlne if the effects obServed are due to

changes to the transporter or to other aspects of 1ntest1nal

»»functlon. Alteratlons in blood flow result in correspondlno

.

changes 'id: fluid and ‘substrate uptake :(66, ) whggh

£

\\.
i

78 . .
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cchéeivably 'could pfééch decreasec ;ransport.activity even
inlfﬁe absence of:changes to the memérang carrier. Changes
in the resisiance of .the unstirred. layer (60, ¢4), which
have not been determined in vivo "after radiation injury,-
could alsc mask the true response of the tissue. Virtually
all stﬁdies to date using in vivo methods have. only used \a
single cbncentration of substrate (43, 47, 57). Since uptake

at certain concentrations méy‘be more affected than others,

depending on whether affinity (Km) or maximal transpo}t rate

*{Vmax) of the transporter 1is more affected (36), subtle

changes may be oyerlooked. Finally, the transport of

substrates‘SUCh as glucose may have both éétive and ' passive

components (17), lwhich have not been examined separately

following radiation injury. If one component is affected by
j .

injuryf more than another,"or in'an/opposite direction, a

misleading picture of the intestinal response to damage

could arise. The present studies were undertaken, therefore,

to rectify some of these deficiencies.

-%he_ response of the intestine to injury- is not
restricted to chaﬁges in transport, morphology, ér brush
border' enzyme ~activity, however. Other parameters may not

necessarily be affected to the same degree or over a similar

. : ' T
‘time scale as transport changes. Two suCh parameters chosen

for investigation here are leukocyte infiltration of the
gut, and ornithine decarboxylase (ODC) activity.
Cellular elements of the immune system are extremely

sensitive to the effects of radiation (30). While the gut s
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the  locus of large accumulations of lymphocytes and
granulocytes (10), scant informatign exis:S'on-lthe ability.
of such cells to repopulate the intestine aftef ifradiation;‘
Measurements of leukocyte population sizexhévé in the past -
been impeaed'.by the .difficui:y in obtaining gquantitative
assessments, which were usually restricted to tedious and
'time*consuming histological work. However, with thé finding
that myeloperoxidase activity Corfelétes “linearly with
leukocyte npmbers (34;'54), a useful biochemical toblAis néw
available.to brovide reasonable estimates of this parameter.

The enzyme ornithine decarboxylase has been implicated
in the cbntrol of DNA synthesis (52), which is of critical
-concern in the intestine where cell turnover time is so
raéid (21). Intestinal ODC activity .can be elevated by'
muéosal damagg "produced by the cytotoxic drug ARA-C (41).
The profound effect of radiation on DNA synthesis aﬂd
mitotic activity in the intestinal mucosa (6, 44, 51) makes
thé-study of this enzyme particularly relevant.
B. METHODS

Animals - Male Sbrague4Dawley rats Qeiéhing'2504300 g.
were obtained from a local colony. Animals were housed three
to a cage and allowed free acéess to food (Purina rat chow)

\ S

and water throughout the course of all. ekperiments. A

constant light‘cyclé of 7 a.m. to 7 p.m. was maintained.-

Perfusion Solutions - TeC ‘labelled sugar

concentrations ranging from 4 to 96 mM and *H labelled
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leucine concentrations from 4 to 48 =M were dissolved in
Krebs' bicarboﬁate éaline (NaCl 70 mM; KC1l, 4.7 mM; MgSO,,
1.2 mM; KH,PO., 1.2 mM; NaHCO,, 25 mM; CaClz, ! mM; pH 7.4)
bubbled with 5% COZ'_aﬁd 95% O,. The sodium chloriae
concentratioh in these solutions représénts a reduction of
96 mM from isosmolarity, thé‘difference between each sugar
or leuc‘u“ concentratlon and 1sosmolar1ty belng made up by
manhitol, which is minimally absorbed Correctlons for f1u1d

movement were made using a,non—absorbable marker. ’H-inulin

was used with the sugars and '‘C-inulin was used with
leucine,
Probes employed ,included b-glucose, . L-glucose,

B-C-methylgluqose D-galactose,'L—leuéine,~and D-leucine. In
the case of D-leucine, 32 mM L-leucine was also added to the 
perfusate to av01d the p0551b111ty of low afflnlty transporf
of the D isomer by the L carrier (31). Fatty alcohols of
1ncrea51ng chaln length from 6 (hexanol) to 12 (dodecanol)
were used to assess p0551b1e changes 1nvthe resistance of
‘the uhstifred,layer (59).

Perfusion Techn1que - Inf. vivo absorption was

determlned using an open: loop - perfusion technzque (17). Rats °
were anaegthetlzed with pentobarbltal 60 mg/kg, i.p.), and
the small Ehté;tine“ was 'exterlorlzed ~ through - a m;d—line
incision;:.g loop  of jejunum 'correspondlng to an in situ
length of abbuf' 10 cﬁ; 'Qas “cannulated ~at both ~ends,
beglnnlng  about 5 cm dlstai to the ligament of Trietz. The

,1ntest1ne ‘was then placed back 1nto the abdominal cavity.
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Body temperature was maintained by placing the rats on a
heated water table (temperature 'maximum: 36° C. - higher
temperatures tended to overheat the arnimal and ‘result¥in

unnecessary mortality). Anaesthesia was maintained by

periodically injecting pentobarbital through a cathetef in

the jugular vein.
The jejunual segments were perfused distally with
r-eheated isosmotic solutions using a peristaltic pump. A

single pass method was used, the effluent‘ being collected

over thirty -minutes in aliguots corresponding to a 5 minute

period. The pump rate (0.5 ml/min) was chosen on a pragmatic
baéis.‘ Although wuptake inéreased with higher rates and
decreased at lower rates, indicative of changes in the
unsti%red layer (64,.§7), higher rates were found fo result
in ihcreased{mucﬁs dccumulation over the perfusion period,
resulting in tubing blockages and unreliable results.

Since upfake occu}s over the 1length of the ségment
perfusea, the initial concentratioh of the solution in the
lumen will differ from the  fina1 luminal concentration;
VariOUé methods of expressing the mean luminal concentration

have been used; the logarithmic mean, determined to be .the

‘most accurate (69), was employed in these studies. With this

correction, luminal concentration is equal to the following: -

. -

Ci - Co

1n (Ci/Co)
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Whe;e Ci is the 1input con?entration and Co is the output
_concentration. Due-to evaporation lpsses, the'calculétion of
Ci for the fatty alcohols‘also employed the time of sémpling
to interpolate the’ co;responding value of Ci from a
logarithmic/decay'curve estimated on the basis of standards
taken every 10 minutes. | | '

Sélutiéns werevperfUSed serially, from the lowest to
the highesf _concéntration. To.avoia possible deterioration
~of the,preparafion wi;h-time, only four COncentrations“uwefe
perfused in any one animal. As a result, ény one animal did
not receive all concentrations studied. Héwever,fohe'or two
conéeptratioﬁs (generally B8 mM and 96 mM) were used in all"
apimals. An initial 10 minutes were ailowed for édequate
mixing . and steady sfate absorption to-bé achieved. Steady
state éonditions were assumed by linear uptake over a i20
‘minute collection period (Figures i.1a, 3.1b).. For the
sample shown, the Coefficient of Variation was 7.3% at 8 mM
‘,énd 10.3% at 64 mM. 200 ul of each effluent aliquot was
"pipetted into 5 ml of scintillant (ACS, Amersham) and
counted for one minute on an LKB beta counfer. Mean counting-
erfor'was 1.7% for the *H channel and 1.8% for the 'eC
;chénnel.
Uptéke was calculated based on solute diséppearanée

. from the lumen: The upfake of D-glucose . (Figure 3.2) and

v

L-leucine (Figure 3.3) showed a significahg non-linear

‘

component '(p<;01). on thg other - hand, the uptéke of

L-glucose and ' D-leucine was consistant with a linear
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‘relatlonsblp Thevslopes of the least squares regressszonw¢

vlineS' (56)" of the lattex stWO s compounds showed 51gn1f1cance,-

(p<.01), and novlmprovement in ‘the mean square occurred by
fitting the aaté'to a higher order polynomial. In addition,
the‘lines wére not significantly different from - a line
through the ~origin. To estiﬁate actiQe (ﬁet) uptake, the
qbntribution from passive diffusion was subtracted from each
measurement of active uptake by‘the use of this calculated
coefficient. At the end of the .run, the perfuséd segment was
,removed its stre£ched length meésuréd, ana wéight
determined after drylng overnlght at 70°C. h

Phlor1dz1n Sens1t1v1ty - Preliminary studies using the

glucose’transport inhibitor phloridzin' to measure - passive
glucosé absorption revealed éubstantial variation in ‘glucose
uptake in irradiated animals. To determine if these chahges
were due to a reduction .in the_abilitY'of pﬁloridzin to

i~hibit glucose uptake which were distinct from any possible

changes in passive sugar uptake, a technique measuring

potential difference (p;d:) in vivo was used (17).
Transepithelial p.d. was monitored by wusing salt
bridges containing 1 M KCl leéding to small . beakers
containing an identital»solution into which had been pl§ced
silver electrodes which were connected to a high Jimpedence
elecﬁrometer. One salt bfidge, consisted of PE 90 tublng

which also was filled with 3% agar. Thls was 1nserted 1hto

the proximal cannula entering the 1ntest1ne, affordlng a

luminal probe access. The other bridge con51sted of a cotton-

2
I



w‘*ﬁ elec trode which was held in a hollow“glass tube 'éhd
o

Dlaced In contact, w1tk the pc:;Loneal surface o”“the anlmal

(’ :
;,1\ . /

¥ . :
The electrometer CUEPUL was connected tc a chart recorder

for a permanent reco.d. The jeiunal segments were initially 2 -

perfused with standr+~d Krebs buffer aiso containing 64 M

ma?1i£eib and a.steady state recofdihg was taken of the p.d.
‘generated by the hyperosﬁotic\%élution: This;iwas taken as
the baseline for subsequert meesurements. The segments were
‘then perfused serially with increasing .ceneentrations of
~phioriazin renginé from 0 to 1.6 mM in standard Krebs buffer
containing 64 mM D-glucbse but no .mannitol  (final

_osmolarity, 374 mM) .

Myelqperoxidase and ODC Assays Myeloperoxidase‘

activity was measured as described in Chapter v by measuring

the change in absorbance by gualacol after the addition. of

AP

Hzoz. "ODC  activity was determined as described in Chapter

VII by measuring '‘CO, produced by the decarboxylation of

14Cc labelled ornithine. As irradiation causes substantial

changes in the protein content of enterocytes' (11),. both

myeleperoxidase and ODC activity were expressed per unit
DNA, using Burton's reagent as descrlbed in Chapter VII.

Irradiation Procedure - Anlmals were irradiated

, , _
between 8:30 a.m. and 3:30 p.m.. using ‘a Picker '?’Cesium

source at the Cross Cancer Institute, Edmonton, Alberta.
Owing to source decay, the dose rate decreased from 1,42 to
1,31 Gy/min over' the course of the “%tudy. This was

compensated for by}increasingAthe.exposure time. Each animal
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Was anaesthetized klth pentobarbital (60 mg/kg),. .and 'the

bdomen . (i.e. the area below the diaphragm) exposed to 3 Gy’
bilaterally (total dose = 6 Gy). This dose is below the
LDso,go . (the dose which produces death in half the animals‘
by thirty days) of 9 Gy which -has ‘been reported for the rat
(26).. The large 51ze of the applicator head (10 cm x 10 cm)
minimized penumbra effects,.but likely involved 1njury to

other tissues such as testis‘ and pancreas. Animals were

placed beneath the applicator "head - (distance from head to

bottom of  animal, 4.5 cm). Feet were taped down to prevent
obstruction .of the radtation _beam. Source to surface
distance (SSD) was 15 cm.

Dosimetry. was" performed approximately - every four
months by Mr. Bert Meeker using a Victoreen d051meter, and
corrected for temperature and pressure. Uptake experiments
were pertormed 3, 7, .and 14 days after 1rrad1ation. Control
animals were anaesthetized but not irradiated and used
three days later. The radiation unit was operated from. a
separate room, shielded ‘by a concrete wall lined Wlth " steel
plating The operator wore a film badge, which-indicated no
detectable radiation exposure during the protocol |

_Statlstics - Analy51s of covariance was used to detect
significant differencesh in | substrate uptake_ between
treatment groups. _Muitiple analysis’of covariance, using a
second degree polynomial to fit the non-linear 'component
i56) was employed ‘where significant curvilinearity was

present. It should be noted that this approximation is only
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valid over- the coh¢éntratﬁon range usedland‘other forms of
I;urve' fitting muSt be used in‘extrapblating vglues, on the
basié of.some a pPioriiévidgnce for the méthematicél model
chosen. ‘

Km and Vmax.values wefe“estimated after subtraction of .
~the -'paséive ‘compohen; of. upt;ke .as measured by the
stereoisomer. A BASIC programme ehploying an iterative,
non-linear regreésion méthod'déscribed by Duggleby (19) wés
used to afrive ‘at the final values. As the varianeeh
, in;reased ‘wiﬁh 'the- size of the"y variable, a bisquare
.weightihg (1/y?) was used. Initiai‘estimates of the .Km‘ and
Vmax were made Qsing an, Eadie-Hofstee transformatioﬁ. The
programme then calculated the best fit. of parameter's by o
minimizing the residual. mean squafe."Such a procédure
reduces the error in the parameter eétimétesi by avoiding
additional ‘error generated by methods .relyiné solely on
linear data transformations. This 1is- of particulér Lconcern
with transforms .such as that of Lineweaver-Burk (36). |

As the_p.d. data was discontinuous, a nested design,'

analysis of variance was used for comparisons using this

technigue. Elsewhere, unless noted, a t-test was used ¢56).

C. "TRESULTS

Uptake of;L—glucose and D-leucine (Table 3.1a, 3.1b).
showed no significant ”differenges -among the control and
radiated groups. A Significant,:eduction in the 'gptake of

net D-glucose. (Figure 3.4) was ° observed- 3 days
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posf—irradiation (p<.01), but not at subsequent time points.
- This was reflected in a iower Km and Vmax for net“D;glucQse
uptake at the 3 day point (figdre 3.5). Similar reductions
in the net uptake of'D-galactose, reflected in.the reduction
in * kinetic parameters (Figure 3.6), apd in net
3f0—methy191ucose.uptake'(not shown), were also observed: at
the three da& point. Net L—leucine ﬁptake (Figure 3.7) was
reduced af 3 days post-irradiation (p<.005) and after 7 days
(p<.05), but had returned to control levels by 14 days after

treatment. This was reflected in corresponding reductions in

kineticlparameters (Figure 3.8).

?pThe relation 1n (Jd/D) showed an inc ase with
increasing alcohol <chain length u; to a maximum zttained
with decanol (Figure 3.9). This wés taken to irdic:ze the
limitation éf diffusion by unstirred layers at ch.in lengths
of 10 carbons or greater. Uptake of décanolfféguld be
increased by inéreasing the flow rate from 0.5 ml/min to 2.0
ml/min, but no Significant differences 1in uptake vere
observed among control éna irgéd&éted animals (Figure 3.10).

nleucose—stimulateq water uptaké reached é maximum. at”
approximately 48 mM (Figure 3.11), and water ppﬁake at 96 mM
- was subsequently used as an extimate of maximal water
absorption. Maximal wa£er absorption declined substantiall§
3 days after irradiation (Figure 3.12), but ‘returned to
ccntrol levels by the 7 day time point. The dry

weizht/length ratio of the perfused segment was also

W
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Figure 3.5 Apparent affinity constant (Km) and maximal

transport rate (Vmax) of net D-glucose uptake in vivo in the

upper jejunum of control and irradiated rats. + = p<.005 cf.

control. # of animals used: control (22), rad 3 (12), rad 7
— (11), rad 14 (14). .
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the upper jejunum of control and irradiated rats. * = p<.05
cf. control. # of animals used per estimation in all groups
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Figure 3.9 Natural logarithm of the ratio of the uptake rate
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increasing chain length.
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Figure 3.10b (Right) In vivo decanol uptake (normalizec to
.1 mM) in the upper jejunum of control and irradiated rats.
Flow rate, .5 ml/min. No significant differences in uptake
were observed. # of animals used = 6 for all groups.
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Figure 3.12 Glucose-stimulated water uptake in vivo in the
upper jejunum of control and irradiated rats. # of animals
used: control (8), rad 3 (7), rad 7 (5), rad 14 (6). Glucose
concentration, 96 mM. + = p<.005 :
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Table 3.1a ,
In vivo intestinal permeability coefficients of L-glucose in
- ~control and irradiated rats.

Treatment Group | Permeability
‘ : Coefficient

(umol/min/cm/mM)

Control _ 9.48 £ 9.78 x 10°*

3 days post-irradiation 9,84 + .11 x 10-+*.

7 days post-irradiation | 9.21 ¢ .30 x 10°¢

14 days post-irradiation 10.14 + .57 X 10°¢

Table 3.1b

In vivo 1ntest1nal permeability coefficients of D-leucine in
contrel and 1rrad1ated rats

Treatment Group S Permeability
: Coefficient _
(umol/min/cm/mM)
Control . . 8.8 * 1.6 x 10°*
3 days post- 1rrad1at10n 10.4 = 1.2 x 10"
7 days post-irradiation 11.8 % 1 8 x 10-¢
14 days post-irradiation : 4.3 £ 1.1 x 10-* .

significantly reducéd at 3 days, but nérmal’ by 7 days
post-irradiation (Figure 3,13). ' |
Phoridzin—ihhibitable D-glucose uptake (Figure 3.14)
revealed a marked 'subpréssion at 3 days, which was lower,
but not significantly so at 7 déys, and similar to control
levels - 14 days post—irrad}ation._ The dif°u ion p.d.
generated bf hyperosmotic'mannitol Qaé slightly, but ho%g‘
;significantly elevated at 3 days postfirradiatioh (Figuré“
3.15), significantly elevated at 7 days, and notv different
froﬁ,cbntrols at 14 days.

ODC levels were elevated 3 days éf;er irradiation

(p<.005), and declined gradually thereafter (Figure 3.16a),

”~o~
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Figure 3.16a (Left) Intestinal ornithine decérboxylase‘(pDCy
activity in control and irradiated rats. # of observations:
control (7), rad 3 (10), rad 7 (7), rad 14 (6). '

§

Figure 3.16b (Right) Intestinal myeloperoxidase activity in
control and irradiated rats. # of observations: control (7),
rad 3 (7), rad 7 (7), rad 14 (8). x = p<.05, + = p<.005,  ++
= p<.001 cf. control. ' o
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‘although a small elevation was still evident at the 14 day

point. Myeloperoxidase levels were depressed after radiaﬁion

treatment and remained so until 14 days later, when activity

" levels had returned to control levels (Figure 3.16b).

=1

D. DISCUSSION.

The results clearly indicaﬁé that the process of
recovery after radiation damage to the inteétine is not a
uniform one, but rather 'depends on the enéyme system
stﬁdied, Active transport of the various substrates studies
here is reduced three days after the'fadiation insult, but
is eégentially ‘normal. by the seventh day. By comparison,
or;ithine decarb. .zse activity ahdﬁ_mucosal permeability
(assesséd by the ciZfusion p.d.) are still elevated at 7

days. In addic.: .., decreaséd myeloperoxidase content

-indicates that leukopenia is still present at this time.

Many difficulties exist in the interpretation of

transport data. obtained in vivo. The presence of large

unstirred layers distorts the values obtained for the

kinetic . parameters, and it remains a matter of considerable
Y

controversy whether the uptake kinetics are - characteristic

. . ) )

of ‘one or more transporters, or gan active transporter ‘'and a

passive uptake compbnent (1, 17). It must be stressed ‘that
the data obtained here cannot shed light on any particular
model of transport function. The parameters reportea here

must therefore be considered to express composite values and

are valid only in treatment comparisons where the data have
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been collecteg in 2 comparable manner. The purpose of the
transport studies reported here, however, was only to
establish whether changes in absorption provided a good
indicator of tissue recovery.. ‘

PassiQe uptake of D-glucose and L-leucine as assessed
by the uptake of their stereoisomérs appears either
unaffected by raaiation_damage or recovers in less than 72
héurs. The dependence of the uptake of the stereoisomers on
simple diffusion has been aﬁsumed by.;ts linear, apparantly
non-saturablé nature and the inability to accumulate the
substrate against a concentration gradient (12; 66).
'Hdwever, linea:ity_cbuld also be achieved by a high capacity
carrﬁer of low affinity. Caspary (9) and BiHlef (8) found
. sodium dependence and phlorddzin inhibigion of L-glucose
transport at low concéntrations (<1 mM). The use of highér
concentratioﬁs in the ' present stddies, as well as the
presence of significant uhsfirred layers, likely hasks all
but the passive component of uptake of this substrate. Neale
' (45) found that L-glucose could accﬁmulate against a
concentration gradient in vitPQ in everted sacs from starved
animals. Whether this fiﬁding is. relevant in thq present
sfudies is debatable, howeVer, as evidence from the
rfollowing'chapteflindicates that under similar conditipns,
irradiated animals continue to feed. |

.Other measures of passive upﬁake_have relied. on -fhe
use of phléridzin to inhibit active uptake k17, 46). The

finding that . phloridzin sensitivity is. substantially
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increased 3 days'bost—irradiationf(Figure 3.13) demonstrates
that when this inhibitor 'is wused to determine passive -
D-glucose transport, care must be taken in_the'selection of
the concentration used, ‘especially wvhere adapt;ve“changesl
are likely to have occurred. Even within tne _but,
differences in phloridzin sensitivity ha;e been reﬁdrted,
with more‘phloridzin required inlthe jegundmv than in the
1leum for equ1va1ent inhibition of galactose uptake (3? 4).
Several_reports have descrlbed ‘the presence of a
phloridzin hydrolase' in the intestine, yhich is either'
identical to or closely linked with lactase, as indicated,by
bicchemical co—entracticn (27, 63). Further, patients with}a‘
lactase deficiency have also been shown to lack pnloridzin
hydrolase (42). The result of decreased phor1d21n hydrolase
aCtivity would be to increase the effectlve phlor1d21nl
concentration in the lumen, as less:isfhydrolyzed,_théreby
inhibiting glucose transport to a proportionately greater.
extent. Other disaccharidases are also affected by radlatlon
injﬁrxﬁ In biopsy samples; from human patlents under901ng
radiotherapy, decreased maltase,'-sucrase; and ,lactase‘
actbviég have been reported (58) In “general dsome
disaccnar{dase activities: may be elther more: susceptlble to
7damage, orvrequ1re a longer period to recover: (28). The time
"lag between 1n3ury and assessment may be a factor in this
apparent differential‘sen51t1v1ty to 1n3ury. Becc1ollnr (6)

has reported that maltase and invertase activities declined

faster, but recovered faster, than either lactase or leucine
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aminopeptidgse'activities in rats recéiving 6.5 or 12 Gy of
X-rays. .
. Earlier studies employing single concentrations of
‘substrate Aalso reported the depression of hexose transport
in vivo (47, 57). The present study extends these findings
by ,Ehe use of a larger concentration range, and by the
observétion' that passive transport 1is 'not appreciably
ialtered under these conditioﬁs. While reductions in both Km
énd Vméx were observed, the'Km change is' likely - to be an -
"arﬁifact produced. -by. the presence of unstirred layers of
‘,;apﬁreciablé size., In the presence of unstirred layers, the
Tapparent" Km is reduced in proportion to reductions in Vmax
(36) . | |
a Tbé- inability to. demonstrate changeé in the uptake of
‘ ;subétrates such as décanol whosé' uptake 1is limited by~
unstirred layers (29, 59) indicates that the resistancé of
this’bafrier'is unchanged by thé conditions -and treatmentsg
‘employed here and cannot therefore account for the
-aﬁsorption changes seen. This appears 'to be analagous to
other in vivo studies in the literature in which decreased
absorption has been observed without a éeasurable change in
tﬁe dimensions of the unétirred layer. Debnam and Levin (18)
‘vfound.dec;eased active glucqse.uptake‘in the starved rat in
vao, without a change in the unstirred,layer. Similarly,_
Hollander (é9) found the dimensions of the wunstirred’ iayér

in vivo were unchanged in aging rats despite the finding of

increased glucose absorption in vitro.
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Decreased intracellular metabolism gf\ actively
transported substrate, as observed dufiné starvétion (35),
could decrease the chemicai gradient of the substrate across
‘the membrane, contributing to 'decreaSed upfake. Howe?ér,
3—O—methylglucose and galactose, sugars: which sﬂére the .
glucose carrier but are minimally metabolized within thél“
enterocyte (2, 15), also show similar reductions in uptakg'B.-
days after irrédiation.‘Alteratibns in the chemical gradieﬁf
écrOSS'the_cell are therefore unlikely to be a factor in the
decreased absorption in vivo under these circumstances.

Keelan et al. (32) have. shown that total mucosal
surface area is.reduced 3 days after abdomi-zl irradiation.
This suggests that the»decrease in boph‘trénsport and water
uptake could - be a resulg‘ of reduced surface area; 
Correlating function with histological parameters, however,
is ‘compliéated by the possiﬁility that the villus tip'cells
are the major site of absorption) as indicated by
,auﬁoradiographic studies showing the .uptake of labelled
substrate concentrated 1in afea of the villus tips (33, 55).
The lack of correlation between function and morphology is
also suggested by the finding that éhanges in villus .height
are often not observed .until 1 to 2 days after radiation
‘treatment, but decreases in water and sodium absorption (as
determined By in vivo perfusion), have been found to occur
as early as 6 hours after treatment (14).

In spite of the reduction in surface area 3 and 7 days

after irradiation (32), the enterocyte appears capable of
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adaptiﬁg.to the injury by increasing the uptake of D-glucose
per -céll (11) at these time points. Morphologicallchéngeg
retain‘some impor£ance in the pathophysiolbgy of " intestinal
radiatién damage, howevef{ For insténce, the reduction in
 surface area at 7 da?g'is aﬁe ﬁainiy to a reéuétion in thé
qumbef' of" vi}}i ‘pe; unig surface area, although villus
height has returned to normal. Even if most transport occurs
at the vilius O'tip,.' fewer tips‘ are-‘preseht, and less
‘absorption would 5e expected were it not for the increase in
function _per enferoc&te. Such a combination of events would
theréfore tend to minimize the Ehanges seen in vivo.
) Changes in  blood flow to the mucosa following
intestinal trauma are likely'to‘affecé absOrptibn of both
fluid and.subStrate (66?]68); Indééd, it has been suggested
in the literaﬁure that4suéh long term cﬁanges result from
’Qas;ulaf lesi§n$ (24}. Since endathelial cells  reproduce
sporadically, and over a ‘longer time scale than do
'entgrocytés, '(25) endothelial peproductive cell deatﬁ would
not likely appear‘fdr'monﬁhs,}Such a hypothesis, however,
awaits. more irigorous testihé, as actual ;eXperimental
JevidénCé is Scént.- |
) Microangidgréphs in rats (22) indicatg éubstantial
intestinalv ar;eriolé_ occlusion and vascular éongestion
following irradiation.. While the dose. used (1450R) wés
sufficient to cauée acute mortality, blood flow effects may 

only differ in degree and dprafion‘at lower doses. Eriksson

(24) found 1in ‘the cat, that the -capillary filtration
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coefficient (a measure of the capillary bed open to the
circulation) was reducedvby X—irradiatioﬁ, but returned to
hormal more rapidly with lower radiaﬁion doses. -

| Cobden (13) found that methotrexate, a cytotoxic drug,
resulted in a gecrease in mucosal permeability, 'when
histological evidence of damage was greatest. On the other -
hand, permeability was 1increased when the - detergent
cetrimide ~was used, coinciding with damage priméril& to the
villus tips; In the present studies, permeability was
unchanged at 3 days and .increased at 7  days
post-irradiation. A decrease in the passive diffusion vof
water, which is limited by the surface area available (37),-.
could haQe been masked by a concomitant increase in mucosal
permeability at the villus tip on the third day..Some damage
to the villus tip could have persisted through to the
seventh day to pfoduce the 1increase in permeability. As
noted ébove,‘this occurs at..a time when the  functional
capacity, and possibly‘ the Qorkloéd.of the tip cells are
greatest.

The sensitivity of intestinal leukocytes to radiation
injury is reflected in  the gxtended * depression of
myeloperoxidase activity in the irradiated rats. Up to two
weeks were required for myeloperoxidase‘levels to return to
pre—irradiafion levels; in spite of the prior return of
villus height and in vivo transpoft activity to normal.
Thus, the diffuse inflammation which is such a prominent

part of chronic radiation enteritis 'is a latent response
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which may' not be directly associated with the initial
mucosal  damage observed here. On the other hand, a
combination of leukopenia and increased mucosal befmeability
is 1likely to make the radiated bowel more susceptible to
bacterial invasion. Radiated rats.succumb>,more rapidly to
Saimonella enterotoxin, and show extensive disruption of
tight junctions (62).

Ever since  Dykstra (20) demonstrated parallel
increases in polyamine production ‘and RNA synthesis
following partial hepatectomy, the requirement for ornithine
décarboxylase activity has been recognized in a wide varietg
of circumstances involving’ -tiésue regeneration. The
‘elevation in ODC activity and coincident mucosal hypertrophy
seen in such diverse adaptive responsés‘as lactation (70),
 jejunectomy‘ (42), or injury with ,ARA?C' (41), can be
abolished .by administering a-difluoromethylornithine, an
irreversible inhibitor of ObC. |

The exact iocalization‘of the increase in ODC activity
observed in the present experiments could not be de;ermined
by the techniques employed here. Baylih (5) ;%d Shakir (53)
- found hﬁﬁher activity of both oDC and diamine oxidase, which
is involved iﬁ‘thé catabolism of polyamines, in the villus
- tips than in the crypts. 'By.’compafison; spermidine and
spermine aﬁd the enzyme 'réquired fgr their synthesis,
S-adenosylmethionine decarboxylase (SAMD) , are found
preferentially 1in the crypts (50), where cell proliferative

~activity predominates. This could reflect = specialized
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functions for polyamines dependent on their location.
Polyamines have been shown to stimulate glucose transport in
renal brush border vesicles (23) and in fat cells (38), an
effect which may Dbe mediated through an intermediate
produced by diamine oxidgse (39). An enzyme which acts both
to stimulate cell regeneration as well ‘as transport function
would have obvious advantages in the returﬁ’ of normal
function to ﬁhe damaged intestin%.

The addition of radiation damage to the 1list of '
trophic agents capable of stimulating ODC activity may make
it a useful enzyme for monitoring the recovery process after
intestinal damage. The continued elevation of the activity
of this enzyme when some_parametérs of intestinal function
have returnéd to pre-irradiation levels suggests that some
prolongea stimulus remainé well aftef the 1initial 1injury.
whether-the stimulus for the continued incfease in polyamine
production could bé. brqtracted cell lbss remains to be
confirmed. It is.clear,_however, that some systems, such as
active trénsport, are capable of more rapid cdmpensation in
the face of 1injury, while others, ihcluding mﬁcOsal
permeability and leukocyte‘populations, require more time to
return to normal. Increased ODC activity can also be
correlated with the recovery ‘period, - but whether oDC
activity 1is obligatory for post-injury repair also awaits

. ‘. « f .
more definitive studies.
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IV. Experiment 2: The Effect of Abdominal Irradiation on

Enterocyte Migration Rate

A, INTRODUCT I ON
| TheAsmell intestine shows a high rete'of prolﬁferatiQe
activity,.largeiy as a consequence of the short lifespan® (36 -
,ﬁo ‘48 hours in the rat) of ﬁhe average enterocyte (37, 15),
It has been‘recognjzed fer eome time that differentiated
mucosei cells are generated from precursor cells in the base
of the intestinal crypts and migrate up the wvillus to be
exfoliated into the lﬁmen upon reaching the villus tip (21).
Moreover, there also appears to be a maturation in
cell funcﬁionhas the enterocyte progresses to-the top of the
vilius. Enzymatic studies with disaccharidases (jO) ‘and
alkaline phosphetase (44), and histochemical studies with
enzymes suchlas succinic dehydtogenase - (29) have fevealed
that the activity of several enzymes associated with .the
differentiated funcfion of the enterocyte indreases as cells
approech tHe viilus.tip. Oﬁithe'other hand, enzymes such as
thymidine kinase, which are - associated} with cell
reblication,. are found primarily in the crypt, and their
'Celluler concentration decreases as enterocyfes migrate
ﬁp&erd (18). AutoradiOgraphic studies suggesﬁ that a
gradient - also -"exists for élucose (19) and .amino acid
'transport (1, 36), esnaeterminea by the ébiiity'of.the tip

cells to preferentially take‘up labelled substrate.
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Another -activity gradient occurs longitudinally élong
the small intestiné, whereby D-glucose uptake{y is
‘considerably greater in the proximal intestine than in the
ileum (3,-32), although this may not be true of other
_substrates. Coincidentally, average villus height is less in
the‘iieum,,and the enterocyte transit time from crypt to
villus tip is shorter (6, 22, 28). This results in a shorter
cell lifespan 1in the.*distal intestine. The/fpossibility

therefore exists that the age of the enterocyte may be

connected with the transport capacity of D-glucgse.

Abdominal irradiation results in a temporary cggsation
‘of DNA synthesis which lasts between 6 and 12 hours (5, 14,
27, 36). By the second day aftervradiationvtreatment; villi

are demonstrably shorter (31, 41). This generally coincides

. "Mitotic

/

with a dépression 'in transport function (11, 30)
aétivity subsequently“increases,/as determinedlby increased
mitotic figures and greater 3H-thymidine incorporation (15,
'16)£and the vilii are repopulated. Depending on the exposure
dose (2, 20, 36), it takes several days for villus height to
return to pre-irradiation  values, however. Unless the
migration rate has been retarded, the cells repopulating the
vilius are therefore likely to reach the top of the shorter
. villi .sooner, possibly’ resuiting in a less mature cgll

population, and compromising intestinal functipn,
The foliowing ‘experiments were -therefore designed to

determine the effect of moderate doses of radiation on cell

migration rates in the intestine. If a change occurred in

)
f
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the age composition of the enterocyte population, this could
be a factor, in,‘the developmeﬁt of ‘depreséed transport
function that follows radiation treatment. |

B. METHODS

Peﬁtobarbital anesthetized male Sprague Dawley rats
received 6 Gy direct;d at the abdomeﬁ, as described in
Chapter II1. 3, .7, or 14 days later, each-animal was
injected i.p. at 5 p.m. with 90 wCi. °H-thymidine (sp. act.
72 Ci/mmole) in 0.2 ml of 0.9% saline. No carrier:was added
to the thyﬁidine..Animals were sacrificed by an overdése of
pentobarbital 5, ‘20, 30, or 40 hours later. The entire
intéstine was then'remdved, and washed wifh phos@ﬁéte buffer
as described in Chapter VII. Mucosal rings were’taken 2 cm.
below the ligament of Trietz (proxima} jejﬁnum), at half the
total length (mid-gut) and 2 cm. above the ileo-cecal valve
(distal ileum).‘ The segménts were everted for better
histological viewing, ~ and preserved 1in '10% phosphate
buffered formaldehyde (Fisher).

Specimens  were subsequently dehydrated' through a
series of alcohols (ethanol 50% to 90%, followed by 100%
methanol) and fixed in methacrylate as previously described
K23). Methacrylaﬁe embedding medium was made by mixing 80 ml
- of 2-hydroxyethyl methacrylate, 15 ﬁl of 2—bUtoxythanol and.
0.3 g of benzoyl peréxide (Solution A) with 10 ml of
polyethylene - gl&col .(MW = 400) and 1 ml of

" N,N'-dimethylaniline (Solution B) in a %0:1 ratio. Tissue



124

sections 2 um ﬁhick Vére,floated onto a microscope slide
which, after drying, was dipped in Kodak NTB2 emulsién, and
stored in the dark fér 12 wéeks. After developinghfin, Kodak
D-19 developer (5 minutes) and fixing ‘in Kodak fixer
(diluted 1:4) for 5 minutes, the slides were rinsed in
ruﬁning water (all solutions at 15° C) for 5 minufes, and
air dried. Measurements were taken of crypt depth, wvillus
height, and ‘distance from thé; crypf—villué juﬁction
travelled by the grain front, using an eyepiece micrometer.

Statistics - Mean migratioa rate was estimated_from
the'slope of the least squares regression line .through the
points obtained from the advance of the graiﬁ front. The
slope of this line was in all cases significant at p<.001.
‘Due . to the limited number of time points, hbwever,
variations in the migration rate could take place without
detection; and fitting the data to a linear function must
therefore be considered a matter of convenience.

Differences in ~migration rates between treatment
groups was determined by ahalysis of covariance. 1In other

comparisons, a t-test was used.

C. RESULTS

Three days after radiation treatment, villus height
was reduced in all segments by up to 40% (Fi§ure 4.1). Crypt
depth was somewhat ~increaéed, but fhis only reached
significance in the‘ileum. Villus” height had returned to

control levels or above by the 7 day time point, but‘crypt
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depth was significantly increased compared to controls in
all segments. Both villus height and crfpt depth were normal
by 14 days after treatment.

In the proximal jejunum, thé'grain front appeared on
 the villus markedly earlier in animals. three days.
post-irradiation compared to controls (Figure 4.2), although
thé“mean migration rate was not significantly different from
controls. At 7 days the ﬁean migration rate was increased,
whereas no difference in mean migration rate could be Seeﬁ
at_f4 aays post-irradiation. This profiie of migration rates
was also present in the mid-qut (Figure 4.3), but changes
did not reach sighificénce in the terminal "ileum. ~Mean
migration rate was not uniform élong the léngth 6f the
__intestine, and in general was most rapid  in the proximal
jejunum;'but similar between the mid-gut and terminal ileum.

Photographs of wvilli and  crypts from ‘control' and
irradiated animals are shown in,Figurés 4.4 through 4.7.-
Although a hiéher magnification was‘routinely Qsed to plof
the grain front in these autoradiographs, the grain front is
still faintly visible in most of the Figures. A higher power.
magnification of a villus showing a clearer picturefbf the
grain front is shown in Figuré 4.8.

values for cell age of villu5 tip cells were estimated
from the linear regression equaéion. In the duodenum, these
, cofrespondédzto 40.5,-29.7, 27.6, and 45.2 hours for contrél
rats and rats 3, 7 ‘and 14 | days post-irradiation

respectively, ' indicating substantually younger cells at the

c o4
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Figure 4.2 Enterocyte migration in the proximal ‘jejunum of
control and irradiated rats. Horizontal parallel lines
indicate height at the villus tip. Data obtained at 14 days
post-irradiation (not shown) was™hot significantly different
from controls. Slope at 7 days post-irradiation was
significantly greater than in controls (p<.05). Each point
represents mean of 3 animals. . : a '
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Figure 4.3 Mean enterocyte migration rates in _the proximal
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rad 3 (9), rad 7 (9), rad 14 (12). % = p<.05 cf. control
rate.
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villus tip at.the 3 and 7 day points.

D. DISCUSSION |

As early as 1960, Shefman (36)idemonstratéd'that cell
migratién &ontihﬁed in the intestine despite the lack of
labeiled thymidine uptake ihto DNA which prevailed for up to
12 hours after ra@iation‘treatment; As a result, 'labelled .
;enterOCYtes appearéd on the villus sooner than in controls.
It would be expected that this would lead to eventﬁal' cell
Adepl;tiog in the crjé%é) Under nermal éircumstancés; the
crypt consiéts of a’ prolifefative zone, where mitosis.
océurs, ana a maturation zone, where mitqsis does not
‘génerally‘proceae, as assessed by the lack of mitotic
figures‘vor labelled thymidine inCOrpdrétibn (21). After
irradiation however, the maturatidn‘ zone disappeérs, and
mitotic ffgures;a;e found throuéhout the cryptj(4,v15, 24).

In this regard, thé sequelae i Wradiaﬁion—induced
damage resemble 'those 'prodﬁced by a wvariety of §the:
intestinal 1injury syndromes. The: elimination of the
maturation ‘zone, suégestive bf crypt‘cellvdepletion,'has
been obéerved experimentally in the rat, follow}ng ischemia
(34) and four days atter infection by the nematode
Nippostrogylus brasiliensis (38). In<humans,_ﬁitotic figures
can be observed on the villi in celiac disease (29).

The présent studies indicate that earlier appeaﬁance
of . labelled enferocytes on the villﬁs‘still occurs three )

days after 'radiation ‘treatment, when villus height is
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reduced. In additioﬁ, there 1is no change in the mean
migration rate at this time pbint in any segment 5f tﬁe
intestine. This again resembles other situations produced by
different modes of injury. Disruptioh of DNA synthesis by
colchicine in the rat intestine fails to alter the migratioh‘
‘. ;até (17), nor does giardia infection in mice (25).

Changes in villus height are often not 6bserved‘ until
48 | to 72 hours after ﬁradiatioh injury (9, 27). It would
appear therefore,‘that a lag period exists during which:-
villus height is maintained due to continued recruitment of
vcellsvfrbm the'crypt ana an unaltered migration rate. Given
this lack éf change in migration, the reduction in villus
height three days post-irradiation may principally be a
functioq of more rapid exfoliation of tip cells, rather than
the lack of supply of new <cells or mitotic activity 1in
previously hon—proliferating, cells. The net fesult of the
unchanged migration rate, earliéf‘appearance on the wvillus,
,and more rapid exfoliation, is an effective reduction in.the
average lifespan of the.enteroéyte from about - 42 hours ‘to
half _ that time. Thus cells at the villus tip are
considerably younger 3 days_aftér radiation exposure.

Ceil ‘proliferation resumes within a matter of hours
after radiatibn tfeétment (36), ,and often excedes
proliferation rates in controls (6, 16), solthat villus
height eventually returns to ‘normal. However, seven days
. after radiation ‘tfeatment;‘when villus height has returned

to control levels, the mean migration rates in the duodenum
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and mid-gut are significantly elevated. This would sﬁggest
the 'continuatién. of some damage pfocess whereby cell death
and.exfoliation occur aﬁ a more rapid pace] but wvillus
heigﬁt ié unchéhgedtdue ﬁo,increased cell prolifefation and
an’ increased migration rate.

“Such an adéptatioﬁ again bears some similarity'to
r"ot'herh intestinal injuryisituétiogs. Cell proliferation can
be -inéreased in the presence “of mucosal  injury sﬁch as
ulceratibé golitis'(35), or celiac disease (45, 43)' and in
the latter case, this OCCurs’despite the pfeSence of blunted

villi. DNA loss into® thg/ lumen 1is increased in celiac

disease (8), suggesting that the rate of cell loss can
outstrip the 'rate‘ of cell production, . even if the
proliferative  index is increased. Expéqimentally, an

increase in crygt depth and cell 'migration raté in the
duodénum occurs 96 hours after methotrexate administration
(40) and in t%e mouse graftfversﬁs-host intestinal rejection
model described by,ferguson_(13).'Ferguéoh gpeculated tha't
this hyperplasﬁic response was mediated by - immune cell
products. The fact-that'incrgased c:ypt:depph and a faster

migration rate occur after radiation treatment despite the

)lﬁresence of leukopenia (42) indicates‘that the mediation of

cell-bo%né immune .elements is not obligatory for this
‘process to occur.
Although significan£~incréases in: the mean migration

.rate were observed in the du uenum and mid-gut 7 days

ﬂ'ﬁwpost—irradiatibn,'the rate in the terminal 1leum was' not
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significantly different’ from control levels. As ileal villus.

height was normal or even greater than normal at this time,ﬁv

this suggests that cell loss had returned to pre-irradiation

levels.. This is consistent with previous reports that the

distal intestine recovers from damage more rapidly than the

upper gu£ (2, 30). The means by which this segment of the

. gut recovers more gquickly is uncertain, but" it would be

interesting to investigate whether it was connecteQ'with.a
lesser_me@abolic work load compared to the uppgf gut, where
absorption 6f most substratés takes place. o

A number of limitations_to\the techﬁique used should
be 'borne in® ‘mind. First,m@Qggape of advance of the grain
front up. the villus represehtsithé'fasteét.rate of the cells
in the villus population. Many cells in the lower villus and
throughout the crypt remain labelled evén after - the frontj
has reached the villus tip and the first cells have been

v

exfoliated. Some of this labelling carn be attributed to

8]

other cell types sucht as ruzneth ¢eélls or progenitor.cells

which are knowni“téﬂﬁﬁ:*“ e at a slower . rate thaf i
differentiated enterocy ' - or do Jrate at all (12).
Thymidine 1is metabolized'rapidly 1. - > its biological

availability 1is limited to a few minutcs (26). However, the

label may be incorporated at any .point during che DNA

synthesis (S) phase of the cell cycle, which lasts zbout 10
hours (12), so staggered mi;osisﬁ@ay account for much of the.

residual labelling., g B!
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Secondly, the possibility that the incorporation of a

.radxoactlve marker into the DNA of the enterocvte ‘may itself

'

alter nucleic acid synthesis must be considered (26) In
these experiments, however, lower specific activity was- used

in the thymidine marker than usually described to reduce the

.possibility of such effects. This was compensated for by
"exposing the slides for.longer periods.

< Third, owing to the taper of the villus towards its

tip, the ‘migration . speed ‘may increase as the underlying
surface aree diminishes. This provides a pfoblem, however,
only if there is heavy weighting on labelling in the tip
area. Measuring grein advaﬁcemeﬁt at several timepoints in
the present exp fime;es was intended to reduce this problem.
Fdnaily, no data can be directly derived concerning the rate
of cell production. The purpose of the current experiments,
i ¢

however, was &Q determlne the average age of enterocytes as
they reached the wvillus tip and were subjected to thelr-
greatest functional workload. The methods described here
provide ah adeguate assessment cf tip cell age.

N

Evidence is accumulating that cell age and location
are 1mportant factors in the expression of cell function.
Non specific esterase, whlch is stained heavily 1in the crypt

as well as on the wvilli, 1s reduced after 2.9 Gy (33),

coineiding with the loss of the crypt maturation zone.

~

Similar decreases in non-specific esterase and - neutral
glucosidase have been correlated with an increased

proliferation rate after ischemic damage .(-34). In rats
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parasitized by. the nematode ﬁippos:rongylus brasilienéis;
ihe increase in cell 'proliferation seen . 10 days afrer
inféstétion ccincided with é decrease in the brush border
enzymes maltase and alkaline phosphatase, as well ras the.
cytosolic enzyme succinic dehydrogenase (39).

It has also been suggested_ﬁhat cell age is important
in the paftern of L—yaliqe uptake in ﬁhe rat jejunum.
Autofadiog:aphic measurement of valine uptake has indicated-
that cells take up valine much more rapidlY‘once they pass
the 40 hour mark (37). This biphasic' uptake ‘characteristic
is not seen in follicle—associated enterocytes which are of
similar age and diStance from the crypt-villus junctioﬁ. In
this case, then, the in:réased ‘uptake is. éaused_ by a
}celluiar processs rather than by éreater diffusional
-barfiers to ’cells lower on the vilius. It is therefore
possible that the reduction 1in D-glucose and L-leucine

uptake in vivo after radiation treatment could be a

consequence the presence of younger, more immature cells at

]-.kthetgillus tip.

v LR : _
. Previous work by Sherman (36) dealt exclusively with

fhe réte of ¢ell migration within the first few houfs after
irradiation. The présent study extends ; those findings by
showing tﬁat thé» rate of migration changes as the-reﬁai;
process proceeds. Such,chadges may result in ce;;s arriving

at the wvillus tip at a vyounger age despite a normal

4whistological appearance of the villus.
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V. Experiment 3: Inhibition of Intestinal Ornithine
_Decarboxylase Activity by Starvation or

Difluoromethylornithine (DFMO) After Abdomiﬁal Irradiation

e i
R

ié

/.

.
- .

A. INTRODUCTION

| ‘Interpretation of studies dealing with intestinal
damage are .often éomplicated by a concomitant decline in-
food intake. It haé long been recognized that starvation and

food restriction may themselves have profound effects on the

‘functional and morphological appearance of the‘intestine. In

1927, for instance, Sun noted that starvation resulted in

reduced villus height in the small intestine of the albino
mouse (44). In general, there is a depression in cell
migration rate and cell production (1, 3, 5, 20) decreased

'villus',height and reduced uptake of hexoses and amino acids

(8, 15, 38, 45). This phenomenon is not due simply to-
malnutrition, as similar changes to the intestine are aiso
observed with parenteral nutrition despite .an adequate
nutrient intake in animals (12, 16, 48, 49) and in man (11).

Reduced vilius»height (34, 47) and decreased hexose
(3;, 32) and amino ‘acid uptake (26) are common symptoms of
acute intestinal radiation damagé. in .experimental 'animais
and in humah patients (7). Reduction in food intake and
weight loss (39) may'occur“bin conjunction with radiation
damage, making it-difficult to diSsociate intestinal changes

due to the initial .injury from those arising from reduced

food intake.

142
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Replacement of damaged cells li#ely"plays an<«important
role in the recovery of the intestinal epithelium from
injury.‘The actions of ornithine decarboxylase are probably
central to this brocess? This enzyme is the rate limiting
step in th; production of polyamines putrescihe, spermidine
and spermine (36) 'and is closely linked with the regulation
of DNA and RNA synthesis and cell growth (379.. Recently, the
i%%grténce of ©DC in the intestine has beeﬁ'demonstréted,ﬁy'
Luk and his collédagues, who showed that ODC activity is
elevated by the administration of the cytotoxic drug ARA-C
(21). Further, most of the adaptivé responses, inciqaipg the
recovery. or elevation in villuséheight and disaccharidase
activity, could be inhibited bg the 1irreversible oDC
inhibitor DFMO. ‘ |

Villus atrophy occurs in othérwise 1intact animals
after DFMO administration (51). Owingvto ﬁhe role of ODC in
regulating DNA synthesis, inhibition of this'enzyme may bear
some similarity to the intestinal effects of food
restrictibn; The purpose of the present’ Study, therefore,
was to compare the effects of DFMO'and‘starvation on mucosal
functipn and morphology and to determine how both treatments

affect intestinal recovery after radiation injury.

B. METHODS
Assays - In vivo transport of glucose or galactose was
H
measured in anesthetized animals using "*C-labelled

substrate with °H-inulin used to correct for fluid movement
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as described in Chapter II1I. Ornithine decarboxylase
activity was determined in mucosal homogenate .supernatant by
" measuring the evolution of €O; from '‘C-labelled ornithine,

-

as described in Chapter VII. e

' Myeloperoxidase act1v1ty »wae;;
Maehly and4ChenCe (24) as modlfled by Sm
The dlstal 2/3 of the 1ntest1ne was “f;_ ;J*aShedﬁwith
ice- cold phosphate sal1ne buffer de;(‘ :
with the mucosa then belng screped off wltbﬁa'glass sllde,
and homogenlzed on' ;c; (1:8 vol/vol) in 10 'hM sodium
phosphate. buffer, pH 6.0. 100 ul.of whole homogenate was
added to 500 ul of the cold sodium phqsphate‘buffer, 2507 ul
of 20 mM agqueous. guaiacol and 20 ul ef 40 mM H,0, (final
coneentration,_Q.Q pmol/ﬁl). The’inerease in absorption at
470 nm was measured over 30 seconds 1in ‘a Phillips
spectrophotometer. Four ho five estimates were taken for

?XeachAsample, with a mean»Coefficient of Variation of 9.3%.
| fhe rate of change inb absorbance was. found to be
linear over time'hetween 30 and 120 seconds after the start
of ﬁhe reaction (Figure 5.1}, end readlngs were therefore
taken between these times. By diluting down homogenate from
an untfeated animal, myeloperoxidase activity ;;s shown to
_be linear over a range of DNA concentrations (Figure 5.2),
"and the line passed through the origin. Thehcohcentration of
H;O: was not rate limiting above 10.mM (final concentration,
0.2 wumol/ml). The effect of H;0, epneen;g?%ﬁ0n~ on

s

myeloperoxidase activity in mucosal homogenate from a
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Figure 5.1 (Top) Change in optical density over time of
myeloperoxldase sample from a typical animal. '

Figure 5.2 Bottor‘ Change 1in myeloperoxldase act1v1ty with
increasing DNA c ar.-, Results obtained by serial dilution
of homogenate in & typical. control animal. i
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typical, untreated - animal are shown in Figure 5.3. As the

reaction proceeds until all-pefoxide is consumed (24), lower

~

peroxide concentratiors were seen to result in a shorter

period of linearity of the-~reaction with respect to time.

‘H,Ou consumed per mole of tetraguaiacol - formed (e = 26.6

¥

One unit of myeloperoxidaée was defined acs that amount
catalyzing the breakdown of 1 umol of H,0, per minute, Molar

estimations of peroxide were made on the basis of 4 moles

mM- ') (22). Results were expressed per unit DNA as described

in Chapter VII.

Animals and Treatments - Male Spfague-Dawley,rats

weighing'approximately 250-300 g. were.used ,in all studies.

Irradiated animals which vere anesthetized with

“pentobarbital received 6 Gy. directed at the abdomen using'a
Picker ,37Cesium.source as described in Chapter III. Animals
"were fed ad lib. until - the  morning of the radiation

treatment. Food was then remoyed for three days until use,

but free access to water was allowed. Non-irradiated animals
. ; ' _ 9D , )

had their chow .removed for a similar period. Body weights

and food intake not measured, although ‘Smith (39) has

doéumented that food intake and body weight are both reduced

by irradiation.

ODC Inhibition - DFMO, kindly supplied by Dr. Peter
McCann, Merrell Dow Reséarch'Center,‘Cin;iﬂnati, Ohio, was
| S .

administered as a 2% gelution in the drinfﬂng'water of both

RS

irrac‘~+ed and control animgls and continued for seven days.

AN

In the case of the irradiaﬁed animals, DFMO administration

5
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commenced immediated after the‘irradiation,procedure. All

anlmals contlnued tox eat, but‘”often'.deVeloped didrrhea

within two days ‘of the onset of DFMO admrn@stratlon.

':Statistics’— Differences in up ake beflweern treatment

© groups: were tested u51ng 'multlple analysis of covariance

(41). .Unless otherw1se_*hoted, other cdmparisons used

1
-

G. RE.SU'LTS S e L ‘
. . . H',-’ ' .
Starvatlon _ - Stc.vation alone reduced the uptake of

'r

both D glucose (Figure 5.1) and D-galactose, }Eigure, 5.5).

acompaﬁed to -that in control animals. Ié@gdiationhdid not

h B . ' - A . - V.

result in‘_any; further reduction in uptake . of  these

£

‘substratesujﬁlucose-st@mulatéd water  Uptake was also reduced

by starvatiOn' (Figure 5.6), but :cagain'.was\ﬂnot further“

Lo o <

reduced by combxned\ earvatlon and 1rrad1at1on.

.,/

NN
e <

act1v1ty ' was _'observed after

) The expected increasé in the

N

vme tp,lgw1ng irr adlat1on was’ abqlished;;

by - ’w,Myeloperox1dase act1v1ty was increasedﬂ

§ ; . . s

followlng three days of statvatlon (Figure 5.8). This.”was

ﬁ51gn1f1cantly ,reduced 1p ‘rats wthh were both starved and

- # . ."

1rrad1ated &ompared to “Fats receiving 1rrad1at10n treatment

v s v e

waever,f myelomeroxidase ,act v1,y was swgnl-lcan.-

. " y ~t
RS \-

";_elevated 1n starved-sﬁrédwated (p< 05)
o ,l Sta dn reduced~ v1llus =helght alt nough this did
5 ’ﬂz"" S, PR ES .. P

.::;

1L1cahce 1n the 1leum (Figure 5. 9) No ﬁurthqr

ﬁmj

" N N3 L
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FRLN

e



) y -
\ . ) , !
L ‘ ' 149
s i ’.,. jé‘ j‘v/'*‘; e
o "heg et N c
{h ?5; @ .
- T~ ' . ' . 5 :';_"}:
> is o < D o
; /: " (@] Z‘ <
E 7
= .
. '.‘ 8 "l;
) B 3- /((IJ',.. . ,
s 5 - . -7 '@ )
£ R
a2 ' jj/ )
: / ¥ 23
Y 8 / \ «
, -/
S0 S & e starv cont
: % /6 - ostarvrad- :
‘ < . ST R e
v = 0 ! U EUR ’ . S
24 487064 w96
Iummal glucose conc. (MM}
- :;,_ ‘ . Wu\;“ :
SO B N @
g “ ¥ “‘ iy . e Q-, N
Frgure 5 4 Total glucose uptake in vivo in the upper jejunum’
o oﬁ‘;coﬁtrol (4-6 observations per point)s@nd irradiated rats
. (456 observations) after starvation for 3 days (STARV). For
reference, "solid ‘line represents uptake in fed
non-irradiated rats; broken line, uptake in fed irradiated
\ rats,, Overall uptake was significantly lower in starved vs.
o Afed non-irradiated rats (p<. 005). Uptake in - starved groups
,‘was not 51gn1f1cantly dlfferent.‘ L
.‘0'1) e = - . -
" . . . “&;\% : . Q
- e 4 Y . ‘I
LY 3 o i

S,
3

PR
. g
i
T

s

Il e ot



£
a
(4

E

O

< .
g 47 T
£ Y

o

£

s S 3

-

X

e

S 2

o -

w

e

O

£ 11 . _

S e ~ @ starv cont
g 4 o 0 starv rad
- 0~ T T T T
. . 24" 48 - 64 96

luminal galactose conc. (MM) ,
j
*

\
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upper

and
for 3
rats; -

~ broken line, uptake in fed irradiated rats. There was no

significant d:fference in uptake.between the twoe irradiated

groups. . e

%



)
f
)

151

Lgy
) - - ‘{2
| control (J
— - . >
= 30- ' : rad
5 3. .
~ -
c
’ E
>
=
2 .
o 2.04
X . e +> +
< -
o
e ]
5 n
< 1.0
=
®©
: E
= Lﬂ - ]
E 0- —
= > Q
C — 2 s
O 8o =
; &) I
v O
2 - G
*
"‘k}:
Figure ©.6 Glucose-stimulated water uptake -in vivo in the
upper Jejunum of control and irradiated ratvs after no

further treatment (n=8 & 7 respectively), starvation for 3
days 'STARV, n=6,4), or difluoromethylornithine (DFMO)

agministration for 7 days (n=6,6)% Glucose concentration, 96

. . et 9

mM. + = p<.005. Compariscns made *éggxeen control (at far
left) and non-irraciatecd treatmenf*é}oups, and betweer each
non-irradyated and :irraciated treatment group.
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Figure 5.7 Intestinal: ornlthane oecarboxylase (ODC) aytzvxty
in. control . and ‘irradiated rats after no further treatment

;**(control n=7;.rad -3, n=10; rad 7, n=7), starvation for 3O
“days - (starv, n=5,6) or administration of
dlfluoromethylornlthlne (DFMO) for 7 days (n=4,4). =+ =

p<.005, ++ = p< 001. Non-irradiated rats compareé with
‘Control (far . aeft); irradiated rats compared with

non-irradiated control to immediate left. BRI
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Figure 5.8 Intestinal Tyeloperoxidase activity in contrcl
and irradiated rats after no further treatment (control, rad
i, rad 7; n=7), &starvation for 3 days (STARV, n=8,4) or
administration of diflucromethylornithine {(DFMC) for 7 adays

(n=4,4). % = p<.05, + = p<.005, +=+ = p<.0C1. Non-irradiated
rats compared - with Control (far left); irradiated rats
compared with non-irradiated control to irmediate lefr.



‘Figure 5.9 Villus heights
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in control and irradiated rats
z2fter no further treatment (n=12,9), starvation for 3 ~days

(STARV, n=4,4), or .administration of difluoromethylornithine
(DFMO) for 7 days (n=6,4). *
p<.001. Non-irradiated rats compared with Control. (far

left): irradiated rats compared with non-irradiated control
to immediate left. ’

= p<,05, + = p<,005, ++
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changes were observed in villus height in starved rats which
were also irradiated. The jejunali-dry weight/length ratio

. o ) I . .
was significantly reducedxgy starvation, although no further
o L '

reduction occurréd in - the ratio in “;ejuna from starved

irradiated animals (F;gure 5.10).

DFMO Administration - Preliminary data from irradiated
- | :

rats adm}nistefeerFMp for tﬂree déys indicated no ;hange in
D-glucose uptake fn' yivo combared to irradiated controls.
DFMO administration was therefore extended to seben‘days to
determine 1if ‘continued adminisﬁfation would prevent the
recovery from.radiaﬁion—induced intgstihal ‘injury usually.
évident by,SevenRdaYs'post—irradgatibn (Chapter'III). After
7vdays of DFMOQin their drinking water, non-irradiated rats
had ‘décréésgé ,D-glucose uptake (Figure 5.11) and water
absorption (Figdre 5.6) compared to controls. Irradiatea

rats receiving DFMO showed no further change in D-glucose cr

water transport. ODC activity was negligible in both groups

receiving DFMO . (Figure 5.7). Even 1f animals consumed less

drug fellowing irradiated due to decreased water intake,

[

drug intake _appeared tb, be adequate to suppress ODC

activity.
! Myeloperoxidase activity was substantially elevated in .
non-irradiated rats receiving DFMO for seven days (Figure

N
~

5.8, Irzradlation decreased -the mucosal - content of this

°

" enzyme, but activity was still higher (p<.(28; than in rats

.

7 days post-irradiation which had not received-DFMO.

-
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Figure 5.10 Dry weight/length ratios of control and
_irradiated rat jejuna after ng further treatment - (n=40,22),
starvation for 3 days (STARV, n=6,4), or administration of
difluoromethylornithine (DFMO) for 7 days . (n=6,6). + =
_p<.005, ++ = p<.0071. ‘Non-irradiated rats compared with
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-

DFMO decreased villus-height in the proximai iejunum
and mid-gut but not in the terminal ileum of both groups

receiving . the drug (Figure 5.9). The Jjejunal dry

weight,/length ratic was also decreased compared to controls
. N .\ 4

(Figure 5.10). There were no significant differences between
the DFMO groups in either villus height or mucosal weight.

D. DISCUSSION

i

. S .
Several 1lines Of - evidence indicate that the

morphological and functional changes ' that occur after

akdominal irradiation do-not folld@ the pattern observed

“with starvation. Differences in weight/length ratios,

~capacity for ODC stimulation, and myeloperoxiddse activity

exist between starved and irradfated animals which cannot be

accounted for by the curtailment of food intake. In

vaddition. many - of the changeS‘thatfresult from starvation

:can be dupllcated by DFMO admlnlttratlon
After 1rrad1at10n the ratio of dry welght to length

in the upper jejunum is only reduced by 10 per cent compared

to 31% after three days of starvation (Figure 5.9),,V111us‘

height, however, is reduced to a similar extent by. éither

irradiation (24% in the jejunum) or starvation (17%). This

discrepancy between the size of the change in mucosal weight

compared‘ to.  the change 1in villus height after irradiation

probably reflects olfferentwal effects of - 1rrad1atlon on the

epithelial - and muscular elements of the 1n{est1neg Thrs is

- consistent with previous reports that"muscle welght s

.ﬁ}‘ g
‘{.', K

LeN

'
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uncha¥ged . following radiation treatment (13, 32). .The.

greater changes in mucosal weight occurring with starvatior

-~

may therefore reflect adaitlonar atrophy-+&n the = muscle

&
o

layer. That decreases in mucecsal weight and villus height
that occur after DFMO are sihilar to those seen' with
starvatipn suggests that a similar mechaniem is'aawork'with
these th treatments. ) |

Cell proliferation and cell migration rate are both
decreased duriﬁg starvation.(1, 20). By comparison, results
from experiments ﬁn Chapter "IV  show that rhe‘ehterocyte
migration rate Xe' either unchanged or increased 'after
radiation treatment. Thus, changes in morphologieai'
parameters that occur with irradiat}on are not consistent

with those seen after starvation or food restriction.’

The;increas% in ODC activity that occurs three days

+

followinég radiation treatment is abolished by starvation
(Figure 5.7). Irradraqed animals that have continued access
ro. food .must therefore still be eating, in order for this
inerease in . enzyme activity to be su;rained. Since
‘intestinalvODC activity is elevated for more than seven days
after abdomihal 1rrad1atlon -at a time when glucbse‘
transpert and V1llus helght have returned to conrrol levels

(Chapter 'III), continued feeding“ is reguired for the

stimulation ~of this enzyme even when other parameters cf

DI

b <

intestinal ‘unrtlon appear normal. Indeed, the ao-_-ay cf

DFMO to 'suppress glucose tranSpor* and, tc decrease VllLUS

~ height and gut Jwelght in the non-lrradla:ed animals

A



160

demonstraﬁes that ODC is required;fo: the normal functioning
of :hévintestiné. That starvatioh did not lower ODC activity’
in the intestine may be due to the habits of the rat, which
generally feédsi at night. ..ODC aétivity is "elevated by
feeding, buﬁ»this increase is tranSiént }25), and declines
after a few hours to levels]prqpably.comparable to those
.sgen‘dufing -ood deprivation. )
- .since ‘glUcose metabollsmq is ;éduced in intestihai o
tissue’of starved animals (19);. decreased 1ntracellular$f.
removal of - this .substrate. could‘ tesult' in  a decreased’

: W ) .
chemical gradient for glucose movement across the 'membrane,
= N : w ) s ‘

: glucosé uptake. However, the’ uptake

resulting in
of galactose,=wh1ch is éoorly metabollzed py the enterocyte
(4) is reduced to a 51m11a* degree to that of glucose after
irradiation, starvatlon,:or a comblnatlon of both. T -
Oﬁhef evidence> suggesﬁs that péssiblefchang¢5'in the
;hemical grédient’that'resuit from starvation are likély

small in magnitude and do not contribute significantly to

changes in uptake. Using thé vaécularly perfused rat,
windmuelle; (50) demohstrated that more than 95% of absorbed
’“elléd glucdse appeared in the vasculér bed unchénged.
:r, Lracor studies b) Rad21uk (35) 1nd1cate that 90% of
Jested glucose load appears in the general c1rculat10n
ana at leas:‘part of the rema;n1ng 10% must be accounted for
in.heﬁaii:vxptake from the pértal“ circulation.. Thus, ﬁhé
propértion~§£‘lumiﬁal glﬁ&oée metabolized by Fhe enterocyte,
Véhf:h nofmgily”uses glutamate as its major fﬁel (50), 1is



evidence 1is available concernlng DFMO 1nterference with the
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‘normally small. A fﬁrther reduction in this proportion is

unlikely to befdetectable in‘the'syStem employed here.
1t is of:intere;t that villus height' reductions were
observed only‘ in the upper gut of the DFMO treated rats,
‘with ﬁinimal change in the lower ileum. DFMO is sufficiently
well absorhed byl'the intestine to‘ inhibit growth in
extrarintestgnaﬁ tissue such as 'the prostate, ‘skin and
uterus (15). | Since' intravenous. DFMO can produce atrophlc

\

changes to the intestine (51), there }WOuld' appear to be
sufficient drug available to:the-ileum.for OoDC inhibition.
“The lesser effect in the 1ileum is therefore_.not due to
insufficient drug delivery asf a conseguence of proximal
absorptlon of the compound _ -
Preliminary studles indicate that 1leal olucose uptake

C‘:

‘in‘vivo is also mlnlmally ‘affected by the drug Ite is

'unl5‘ely, therefore,, that products.lof ODC, have much

4
ence’ on 1leal morphology or functlon except’ when ODC

-levels are .subject to s&rmulatron in conditions such as

P
Nt

jejunectomy when hypertrophy occurs~»(22). Although -noﬂif

Lo

Aglucose transporter,'the drug does not '1nh1b1t ‘amlno ac1d
Jtransport (9). 1t is more likely, therefore, that.the'
transportqeffectsvobserved,are secondary to developmental
changes in the intestine.\ | ' |

Polyamlnes appear to play a role in the control of

~inflammatory - processes... Spermlne reduces,serotonln induced

A

inflammation in the rat . paw edema model (28)'”and also

T

.,f»'.‘. .
. s e

Y

e
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f

1nh1b1ts serotonln release (43). The»role of’ polyamines as .

membrane stablllzers may be- central to this property (46).

P

the,presehCe;of ,complemencﬁ pplyamlne antlbodles lyse.

cellscjln culture' and“ thls 'erfect cah.3b overcome by

exogenous polyam1ne (33ﬂ Polyamlnes also 1nh1b1t leukocyte

e

aggregatl n‘—(é)f although thlS phenomenon may - be the result_

of polyamlne metabolltes produced by polyamlne quIdase nand

. , .
, - ’ ‘b
. . RS

N

dlamlne ox1dase (2 )

v :oThe eleyatlon of myeloperox1dase act1v1ty in°‘staryed‘ <

a e ST .

N 1 B Y

" amd DFMO tigated anlmaIS‘ compared “ﬁo thelr-)mespectivelg' .

]

0

,enzyme ‘is' proportlonal to leukocyte numbers in the tlssue

'count that*OCCUDS after-radlatlon exposure (18) undoubtedly

'péripheral leukocytes (23) ‘In'

et . . ‘

controls with or wlthout 1rrad1at10n (Fl urew '.8)1“'Qouldf
o - JE N N ST \,.‘_ LR . Y

appear to be con51stent w1th th1s antl-lnflammaﬁpﬁy property

"of poly@mlnes onéthelr metabolltgs. Negllgléﬁe levels of ODO‘-

correlate; wwth 1ncreased myeloperox1dase act1v1ty, and by

1mpllcat1on leukocyte 1nflltratlon as the act1v1ty of this

‘.
‘.n

010 17, 40) Whlle the decllne in the perlpheral leukoCyte

1

, B

decreases the 51ze of the pool ava&lable for re- Lnflltratlon,:,

.

of the 1ntest1ne, the'data from the starved and DFMO treated

o

anlmaf\\smggests0 ther factors may also control granulocyte

populatlonS' in the"gut Ten days& starvatlon}ln man - (28)

produces no change in the perlpheral leukocyte count ahd,
./ :

V.'

DFMQ admlnlstrat10n t@ rats actuallyﬁdecreases the number of
« . . 1

.- Contrast, both . .these
- increased iptestihal

4
"

c1rcumstances ¢ c01nc1de " with
: 43 ¢ A N R
myeloperox1dase ,content, which. can only be

-partially

Lo N C v R P ¥
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%?Fasting for perlods.ﬁqﬁger(”han thq K] day perlod US;

rats on 1ntravenous feecﬁng':or 1C oays.ot more
" §3 C A
:decreased ,1ntestvnar Xﬁ operoxldase comten,.' One

therefone expec ~lowerwmye;operox1qaseAlev%ls.dﬂ *ne zﬂy*ved
.A . v’ u - '. .. e 9,( , . vk~

w,control 'normally qxerted by ,the‘“aetfon

T ' , ‘a;é'i}_rf

dlmlnlshed gy raarathcr?:r
2 - .e.‘ .

Other 1nves:igators;§hﬁf}

o
B

1(/ -
. -

R Coa ) R P . . . -
nlmaLS'vas well ’“ he .1ncrease"see§, nowever, may‘pn-y be

. 3 ) B o S o
tra Jg\,nt due t% %951dual bacteriolog;cal content,’ whrch
! g “ 3 ,YS [t Jd

may” “tflgger' ‘eukocyte % cumtiatlon' in the aosence oF tne

3

& - Bl e ‘ B .

- ‘J~ Yy

'may be necessary to rgduce bacteria popuxat}ons inuthe,égut.

. ly . X . ’ ' . -

.Unfortunately, extended fasting presents technicall (and

.

LD
ethical) concerns about the v1aolllty of theWanlmar.
. . ~ . --‘ ’

It‘ should, be empha51zed that tne data p esen*eé here

4

lndléate that starvatlon or DFMO only -Gelays recove.y» cf

I3 . i

normal morphology and function aftef radlat*on 1njury Tngre,

are no 1nd1catlons that recovery could be harmed . by -these:ﬁ"

procedures. ' After .starvatlon ‘ornlthlne ,deoarbo&ylase

v, - FAE)

o

tact1v1ty can be stlmulated by refeedlng, ,and ,preliminary

o

"results (not shown) show that comparable post- starvatlon

1nduct10n bccurs 1f the anlmals hadfjalso cen f}kradlated

This 'demonstrates that the respoase‘remalns intact after

r . §5e

present.. In fact‘ &xanley (42) has found Ln the@;&

-

-that sodium deoxycholate;lan'agent,fcapab;e_ ofﬂ&stlmulatlng

T

o

damage prov1d1ng that the proper’ comblnatlon of 51gnals jis

Vi
W

EY
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V1. Exgeriment. 4E'Modificétion of Acute Intestznal Rad1atxon
- -4

Attempts to- influence the oourse"of**recovery»‘from

A

s

i . Am

Damagg.by h1b1tors of Prostaglandln Synthes1s and Xanthine
. | o s ledase, . S - T Q/'
'- ' | -' v - ".' -
" A. INTRODUCTION ' T e
. w, ! . - oo [

intestinal injury are generally based on .the premlse of

mod¢fying an inf”ammatory reaction (62, 63, 32).H Acute”

uradlatlonadamage to the - zntestlne, however§wipes not. 1nvolve

A AT

i

weeks -after. radlatlon'] Qfeatmegt' (Chapter'h III) The -

' : St . ' o, . . .
amelioration of tHe acute effects of abdomlnalmlrradlatlon

must therefore —have "a different basis. The present

‘e

‘expériments were designed to study -agents which could

influence the course of recovery from intestinai

damage Several tests were used- to monltor recover'"l

v

1ntest1nal in ry, 1ncludlng eloperox1da5e act1v1t (to
3¥ ﬁy' Y

4measure leukocyte 1nf11trat1on§ (64), glucose transport in

vivo, and ornlthlne&decarboxylase actxv1ty ‘ T

’

Ornithine decarboxylase'(ODC) plays an important role

A

in the recovery of the integtinal epithelium from injury. In

B

the rat, intestinal ODC levels are elevated for more than a
A L . .

week after the administration of the cytotoxic drug ARA-C .

. (38), or after abdominal radiation treatment (Chapter III).

O

After intestinal damage, both ODC induction as - welll“éé

morphological and functional signs .of .recovery! ¢

R - s N : “
. -
¢ . N LA
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A

. - HER T .
blocked by DFMO (Chapter V), an - irreversible ~inhibitor of
ODC (38).. ODC hnas been linkegd with the regtlation \ DNA
. < i

synthesis and ce.. proliferation:(54, €5), and its {short
half l:fe (approylmatelk ©+ minutes) (58}, facilitates rapid
induction by st1mul1 promotlng cell growth.

Prostaglandin—~ and prostacycling,release has been

_‘rep0rted to follow 1rrad1at10n of the small bowel. (7)fv asv

o

'well ' s' several ‘other tlssues (17, 18, 2&9. Increased

Al

Pl . R '/z:

7prostaglaad}n levels 1n the gut st1mulate inteStinal‘ fluid

- rw

%5“secretron %9) anﬂ could agqravate the ini tlal 1n«ury Some:

success has b &n. fe orted w1th the ‘use of- as 5irin to control o
% p S

intestinal compllcatlons :of‘ rad1atlon treatment (42) Two‘

commonly = used prostaglandln synthe51s 1nh1b1tors

als& tested. ‘ , gﬂ . L a .‘ 'ls cL o
R 1nflammatory dnugso such .as“}coftisone

B

N S .
1ndomethac1n and aspltln (acetylsal cyaxc ac1d) were used to
R

study how recovery was, affected " by the *1nh1b1tlon of

o8 -

prostaglanain felease’ Since gpsplflﬂ 1s also a weah acxd
‘'which may affect ‘lu1d secretlon by 1nteRfer1ng with Na /H'

exchange (21) a. structurally 51mllar ’weak ac1d wlth no
( .,/—-,”"' 7 .
antlprostaglandln act1v1ty, p amxnoben201c ac1d (PABA) ?was

+ IRy

Sten01dal anti

- e i

.also» 1nd1:ectly decrease prostagland1n pqoductlon, "by the

- 7
1nh1bit10n of phosphollpase A2 (PLA ), .AWhlch prov1des the

‘.precussor of prostaglandln synthe51s,'arach1don1c ac1d 1%

T W

in @dditlon to its” ant1-1nflammatory propertles, qortlsone:

Y g‘ *

is knpwnd‘to 1ncrease glucose and ebectrolyte transport 1n‘

P o

K

e normaltanimals (5,‘6Q): Prednlsolone, the actlve form of the

- -

s

&

&



tic  stercid -oredn*sone, was chosen to determine

N B ‘
circumstances where intestinai damage does nhot involve

»

gbimmune;'reac:t:'ion.

'fhei.lrrad atiof of 1living tissue results .in rbe
,generatlon of oxygen free radicals such the hydroxyl radrcal
E(OH.) (1), whlch can. be’ ‘tox1c hiél olologlcal tlssues“by

virtue of their extreme reactivity. Recentlyjrit has been
. suggested in another damage syndrome,b intestinal ischemra,

;uhat,aﬁeneratlon of free *adlcals may ,0Ccur seg¢

o 13

ATP. by xanrh ne ox1dase. Oxygen free radicaiﬁf

By

xanthlne ox1dase can be 1nh-b1ted by allopurlnol *and ‘this

~

'drug was therefore used 1in these experlmenrs to determlne 1t

secondary) free ,radical production could contrlbute to
. ' o s
- radiation damage in the gut.-

14
L

B. METHODS - R . - .

N “Assa/s - oOrnithine. decarboxylase, ‘actiégt was |
, ASSays . _ 24

\

ha

descriged\in‘Chapter'VII. Myeloperoxfdase activity, which.

correlates quantitatively with number of ‘leukocytes present

i

) . . v , - .
in the tissue, was determined spectrophotometrically . using

<

colour development due .to tetraguaiacol formation_in the
=

presence of exogenous H 202, as prev1ously in Chapter V. In

vivo transport of glucose was measured in anesthetized

r this drug_ om;d aisc be able to st lmu;ate transport

ondary to ;he;

3¢

1n1r1al lnjury (32) as a byproductuof the dag datLon f'””

determlned in mucosal homogenare supernatant by mgasuring -

the evolution. of ~CO; cfrom - ®2C- la?elled or@ithine, ‘as”'



s

el

animals nbgihg»"Crlabelled‘substrate with *H-inGlin used to .

correct fot fluid movement as described in Chapter III. -

-—

- o | J 172 . ..

hnimals and VTreetments - Male Sprague-Dawley rats
- - . .
weighing approximate. 250 tc 300 g. -were wused 1in all
) A i ' . ~ ) .
studies. Irradiated animals were  anesthetized ' Wwith

o

‘pentobaro%galJ and recéived 6 Gy. directed at the'abdomen as,.'

described = in  Chapter IT1. Drugs were injected

[

intraperitoneally to'irradiated animals daily for four days,*

-

R}
beglnnlng one. hour priar to 1rrad1atlon, and non—lrrad1ateg

anlmals recelved *he drug for Jfour days. Unless noted, alﬂ

Co drugs came from Slgma Chemlcal Co.

* oA
- ‘v

) Prostaglandin Synthesis‘lnhfbition Inéﬁmethaoin (2.5m
o B ; om ¢

g/ml 2.5 mg/kg ’ asplrln (BDH 60 mg/ml, 50 mg/kg),.or PABA uf

(sodlum é@ft 50 mg/ml 30 mg/WQ, equ1molar with aspirin),
were admlnrstered in 25 ml propylene glycol The dose of
. asplrln was based onf the lower effectlveness of aspirin 1in

inhibitfing cyclo-oXygenase _cOmpared toéjndomeehac1n (44).
? LT '

“The doses of drugs’u

to olhhlhlt
. Ow-‘“u 'Q :.,q B

- . o N LR R -
. -

Ox1dase -Inhlbntlon - ﬁllopurlnol 60 mg/ml,

_ Xant
« -n‘g~ Tk . ‘?‘: . ¢ v
_* 30 m§[kg) _w dlssolved ”0,9%f saline, pH ,10;5 . to

<

subsequent 3 day§.'> L L -

Glucocorticoids - Prednisolone (1.2 mg/ml, 1 mg/kg),

was dissolved in'.d.9% saline, and injected as' described

. ‘..'A"
!

ed here were chosen,for thelr ability

v » L .
glandin synthesis in viko (2, 44) without

Jac1lltate solub111ty,~ WIth 0.25 (ml\ injected i.pgodaily-

vy .

beglnnlng ‘two days prlor ‘to 1rrad1at1o and continued for a



above.

C. RESULTS -

compareg . with

p

&l

T6.2).

Pl
. ;
[

.
‘

- ASPIrIn treatment re d cec ZluIoSe transport
2

untreated controls  (Figure 6.1), - but

gaucose “stimulated water transport, remained unchanged

. . ! ' . [6) .
Radiation treatment caused .- no further
' : 4 Y

- S T s o o
signi®icant change in. either parameter. ODC activity was
) 3 - ) .

incifased by aspirin treatment

alone (Figure 6,3).and:agaiq§;f

"no Further changed occurred if rats receiving this drug were

.o

4

also 1rrad1ated Oon autopsy, diffuse adhe51ons yere novedﬁmn-:

. the £sp1rh% created 1rrad1ated grogp Th1s was not observed
in any o_her group. - :
' PABA - PABA caused no significant change in glucose or

.
G

water transport’

(Figures'6.4, 6.2). Both ‘these?ﬂparameters

v

were reduced by the addition of radiation treatment, and in -

turn were not dif ferent from rrradlated anlmals not treated

w1th PABA rODC levels were not 51gnrf1cantly changed by/BABA

(Figure'6.3)

"

and remalned unchanged 1N, the’ drug ‘group

A . ey Ca A Bt :
exposed - toythe radlatlon procedure. As a result, ODC levels

inmthe Lat;er
Cieetiw e
»thei'non drug_

unchanged b§

group were 51gn1f1cant1y 1ower (p<101)»than'in

1rrad1ated group: Myeloper6x1dase act1v1ty was

ot

vcombrneé drug

o

¢ . ”
RABA - admrnlstrablon (Figure 6.5)) or . by
arid irradiation ‘procedures. As .'a result,
! : S A e

myeloperox1dase levels in the 1rrad1ated/PABA group were

significantly

receiving PABA.

hlgher (p<.05) than in 1rrad1ated animals, noE
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.- Figure-6.1 Total glucose uptake™ inu vive in control. - and’

L

irradiated rats after administration?of aspirin for 3 days.
‘4 Sfsobservations per point: ‘dspirin’ ¢ontrol . (6)y - aspirin,

rad (8). For reference, the solid line’represents uptake in.

control non-irradiated rats; broken line, uptake in control«
irradiated .rats. Uptake in:.both aspirin treated groups wasw.
"significantly lower -than in control non-irrfadiated ratsg .

s

(p<.05):but not different than’control irradiated rats. -
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Figure 6.3 Intestinal ornithine decarboxylase (ODC) activity
in control and irradiated rats after no further treatment
(n=7,10), or aspirin ' (n=6,6), PABA (n=6,7F, indomethacin
(n=7,8), prednisolone (n=4,5), or allopurinol (n=6,7)
administration. - * = ©p<.05, +. =° p<.005, ++ = "p<,0071.
Non-irradiated rats compared with Control (far left);
irradiated rats <compared with non-irradiated control to
immediate left. o '
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Figure 6.4 Total glucose uptake in control and irradiategd
rats after administration of p-aminobenzoic acid (PABA) for
3 days. # of observations per point: PABA control (4-6),
PABA rad (4-6). Solid line, uptake in control non-irradiated
rats; broken line, ~uptake 1in control irradiated rats. No
significant differences were observed between corresponding
groups. :
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Figure 6.5 Total glucose uptake in control and irradiated
rats after administration of indomethacin (INDOMETH) for 3
days. . # of observations per point: INDOMETH control (6-8);
INDOMETH rad (6-8). Solid line, uptake in control
non-irradiated rats; broken line, ‘uptake in control
irradiated rats. Uptake in both indomethacin treated groups
did not differ - significantly from that 1in control
. non-irradiated rats.
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Figure 6.6 Intestinal myeloperoxidase activity 1in control
and irradiated rats with no further treatment (n=7,7), or
PABA (n=5,7), indomethacin (n=6,6), or allopurinol (n=5,5)
administration. + = p<.005, ++ = p<.001. Non-irradiated rats
compared with Control (far left); irradiated rats compared
with non-irradiated control to immediate left.
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Figure 6.7 Total glucose uptake fn. vivo in control and
irradiated rats after administration of prednisolone (PRED)
for 3 days. # of observations per point: PRED control, 6;
PRED rad, 7. Solid line, uptake in control non-irradiated
rats; broken line, uptake in control irradiated rats. Uptake
in . non-irradiated prednisolone treated rats was
significantly higher than 1in control non-irradiated rats
(p<.05). Uptake in irradiated prednisolone treated rats did
not differ from control irradiated rats.
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Figure 6.8 Total glucose uptake ,in vivo in control and
irradiated rats after administration. of allopurinol

(ALLOPUR) for 3 days. # of observations per points ALLOPUR .

control, 4-6, ALLOPUR rad, 4-5. Solid 1line, wuptake in
control non-irradiated rats; broken line, uptake in control
irradiated rats. Uptake in both allopurinol treated groups
did not  differ significantly from that 1in control
non-irradiated rats. : C
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Indomethacin - Glucose and water transport 'Yn"QIvo

were. not significantly <changed by indomethacin *treatment
‘ ; \tmen
, . . ‘

(Figures 6.6, 6.1). Neithégl parameter .waé-‘sighjgicanﬂly

changed by the addition of irradiation to the treatment._OBC

>
v

activitylrwas modestly but significantly elevated by

indomethacin treatment. (Figure 6.3). ODC levels weré further

elévated by irradiation, and in this gréup were lower thaﬁ
those -in irradiated animals without indomethacin treatment.
Myeloberoxidaée‘ activity was modestly suppreséed by
indomethacin,, but this did not reach significance (Figure
6.5). The addition of radiation treatment caused no further
significant éhangé in mfélopergxidase aqtivity.1

Prednisolone - .Overall glucose uptake was slighfly but

significantly increased by prgdnisolone ’(Figure 6.7),
although water uptake. was unchanged. Glucose &btake was
significantly reduced by adding the irradiation treatment.
Prednisolone increased ODC activity- .in animals reéeiving
prednisolone élane (Figure 6.3). This was unchanged by the

addition of irradiation. ” PR

Allopurinol - Glucose uptake was unchanged by

allopurinol administration (Figure. 6.8) although water
uptake was modésily .reduced - (Figure 6.2). By comparison,

glucose uptake was\ngg\significantly changed 1in irradiated

animals receiving allopurinol, and water uptake was
increased. Water ﬁptake in this group was also highéf
(p<.01) . than .in irradiated animals not receiving

allopurinol. ODC activity was modestly increased by

182" ‘
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allopurxnol (Flgure 6. 3) ;but notf.?urthef, éltéred in the
drradlqted group rece1v1ng tﬁeLVdrugi vODC' leQels in the,
‘latter grqup were szgnlflcantiy lower '<p< 01) théh .in.
1rrad1ated anlmals not admlnlstered allopurlnol Alioputinol‘
1ncreased myeloperoxldase act1v1ty in non- 1rrad1ated anlmals

(F1gure' 6.5), whnch fell 1n the‘group also’ rece1v1ng the

- radiation treatment.

D. DISCUSSION

‘The ‘results descfibedjf here ’indica@e that
an£i~pro§taglandin agents?tweak-acids, and xanthine oxidase
inbibitors have substahtially different .effec£s on the
function of both the normal and injured intestine. Of
sbecial interest here are the effects’of the commonly . used
drug, aspirin, which combines several different properties.

The appearance of diffuse intestinal lesions in the
irradiated group receiving aspirin suggests the generatjon
of additional damége nbt occurring .in other groups where
intestinal damage has occurred. Adhesion formation commonly
complicates sufgery of the irradiated bowel, and can be
'reproduqed .inéxpérimental énihéls by the combination of
surgical manibulation and irradiation (49).

‘Aspirin = has _ been reported to reduce water,
electrolyte, and glucose uptake in vivo (1)"and in vitro
(12), as . well as increésing intestinal perméébility (34). In
tﬁé present Study;breduced glucose transport occurred with'

aspirin administration in non-irradiated animals. No further
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éecréASé 'in transbort céuld be induced by éupérimposing
faéiationldamage'on aspirinjmeAiated qhéhgeé, howgver.: Thus
ah_ i r¢asé' in the severity of intestinal damage m;y'SEEhf
wpich};s not feflected in’ quantitative changes in traﬂsgort
in leo.v The mechanism ofl this additional injury is not
clear. Aspi;in'ﬁas‘both antiprostaglandin (44) and wéak acid
prOpertjes,“.and consequently, Dboth these components ;ére
exbléred in?ividdaiiy. J |
Weak Acid Effects

The ‘intestinal responée to PABA was .different ~in
several respects from that of aspirin, suggesting tha£
aspirin effects are not due solely' to its weak acid
properties. PABA administfation,‘unlike aspirin, produced no
differéngé in glucose or water uptake iﬁ control rats. In
adaition, the expected 1increase in QDC activity after
irradiation was abolished. |

As a weak acid, PABA readily crosses intovthe cell in
its non-ionized form, where it dissociates and results in a
small but significant intracellular acid load (21). The
regulgtion ofvintracellular'pH may be a critical determinant.
of DNA synthesis. Increasés in intracellular pH have been
recorded using micropipettes 'prior to growth (27). This
alkaline g%ift is mediated by Na*/H° exchaﬁgeq requires
sddiuﬁ in the medium (27), and is mimickéd by'phorbol esters
and other growth promoting agents (45)..A specific ha;&giqﬁ
of hamster fibroblasts lacking the Néf/H’ e#cb@ngerjis {6nly

capable --of growth in alkaline media (553.,ft iévccdcéivaBie
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that an intraceliular acid .oad produced by PABA could

interfere - with the alkalini-:.tion required for DNA

&

synthesis, Tge invcivement I pH as a regulator of ODC
induction is & novel sugc.stion, but there is some indirect

evidence to support’ this. Growth promoting agents such as

phorb~! esters are'capablé of stimulating ODC activity (8,

66, 70), and alsc stimulate intracellular alkalinization
prior to growth induction (45..

ODC inhibition may also account for the smaller

- decrease in myeloperoxidase activity following radiation

treatmént when_PABA 1s administered. Poiyamihe production by
ODC has been linked with the inhibitioh of 1lymphocyte
migration (10, 46). This ithrse rel@ti?nship has also been
observed in Chapter V.when the post-irradiation increase in
ODC has been inhibited by starvation orvby DFMO.
Antiprostaglahdig Actions

‘ Unlike aspirin, the administration of ihdomeéhacin to

irradiated animals did not promote: further 1injury, but

actually appeared to be beneficial in its ability to improue

" glucose absorption as well as glucose-stimulated water

uptake (Figures 6.1, 6.3). Tﬁe suggestion here is that the:
release of prostaglandiné or prostaglandin derivatives by
abdominal irradiation can in turn contribute to intestinal
fluid secretion (14, 72). This could arisé from vasodilation
and-increased capillary permeability (72, 4), resulting in a
preséure4driven secretion (37); a more direct stimulation of

active electrolyte secretion could also occur (9, 22, 33,
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61). ‘ T , o
Prostaglandins can stimulate ODC activity. in cell
<7 culture (3) and in ?vivo (39). Induction of ODC by agents
' ’ ) .

such as phorbol esters can be inhibited by indomethacin, and,
. ~ . ! . 4

this can be overcome by adding exogenous PGE (8, 70). It is
poséiblg, then, that thé induction of ODC activity ‘obse;véd
in these studies three days after radiation treatment could
be mediated by p:oStéélandin releasé. However, indohethacin
was not capable of  fully inhibiting the increase in ODC
aétivity that normally occurred after irradiation. This
could have beén due eithér to the incompleté inhibition of
prostaglandin synthesis, or to the mediation of agents other.

tban‘prostaglandins in the stimulation of ODC activity.

o

One such candidate for the induction of ODC activity
are the ;eukdtrienes. ‘Mepacrine, a PLA2 inhibitor, blbéké
~‘ phorbol-induced‘ODC activify, but 'ODC act;vity cannot be
restoredliby the qddition‘of éxogenoué prostaglandins (23,
31). As leukotriene synthesis is only modestly inhibited Bj
indomethacin, . it ,was'sugggsted that these araéhidonitlacid
derivatives ofithe lipoxygenase_pathway were also . imﬁortant
in 0ODC inductibn (31). Leukotrienes have been shown to have
calcium‘ionophdrg aétivity.in liposomes (59), and ;le;ated
intracellular calcium levels are capable of stimulating ODC
activity (36, 50). |

Inhibition df prostaglandiﬁ synthesis by Iarge doses
of either steroidal, (35) or non-steroidal (57)

-

anti-inflammatory drugs can ﬂinduce intestinal ulceration,
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which can . be cvercome ° by exogenous prostaglandins<

‘especially PGE. Either.oral or intramuscular administration

carn create this injury‘(43). A dose comparable to that used.

~

here was able tc delay the onset of .'castor oilrynduced

diarrhea in ~rats " (2) without ulcerogenesis, ‘as well as

~

suppressing‘ the %nflammatory response characteristic of -

carrageenan-induced paw edema. Larger doses than those used

in the current studies, therefore,'could prove to produce .

~further injury.

| The use of prednisolone makes it possible to study the
inhibition of . prostaglandin -synthesis by a different
'mechanism than that used by indomethacin (19). ‘Unlike
indomethacin, these studies show that prednisolone increases
ODbC %activity in the non—irradiated ‘intestine. iSimilar
stimulation of ODC. by glucocorticoids has been observed in
other normai tissues such as mammary  gland (48, 73) ,and
liver (6, 13). Aspirin administration also stimulated ODC
activity 1in non-irradiated animals, bnt nnIike' aspirin,

prednisolone 1increased fluid and glucose absorption. ‘This

improvement in transport is corroborated by evidence from

other authors who noted increased transport in vivo (5 60)

and in cell culture (29). Whether these effects on transport

\

‘are connected to’ the increased oDC activity requires further

study. Since both asplrln (44) and glucocorticoids '(19)

inhibit, rather than stimulate prostagtandin production, it

~can be concluded that ODC induction by these two druds in

non-irradiated- animals 1is not medlated by prostaglandln

U
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synthesis. ,

\,4 . ’
The present experiments indicate that prednisolone. and

‘irradiation are not additive in their ability to'stimhléte

ODC activity, and that' prednisolone 1s'not able to alter the .
. . . - .

recovery of glucose or water uptake‘ byd the irradiated
inteetine. This ,ragain resembles phorbol- 1nduced “fODC
induction in the skin, which can be: blocked by 1ndomethac1n,
~but not 'by. cortisone.A(B). The experience 'wlthﬂ;‘other
exper;mental intestinai injury . syndromes offers some
corroboratlng evidence on thlS po1nt' as cortisone did not
influence the development of necrosis (67, 68) or increased

permeability (25) following acute intestinal 1ischemia. On

the vother, hand, Manohar (40) found that the increase'in

h.

tissue lysosomal acid phosphatase after acute ischemia was

blocked by cortisone. The conclusion that can be drawn from

the present studies is that doses of predniéolone-sufficient

to alter intestinal function in the norma.i bowel are w1thout

»

effect in the 1rrad1ated 1ntest1ne.

)

The results presented here indicate that.the effects

of aspirin on the normal and irradiated intestine’ cannot be

decounted, for. on the basis of either ant1 prostgglandln

action or  weak

necessary’ ti “hostulate other mechébiSms by which aspirin

injury coﬁldf

Xanthine Ok‘ ase'Mediation“

W

By the third day after radiation treatment ‘"et- leéast

two generaqgons of cells have been exfollated from.the =, -

acid effects of the d;ugg It 1is therefore“

2

o]
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villus tips, yet several indicatiofs df démége stiil
pefsist. Superoxide prrduction’ from ATP bréakdé@n by
xanthine oxidase (52) is bng‘fmechaﬁism by’ which free
radicals, could arise in gutcéeding genéfétioﬁé-of cél}s' té
produce additional tell,injury.‘Free radicalé'derived’from R
xanthine- oxidase éan result  in _'inéreased , Qéscﬁian
permeébility ;(30, 16), hiétaminéh release from mast cells
'(47), and disruptiom ofHIYSOSOmalSQZhbrgnes (20).

ththing' oxidase, normally 6ccursxin the ég}l in the
dehydrogenase form, which does%nqt_ggneréte¥supero#ide, but‘
can ‘be con§erted to“thé Qxidasé fotm in tﬁé presence of
pfoteolytic gctivityr(41). Repently,IPast has wsh6§;.‘thét
~ischemic injury\to the intestine coula be»attenuéted-by the;
Juse. of proteolysis iﬁﬁibitofs (53).” Thgivimportahcé of

proteolysis in radiation damage syndromes may account ‘or

the ability of protease inhibitors _ to imorcwve
post-irradiation survival (69, 51).“ As PGE can st.mu'zte
proteolysis ' (24), 1increased ‘tissue content of this

prostaglandin could . contribute to an extended ¢I;§éti6n of
tissue free radical content. | ‘

Aspirin~'inhibit§ .ATP proguctfbﬁ in-jejﬁnal biopéies
from normal human subjects (1) énd in bullfrog gasfric
muéosa‘ (65). - Breakdown of A&P by xanthine oxidas;vdith the
resulting liberation of superoxide could ke one mechanism of
injury involved here. Amongst other effects, the genera;ion_"

of free radicals uncouples Ca”/ATPasé, thereby increasing

intracellular calcium (28), which 1in turn stimulates ODC.
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activity (36, 50). This uncoupliné ls potentiated by low pPH,
which would also result from aspirin administration.

Dhrgng recovery from injury, aspirin‘ inhibits ATP
supply at exactly the time Qhen the reguirements for
increased transport are greatest, in 'order’ to balance
eiectrolyte loss to initiate ‘new cell production. ATP
breakdown d free radiEal -production could therefore
cont??bute/ézhthe injury already initiated‘ by irradiatian.
These studies indicate that the previously reported
usefulness of aspirin in :rearing radiation enteritis (42)
is -likely restricted to long-term inflammatory complications
‘of abdominal irradiation, aad 1s contra-indicated for the
,treatment of acute injury.

1f superoxﬁde‘éeneration by xanthine oxidase 1is an
l‘i?ﬁ,mpo’rtan't mechanis~ in the prolengation of intestinal‘
injury, the use}of I-2e radical scavengers should be able to
improve 5 recevery;' Uplike airect scavengers such as
~ dimethylsulfoxide (DSMO), ;he xantﬁine ydxidasei iahibitor
~allopurinol. allows the inveétigation 6f the extent to. which
secegdary peroxidation contributes to . tissue injury In
addltlon }use, of DMSO can also make'the 1nterpret§tlbn of
‘transport data difficult, as DMSO can al;erl’glucose uptake
by 1ncrea51ng ;ts 11p1d solubility (15}. |

The improvemeat in glueose and water uptake produced
by ailopurinol would seem “to 1nd1cate that secondary free

radlcal generation indeed pTays a role in the 1njury process

begun by radiation exposure. Allopprino} also abolishe’s the
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post-irradiation increase in CDC ievels. This could
represent either a direct interference with the s;gnalg that
trigger bﬁC induction, or an actual reductioﬁ in the amount
of damage present, thus providihg less of a;req;irement for
increased ODC activity and cell proliferation. Direct
inhibition of --the :stimulation of ODC activity after
irradiation by the inhibitor DFMO does not :ésult in the
improvement in transport parameters, héwever, hor does ODC
blockade by starvation. The changes  in ODC levels that
result from allopurinol administration 1s ' " therefore
éymptomatic of underlging changes 1in recover}, rather than
their cause.

The ability to ldecreaSe 1schemic damage with
superoxide dismutaséi DSMO, and allopurinol (52) appéaré to
stress the 1importance :of f}ee radical generation in the
mechanism of ischemic damage. Earlier reports demonstrated
-that allopurinol treatment increased survival of intestinal
and renal transplants (67 68), which 1likely involved a
signifiéant pcriod of ischemia before reimplantation.

The present studies indicate that intestinal recovery
from radiation damage can be influenced by several dfugé,
each of which provides some insight I nto the injury
mechanisms involved. The results suggest that increaéed
intracellular pH may be important in thé stimulation of ODC -
activity by damage, that prostaglandins may be involved in
the pathogenésis of intestinal injury, especially where

transport changes are involved, and that superoxide
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production secondary to the initial radiation insult may act
]
tc prolong the damage process. Finally, additional 1injury

can resuit from the wuse of aspirin. This is not ‘due to

’

id e

[
0O
(B

either antiprostagliandin or weak fects, but may

instead be a result of superoxide generation when ATP

production is inhibited by the drug.
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VII. Experiment 5: Substrate Specificity in the Stimulation

of Intestinal OrnithinevDecarboxylase Activity by Refeeding

- aftéf Starvaéign V | o

A. INTRODUCTION )

Se%eral adaptive changes occur in the intestine during
starQation, including a reduction in the rate of ceil
prolifefation and cell migration (1,v2, 7, 23), as wel}bas é
decrease in the rate of actively transported substrates éuéh
as glucose (13, 21), Nutritional deprivation is ﬁrobably not
‘the cause of these atrophic changes, as similar decreases
are observed during pafenteral nutrition (17, 18, 201 - 33).
Instead, the absen;e of luminal nutrients.is a more likely
‘e 'nlanation for this adaptivé response.

Refeeding induces a rapid réturn to the pre-starvation
statc (1, 15). Coihcidentally, there is a large increase in
the enzyme ornithine decarboxylase (ODC) in the intestine,
which péaks three to five‘hgurs‘after the reintroduction 'of'
food (26). O;nithide decarboxylase, which synthesiies the
first of a series of compOUnds cqllectively known as
- polyamines, is known to pléy a role in the regulation of DNA
synthesis | (31), and feeding the oDC: inhibitor
difluoromethylornithine (DFMO) in the drinking Qater of rats
or dogs severely curtails intestingi cell prolifération (24,
'37). Polyaminé; ‘have been noted to stimulate gluéose
transport in fat; cells (22) and in renal bruéﬁ, borde;

vesicles (14), and in addition, DFMO. depresses glucose

199
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transport in vivo; Stimulation of ODC, therefore, likely
plays an important role in thevinitiation of the reco§ery of
nofmal intestinal funétion as well as morphology brought
about by .reféeding. ,Thé‘ eiact stimulus for CDC ihductioh‘
after ;eféedingv is undértain. . These ‘experiments‘ were
_therefore ,designed to determine if a Specific nutrient
serves as the trigger for 3ODC induétion,v or whether any
nutrient is capable of eliciting such‘a respoﬁse. A.var&ety
of potenifal.stimuli4 were used to test the ability of
substrétég ‘with 'dffferent.,absorption chéractérispics to
stimulate ODC activity.‘D—gluéose and Lfleuciﬁe'were used as
representatives df actively 'transpdrted compounds whose
”uptake is dépendent on a sodium gradieht( (19; 27).
D-galactose and 3—O—meth¥&glucose were ~u$ed due to their
capability of being_actiVely transported but not metabolized
within the ‘enterocyte (5, 11). D-fructose was chosen as
fepresentative of: transport by a sodium inaepenaent syStem
‘(10)? ‘and L-gluéose represents a sugar;which enters the

enterocyte by a predominantly'paésivenroute;(36),

B. METHODS

' Male Sprague-bawlgy | rats weighing apb?oximafely
250-300 g. were starved for three days.prior to use. Each

animal was anesthetized with»pentobarbital (i.p., 60 mé/kg),
ané maintained as described in -Chapﬁér 111, A silicon
(Silastié, Dow-Corning,- o.d. = .047 ;in). cannula was .

implanted in the mid-jejunum for the substrate infusions. A
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ligatur was placed ~immeaiately proximai to the cannula
insertion to prévent reflux of intestinal contenrs'into the
stomach. In one.'group;"the"cannula was;implanted in'the
right - jugular 'vein for parenteral' substrate ‘infusion.
Animals were then 1nfused with one of two concentratlons c
substrate for four hours at a r%te of 5 ml/hour using a Sage
infusion pump. Some animals received a 555 mM.(10% w/v).
solution of'eifher D-glucose, D-galactose, .or foructose,'
.while others receiveo a 100 mM solution of D-glucose or
L-glucose (with or without 2 mM phloridzin), L-leucine, or
3—O-methylglucose In  the latter group, NaCl was added to
ma1pta1n 1sosmolar1ty Controls were also starved for three
days, and werellmplanted with a ]ejunal cannula but were not
infused. ‘ pv _4: 3p
At the end of the infusion‘period, the small inrestine
was removed and placed immediately into ice cold phosphate
buffer (_NaCl, 136.9- mM; KCl, 2.7 - mM; 'N'azapo.,, 4.3 mM;
KH,PO., 1.5 mM;. pH 7. 2) Mucosal scrapings Qere homogenized
on ice in 25 mM Trls buffer (pH 7. 2) contalnlng 50 uM EDTA
and'2.5 M dlthlothrelrol using a teflon/glass homogen1zer
(Bauer). The homogenare was centrifuged‘at 4° C for‘twenty
minutes at 16,000 x g.and tﬁe,supernatant dﬁéd. in the ODC
assay according Jto.vthe method of Bachrach (30). 0.4 ml of
supernatant was added tb, 20 ul (0.25 uCi) of
1-'4C-(D, L)ornithine (New England Nuclear) ana 80 -ul

contalnlng cold L-ornithine and pyrldoxal phosphate. Blanks.

used buffer instead of supernatant. The intestinal scrapings
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K4 .
for

included componenté.‘from both brypt and villus, as seén by
the lack of these structures in a micrograph of the scraping‘
remnant (Figure 7.1).

T¢ arrive at appropriate L-ornithine® and ?ﬁpidokal,
coﬁcentrétions, ODCV.activity was stimulated by stérvihg‘an
‘animal and infusing',é. 100 mM solution of D¥glu¢osé as
desc}ibed above. ‘Increésing aﬁounts of L-ornithine and
pyridoxal were ' added to aliquoté of homogenate. The -
L—érnithine _concentration  used was \0.2 mM  (final
concentration, 32 nmol/m;) as loyer concentrations were rate
.limitéd by the L46rni£hine c ~entration ahd higher ones
resulted in too low a spefific, activity for reliable
counting (Figure 7.55. 4Ov3?: the pyridoxal concentration
rgnge. used, ODC aq%ivity appeared - to fall at higher
éoncentrations,'and ?ﬁerefore a'concentfatiod of 1 mM (final
cqncehtration, 160 nmol/ml) was chosen as optimal (Figure
7.3). Homogenates from an animal with high ODC activity and
one with low ODC activity were serially diluted to teSt for
 1inearity with respect to DNA concentration (ngure 7.1).
Thé dilution'éurves were in,both cases lineér} although tﬁey=.
'did not pass. through the 'origin: This suggests a léwef
thfggﬁoldvin sensitivity of the assay to ODC factivity,'band.
could reflect a slight, Butlconsistent unde:estimatioﬁ'gk ¢
actual enzyme activity. | -

The reaction was ‘carried out in glass scintillation>
vials-wi;h rubber.stoppers‘designed' to 'éuépgndl a plégtic;

well (Konpés Glass Co.) containing filter strips impregnéted

J .
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Figure 7.2 (Bottom) Effect of - medium ornithine specific
activity on ornithine decarboxylase (0DC) activity 1in - a
typical ~ animal. ODC activity previously stimulated as
outlined in-Methods. :
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Figure 7.3 (Top) Effect of medium pyr1doxal concentrat1on on
ornithine decarboxylase (ODC) activity in a typlcal animal.
'ODC act1v1ty previously stimulated as outlined in Methods.

Figure 7. 4 (Bottom) Change in ornlthlne decarboxylase (oDc)
activity with increasing DNA content. Results obtained by .
serial dilution "of homogenate in'a typical animal in which
oDC act1v1ty had been stimulated as descr1bed in Methods.
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with 200 ul of hyamine chloride. After incubation at 37° C
for 60 minutes, the reaction was stopped by injqcting 100 ul
of 50% trichloroacetic acid into the vial. The reaction was
linear with respect to time for the period- studied (Figure
7.5). After a further fifteen minutes, the filters Qere
removed and counted for 5 minutes in 5 mlicof- Agqueous
Counting Scintillant (ACS, Amersham) 1in an LKB Rackbeta.
Counting error averaged 1.7%. ODC activiﬁy was expressed 1in
terms of CO, evolved (corresponding on a molar basis to
‘putrescine produced) per hour per mg DNA.

DNA was assayed ds previously described by Holt (16).
100 ul of the original homogenate was extracted in 0.5 ml of
cold O.é M perchloric acid for 30 minutes, and centrifuged
in a Beckman microfuge for two minutes. The pellet was
wasged with 0.5 ml of 0.4 M perchloric acid and
recentrifuged, and washéd again,O;S ml of 0.4 M perchloric
acid and hydrolyzed at 70° C for thirty minutes. After
cooling, 0.5 ml of Burton's reagent was added and colour was
allowed to develop overnight. Burton's reagent consiste§ of
100 ml'gTaiial acetic acid and 1.5 ml HsSO, (Fisher) with
1.5 'é dipgenylamine and 0.5 ml glutaraldehyde. Sampies were
read at 6ddﬁpm in a‘Phillips spectrophoﬁqmeter and compared
against 'a‘wgtandard curvg using calf thymus DNA as a
standard. Unless otherwiseiﬁoted,‘reaéents were‘f;om Sigm;.v
. A ‘typical standard" curve 1is shown in Figure 7.6. The
;%pahdard curve was linear over the range of sahple DNA

assayed, and had a Coefficient of Variation of 1.2%. The
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Figure 7.5 (Top) Chénge in ornithine decarboxylase (0DC)

activity over time in a typical animal in which ODC activity
‘had been stimulated.

Figure 7.6 (Bottom) Typical DNA stan@gard curve, using calf
thymus DNA. s -
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standard curve was highly reproducible and - curves
constructed two years apart were superihposable.
| /

C. RESULTS

555 mM-D-glucose ‘administered luminally elicited a
subétantial incré;se in . ODC . activity. compared to fasted
contfols, whereas the same solution delivered intravenously
failed Eo stimUlaté .. enzyme activity _ (Figure 7.7).
D;gélactose stimulated ODC activity to the same degree as
D—glucése, whereas no.differencg from controls was‘observed
when fructose was infused. At the lower substrate
concentration (Figure 7.8), D-glucose was still able to'
stimulate "ODC activity, although to a significantly lower
dégree than with the 555 mM solution. Enzyme activity was
‘also elevated by 3-O-methylglucose and by L-glucose, but not
by L-leucine. Preliminar& experiments have -indicated that
the amino:acias L—valine and L-lysine are also without .
effect ih’éiiciting increased ODC aétivity. Enzyme induction
.by either L- or D-glucose was abolished by simultaneously

infusing 2 mM phloridzin.

D. DISCUSSION |

The fesults‘ clearly indicate that ODC stimulation by
refeeding  after ‘starvatién is dependené on the
administration’ of ‘specific sUbstfatés. VFuréher, ﬁhese
substrates must be present in the lumen, as intravenous

D-glucose. does not elicit the response that can be observed
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even by luminally fnfusing a'quantitatively smaller amount
of'D-glucose. The amount of glucose infused intravenously is
sufficientv to substantiaily increase the plasma insulin
levels to- over 400 wU/ml in rats (4), and it can therefore
be stated that endogenous 1nsu11n release, at least over the
t1me scale studied here, is not a factor in ODC  induction.
It has been noted that subcutaneous injection of insulin was
able to elevate OéC levels (26). However, considering that
the amount of insulin delivered (5 U/kg) proba’ly resulted
in substantial hypoglycemia in the Trats tested in that
report, a reflexvcatecholamine release was likely involved
in those‘studies. As epinephrine is able to stimulate ODC
activity (3, 25), this action of insulin is:likely dependent
on catechol mediation.

Most amino ac1ds are ‘actively transported by a sodium
dependent mechanism (27) and_their 1nab111ty'to induce OoDC
activity would therefore appear to rule out the possibility
- that sodium_co—tranSport per se, or changes in potential
difference serve 'as the mechanism of ODC stimulationi A
previous report has indicated that no increase in ODC
“activity oocbrs when rats were fedv a.high'protein diet
despite a increase in,yillus height (32). Such a result
would be expected on the basis of the present findings.
Since such dietary 'manipulation usually ‘occurs .at the
.expense of carbohydrate content in the diet, the replacement"
of one nutrient capable of stimulating oDC act1v1ty with one

that shows no such capability is unlikely to result in ODC
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stimulation. The increase in villus helght on sUCh‘a diet -
must therefore be due to other factors. Such factors may not
necessarily depend on increases in cell proliferation, as
decreased cell  migration and decreased enterocyte
exfoliation could result in 51m11ar obervatlons. ‘
D galactose and 3-0- methylglucose both use the glucose
carrier and are both actively transported against - a
concentration gradient (365, although they are ‘not
metabolized within the cell. (S, 11). The ability of both
sugars to stimulate enzyme actiuity_ cannot therefore'dbe
attributed to either the action of a glucose metabolite or
to any enzyme in the metabolic pathway of glucose. Fructose,
however; does not use the glucose carrier, and'is not
dependent on sodium as part of its uptake mechanism‘(10)
Since fructose, as well as the amino acid tested, was
1ncapable of stimulating ODC act1v1ty,vit would seem thet‘
the enzyme 1nduct10n depends on substrates using the hexose
transport system. Howeuer, the‘L—glucose stimulation of 'ODC
levels provides a potential rproblem in this analysls
Central 'to thlS paradox is whether L- glucose enters the cell
by a passive dlffus1on process, or' if it is act1ve1y
transported. Some investigators have reported that L-glucose
uptake jn vftno shows some sodium dependence, and that its
transport can be part1ally 1nh1b1ted by phloridzin. (6, 8).
Feeding patterns - may themselves alter the properties of
L-glucose transport, as accumulatlon of L- glucose against a

concentration gradient has been reported using everted sacs
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from rats which had been previously stéfved (28, 29). This
uphill_tranéport was not bbserved in éed ‘animals, and it
could be inhibited by D-glucose. \
While the transport rate of L-glucose is only a
fraction of that for D-glucose (8), the absolqte amount of
substrate transported may not be the rate limitihg étep for
hexose stimulated ODC induction, since:both D and L-glucose
elicit a qualitatively similar rise iﬁ enzyme activity
despite being transportéd at consi@erably different rates.
Similarly, 3-O-methylglucose has a lower affinityv for the
glucose carrier (12), and is transported to a lesser degree‘
than D-glucose, yet is equally'competentrinbstimu;ating OoDC
~activity when . presented in equimolar concentratipns at the
luminal membrane surface. This is not dué simply to the
saturéfion of ODC stimulation by hexoses,Las higher ODC
levels could be obtained‘bf infusing higher concentrations
of D-glucose. The obserQation ﬁhat D4élucose elicited the
smallest increase in ODC activity of the sugars tested at
the 100 mM concentration may even imply that the metébdlism
of the sugar may terminate its own ability to trigger ODC
activity. |
ODC'spimulation by both L- 'Qr D-glucose could bé
inhibited by phloridzin, a specific inhibitor of the-glucose
transporter (10). Since phloridzin does not enter the cell
(3%),‘ and does fiot therefore interfere with the stiﬁLlation
p?Zcess intracellularly, it appears that the binding of

“hexose” to a membrane component is a critical part of this

&_
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process. It remains to be determined whether this component
is the glucose carrier- itself, which displays greater
specificity for élucose transport than for triggering ODC
-action, or if a sepa;ate and less stereoSpecificvlhexose
receptor is involved here.

 The results obtained here are'conSisfent'Qithfpréviéus'
work with parenterélly fed‘rats in which luminal nutrition
was required to maintain dptimal intestinal function (20),
as well as parameters such as villus height. Previous
ihvestigaténs were puzzled by the fact that inteétiﬁal
function could also bé mainfained by compounds such as
3-O-methylglucose which have no nutfitional.value (9, 35);,
The present study would appear to inéicate that if ODC
activity 1is connected with intestinal function ~ and
mgrphblogy, maintenance of these parameters may dépend not
on the nﬁtritive value of the lumiﬁal contents, but rather
‘on whether they have the proper strucfural-configuration to

'induceiODC activity.
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VII1. General Discussion

A'. Summary.
In general, the overall purpose of these studies was

to determine how the intestine responds to and recovers from

radiation injury and what factors are required to 'trigger

the repair process. The observations and conclusions listed
below may be drawn from the data obtained.
Experiment 1 was .designed to determine if some

features of intestinal function were more affected by

[

radiation damage than others. It was found that

R

1. Active transport of hexoses in vivo was decreased 3

days post-irradiation, but normal within a. week,

whereas active leucine uptake requ1red more than 7
days to return’ to control l?vels No change in, the
passive -uptake of elther L- glucose'orQD—leucine was

“iow

observed.

L]

2. Increasedvvsensitivitéd to phloridzin,’ the specific
inhibitor of active glucose transport, was observed 3
days after abdomlnal irradiation. Lower concentratlons
of th1s compound wer e requ1red after damage in order
to achieve similar inhibition of glUcOse transport to

'controis.‘This demonstrates that care must be taken in
‘the choice of the approprlate dose of phloridain to
1nh1b1t actlve glucose uptake. This 1s especially true

~ where intestinal injury is ligely to be‘present.

”
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s

3. Intestinal ornithine. decarboxylase ,,activity‘ is

elevated for more than seven days after radiation
o . . A ‘\-{ .

exposure, while peroxidase activity is decreased for a

similar length of time. Thus actilve transport,  glucose .

7

stimulated waﬁér?uptaké, and villus ‘height, all of .

. ~ which  do 'ndt'\ differ ffom controls 7 days
post-irradiation, serve as poor indicators of recovery

°

from intestinal- injury, as ofher ,pérqmeters of
_intestinal function remain. altered for a longer
period.

Thei'purpose of Exéérimeﬁf 2 was ”to 'déférm#ne 'whéthét'

irradiation results in  a change in cell migfafipn rate on

the villus. The data indicate-that

1; : Earlier appeéfance -on  the. villus, no chénggr in

| .'migfafioﬁ‘.“raté;f-and shorter wvilli 3 dayg;yafter'
iirradiafibn fesulted-inrcel;s reaching the willus tip

- .at a §ounger age. Thus, ény gnzymeﬁor transport system

which requiréﬁ a fixed.timerr.age to be'éxpressed or-

activated, would likely be adversely'affected by;these

changes.
é,_ 7 days after radiation treatment, the migration rate
'was .increased. despite  ‘the  lack of significant

difference in villus height. from coﬁ£rols.r It was
suggested 'that‘thisfﬁay fepfesént1Enczeased éell'loss
balancea by an incréés; in cell regenefétidh;

The intent of the third experiment was to Qétermihe Qhe:hér~

intestinal changes occurring after radiation injury could be
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attributed to the restriction of food intake and to study

the extent to which recovery was dependent on the activity

cf ODC. This experiment reveaied that -

1. In the absence of prior irradiatiog, tissue weight was

i depressed more by starvation or NMFO administration

than by irradiation. S /’J

2. The peak in 0ODC activity induced by radiation
treatment is prevented by séarvation. Thus, irradiated
animals must normally continue feeding, as the O0DC
peak would not otherwise bc:ur. The ind;ction of ODCi

activity therefore requires continued food intake.

w

Despite cohtihued food intake, glucose thake and
villus height were reduced in the upper guf of animals
administered DFMO and this‘coincided with negligible
ODC activity. Normal ‘imtestinal function and
morphology, at"least in the upper intestine, tﬁerefore
.reguires ‘ODC activity.  Further, 'glucose uptake and
villus height remained  reduced 7 days‘ after
irradiation when DFMO was édministered. Thus, ODC is
also required after injury for 'these parameters t§
return to normal. |

4. ODC. and peroxidase actiyity~yere>ihversely related in
these e?periments. Shppreséion of ODC activity by DEMO
or starvation with or without prior rédiétipn
treatmenf increased peroxidase aéfivity‘ .Polyémines

may therefore play a role in vivo in the control of
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leukocyte infiltration of the small intesﬁiné.
To determine if the course of recovery from intestinal-
vdamage cbuld be altered by pharmacological— agents,
Experiment 4 combined radiation treatment  with ~ the
administration of several drugs. )
‘1. - PABA and -allopurinol abolished the 0DC péak vin

irradiated ' animals while indomethacin reduced the

increase.

2. Aspirin and prednisolone caused an increase in ODC
activity in unirradiated animals, but this increase

was not additive with that seen after radiation

treatment.

3.  Aspirin administration decreased glucose and
glucose-stimulated water uptake in intact animals and
caused the formation ofv intgstinal‘ adhesions in
iftadiaéed animals. As this differed from the outcome
when rats feceived either indomethacin br PABA, these
effects | cannot be attributed | to either

‘antiprostaglandip activity or we;k acid effects. It
was suggésted that the detrimental aspects of aspirin
treatment arose from its inhibition of ATP production:
and that this made the outcome of the
radiation-induced injury more severe..

.4. Allopurinol and indomethacin prevented the deéreaseg

.. glucose .and glucose-stimulated water uptake after

abdominal irradiation. Thus, prostaglandin synthesis
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and the production of free. radicals by xanthine
oxidase 'play a role in the transport changes observed:
wifh radiation injury. ‘
Specific  nutritional  stimuli for ODC activity were
investigated in Expérimenf 5 by perfuéing rats starved for 3
days with specific subétrates.
1. ODC activity was stimulated by luminal, but. not
iﬁtravenous glucose. Thus the enzymeﬂJresponse has a

requirement for a specific sidedness of substrate

entry.

2. Nutrient specificity was required for the 'stimulation
of the enzyme as fructose or any amino acid tested
, .

‘were without effect.
3. oDC activity  could bé‘ stimulated by the
non-metabolized substrates 3-O-methylglucose  and

galactose, as well as substrates  such ds L-glucose

which are not actively transported.

"4. Stimulafion of ‘ODC could be abolished by phloridzin,
suggesting thekmediatioh of a cell surface event. Thus
ODC is triggered either by the glucose cérrier without
requiring sodium co-transport or by a separate glucoée
receptor, 'which sﬁows less stereospe;ificity'than-the

carrier.
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B. Intestinal Recovery'éfter Radiafion Injury .

If ornithine decarboxylase induction is indicative of
an underlying recovery or develppment 'prpcess, repair 1is
al:eady‘ underwaylvin .the intestinev3 days'post-inradiatiénx
despite other overt siéns of damagé, namely decréased
transport  éctivity[ reduced villus height, and lower
peroxidase content. Further, this process céntinues} for up
to, 14 days or more despite the return to normal of many of
the parameters of function and morphology. Inhibition‘0f OoDC
activity by DFMO administration for 7 days prevénts the
recovery of normal tranéﬁort’ function and wvillus height
remains depressed. | |

| The importance of polyamines in the recovery prdcéssv
15 suggested by fhe fact that many of the properties centrai
to the repair process are displayed by " pOIYamineé.
Polyamines éan stimulate DNA-'aﬁd protein synthesgs (54),

stabilize the membrane against lysis (53) and may inhibit

the formation of lipid peroxides in the membrane (33).

The data from these experiments allow some inferences
to be made about the stimuli for ODC stimulafion and the
induction of other repair'éroceéses., Luminal nutrition is
definitély one of possibly severalifactors‘which can:trigger
ODC.inquction.‘This'can be Séen'in the elimination of the
radiatioﬂ*indd%ed GDC peak by starvation. The iﬁability of
intra9enous glucoée to e?oke ODC activity after starvation
further suggests that this nutritional stimulus is specific

to one side of the enterocyte. It can be argued that
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starvation could result in a depietion .of molecules
essential for new cell production. ‘While parenteral feeding
has not prevented mucosal atrophy‘in normal animaIS'(2D, 30,
'35,  62), future studies obviously could take a more
' definitive approach to this issue by determining it
intravenous nutrient aiso delays the return of transport
vfunotion' and hisﬁologioai appearance ”after' abdominal
‘irradiation. It must be emphasized that delayed recovery
does not necessarily'mean delayed repair, and it will be
suggestedtbbelow that an excessive 1luminal workload may
actually contribute to further damage,_\
It_ would appear thatﬁ cell alkalinization is also a
necessary ore-condition for ODC'induction, as administration
of .the weak’aoid PABA prevents the increase in ODC activity
expected after injury;.The total impact of this 1inhibition
is unknown. On the one hand, only the peak activity of the
enzyme might be _affected,"allowino sufficient polyamine
production to permit the gradual, although slower, return of
function. On the other hand, changes in intracellular PH may
be an lobligatory. first step in the triggering-of cell
proliferation. More extended treatment with PABA should be
able to answer this,. ﬁhat intracellular events connect cell
damage with intracellular pﬁ changes, remain uncertain.
Another candidate for the mediation of ODC induction
is the free radical content of the .cell. The ability of

allopdrinol to eliminate the increase in ODC activity after

injury implies that radicdls produced by =xanthine oxidase
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could activate ODC activity after damage. As the radicai'
"wave" produééd by _radiation 1's extremely_brief (14), the
continued generation.of these molecules as a byproduct of
ATP breakdown (23, 57) would serve to prolong the injury
process. ‘Only one .pathway of ODC induction is likely
‘inhibited‘ by allopurinol, as preliminary studies not shown
hére iﬁdiéété.that'the'drugvdoeé noﬁ biéck oDC ihductidn .by
luminal glucdsegafter étarvation.j |
@

No informatioh is available from these experiments
concerning the natdre of the free radical(s) (i.e.,
superoxide, hydroxyl radical,iof lipid pero#iée), 'in§olved
in this process. ZXanthine oxidase could be generating
rédicals.at a_relatively slow réte and in this respect.could
-resembl; damage <created by low radiation dose fates, which
results in cell lethality from Llipid peroxideFrelatéd
membrane damage rather than by DNA damage (34). Since the
quahtity of radicals produced at low dose rates 1is small,
they are more likely to interact with lipid molecules in. the
imeﬁbrane than with other radicals in termination feactiqns.
Once 'lipid peroxides are formed, convéntional free ,radical
| scavengers may prove ineffective in their removal. Using a
synthetic 1lipid system, Raleigh (55) noted that hydroxyl
radical scavengers such.as DMSO or mannitol were relatively
ineffective ' in removing lipid per?xides, although alpha

%

tocopherol was effective and could act synergistically with .

hydroxyl radical scavengers.
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Some 'évidence for "fhe direct activation of ODC by
tissue damage comes from studies on tumouf growth. Heby .and
Andersson’ (26) found that a constant iﬁéréase in serum and
tumour fluidbpdlyaminé conteht'occurred_in mice with Ehrlich
ascites tumoﬁrs, Aespiteva decfeasing réte of growth as the
fumour occupied a largef: mass. This ’ratéu‘decrease is a
- common phenomenon inléumours ahdﬂreéults'from'cell death in
‘the centre of the tumour as a ‘result of " poor
vascularization. Those au;hdrs concluded that cell death was
respbnsigﬁe for the unexpected oDC | induction. ~ The
ihtracellular mechanism by which. this. oécurs is largely
speculative. Peroxide préductfon could result in membraqe-
disruption (34) and inteérference with enzyme acti&ity in the
cell (24). This in turn could increése the ’ membrane
permeability to calcium, which in turn.can stimulate ODC
activity (37, 49). ;

In light of claims of the cytoprotective properties of
prostaglandins (36, 45, 56), the finding that indomethacfn
appeared to’gimp;ove trénsport properties in vi%o appears
Apuézling.»}t ié Egssible that such action only reflects .a
temporarfv'amelioration of the fluid secretion (6) and
proteolysis (52) that may result from the radiation-induced
release of prostaglandins (9). Indeed, within 24 hours of
radiation exposuré, there . is an _;nc;eqse in NADPH
ketoreductase, ‘a glutathione dependent enzyme, anq PGF

levels rise as PGE concentrations decline (64). Unlike PGE,

PGF is vasoconstrictive (16), and can block histamine
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induced permeability (63), thereby contributing to fluid
 absorption'(6).

‘Prostaglandins have = been purported to ‘exert a
cytoprotective effect on gastrointgstinal, tissue by
ihcreasing the .phospholipid composition of the membrane
(38). PhoSpHolipids such as lecithin have strohgly .negative
head groups, which cguld bind positively charged polyamiqps,
and thereby adding to membrane stability. Howevef} Keelan
(21) found that  membrane phospholipidv concentration
increased only in the ileum afﬁer irradiation of the rat
intestine. -The' significance of this regional effect on
oveérall intestinal repair is uncertain.

"Gut hormones such as enteroglucagon are capable of
;producing intestinal hyperplésia (7) and intestinal growth
in conditions sgch as lactation could be due in part to
humoral agents. égkeroglucagon levels are elevated under
these conditions .(28), and Thiry-Vella loops in lactatin
animals show similar changes to segments of 1intestine
- exposed to luminal nutrition (17} 18). In contiast, humoral
agents may not play as significant a role in répair as | in
adaptation. The release of a wide'variety of gut hdrmohes is
depressed in celiac disease, and does not fully return until
other signs of damage have disappeared after maintenance on
 a gluten-free diet (39). Enteroglucagon levels are elevated
in celiac disease, but ﬁhis appears to be a result of moét
of the disease occurring in bhé proximal bowel, whereas most

,enteroglutagon;Secreting, cells are located distally (8). In
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the case of radiation injury, histological appearances would
suggest that the distal gut is also affected by this kind of
injury, and would therefore probably alsc involve damage to

A
enteroglucagon cells.

Evidence from the cell migration rate studies suggest
thaf cell death occurs at a greater rate than normal for at
ieast 7 days after irraaiatioﬁ, coinciding with the duration
of the elevation in ODC levels. At 3 days post—irradiation,
the migration }ate is unchanged from controls, yét villi are
shorter. This combination implies cell loss, as'villi would
"otherwise be of normal "height. A smaller cohort of cells
cguld be produced by the crypts due to ; smaller stem cell
pool, but this\ would only accdunt for fewer or narrower
villi, and not the premature léss of cells at the villus
tips. By comparison, the higratioﬁ rate at 7 days is
incréased, yet villus height is normal. Likewise, increased
cell . loss must be present here, for the villi would
otherwise be expected to be taller.

What ‘then causes this protfacted losq of cells? Some
of the daﬁage may simply .~ the expression of delayed cell
lethalityv arising from _re original radiation dose; Puck
(52) noted that lethally damaged uéells could still
proliferate for several generations befo:e dying. Assuming a
12 hour hiatus in mitosis and earlier ce€ll loss the first 3
days after irradiation, at least 4 fo 5 generétions of cells
have been exfoliated by the seventh aay. I1f cell division

(which occurs in the crypts) is the point when defective
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cells are most susceptible to lethal effects (25), the

guestion still remains as to why a significant amount ‘of

~cell, death occurs on the villus tips.

3

The depression of DNA synthesis that resuits' from
irradiation‘ can be mimicked by administering colchicine.
This results in decreased brush'border‘lactaSe activify less
than eight hours after»drug-édministration—(27), which is
too soon to be caused by the upward'migration of defectiQe
cells. Curran (15) has suggested that  this reflects a
decrease in the synthesis of new trangporter in‘;he damaged
villus cells; Indéed, neQ protein synthesis does appeér to
be required for wvillus integrity, as ité inhibition' by
cycloheximide results in cell extrusion froh the villus tips
beginning as early as three hours after administratioﬁ (3).
Disruption of the sodium gradient may occur after-
irradiation, but the short éircuit current (a measure of
sodium co-transport) 1s unchanged in rébbits 50-200 hours
followihg 20 Gy. of X-rays (44), implying that the sodium
transporter is relatively rapidly repaired or réplaced if 1t
is damaged by ﬁhis tr cment.

Other factors, .owever,. could also account for the
prolonged losé of cells which could be related to the
elevation of xanthine -oxidase activity;‘EViQence from the

vascularly perfused kidney suggests that tissue damage.could

be dependent on the functional workload of the tissue.

(Functional workload 1is defined here as the increased

activity of «cell processes requiring ATP, active transport
. .
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in the 'enterocyte being a particulafly important example.)
Treating the perfused kidney with the antibiotics . nystatin
or - amphotericin resulted in an ,increase' in ‘mémbréne
permeability‘and an'inCréase in the number 5f necrotic cells
(12). This‘ was associatea with more ATP consumptiqn.'When
ouabain was used to inhibit metabolic activity, and hence
ATP consumption, leés necrosié occurfed. | “

In the intestine, any change in permeability in the.

>
~—

tissue ‘can involve . increaseﬁ electrolyte trénsport to
maintain fluid balance.-Indeed, there is some“éuggestion
vfrdm the osmotic p.d. studies, that theiinteStine is more
permeable to fluid flux, at least 7 days post—irfadiation.
As ’blood supply may be decreased after radiation damage
119), energy supply may be inspfﬁiciént to meet the demand.
and ATP breakdown by. xanthine oxidase (42) ébuld/bccur,'
generating  free radicals, and causing f. -her damége.
Further -decreasing ATP production (hence incréasing
adenosine breakdown) by agentsv such as aspirin,’ .may'
therefore increase ‘the damégé'~produced by’ the‘originai.
’insglth
. } : e

The generation of new cells to replace dying or
defective cells is an important rebair process, and its
inferfﬁption ~ 1is _likeiy to have tdeleté}ious effects. -
- Inhibition -of cell prbliferatidn'by'restrain£ stress in mice
£s 'réfiected:in.decreased‘radiélabelled_thymidiné labelling

‘of mitotic figures, and results in ulceration of the gastric

mucosa (32). Protein synthesis, assessed by radioactive

,
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leucine 1incorporation, remains normal, however. Starvation
also results in a decrease in cell proliferation . (1, 4); buﬁ
no 'ove£t ‘téssuen damage other than hypoplasia was observed
either with  or without concurrent radiation treatment.
Unlike restraint stress, ho&ever, starvéﬁion involves less
demand on the intestine, and less transport. activity is
required. This-may help explain some of the earlY»studies on
radiéti§ﬁ mortality, where fewer animals survived treatment
C1f  they were force fed to make up for the reduction in food
intake following irradiation (57).

‘va.more damage‘occurs as the workload increases, the
.sﬁccéss Qf parenteral nutrition in damagé syndromes‘such as
Crohn's Disease (29) may - be due to the decrease of the
workload of the intestine, resultin§ in less damage and a
better capécity for - the intestine t§ repéir itself. Some"
improveﬁent has been reported,.with the wuse o0f elemental
diets in véxpéfimental ;nimalsvfollowing>irradiation (46),
ischemia (10), or 'adminisﬁration of the cytotgxic drug
5-fiuorouracil (5-FU)(11). Such a'dief is absorbed over a
minimal lEngth of intestine, and thereby servés td reduce
the workléad»in much of the remaining qut (47). Gardner (21)
has reporﬁed that such a diet did'hot prevent the decrease
in water uptake of peptidei hydrolase activity following
5-FU, yet’this diet 'substantialiyv.reduced ‘the amount of
fissue necrosis observed (Tl); In the current'studies, the
vcombinétion’of aspirin and ifradiatioﬁ produced no further

decreaée in transport activity, yet intestinal damage could
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be observed on a macroscopic scale. This merely underscores

the need of a more consistant definition for damage.

Fuhbtional parameters alone may be an inadequate measure of
injury.
Damaged ‘tissue’ may be susceptible to bacterial

invasion (60), aﬁd ‘the .release of oxidizing agents by

_neutrophils (5) ‘may result in cell destruction which does

not differentiate between invading bacteria and -rapidly
proliferating enterocytes. The. ability of the products of
polyamine ‘metabolism to ' inhibit tissue infiltration by -

immune elements Jin vivo (2, 13, 48) may be importaht in

limiting additional ‘tissue deStruction‘ by . the immune
L ol :

- response. Polyaminé§5cah'inhibit serotonin release (59) and

4

prevent serotonin-mediated edema (50) - demonétrating that

+mediators of ‘the inflammatory resporise are controlled as

well as the cellular eléments.

C.;Implications for Other Intestinal Injury States: Uremia

Uremia could offer an interesting perspective- on the

relev’énce:1 of pdlyamines to the repair process in the
- / I3 o .

intestine. When renal insufficiency results ‘in a high

~

. . . . - 1 3 . . -
concentration of .urea in the circulation, the intestinal

=conSequepces include inflammatory infiltration and decreased

aCEiyiﬁy of brush border enzymes such as alkaline

2ph6spha£ase. Céll.pro}iferation‘is‘féﬁuced as‘é result of an

2

é?%?%;sewgn the length of the ceilJcYcie time, especially of
L SR N I . . : . ;

B L N 15. . . - . N .
tthSﬁphase (40, 43.). These changes are - 350 associated with

LSRN
<
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epithelial erosions and bleecding.

‘While these . effects are often attributed to the

‘cytotoxic effects of ammonia  produced from urea, the
possibility that urea itself could be the mediator has never
7been'conclusively excluded. Urea is one of the\éproducts of

arginase, which ‘also produces ornithine, the essential

substrate for further pélyamine synthesis. "The possibility

of .substfate inhibition of arglnase could prov1de insight

X

'1nto the intestinal symptoms observed with uremia. Polyam1ne

depletion resulting from ornithine deficiency could result
in decreased enﬁerocyte proliferatibn | and increased
inflammatory infiltration in the intestine. Polyamine levels
are actually‘elevatea in the.piasmaﬁgitbv uremia.h(61), but

this is likely due to inadequate. excretion of the

predominantly.conjugated form of c1rculat1ng polyamlnes

These circulating polyamlne conjugates could be capable of‘

growth suppression at the local ‘level (2). DAO 1is also

‘elevated in “the Serum,_possibly suppressing growth in fast

.growing tissues such as the intest ne. In addigion, DAO,

activity 1is reduced in the#‘tiney "1, which could reflecﬁ
theg lack of substrate at =-he ocal  le- Thusi the
unavailability of polyamines to promote gq. ' d combine

with the abundance of polyamine metabolite. suppressing
growth to prevent cell proliferation.

In vivo, Sterner and coworkers (58) found a decrease

~in. amino acid uptake, but no change in dlpeptlde absorption

»

in the uremic intestine, althoughy only ‘a?, 51ngle

’

o
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concentration was :es?ed. In contrast, no changes were noted
.fn vitro. . It 1is guite possible that the effects 'of uremia
are raﬁidly reversible in a way that would affec:t " in vitro
results. Glucose uptégé'is reduced in isblated cells taken
from . uremic 'tissue immediately after harvesting, but
subsequent washing of- the tissue and 'furth%r'culturing

results ip a return of normal transport function (41). This.

[’}
icouléy‘simply be a result of the'temoval of ureavfrom the
medipm aﬁd a resumption in polfamine synthesis, which is
capable <of rapid induction after the femoval of inhibitors.
Differencesubetween amino acid uptake and dipeptide uptake
could arise from.the sodium-dependent nature of amino acid
transport,‘whereas dipeptide transpor:-qccqrs by a 'sodiﬁm
independent = process. Tﬁis  woﬁla'be anvimportant factor if
inhibition of pquamine synthesis affects only .sodium
)qgﬁendent précésses. Such explanétions remain speculaﬁive,
hqwever,~and ayait?further information on the effects of
‘polyamine deplefion on normal intestinal tissue in vivo.
D.'Conclusioﬁs

In summary,"zg;\ experiments desc:ibéd here make
several fhportan; statements about the nature of damage and

’

recovery of the intestine after radiation exposure. Of

{2,

. ¥
- i

[ 4

greatest 1mpcrtance 1s that erent components of

intestinal function and mcrphelogy reccver at dissimilar

rates. The passive-uptake of glucose and leucine Iin vivo,

for instance, appears to be largely unaffected by the damage
L .
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process. By comparison, ac:ivnglucose.transport in vivo is
depressed by radietion damage, and reguires up to 7 days to
return t¢ ncrma., whereas normailization of active leucine
transport may take up tc¢ jtyc weeks. Permeability changes
appear- :6 have a lag 1n expression, as they do not appear
until 7 days post trradiation, and disappear by the 14th
day. Of these parameters, only active glucose transport can
be correlated with the time course of the réduction and
subsequent recovery of morphdlogical parameters such as

villus height. Further, the appearance of overt damage can

occur in the absence of further reductions in transport in

vivo, as seen after aspirin administration 1in irradiated

aniﬁals. '

Cell migration studies suggest that 'inpfeaSed cell
loss, gquldv still be preseat after injury even when
n“ﬁ§%toiogic§i features such as villus height have returned to
normal. Ornithine decarboxylase acﬁivity in intestine could
be. a good indicator of cell proliferative activity, and
requires two weeks or more to return to pre-irradiation

i o

41e3e1 : Dgggctivity'is required for the maintenance of

norma1~in€estihal morphology and function, and inhibition of’

this enzyme delays recovery from injury. Luminal’ nutrition
Yy Yy y jury

is required for induction of the 1ntest1na1~ODC act1v1ty
after injury, and this stimulus appears to be restrlcted to

the - action of hexoses. ‘Passively transported~ and

fnohfmegébglized hexoses are alsc able to stimulate the

enzyme, -so - the 1induction mechanism may not involve the

-
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active transport process per‘se. In addition, CDC iﬁauc:ion
likely requires intracellular alkalin 1ia 16N tc occur, as 1t
can be inhibitead by weak acids. Inhibition of 'the generation
of free radicals by xanthine oxi@ase is alsc capapie of
inhibiting the induction of oDC by intestinal radiation
démage. Hormones such as prednisolone and damaging agents
such as aspirin are capable of stimula?ing ODC activity in
normal énimals,.but'dd not appear to produce much change 1in
the reSponse of the enzyme to ihjury.

_quyamine production may play a role in éhé

infiltration of the intestine by leukocytes, as changes in

'ODC and peroxidase activity often occur in opposite
directions. = This .is . particularly prominant when . ODC
| )

induction has been 1nh1b1ted by DFMO or by starvation.
Finally, prostaglandin release seems to be involved in
the pathophysiology of 1intestinal radiation injury, as
indomethacin  aaministratibn improves' fluid ‘and glucose
..transport, at least in the short term. Continued production
of free radicals by xanthine oxidase, well after the initial
;hjury, could élso contribute to the damage process, as its
inhibition . by allopurinol resulté in improvements 1in
transport in vivo. Further investigatioﬁ of the damage and
_repair processes suggested by tﬁese studies could result in
the development of a more sciéntifically based approach .fo

tﬁé treatment of ‘intestinal damage.
. . - :
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