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ABSTRKACT

Aging, diabetes mellitus, chrénic ethanol consumption and external
abdominal dirradiation have been associated with alterations in

)
X \ ‘ s
intestinal transport function in animal ‘models.

The mechanism off%his
v"adaﬁtation" in transport f;ncgion has not been defined. I; is
suggested that changes in brush border membrane (BBM) éompositioh and
morphology - of the_ “Intestine may prdvide a poss«ible mechanism vhe:eby
changes in transport fﬁnction could be mediated. This research propesal
examined the marker "enzyme activity Snd 1lipid composition of thé BBM as
well as intéstinal morphology to study their possible relationéhip with
A

traansport fuﬁction; BBM enzyme marker actiiity and intestinal villus

morphology represented part 6f'the biochemical and structural adaptation

o /

in each of the four animal modelé; yet the changes observed were not

related to -changes in transport functions-- Chéﬁggs in @BM lipid

/.

composition, in pdrticular phospholipid coﬂpositiéﬁ, were'oBeerved with

every anima}vmodel siudied.:’The type Sfjghospholipids in the BBM alter
Jphysicai and’chemicallproperties of théimébbrané which, in ‘turn, ihy
;ltér permeability properties of the BB& as well as activitf of carrier
protéiné iﬁvolved ip .active trqnspor;r These sgudies 1aupport the
hypothesis that changes in BBM phpsﬁﬁolipids represent on; of ;he

, t ’ .
mechanisms agsociated with the adaptation of -intestinal transport

function.
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CHAPTER 1. °

< ~ INTRODUCTION : -

I.1 GENERAL

Adaptation 1s described in ’ Webater's dictionary as

"modification of aniorganism‘or‘its parts that makes it more figffor.

"eéxistence wunder -the conditions of its environmentf. The ,conqﬁgt‘\oﬂ

v
(

‘intestinbl ‘adaptation originated ‘with the the observation/ of the

’!

intestine 's amazing ability to adapt following resection.{: Following

proximal resection, cell proliferation 1is atimuﬁategﬁin the distal

intestine‘to such.an extent that the distal intestinal/ﬁucosa resembleg;,
‘ . Lo o R : 4 ’ o

that of the now missing proximal intestine.~uManynZ§4tes in health and

disease have5 been - associated with a: functio‘ 1, " structural and

biochemical adaptive response in /&%e intestineé/ . Se&eral functional

© changes have been ‘described. With aging///cholesterol uptake is

decreased in older rabbits (Thomson, 1981a), ,but increased in older rats

.(Hollander and Morgan, 1979). ' In diabetiq/;ats, the passive uptake of

tcholesterolﬂand‘fatty acids (Thomson l98d;71983) and the active uptake

'of glucose (ThomsOn, 1981b) are increased. Fasting creates no increase

invcholesterol'uptake in diabetic:rats (Thomson, 1981b).. ChoIesteroly

and fatty acid‘ uptake ‘are decreased following chronfc ethanol

.consumption in rabbits (Thomson, 1984&) Following exposure to external

i

abdominal irradiation,. active and passive uptake ‘of nutrients. 1is
decreased even up. to 14 days (Thomson et al, 1983,1984a,1984b3.

What - factors contribute to theSe changes in inteatinal function-
that lead to intestinal adaptation’ To be taken up from'thellumenal

~

bulk phase,'nutrients must cross two barriers in aeries’ the unstirred

water layer and the brush border membrane. The“rate of rutrient uptake

s
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into the enterocyte is determined by ‘the characf@tistics and dimensions
of these two barriers (Dietschy, 1973; . Dietschy et al, 1971; Dietschy
- and westergaard, 1975;‘ Thomson * and _Dietechy, 1977; Westergaard and
‘Dietechy{ 1974; Wilson and Dietschy, 1975; Winne; i976).

Effective resiatance ot" the unetirred ’water .layer (UWL) 1is
determined by its thickness and- surfaCe area, but aiao by the probe

‘ [ 1
molecule' 8 free Qﬁffusion coefficient

(westergaard and Dietschy,

(fatty acids, fatty alcohols,

i974Q. Passively absorhéd solute npt“

cholesterol) is rate-limited by UWL - (W' teﬁgaard and Dietschy,

b

19%4).  UWL - thickness is .reporte‘ t approximately 100 < 500 m in

rodents (Westergaard and 'Dietschy .i Wilson and Dietschy, "1975;

Winne, 1976) and greater than 500 m in man (Read et al 1976; 1977);
UWL surface area is reported at less than 17 of the underlying membrane

in rabbits (Westergaard and/ Dietschy,\\l974; yilson and Dietschy,
. L / ° -
1975). Studies of intestinal transport function suggest that changes in
: ’ “ " - K
UWL. may not always explain the direction and 1agnitude  of observed
s , ! N o

nutrient transport. °

Althomgh the dimensions -ofﬂ the brush border membrane mucosal
surface area ha;: been reported by many workers, the reports are not
consistent with one another (Kapadia and Baker, 1976; Boyne et al 1966;
‘Penzes and Shala, 1977; Clarke, 1972)r An accurate’measure of villus "’

‘.
Y

"and mucosal surface areas 1s important to understand the impact of

v

‘structural changes in intestinal morphology on nutrient absorption.

The brush - border membrane (BBM) is the first membrane nutrients
mustdpass to gain_, entg§ into the body. The biochemical properties of
" this membrane may therefdre be very important for regulating nutrient

traffic into the body. Membrane lipids are of particular interest

- —



3
because they may influence the passiue permeability propertiee‘of the
BBM and, therefore intestinal nutrient treneport.

Understanding the mechani?ms of inteetinal«adaptation (functional,
,et%uctural or biochemical) will aid 1in the identifiCation of signals
which‘mediate the adaptive response.
1.2 BRUSH BORDER MEMBRANE
Structure | . ,

Cellular membranes are involved in many vital cell functions. The -
plasma membrane of the enterocyte is no exception.- The brush border
membrane (BBM) is a strfated border on the enterocxte (Figure.lJI) which
Separetes the enterocyte from the lumen (compartmentalization), acts as -

a permeability_barrier, is the site of active’tranepbrt intosthe cell,
ie involved 1in. endocytosis (macrotransport), 1is the site of enzymes,{
receptors and antigens, and maintains cell shape and motility via the -
cytoskeleton and actin—myosin filaments, reepectively. i A : ///

Singer and Nicholson (1972) developed the fluid mosaic model of//

N

membrane structure through the use of sophisticated techniques such/és
. . ,

X-ray diffréction, fluorescence, spin~ labelling, differentiag ecanning
calorimetry, nuclear—magnetic resonance, circular dichroism;‘and optical
rotary dispersion; This model describes e,continuous,»lipid bilayer
throughout"‘which 'protein molecules are embedded :(Figure I-2).. In
‘addition, the 1lipids and.proteins are capable of dynamic movement. :Two
conclusions were derived from this model: 1) the lipids and proteins in
the membrane. must be arranged in a tightly packed water-excluding
mosaic. This would allow the apolar hydrophobic regions of proteins and

lipids to interact in the core of the membrene,gwhile the hydrophilic

v : T ’ ) : N



‘disaggregation.

. .
. [ : 4
d— — - . . . . . .
. . ) . . S - . . .. . . f
. .

regiona are solyated in an aqueous environment' 2) The individuai .

components move freely within the plane of the membrane: rotational

(axtal) movement and lateral (translational) movement. " Weak, non-

'covaleni inc_eractions occur between the apolar -residues due to: the

N

synchronous oscillation of their ele‘ctro“nic: clouds (van der—Waal's

" forces), but more important in the indir‘ect energetic advantage of

excluding water (hydrophobic force) When aummed over. many hydrophobic

- a powerful deterrent to .

residues, the hydrophobic ,forges ﬁroﬂ:

gomgosition R ‘ I TN .

\' The BBM .is composed of .livprids- (602), p;ot\in (40%), .and‘
g}arbohydrate\ (<10%) The lipidf)are divided into two categ\riea. 1)
buik phase”and 2) annular or boumla:y proteins‘, bo,th categorie_s ha\_ring'
the same .compoeition. The 1lipids provide_ab stractural »bac‘k‘bone in which

proteins - are embedded. The carbohydrate 1s found primarily on the

external’ ‘-»aurface, covalently attached . to proteins and ulipids‘, ,and 1is

known as the glycocalyx. The presence of many slalic acid resid;.xes on

the glycocalyx are responsible for imparting a net negative charge to

" the enterocyte. Water 1is also associated to the membrane (20% of mass)

-as well ‘a8 many chelated Caz\and Mgz"' ions.

: \\ ,d;‘fﬂ"- . . L
Few st\/xdiea’have reported the 1lipid composition of the brush. border

a) Ligida - s e AT
meémbrane (ﬁa_user et al, 1980;‘ Forstner et aI, - 1968; Millington &
Critchley. 1968 Billington & Nayudu, 1978;. Christ-_ianaen_ & Carlsen,
1981). Three. lipid classes make up the BBM' : phospholipida, neutral

wlipids and glycolipids in a ratio of 1:1:2- (Foratnet et al, 1968) The



11pids are Aistribnted asymmeirically across the bilayer due tb

——-N\;;;:fructura1 constraints of the molechleg. Phospholipids may be broken |

down inﬁo three categories: _
1) © choline phospholipids ~ 1lysolecithin, .1lecithin, | and
sphinogomyeiinr-These less reacﬁive phospholipids are mofq

—_ frequently located on the obtér,“layér of ' the membrane

_bilayer.

1) amineuphosphoiipids - phdgphatiﬁyl‘gériné, lysophosphatidyl -

( . o
ethanolamine, and phosphatidyl ‘ethanolamine.," These more
reactive phospholipids are more frequently located on the
‘ ‘. _

'1nher layer of the membrane bilayer.

iii) other phospholipids =~ phesphatidyl inositol and bhosphétidtc

acid. These phdspholigids also exhibitla-preferenée fof the

B ~
-lnner membrane layer. - T

F

Phbépholipids are amphipathic in nature. They are cobposeq,of,a;fyvv

~—

éharged' ﬁolar head group and- 1-2 nonpolar * aliphatic ﬁydrbcarbon -

chains. Thgihydrophobic moiefy are the fatty acids which a&re esterified

via thewglycerolxbackﬁone and the.phosphate'ester to the hydrophilic
-base. These fatty acids are generally 14-24 g@tbons in length. ‘The

most abundant fatty acids are the 16 and 18 carbon series.

‘ Neutrai lipids in thé BBM consist primarily of cholesterol, but

”leséet‘ amounts of giglycer;de, tfiglyceride, free fatty acid, -amd

, cholesterél‘estér'ate also pfesent.-
- Glycolipids present in the'vBBM’ 1nc1ude cerebrosides, .ceramide,
ceramide» mbnqhexoside; ceramide dihexoside, ceramide trihexoside,

ceramide tetrahexoside,  ceramide ~ sulphatide, and gangliosides

(predominantly GM;).

“‘ . X 5



b) Proteina o : : . )

u The protein .components of mouse duodenal 'bruah botder membranes

have . been analyzed (Bidlington & Nayudu, 1575). Many workers have

___deaCribed ;he enzymes associated with the brush border’ membrane

(Hartmann et al, 1982; Nordstrém & Pahlqvist, 1972).
| \

Thete are ewo classes of progeinaii- ‘ d : - e

1)  intrinsic or integral_proteihs:

Tnese proteins are embedded within the 1ipid- bilayer and:

comprise approximately 70i ‘of gne total membrane protein.

Alkaline phosphatase and maltase are‘examples'of intrinsic

membrane proteins of the BBM..
ii) .-j&:rinsic or peripheral proteins
| Theee proteins - are looaely associated with the membrane
sorface via weak, non-covalent interactions. Sucrase is an
) extrinsic BBM prorein, and parc of the sucrase-iaomaltase
complex. The cytoskeleton proteins are ;féo extrinsic to the
" BBM. Proteins are asymmétrically localized in'the’membrane

in order to.orient the function of the protein to a specific

side of'tne membrane.

Asymmetric Diatribution ’ - =

Lipids are’ synthesized and inserted on the cytoplaamic side of the
membrane only. Asymmetry 1is achieved through “flip-flop™ to the
external.aide of the membrane. : | |

Proteins are inaerted into the wmembrane during biogynthesis, or

synthesized free in the cytosol. Proteolysis fixes the orientation of
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" the membrane pfotein. .Glycosylation may ‘asy'métrically localize the
\eﬁzyme on the outside of the membrane.
¥

Physicochemical Properties

Phospholipids and cholestérol are the membrane components which

determine . the phy&'icocheugilcal ' propertie‘s. " At physiological

temperatures, the bulk of the® 1ipids in biological membranes are in the

liq.uid-crystallilne st'aﬁe. Biol’ogicél membrane must be in the liquid-

crystalline state to maintain membrane 'funcﬁions. The liquid-

“

crystalline state is influenced by:
| ‘1) The length and degree of unsaturati_on of the phoséholipid fatty
acyl chains. Long unsaturated fatty acyl chains (i.e. 20:4)
are more flulid than short saturated fatty acyl chains (i.e.

16:0).

2) The nature of the phospholipid polar head group influences the

mobility of the fatty rJacyl chains. A large polar head group

(e.g. phosphatidyl choline) allows more mobility than a small

head group (e.g. phosphatidyl ethanoiamine).
3) The amount of cholesterol influencés the motional freedom of

“the fatty acyl chains. Cholesterol is a rigid pianar molecule

R ;
which decreases the motional freedom of nearby fatty acyl.

o}

chains. Cholesterol increases the electrostatic interaction

between the hydroxyl and phosphate groups which help maintain

order and rigi#rl:l.tyJ in the biléyer. Cholesterol functions to

between gel and liquid-crystalline.

decrease the fiuidity of a membrane to a state ‘intermediate

W

vﬂr‘
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4) The temperature influences molécular packing and motional

5)

freedom of the fatty acyl chains. At low temperatures, the
membrane .13 in the gel atate,l which describes the .close
molecular packing of fatty'acyl chains in ‘an all-trans state.
With an increase in temperature, fatty acyl chains change to a

fluid liquid-crystalline cis-trans state which allows increased

7

ﬁolecular motion and decreased moleculgi packing, resulting in

a decreaegd'inqnbtane width. The cis .double bonds of the

i k :
»
v,

unsaturated fatty acyl chains provide an angular conformation

s

which disorders the bilayer lattice structure and decreases the

hydrophobic interactions of the ester bond as well as the

- terminal methyl groups. The membrane beqomés more disordered

by the formation bf a trans-gauche con@Qrmationq in the fatty

acyl chains which contain double bonds. .The unsaturated fatty
acyl chains possess more motional freedom than the straight

stretched saturated fatty acyl, chains.

The uptéke and 1incorporation of wunsaturated fatty acids
(1inoleic acid) and its acylation in the -position oof

leéetophéspholipids (Hegner’; 1980).

The special physicochemical properties of the membrane lipids play

a significant'role in modulating the function of membrane proteins such

1)

2)

~

‘membrane ‘associated transport or cotransport systems. For

example, carrier-mediated glucose‘transport~or the cotransport
of Nat and amino acids.

membrane-bound enzyme activity; for example.,Na+K+ ATPase.



. ' : r
T The positive and/or negative charges

group interact with the surrounding proteffigfand mhy 1influence protciﬁ

_activity., The leggth of the hydrpéafbonf:’. fns on the phouphglipid

. &
groups also affect the activity 4R Q% The boundary lipid =

[flgation. The lipid in

around membrane proteins may {1 o
this microenvironmeﬁt hay have physical propert;e; different from those
of the bulk ligids (Figure 1-2). -

The presence of proteins in the membrane has been démdhlttitad not
to affect the fluidity of the BBM at physiological temperature (Bt;;itus
et al, 1979; Brasitus and Schachter, 1980; Mutsch et al, 1983).

fhe fluidity of brush bérder‘ membr#nes has. been investigated in
rats (Brasitus et al, 1979, 1980, 1984; Schwarz é; al, 1%85; Brasitus &
Schachfer, 1980;.Scha§hter &*Shinilzky, 1977) and rabbits (Schwatrz et
al, 1984; Mutsch et al, 1?33). _Bfusﬁibordér membranes are less flﬁid
than man} other bilological membranes, due to the unusually high ratio of
choleétérol to phospholipid. The low fluidity of brush border membranes

‘has,been suggeéted to have functional importance:
1) Efficient enterocyte nutrient and electrolyte transport

. (Papahad jopoulos et al, 1973; Schachter and Shinitzky, 1977).
25 Oékimai conformation of surface receptors and enzymes
(Shinitzky’gnd Inbar, 1976). ‘

Paésive and  £§rr1er-med1ated transport procesées dépend on .the
nature of‘ the .BBM “hydrocarbon chains, the charge of‘ the phospholipid{
polar head groups, and the interaction - beween phégpholipid and °

cholesterol. Any changes .in the BBM lipids may reflect an- adaptive

. , (
change in order to alter nutrient transport.
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I1-3. 'DEVELOPMENT OF THE SMALL INTESTINE,

Introduction

A brief review on the deyélopment of the small intoatine has* been
included to offer an understanding of'tha aratomy of thefintestine. the
develdpment of the 1ntentine (especially the crypt/villus unit), as well
as mechanisms and signuls which regulate intestinal function, morphology

and btuoh“border membrane composition.

Adatomical Background =

o

Ihe small intestine is a muscular tube capable of digestion and
absorption of dietary nutrients, and movement of this'dietary residue to -
’ the large bowel. Anatomically, the intestine 1is divided into three
segments: the duodenum, jejunum and ileum. Four layers make up the
: structu;e of tﬁe.intestine:

1}~ serosal oonnective‘tissue oo | .fﬁ

2. smoooh muscle

3. lamina submucosa

4. mucosa

,.The'fourth layer 1is fhe most important for the;undersfanding of the
digestive and absorptive function of the 1nteot1ne. The mucosa consists\
of a layer of epithelial cJ&la supported by the lamina propria which are \
seen as fingetlik%}ftf)'_ojections ca'lled villi. The villus structure of \

° o
the mucosa is illustrated in Figure I-3.

e

1. A version of this chapter section has been published. Thomson, ABR,
and Keelan, M. 1986. Canadian Journal of Physiology and Pharmacology
64:13-29. :

(s 4
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The majority of the intestinal villus cells are "e.nt'erocytu.
Enterocytes are columnar 1n appearance end' heve a striated border which
is thought to g?eatgly improve . the ebeorptive cnpecity of the
;nteltine. This striated border is also known as the brue\; border
- membrane (BBM) or microvillus manane (MVM). and fiee in direct contact
with the luminal contents. Other cells also populate the villus:

1. goblet cells: ptimarybfunction is mucus secretion

2. endocrine cells: tuft or epecieliue M cells

3. 1lymphoid cells .

The cryptsjof Lieberkuhn are located at the .base of the vil.l},.and
~are tubular in shape. ‘Qe}is lining the crypts are more rounded 1nh
'shape. Crypts provide the source o\i.mature undifferentiated cellu..
These undifferentiated cells ]jeave the. crypt and develop into fully
functional absorptive cells as they mig\te up the villus. The
migration takes approximately 2-3 days at which time the cells are
sloughed from ;gthe villus tip into .the lumen. ~The crypt cenatently)
produces new cells in order to maintain villus strkcture and fuection. N
Another cell type 1s seen at the crypt base: Paneth ,’eell.

The focus of these studies will be on the mature enterocyte. The"‘z.
apical membrane of the sttiated border 1is thicker (10 5 nm) than t;te
un_specialized’ basolateral membrane (7.5 nm). 'rhe etriated border
coesists vof many microvilli a_pproxiumtely~ 0.1 yn wide and 1 pm long.
One enterocyte has epﬁroximately 3700 ‘micrc’willi, but this number vari,ee‘
depending on the. epeciea and type of calculation tm‘ed, e.g8. rat‘ hae. 65
MV/p,mzt; dog has 34YHV/p,m2 (Taylor and Anderson, 1972).

.The efféctive absorptive surface per unit area is kept constant at ,

: -

25 umzlumz villus surface, therefore the microvilli increase- surfede _,



area nbp\'};oxlq“c'ly 25 times. Cell maturity can be measured by function,
enzyme lc‘tlvity‘. and aicrovillus ultr}utructu‘ral. The Qlicrovilu of the

villus tip cells are the longest (Brown, 1.961 Ianan and Elian, 1976;

~Smith et al, 1983). Others suggest the midvillis is best for digestion,

and ablorptipn s judged by morphology (Merrill, 1967; Br;noer, 1976;
Phillips, 1979). '

There 1is a "tuzzy" .npic"al ceil ‘coat called the glycocalyx
nu‘rrounding ﬂu dctovillm{n’ﬁpg made up of glycoproieiﬁ. _ The role of

the glycocalyx has .been suggested as a site of surface enzyme

localization, and possibly regulates access to the megbrane surface.

. The MVM is the site of uny digestive enzymes which act at I:he cell
surface; e.g.. sucrase. The microvillus core contains actin-llke bundles
(Mooseker and Tilney, 1975) with myosin at the terminal web at the base
of the microvilli. This core is ﬁhought- to have a'cont‘ractile capacity,

possibly to help speed the diffusion of nutrients.)

A normal mucosal villus morphology depends on the maintenance of a -

\

balance . between cell renewal and cell loss. Villus morphology 1is- very

sengitive to changes in cell dynamics.

Pre—natal Development: Preparation for Sucklih&

As the discipline of developmental biology has advanced, the

1

physiological and 'bibchemical aspects of gutroi_ntestinal ontogeny have

overshadowed the morphological aspects. ' Hvorph,ogene‘ais and.

cytodifferentiation are normally congrhent'and may be controlled by the

intracelluldr environment, the position of the cell Telative to

-ui'rounding cells, or by molecules at the cell surface. At about the

12 ..

-

’léth day of embryonic Iife in the human, the intestinal tract begins to

lop. from ‘the premature entoderm and the surroundin/g", splanchnic -~



mesoderm. A tube-like structure is formed, and by daj 18 the primitive ’

.

gut is lined with nondifferentiated cuboidal cells wvhich ﬁrqnhuto. -

bl

obliterate the lumen, and then the intestine is recanalized. 1In the »
human, specialized junctionnl complexes and ncondary lunina dcn{op

during transition trom stratified epithelia at B8-9 weeks tg dlplq

columnar epithelia at 9-10 vealu (Triot and Moxey, 1979). Holl-dcﬂncd\'

crypCs and villi are ptuent by the end of thc 12th week of golt)tiqﬂ

Villi form by the uvench week nnd the crypu of Lieberkuhn fqt’-/ by week
12. During this period, active transport of glucese and ntno acids
occurs, and by week 20 thel jejunal transport exceedq that obnlerved in
the * 1leum. Certain dipeptidaéea and diucf.hariduen appear. The
intestinal changes in length énd weight are coordinated with an increase
in many striking biochemical parameters. The growth of the intestine is

siu;iiar to that of the whole organism, and follown a sigmoid patta':\'
f~~~which reaches a plateau when maturity is attained.’ ’ In early gestation
the small bowgl of the: human’ fetus develops frou a lhott hollow tube
lined with 8quamous epithelium, to an intestine 'whicﬁ is elongated
apptoximaiely’ 1000-fold am% a m;xcosa composed"of well défined villi and
crypts. Ultrastructusal studie; show that the‘ v}llus epithelial ce}la‘
| have well-defined microvilli and .glycocalyx and ti\g terminal web {is
apparen§ by the seco;xd trimester of pregnancy (Varkonyi et ai,! 1974)
In rodents, fhe__ small) intestine Qatures structurally and functionally
during the last few days of gestation at which time enzyme activities
conti;xuously 1nctea§e. along the entife- intestinal mucosa (Hohn et al,
1977; leert et al, 1979). By the seventh g‘nth of»intrauterl_ne life,
the human Afe‘tus has the “biochvemical and physiologic capaclt}ec for

limited digestion and absorption (Henning and Guerin, 1981; Sunlhirliet
{ . . )

al, 1971).



" The effeét of intrauterine malnutrition ”on.lgastrointeatinal
! 3 -ntra | a

, development in *humans is unknown. , In’ rats intrauterine growth
B ()

retardation leads to a decrease in both intestinal and pancreatic

?\

1981a,b), as well as to »a reduction in brush Border membrane (BBM) !

enzyme markers, and a decrease in villus' height, crypt depth and,

# i

epithelial cell migration. Nhen the pregnant dam 1s fed'a.low-protein‘

diet dﬂring gestation, there is a reduction of pancreatic acinar tissue

and of exocrine enzymes (Klotz et al 1972) fn the offspring. - When rat

g S

pups are malnourished during the suckling period\ pancreatic enzyme and

BBM activities fall (Patlak et al, 1981) The intestinal uptake of

’glucose and glycine ,may ‘be increased in these malnqﬁrished animals
(fatlak et. al‘ 1981) ‘ Studies performed in severely malnourished
‘, children have also demonstrated reduction "in the secregfry capacity of
’l the pancreas (Barbezat and Hansen 1968), blunting of the villi and
elongation'of the crypts, and lactose.and sucrose intolerancej(Patlak-et

£

al, 1981).

t . . .
,,-~ w

Thus, {n - the human, anatomic‘ differentiation: of “the fetal gut

‘ resembles that of the newborn infant by 20 weeks' gestation, ‘but

functional development is limited prior to 26 weeks. _This development"

' may be influencﬁd by the nutritional staté of the fetus intrauterine or

"post-partum-

_ morphglogical aturation of the intestinal tract. .

m Development. Preparation for Weanigg
RS- U
”.'»\iuorphological Development of Crypt/Villus Unit .

e §)e\ .

Post-P

. In the rat, the 1ength of~the gut achieves 90% of its adult value

"\’ g by day 60 whereas ‘body weight increases in ‘a linear fashion (Buts and'“

weight, due to ‘a reduction in the number of cells (Lebenthal et al,'

malnourishment ﬂialters the normal functional - and

B
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DeMeyer, 1981). In each segment of the small bowel, the increase in the ‘
‘ 5 :

e
i :

W

weight of the mucosa and’ of the total small ‘bowel was greatest‘betueen. 4

gsuckling and weanling/growing .rats. Fot”veach segment .of intestine,
diffpreAE:; in DNA were alsogmaximal hetween’snckliné and weaned rats
* (But$ and DeMeyer; 198%).“Betwéen éQ-GO days of -age thelbods weight of.
BA : v » , , : ‘
athe aninals’eontinued to rise, but the ratio of the small intestine to
body welght falls (Calvert et al, 1981) |
The basic functional unit of the 1nt=:riﬁm is the crypt/villus |
unit. The cells proliferate in'the crypt. The entire proliferative
. «ecycle of an intestinal crypt cell is about 1 day, and the: life span of a‘
villus‘eell ie.about 2 days. Mitosis @asts 1 hour and DNA synthesie
Gl;sts 12 hours. - In‘ addition there 1is,.a 2*hou; pause between the
;cessation' of DNA .synthesis and the beginning of nitosis (Gz),v and
another pause of about 9 hours between mitosis and the onset of DNA
synthesis (Gl?’ Usually each villus‘is"supplied with cells from ‘about
~three crjyts. Thea exact number depends on the species. At the

termination of proliferation in the wupper third of the crypt,

!

differentiation is initiated. The eells migrate out of the'crypt and
:onto the villus,vand in humans these cells are finally extruded from the
tip of the. villusi 48 ‘to 72 hours latet. nDifferentiation 18
distinguished byrmorphologic.and.chemical changes. As 4 result ot‘this .
iproeess;‘ the epithelial .cells of ‘the villusA ate endowed iwith the
ispecific’ functions. required for kdigestion and absotption. The 1life
cycle of the.cell terminates when the cell is s8loughed from the tip of
~the villus.‘ Up to 14 days in the post-natal period in the rat, enzyme

'activities are, similar to those observed in the last few days ‘of the

| prenatal_period. By the poatnatal day 15 to 24 a period of adaptation

i



, SRR = 16;
begins in uhich‘the mucosa undergoes a transition 1into the‘atage 6;
adult maturity ooth 'ehzymatically _ and morphologically;
Chemodifferentiation" iaM complete by day 24. -The results of these
atudies by Hohn and coworkers (1977) suggest that chemodifferentiation
is  synchronized with ‘ morphological changes " in ‘the idtestinal -
epithelia.o Although the crypt/villus unit begins to develop in utero,‘
only in the,poat—natal period do villi increase, in number and height‘
(Murphy and Daniels, 1979). . The nnmber.of villi(increases‘to~the age of
3 months wnile the numberrof crypts'increase.to the“age of 8 months °
(Kapadia’and‘Baker, 1976). In addition, the mean‘ length of ‘the villus
baae increases up to the fifth month at which time the villi have
‘.vchanged from a cylindrical shape to a ridge shape.~

The crypt cells secrete large quantities of fluid but are "not,
developed for digestion and absorption. The. enzymes involved in these"
‘processes increase markedly as cells migrate up the length of the villus
(Fortin-Magana et al, 1970).‘ With maturation of the enterocyte, the

mitochondria become more ‘numerous and elongated, and the microvilli

increase'in length (Pearse & Riecken, 1967).

-~
[

There 1s only limited data on the rate-of cellular'turnover which
occnrs with early developnent - In fetal rat }ntestine, in contrast to b
that “of ‘neonates_ and addlts, preliferation occurs along the entire
‘length_ ofl both crypts and villi ‘(Hernell et lal, 1981). In‘ adults,
enterocyte uncrovilli'nature as{the cells produced indthe crypts migrate
- up the intestinal villi. lnvcontrast, in the fetyb, maturation of the
microvilli is nqt necessarily associated with cell migration alongvthe
‘villi (Hernell et al, 1981) During the early formation of the #111us,

all the epithelial cells are capable of dividing (Deren, 1968). / The .
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number of villi in the rat doea’not\change with age, but the height of
the villi may‘.fall (James et al,. 1982) At weaning the microvilli
become longer. and thinner, nmintaining the same volume but larger
eurface area (Dunn, 1967). In the rat, cell migration in the‘suckling
period is slbwer ‘than at maturity, alvhough this 1is not true for pig or

'guinea pig (Herbst and Koldovsky, 1972; Koldovsky et al, 1966) . The
mitotic 4index of rat crypt cells, the laheling indei-‘folloving the
injection of trig?ated thymidine, and .the idepths:-of the intestinal

‘crypts increase during the weaning period kﬂerbet and Koldovsky,
1972)." This four- to five—fold increase in jejunal and ileal turnover

which‘occurs‘at~weaning, and the enhanced cell proliferation, lead to
mucosal hvperplaeia. Hn man, the rate 6f‘m1toeis, cell.turnover, and

'migration-have been studied only‘in a single anencephali%hnewborn child

(Herbst and KoIdovsky, 1972). The rate of cell migration‘from.crypt to
. villus was 1ess than that found in mature human intestine (Lipkin et al

© 1963). .

'Enzymatic and Transport Development of Crypt/Villus Unit

The _rat small iné&ﬁiine undergoes an array of morphological and

"biochemical changes during the. third postnatal week (Henning et al,
1979; Henning and Guerin, 1981; Moog 1979 1981) Neonata{?rats have no
'detectable sucrase, low maltase, and high levels of" lactase and acid B-ii
‘ galactoeidase ‘activigies in their small inteetine. PVP uptake,

. reflecting pinocytosis, parallels the vfall‘ in lactase (Henning and
. Guerin, l981). AThe activities of sucrase and maltase increase abruptlv

about'the 15th day of age.‘ These two enzymes continue to-rise during

the third and fourth week, with a concomitant decrease in lactase. The

third week of life in’ rats correeponds to the weaningStime. This is
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"marked by s'shift from a fat-rich diet ‘supplied by the mother, to a

'carbohydrate—rich diet supplied by lsboratoryﬂchow. The carbohydrate is

also changed from an almost exclusively 1actose-containing milk to a

predominant. glucose poiymer- aind sucrose-containing_,gzow; Thus, a

temporal relstionship exists between dietary changes and the increase in

. : : _ . o
~ brush border membrane activity of sucrase and maltase, with a

corresponding decnease in lactase activity.

The brush border exists in a steady-state, governed by the rates of

synthesis and degradation of- labile proteins (Jarvis et a1 i977) Many

. changes occur at the time of weaning when the intestine takes on many of

4

the properties of the adult Antestine. Thewwﬁchanges in enzymatic and

xtransport function can be categorized into two broad groups (Henning et

a -,

al, 1979): aetivities that are high at birth and then decline, e.g;

4
and activities that are absent or low at birth and appear or increase at

weaning, e.g. - sucrase, maltase, isomaltase, alkaline -phosphatase,

L

""‘lactase and glucose and amino acid abaorption (Shepherd et al, 1980),.

' Na+K+ATPa8e,land Na+ transport_(Shepherd et al, 1980). This grouping of

changes may be- further subdividedr depending upon‘ the .subsequentv

: developmentp which occur with aging.

y' As the epithelial cell population expands during the growth of the.

organism, the performance of various functions will also change. - For

example, with an increase 1in the surface area of‘the microvilli, some

functions may increase due to the expa%sion of the surface "area.

Expressing'enzyme activities or transport'results‘£§(§he basis ~of the

whole animal -does ‘not provide an  estimate of ‘the change in; the

functional capacity per unit of intestinal tissue. Expressing results

on the basis'of intestinal weight'may'be also inappropriate since the
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" proportion of the intestinal wall comprised. of mucosa also changes.

. Perhaps the best manner of expressing‘the results uould be on thembasis
of function per unit number of'cells. However, it is often the relative
and the qualitative rather than ‘the quantitative aspects which. direct

attention - the decline in lactase but increase in sucrase in the post-

e

G

partum period, for example.

Proximal-Distal Gradients . R

- There are regional differences in enzymatic activities along the
brush border of the small intestine during postnatal development and in

the adult (Antonowicz and Lebenthal, 1977 Ecknauer and Raffler, 1978;

n’

Menard afid Malo, 1978). In the mouse, the establishment of these

regional differences in brush border enzymatic activities occurs during

fetal development and;before lactation (Cslvert et al, 1981). From day

16 to 19 of gestation of the mouse, the height of the duodenal

microvilli increases on the absorptive cells located ‘near the tip of the

villi; and the number of microvilli'per unit area also rises, increasing
the microvillus'surface ~area by a.factor of'spproximately five—fold;
Lactase, glucoamylase and - alkaline phosphatase appear between days 16

and 18 of gestation. Thereafter all three enzyme activities increase

‘rapidly, and a decreasing gradient of activity is established from the

l £

'proximal to the distal segment of the small intestine. In the rabbit,

the_histological maturation of the intestine occurs 20 days after birth
-and at all stages morphogenesis follows a cranio-caudal ”gradient
deVelopmental pattern (ToofanianandoTargowski;'1982): Prdximal-distal
morphological gradients are established'within the first month after

birth . in the rat. Villus‘height and crypt depth are greater in the

'wall doubles in thickness at the time of wesning,cﬂln addition, the -

/

ig"“ -

»
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‘proximal than the disgal intqatine. " As a result, the villue mucosal
surface area ie greater proximally than distally (Kapadia & .Baker,
1976). |

The 1ileum of the newborn rabbit 1s' similar to that of the adult in
its ability to actively absorb Nat, C1™ and alanine, but differs‘from
the ileum of the adult by having a‘greater passive bermeability to ionsﬁ
and tovamino°acida (Cooke and“Daweon, 1978). In the ear%‘ postpartum
period, ‘the -disaccharidase specific activiriee in the 1ileum remain
- constant whereas‘those in Ehe proximal‘inteatine continue, to increase
(Antonowicz and LeBenthal, 1977). |

The Jjejunoileal gradient of villus size may be programmed éﬁl'
utero. Fetal intestine exhibits autonomous differentiatioo:df structure
and function.wﬁen removed.from its hormal'location late 1n gestation:
fetal intestine planted into a synegeneic adult host grows, develops
functioos, and -develops tdpographic specializations of the implanted
segment (Kendall‘et al, 1977, 1979). AJthoogh“food intake increasesv
doring lactation, this is unlikely to be the only coo}rolling factor.
However; the level, of enzjme activity in the jejunum may be influenced
by bacterial contamingcion as well as by bile and pancreatic secretions
" (Alpers and Tedeaco, 1975). Thus it is likely that regional differences
are partielly under genetic control, and may be modulated furthereby
environmental factors. | S .

Reguletion'of Adaptive Chaqges in the Young: Mechanism and Signals

There 1s a degree of coordination between the maturation of
’digestion, abgorption and metabolism in both laborato animale (Henning
. 1
et al, 1975a, 1979; Koldovsky, 1979; Mills ‘and Davies>-1979; Méog, 1979?/>

and in humans (Grand et al 1976 1979). The fundamental question is as

*

H
S—



\ | | o o 21
yet unanswered: What controls. this adaptive process? The search for

signals which might trigger the intestinal Adevelopmenﬁal changes has
centered on factors which themselves are known to change at or just
preceding the intestinal. developﬁéntal chﬁq&es. Let us consider the

possible signals.

-

a. Genetic Endowment C o B

| The genetic endowment is contained in the baégaaequence of the DNA
molecules and .controls the ,differentiation of specific tisauea and
cells. This differeniiation proceeds independently of exogénous‘
faé;ots. For ‘examéle,c segments of small intestine from fetal rats
develop normally after implantation in the kidney, in the subcutagneous
space or when cultured in utero (DeRI;is et al, 1975; Kendall et:al,
' 1979;. Leapman et al, 1974). The changes in mucosalf disagcharidases
pa;allel those " found witﬁ in situ development (Kendall et al, 1979).

This‘éenetic endowment may vary by way of mutation or as the result of

evolutional selection. There' are a number of examples. First, 1in

cbhéenitél sucrase-isomaltase deficieﬁcy, the enzyme complex 1in the
brush border 6f mature epithelial cells .of vthe, smal” !-teatine 1is
greatly reduced or absent (Gray et 41, 1976). An ot prosein s
found in the cytoplasm of these 'enterocytes,- whic e cep usmnt a
modifie&.enzymeycomplex in the bguéh }mfder membrane (Schmir: et‘al,
1980). .Sepondly, ‘glucose-galactose malabsorption arises irom thé

genéticallyfdgtetmined-lack of the hexose carrier (Eggremont and Loeb, .

1966; Meeuwisse and Dahlqvist, 1966).

.C[i’ : v ’ he "a Y -

RS - — -
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be Enviionmental Influences

*

i. Dietaxy Constituents

—

Dietary constituents are important in modifying the’ developmental
rpattern qf 1nteat1na1 and pancregtic enzymes (Figure 3). At the time of
weaning, the dietary content of fat and ;aétose falls, andxfhe dietafy
;onteht of sucrose and starch rises. Thus, weaning is‘associatéd with a
change from the relatively high~fat low-carbohydrate diet of milk, to
the relatively low-fat -high-carbohydrate diet of solid foeds. The
effect of different types of milk onm intéstinal trgnspbrt development
- has not been established in animals or_in man. Studies in adult animals
have shoyn that some spgcific digestive functions of the small intestine
can be aff;cted by the type of food ingested. For etample, maltase and
gucrase but not lactase 1nc;ease within 5'da§s when man or rats are fed
a diet high in either .maltose or éucrose (Lebenthal et al, 1972).
Lactase does not appear to be an adaptive enzyme in man (Knudsen et él,
1968), although feeding lacfose inéreases brush_bordef membrane lactase
in rats . (Lebenthal et;al, 1973). When suckling rats are fed a digt
contgining cow's milk protein to which has béen added lactalbumin and
corn oil to appr&ximateﬁthe protein and fat céﬁcentration of rat milk,
' the.activities of jejunal sucrase and maltase; the.:elative weight of
‘;he intgstine, the mitotic index of crypt cells, and thg rate; ‘pf
cellular broliferation and migration are all altered to approach that of’
the adult animai (Herbsg and Kolddvsky, 1972). Furthermore, thg feeding
of a high%arbbhydrate diet to adult rabbits increases their jejunal
uptake of glucose (Thomson and Rajotte, 1983¢).

Are the changes in intestinal sucrase and lactase due to changes in

the cell cycle, with a new population of mature cells emerging from the

S
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crypts‘of Lieberkuhn? The digestiveyenzquu are on the outer surface of
the, brush border méhbrane\kﬂayashi'and Kawasaki, 196&) and the process
of packaging and export may be sites of molecular control mechanisms
(Cezard et al,"i§79). It 1s presumed ‘that interaction between the
epithelium and mesenchyme 1s  necessary for development Mand
differentition of ‘the 'small int;stine. -Thus, changes 1in cell
.proliferation; differentiation of individual cell functions, or the rate
of ceil loss from the villi ﬁky alter the function of tﬁé crypt-villus
unir. It is also possigle however that the diet-related changes in
enzymes mg;' be due to altered activitiés within the differentiated
epithelial c&lls already on the villi (Hayashi and Kawasaki, 1982;
Henning‘ei’al, 1975b).< o >

Finally, althougﬁd the develépﬁental pattern of lactase,
glycoamylase and alkaline phosphatase .have many similarities, the
activity of one enzyme such as lactase may increase much faster than the
other two at a gi&en point in tim; (Calvert, et al, 1981). This aﬁggests
that some factors may modulate selectively the dpvelopmental.pattern of
éa;h enzyme, and that qhe_‘changes are not bdue Just to morphological
growth. o

Feeding premature infants a high-f#t‘ diet has no effect on
pancreatic enzfmeé (Zoppi et al, 1972), but feeding a high-protein diet
results in higher tryésin and lipase levels 1in the pancreatic
secret;ons. Feéding*a high-statch_diet“tesulps in the apéearance of low
levels of amylase activity. XB compared with premature infants fed
milk-based formula, those infants fed‘; soy-based.feed had a greater

. pancreatic secretion of trypsin and lipase (Lebenthal et al, 198la).
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Oxpl intake and Sody weight, rather than just chronologic age, may

act as the phyaiologic trigger for postnatal maturaéion of the small
intestine. Increased oral nutrienp intake and éécelerafed weight gain
leads to g!ecocious maturation of the ahall intestinal epicheliuq (Gall
and Chung; 1982). In animals with accelerated weight gain, there were
. lower uni&it;e¢léﬂal Nat -fiuxes. lower lucose-stimulated “ Na‘
absorption, xlqug‘jﬁluxes of glucose, redpcgd lactase and .thymidine
kinase» activ;tie;, and higher ‘auctaae activity ‘1n the brush border
membrane. This transport and enzyme profile in the jejunum from the
heaviet'dggfelerated-growth BucKiing’ rabbits 1s characteristic ’of the
intestinal epitﬁelium from more mgture animals.

When the diet of the lactating rat is sufficiently restricted that

the suckling animals become malmourished (Hamilton et al, 1983), normal

mucosal enzyﬁe developmental patterns hre delayed. The incorporation of

3H-thymid1ne into the crypt cells was less, suggesting a lower rate of

prolifer%tion. These abnormalities were quickly reversed by

-

refeeding. Many of . these findings in: the malnourished suckling rat were

similar to those previously reported in more mature animals after severe

protein-calorie malnutrition (Viteri and Schneider, 1974).

It 48 possible that|d1etary fat will influence the brush border™

membrane lipid composifion and will thereby alter enterocyte enzyme

activity and transport function. - Indeed, active and ﬁassive transport

is altered with aging, diabetes. species, and with dietary manipulatio;
(Thomson, 198bd), énd~each of these experimental maneuvers is associated

with changes in membrane enzymes and phoépholipids (Keelan et al, 1985;

>Brasitus 4ét al, 1984). Differences in membrane 1ipid content or _

distribution are associated with altered enzyﬁe activities and membrane

”~
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physical properties, as defined by the temperature of thelipid ph(au"
transition, as "we.ll as by differences in the Arrhenius activation energy
of enzymes (Sandermn,. 1978). For example, innulin receptor unditlvit;

(Ginsberg et-al, 1982) 1s 1nf1uenced by the fatty ncid, phospholipid and

cholesterol content of the membrane under conuidcution. Using a

' bacterial aystem, Read and McElhaney (1975) ahowed that the rate of

glucose uptake.waa influenced T“i:by‘" the fluiqtty of 4the nenbrine 1ipids,
which {n, turt; was influenced by the. lipid{, goﬁtent of ,tﬁe membrane.
These changes in membraie function as a re;ultkéf‘ﬁifgrations in the
diet occur relaiively rapidly (Thomson and Rajotte,_19é3ci.

'The 1intestinal brash SOfder membrane exhibits a 'lisid phase
transiFion (Bragitus et al, 1980; Braaitug_’gyd\ Schachter, f980).
Membrane fluidity will be influenced by‘tholesterol, by the type and ‘
amount of phospholipids, the number of unsaturated double bonds within

the phospholipid acyl chains, and by the pteseQFe of other amphipathic

3 .
substances such as proteins. The membrane proteins are themselves of

'two major types: extrinsic, such as sucrase, lactas‘, and maltase; and

intrinsic, such as glucose transport, and calcium- or magnesium-ATPase.

l

The functions of these intrinsic proteins showed a discontinuation of

the Arrhenius plot (Brasitus et al, 1980), suggesting modulation by'the

fluid state of the lipid. Furthermore, changes in the lipid content of

the ﬁembrane are also associated with changes in the brush border
’,

membrane activity of sucrase, alkaline phosphatase, and glucose ugggke’

(Keelan et al, 1985). Thus, it is reasonable to speculaté that some of

the - age-related changes 1in 1intestinal function are related to

alterations in the brush border membrane lipid content.
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“

In adults, changes \{n the type or the smount of fiber in the diet
. _ . h ,

may influence the intestinal absorption of nutrients. (Schwartz and

Levine, 1980; Freeman, 1984), and alter intestinal structure }ﬂ%rfn et

——

al, 1980; Sircar et al, 1983). The effect of the introduction of fiber

'_}nto_the diet on the development of the intgpstinal tract has not been

repo;ted.

The topic of the development of the infant gut flora has been

reviewed (Borriello Stephens, 1984). Much offthe recent work has

centred on 1in gati'ns into the relationship between the type of
infant feed, such as breast milk or formula preparations, and the

ecology of the intestine (Hewitt and Rigby, 1976; Willis et‘al; 1973).

At birth the gastrointestinal tract is sterile, but colonization with

"aerobes ‘and anaerobes begins shortly after birth (Bor;ielloL 1981).°

Breast-fed infants have fewer putrefactive organisms, - few E-colf but

more counts of Jlactobacilli tham do infants fed by bottle. These

»

: N N , , .
differences tend to persist until weaning when the fecal flora becomes
more complex and simflar in the two groups of infants, and assumes the
characteristics of the adult flora by four yearakof age.

The activities, of alkaline phosphatase, maltase and lactase of the

.

erm-free than in conventional rats, and were

duodenum weré hen:$2_§
decreased with aging in /both types of animals (Yazawa et al, 1981).

| Serum cholesterol at the :}é-of 8 and 40 weeks and serum triglycétide at

~ the age of 40 weeks were higher in germ-free than in conventional rats

-~

(Kawal et al, 1981). Intestinal nittoflq;a‘tended to depre;s the “age-

fqlated increase of serum tfiglyceride and 1lipase 'adtivfty of the

E.

pancreas and the duodenal and _jejunal contents. This suggests that

jfhere are influences of indigenous intestinal microflora and of aging on

4

the'actfvitfes'of‘various»enzynes‘in the ﬁastrointestinil tract.
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The pbuibility of a dietary influence on intestinal functton 1
further ltrengthened by the oburvationl that sucrase activlty rises
precociously with the early fecd‘ng of sucrose (Raul ot al, 1978). In
addition, prolonged nursing (L.e. non-weaning) leads to a l)owur'doclinc ,

in lactase Qctivity (Lebgnthal et al, 1973). 1In contrast, prplonged‘~

nu?sing %qes not influencé maltase or Qucraoé acglviticli(nennlng, l9&é;
",.Lgbqnthal et ni, 1973), altliough the totél gctivity of sucrase nly be

reduced, with no effect on the time ;f onset on tlris reduction. When

¥

rat pups are weaned early on day 17, there is an 1mmediate increase {n g
\“’intestinal lihgth decrease 19 lactase activ::y, ‘and a precocious
1ncreaae,4 sucrasé and maltase (Lebenthal and Lee, 52921. In contrabt,
.-wﬁé;V;upskare nursed up to 25 days, they showed no significant delay'in
the increase in sucrase and maltase, and no change in the persistently
higher levei of lactase. At 19 days of age, early weaned pups had‘serum
levels of cofticostetoids about three times that of control or prolonged
nursed pups. " These reaul;s’ are in agreement with ’gxperiments using
intestinal ex;iant{ '(Kendali; et lal; 1977,19?9) or using in wvitro -
-cultures 5Deki;isjet al,-1975)¢ There 1is further evidence that these
dietary alternattie; are not, by themselves, totaLly teaponsible.fOt the
functional changes which occur at weaning: 1) prematuré weaning dves
not alter the rate of decline of pinocytotoic absorption of protein
y
(Halliday 1957); 2) pral adminiatration of sucrose to suckling rats
has .no effect on the developmental pattern for sucrase (Rubino et al,
1964); and 3) prolonged sB;kling has no effect on variable aspects of
function, anda the prevention of weaning ﬁae little effect on togal

enzyme aCtiGlgy, as is the case for maltase’(Lebenthal et' al, 1973) and

alkaline phosphatase (Lichtenberger and , Johnson, 1974). Proionged



: suckling may - be associated with a slight - delay in the onset of
maturation of .gastrin rec.ept.b‘rs '(Peitsch' et al, l981° Takeuchi et al,

198l), of - lactase (Lebenthal et .al, 1973' Lichtenb'erger and Johnson,'

'1,974), and of pancreatic enzymes (Dumont et al 1.978), or-'f ‘may be
, 0

agsociated v_vith a geduced factivi_ty ‘of sucrase (Henning, ‘l980),, but has

no éffect 'onfthe‘ time of its on'set.
o0
Howevér, some influence of intraluminal factors certaiﬁl‘}f* exists.

Tguboi et 'al (1981) performed surgical bypasa of ileal ségments of
suckling rats and followed subsequent intestinal ,development.* The “
bypas_sed segmen_t, although achieving normal maturational patterns of
active sucrase ap.pearance» and » maltase accumulation, continued' to :

maintain coincident immature patterns of high lactase activity and low
ce11 ‘turnoveri times.-'-“ Tha intestine in continuity showed precocious
appearance of active sucrase and a”decline in .lactase activity andv
: ,)

\'-"\f‘.enterocyt-e life—span. Thus it would appear ‘that the dietary change of

A5
_kweaning may modulate the developmental process, but although dietary

factors may be important alone they do not provide the trigger for the

~ontogenic changes. It ,is also possible that systemic . release of
RS- Lo .

gastrointestinal hormones or growth itself may lead to accelerated'

4 -

maturation of the centra_l .ne,rvous system, %which then »stimulates the
hypothalamus-pituitary4adrena1 axis." Many of the biologically active,
-peptides "ziy have a dual role as . gut hormones and neuro—regulatory},

-'agents (D kray, 1979) " Thus dietary changes appear to have some

’

.'ﬂ'influence on the time' of q,nset or extent of developmental change of the‘

2 vl
o

‘ intestine.

(3

&
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"~ assoclated with the process of weaning, but it is controv
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ii. Hormones

. 4 ' .
Oral nutrients may act‘diiectly on the intestinal tract, .or may act

inditectly through an effect of hormones in response to food ingestion

i (Figure 3). ‘The timing‘of these changes in intestinal dgvelopment 1is
P£ ] .
‘1&1 whether
the transition to solid food plays a causative role (Henning and Guerin,
~ ¥ .

1981) ' On the other hand there is evidence which shows .that intestinal
maturation is hormonally mediated. The principal candidates f&? this

hormone signal - are cortieone and thyroxinea (Kpldovsky, 1979; Moog,
o : “ ' .

'1979).  The - administration -of gluccorticosteroids ‘or .thyroxine  to

" suckling rodents before a critical stage of maturation causes elongation>

~of the microvilli, and an increase in soge of the brush border membrane

‘enzymes (Lebenthal et al, 1972; Lebenthal, 1977). Adrenalectomy or .

Q%zthyroidectomy abolishes the normal pattern of postnatal deveiopment.

Rat milk contains a variety of hormones and growth factors (Koldovsky,- o
= O

: 1980),‘ including thyroxine, ‘TSH° and ACTH (Koldovsky‘Aet al, 1980;
.Viéoproux'et al, 1030).' Bywsuckling=tat-pupa.with dams which;had been"
iactatingfionger than controla,-Henning (1982)<showed‘that‘auctase (an .
enzyme which is. undetectable until postnatal day 17 and" then tapidly
rises to adult levels of activity) was higher in the pups croes-foetered
to the'longer-lactating dams. Analysis of stdjach contents showed that'

‘these pups had almost completely weaned by day 21. Thua neither the

_ appearance of jejunal sucrase nor the onset of weaning was cued by the

appearance of a factor in the milk, but the lactational stage of the dam
did affect the rate of completion of weaning and the terminal portion of

‘ _the,aucraserrise. R R o -
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{11, Glucocorticolds o
~ There "_have‘ ‘b'een‘ many studies mot the.'role of glucocorticoids‘ in'
postnatal ‘develop’men‘t“(Ballar'f, ‘,1‘979). Severel' functi,ono have been
| shown to' mature precocio.uely"af.ter adniiniatration of glococorticoids or
ACTH, or for development to be delayed or. arrested bs' adrenalectomy
-‘\(‘}able I- 1) For example, the activities of duodenal phosphatase (Moog, .
1962‘),. jejunal sucrase (Doell 'et ’ali, 1965), and maltase, vnonspecific
esterases, and pancreatic and intestinal lipase are all precociOusly'
induced in suckling animals. following vthe injection of»
glucOcorticosteroids,' although not all workers _ha‘ve been ahle ‘to confirm
an effect of cortico‘steroids_ on promoting the normal maturation of
j‘ejn\nal 'lac‘tas,,e and alkaline phosphatase (l(edinger et al, 1980; Sinlon et
al, 1982). | A‘ N |
éteroida also p‘recocious;'ly\-induce ‘the - ahility of the intestide of
‘the suckling a;nimall to trans;:ort 'glucose' against a concentration
gradient, to decrease the ability of the columnar epithelial cells of
-v‘the jejunum and ileum to absorb protein intact (Clark 1959), and to
increase the rate of celluﬁ.ar proliferation and migration of
intestine of the&:klingﬁbut not of the adult rat (Herbst and Sunshine,
1969) Glucocorticoids have been shown to accelerate the development of .
various intestinal mucosal enzymes (Henning, '1978' Moog et al, 1973),
and ileal vigxamin B12 receptors (Gallagher and Foley, 19725 The
concentration of intestinal glucocorticoid receptors in the rat peaks at’
the - time of v@aning (Henning et al, 1975a). " Glucocorticoids ‘a‘lso
stimu_late" di_gestiveu -and absorptive functiona in ttie'adult rat. ‘ While
the -acirenal corticoeteroids are %of’ent determinantsl of ‘the rate ,of.
development%} changes \of intestinal hydrol’ases, these hormones. | ‘are

o ’ *,4
Ry :
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probably not necessary kfot these en;ymes to ﬂeventpallﬁ reaéh‘ adult
activities (Martin & Hénniﬁg, 1?84);

* Why QO'Qheqe glucocorticoid-mediatéd.ch;nges in the rodent occur
;specificaliy in ﬁhe ‘third ‘péstnatql week? . Both total and free
co:ticosterones .exhibig a aramatié‘-surge 19 pplasma concentration
(Henning, 1;78)_ beginning on approximately day 14, just befé;e “the -
postnatai 1qé;btinél‘developﬁental‘changes occur. Whﬁt is Ehe‘mgch;nism

1

by which'glucocortiéoids cause intestinal maturation? The two theories

4 o ¥

‘sugges; the synthesis of new’ prote;n, or the~reorgan1i%tibn(of exigting
‘enzymes (Moog, 19?1); Thué, the tempofa1~seduence ;f én71nct¢a§e in.
‘serum corticosterone before(that of s@crase in thévbrdsh Borde; membrane
suggeéfs av physiological role . f ‘hé hormqné in develbpmental
.ma;urétibn.; | ’v::réyiﬁéﬁ « ‘: f .7 : ,AAi.  .  ‘ /

Thg &gvekbpmentalfpaaterﬁ of the human 1infant differs from that
éee&oin aﬁimals. ‘The‘actf6§f§_5f—gii disacchéridase‘en?ymeé is high at
~birth and declines over the fipét few nbnths of iife, while aikaline
-phosphatasé gctivity which 1s low at  birth gréduaiiyi increaseé
' (Dahlqvist and Lindberg, 1966):» " No inform;tion is”_available‘ on .the
* ‘hormonal ‘control‘ of human intestinal development 1in early life.
Howevé%; cofﬁicoiai—ﬁﬁymgiay somé rolé>in humah}iptestinal'méturétion,
as suggested frdm‘the‘finding that infaﬁta of mothers who ﬁad received-
adrenocorticoids during the final stages of pregnancy ;efe found‘to have
highér "bile salgrvéool sizes, éynthesis ;Qfeé,‘ and intraduodenal
conentratioﬁs of‘%ile“acids when comé;red td”premAtufe infants bofn of

untreated mothers (Watkins, 198#).,

: I ‘ :
iv. Thyroid Hormones / , ' .

' ’ ) i : . v
_Both total and free th&koxiﬁe have received attention as the

7
,T‘}‘ .



possible trigger for developmental changes in infant raf%, because tire
circulating concentration of thyroxine as well as the circulating level
. of corticosterone rise during the second postnatal week (Dussault and
Labrie; 1975; Kumegawa et al, 1?80). Hypothyroidism prevents or delays
intestinal" maturation, and this ’ effect is reversed by giving
»phyaiological‘amounts of T3 or T4+ Giving thyroid bormones during the
firat or second postnatal week ' may result in precocious development of.
the tntestine. " The thyroid hormones may exert their effect by causing<
an increase of plasma cortisone (Malinowska et al, 1974),-or by changing .
feeding patterns (Wakelam et al, 1979). The possible roles of tbyroxine_
. are summariaed in ‘Tablelwl-ﬁz T, may play a permissive ‘role for the -
‘increase in sucrase. ‘(Martixi & Henning* 19825‘ and pancreatic amvlase
(knmegawa et a1,-1980), or.a:primary role for the decrease in lactase
(Yeh and Moog, 1974), or the increase in alkaline phosphatase, parotid
amylase, hepatic glucokinase, and corticosteroid binding globulin (Yeh
and'Moog, 1978), and a shared role for.lysosomal hydrolases (Jumawan and
Koldovsky; 1978; Koldovsky et al, 1576) and for pinocytosis (Moog.and
Yeh;‘1979). Ondthe‘other hand,"corticosteroids may play a permissive
_‘role for the increase in parotid-amylase, and a primarv role for the
:increase in‘intestin;l-ancrase, intestinal sodinm_transport, pancreatic
". amylase, and bile salt metabolism (Guiraldes and Hamilton, 1981;
Guiraldes et al, 1981; Henning, 1981).  Thus, thyroid and \adrena‘l'
function are lwportant in the normal pattern of postnatal development
(Henning, 1981° Watkins, 1981), with the postnatal increase in serum T,
concentrations likely providing the cue for -the developmental rise of

both corticosteroid-binding globulin and corticosterone in the rat

(D'Agostino et al, 1982).

R
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v, Othef Factors

Epidermalzgfovfh factor given to pregnant:mice #ncteaaed the brush
bordervggmbrane Qlkaline phosp£§taae and trehdlése‘activities in the 18
‘da; gestation offspring (Calvert et ai,‘1982);. The_administraﬁion of
insulin 'was able to provoke the.'premature appearance of intestinal
sucrase adtivity in the suckling wmouse (Menard an; Mhlo;'1979).‘ This
‘ effégtvis rapid and suggests that tells aifeady-on fhe.&illué may be
,  reepoﬁsive to 1nsulip; Anofhef poséible neural control mechaniém thﬁt
rgmainé to bek adequately explofed is the sympathetic nervous system
which appears to influence the circadian fhythm of.crypt cell division
, and migration (Herbst and Sunéhine, 1969; Kiein, 1981). Thus it 1is
'Tpoésible that '1néulin, epidermal ~g§owth factof, glucoéoréicosteroids. -

throxine, 'gs well. as . other és yet unide;tifigd ‘hotmongs .and
‘gagtrointestinal peptides may play a rolé 1# thé v 1ntést1na1
developheﬁtal process. Finally, changes in the‘activﬂgy of ornithine
qifarboxylaéé aétiQity haQe been,described'ﬁith aging (Ball and‘Balis”
‘“i9i6),‘ and ‘the importance of polyamines 1in the development of the
. inéestige needs to bg és?ablished. ) 0 |
Shmmarz’ | .

Different pattérns lof developﬁent continue after Abirth, Aqd a
‘.number_of éeneral trends are ﬁppérent{ {) activities.tﬁat are gigh at
‘birth, and thenhcont{nuexto decliné, e.g, tﬂe intestinal uptake of fatty
.acids and cholesterol; 2) activities that are high at birth, decline,

andvthen remain unch;nged,be.g. lﬁctase; 3) aétivities tﬁﬁtﬂgre high at

'birth, decline, and then #ncrease with aging, e.g. fhe ftansport of

glucose and amino @cids; 4) acfivities éhat are low at. birth, then ‘
. \ : . .

continue to increase with' aging, e.g. intestinal unstirred layer
o \ [
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resiséance; 5) activities Eh#t are,;;low at:‘~b1rth, then 1ﬁcre;se, e.g.
sucrase, mglta_se. isomltiasev, alkaline phosphatase, N.a""K"'A"I’Pase’and‘ Na
'transport; and 6) activities. th’at. are low at birth, increase, aﬁd tften
decreasé 'agé:in, e.g. .mucosgl eurchg‘ area. Whereas the t?ansport of

. glucose and amino ac_:ids, and' the intestinal mucosal surface areg:
"regress” to weanl'ing levels, the. activity 'of. lactase;f‘alls and sucrase
figes, but theﬁ remain stable after some arbitrary point. Finally, some
prbcesses progressively change with.tiui'e, ‘e.g; the intestinal uptake of
fatty .acids, cﬁolesterql, and lfatt;y alcohols..‘ It “m:'isvu'nknov‘m whethér/-'
these latter‘processes continue .to change with agé_, or whethér they
eQentuélly reach a plateau. What then are the factofs rgspdnsible for‘
‘the “"breaking” of the c‘hanges, leading to theblevebling' of activit‘y?‘
What are the factors responsible fdf the revers&;l of a falling or an
increasing trend? Are the signals di-ffetént fc'n"“ the th;ee trends:
cori.tfnuatiofx, pla'teau,‘" and réversai? The remarkable degree of

* coordination be"tireen the development of various 5spects of
gastrointestinal fﬁnction‘ suggests that the processes may. i:e.s_ignalled
by a small number .of factofs, such as weéning, nutrient intake, growfh,
and hormones. However, these three distinct patterns -‘continuafion, -
pléteau. and re'vez_'sal‘ - strongly suggest that several inter-relateéd
signals are‘ at 'wofk during the aging ‘process. ‘ Furthe'rmoré,- ‘e’ach of
tﬁese procea“ses such as transport, ehzyme activity and morphology may be
altered in health and 1h diseas‘e, but the direction of cﬁanges is bot

* :
necessarily congruous. .



I.4 AIMS AND SCOPE OF RESEARCH °
(o
The aims of this research proposal are to:

‘ 1) | test the hypothesis that intestinal aﬁaptation occurs structurallyl
and biochemically yvia changes in villus morphology, and brush.
border membrane (BBM) enzyme and lipid composition. -

2) ﬁ determlne whether a relationship exists among intestinal transport

( function, villus morphology and BBM compoeition (Figure 1-6)
The intestinal BBM enzyme an% lipid composition, as well as villus

” morphology will be defined in each of the followlng animal models:

1) aging 5

2) diabetes mellitus and fasting \

3) chronic ethanol oonsuoption and food restriction

4) é*tetnal abdomlnal irradiation B

These models thave beeﬂ chosen for study since the. functlonal

[

-adaptation of the intestine has beén previously reported.

8 -

feil

o)



36

“) N

h

-

SN SAR Y

b

2%

it

Enterocyte illustréting the brush border membrane.

Figure I-1.



Figure f&Z. Model of membrane lipid bilayer. Intrinsic (B) and
'ex;rinsic (C) proteins are embedded in the 1ipid bilayer.
A carbohydrate moiety (A) may be bound to the'mémbrane

- proteins. The shaded area illustrates the boundary liﬁid

around the membrane proteins.
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The box illustrates the enterocyte."

Villus structure.

Figure I-3.
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Table 1-1.  CHANGES IN POSTNATALLSMALL INTESTINAL DEVELOPMENTAL
‘ FUNCTION AS- INFLUENCED BY GLUCOCORTICOIDS . ..
- . )
N
)',‘ .
Enzymes llpase (Koldovsky et al, 1966) .
duodenal alkalline phosphatase (Moog, 1962)
\ jejunal sucrase (Doe!l et al, 1965)
|

Transport

x

a

maltase (Galand and Forstner, 1974)

lactease (Raul et al, 1978)
' ﬂA - "—\/
’

x

Jejunal glucose transport (Koldovsky ‘et al, 1966;
Ileal plnocytoslis (Dgnlels et al, IQ?Sa)

ileal p¥2 receptors (Galiagher and Fo;ey, 1972)
lleal bll; salt transport (Little and Lester, 1980)

"closure"; décroasod absorption of Immunoglobulins and

other macromolecules (Ciark, 1959)

coilular"&llfaraflon and migration (Herbst, 1969)

~,

.
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Table 1-2 IMPORTANCE OF THYROXINE ™ AND CORT ICOSTEROIDS
IN INTESTINAL DEVELOPMENT
Thyroxine Primary Decrease lactase :
Increase alkaline phosphatase, ’
parotid amylase,
hepatic glucokinase, ! '
corticdsterold=binding
globulin
! Permissive ° Increase Intestinal sucrase and l
pancreatic amytase
Cortlcosterolds .
. Primary Increase Intestidal sucrease,
: Intestinal sodlum
transport, pancreatic
‘amylase, bile salt
u metabolism
Poermissive parotid amylase

©
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.INTRODUCTION

-~PTER'11.
EFFECT OF AGING ON INTESTINAL MORPHOLOGY‘ MARKER .ENZYMES
~ AND LIPID OONTENT OF BRUSH BORDER MEMBRANES

FROM RABBIT;JEJUNUM'AND lLEUMl .

, I :
//" Aging 1s associated with changes in the’ intestinal absorption of
hexoses, fatty acids, fatty alcdhols, cholesterol and vitamin Dy

(Bowman and Rosenberg, 1983; Hollander and Morgan, ' 1979a,b; Holt and

Dominguez, 1981 Jakab and PenZes, 1981; Klimas, 1968 Pelz et al, 1968;

.i

'Thomson, 1979,, 1980a,b, 1981). Aging is also associated with a

decreased incremental change in‘ﬁree'energy of transfé%i assoclatéd with k

the intestinal uptake of medium 'chain-length fatty acids, and a

decreased rate of uptake of cho esterol in the rabbit (Thomson 1981): but

increased uptake of cholesterol in thé rat ’(Hollander and Morgan,
[

1979b) Membrane function may be influenced by membtane composition and
fluidity (Cooper et al 1975; Cooper, 1977' Cooper and Shattil, 1981;
Grunge and Deuticke 1974 Kroes and Ostwald, l97l;,ReadAand McElhaney,
‘;197b; Shattilvand Cooper, 1976; Van Qeenen et al, 1972) but there‘is a

‘limited number of studies of fluidity ’(Brasitus_'et, al,;”l979, 1980;'

BraSitus_and'Schachter, 1980,1982) or composition,(Ble‘and Zilversmit

1982° Forstnér et al, 1968, yﬂauser et al, 1980; Kawal et 31,, 19743

. J \}

Hillington and Gritchely; 1968 Penzes, 1970- Profirov,‘1981)'of the

‘V‘ &

‘brush border membrane (BBM; of the intestine in health or*disease. Wei

8

v have recently reported metheds to isolate brush horder membranes and to

,‘

analyze their lipid content (Yakymyshyn et al 1982) ,This study was,k

1. A version of this chapter‘égs been published. Keelsn, M., Walker,‘
K., and Thomson, A.B.R. 1985. Mechanisms of Ageing and
Developutent. 31:49-68. T . ’ o

TSI s R d;-‘ ;
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undertaken to determine the enzyme . marker content and iipid composition

of intestinal bruah order membrane from weanling, young and ‘mature\

rabbits. ; Vo

METHODS

PO

A
Studies were performed on weanling (aged 20-22 days and weighing
500 g), young (aged 6 weeks and weighing 2. 0—2 5 kg), and mature (aged
over 1 year and weighing over%’S kg) female New Zealand rabbftsc

Weanling animals vere weaned. on the day,of eacrifice. ;Young and mature

rabbits were fed a- standard PurinaO chow diet until time of sacrifice.
Animals were sacrificed by injection of sodium thiopental into the.

-"fmarginal ear vein ( 1 ml/kg body weight). The proximal jejunum “and

.distal ileum were studied.
The procedures for 'obtaining mucosa 1golation of BBM, - marker

.

in- detail 1n Appendices 1—€§ﬂbA11 data -was expressed as mean t standard
Ldi;,__'
errorvof the mean. A minimum»of six animals wero used in each group.

Each brush border membrane - preparation mas obtained from one animal.

The unpaired t-t7st iwas,»used to determine ,the‘;significance of the

difference between the mean values of the weanling, young and mature
- i /‘/ . ) LY ; ‘ St

nimdals. ' -
- gninats. | *

RESULTS LR ' o

%

1. Marker éonteit of Brush Border Membranes c d“:»”_g o e
. Various marLers of purification have beenvassayed to determine the‘
"purity and ‘the Variability of our BBM preparation. Sucrase 1s an enzyme*
which is speci%ic to. the BBM vand is thought to be ‘a measure of cell

maturity., Alkaline phosghatase activity s thought to be ‘a marker of'

analyses, lipid anaiyses, and studying villus morphology are descriqu-"



v

BE]

. cell immaturity. Na"'K"'ATPase activity is’ quite specific for the

. »
basolateral meinbrane, while -glucuronidase ia a marker for lysoaomal"
, _ RO

contamination. The. presence of- DNA represents contamination due to .
_nuclear material. As . shown in Table I1-1, our BBM preparations .are
- contaminated with very little Na+K+ATPase “and -glucuronidase activity,

.and no detectable levels of nuclear contamination. All_'markera are‘

- expressed as U/g protein. . S : .

The mg. wet weight/cm: length of the jejunum and ileum vas higher in
"
".both .the young and the mature than in the weanling animals (p(O 05).

4
.The protein content of the jejunal and »1leal brush border‘membr’anes

(BBM) was similar in weanling and mature animals, but was lower in young_

rabbits (Table II -1). ‘ The BBM sucras.e a‘ctivity‘_ in .young and mature‘

' rabbits was i‘nicreased 3-fold oyer weanling rabbits in'the je'junum, and

‘ é-fold in: the ileum. The jejunal and ileal BBM alkaline phosphatase e
were lower in mature and weanling than in young rabbits (p(O 05), |
»significant difference was noted \between weanling and mature animals. " v
The ratio of alkaline phosphatase/sucrase in the jejunumeand ileum was'_
similar when young vs weanling animals were: compa{ed but was several-
fold higher when comparing weanling with mature or young with mature

Y,

rabbits. There was no"»if@rence between age groups in the BBM Na"'l(+

'ATPase or DNA, but &he jejupal BBM B-glucuronidase was lower in the

.‘young than in the weanling animals (Table II -1). el o
The differences noted w%e@een the .jejunum and the ileum were .

influenced by the age of the animals (Table II-1). The mg wef veight/tm o
_ length wasj lower 1in the ileum than in the jejunum for weanling animals,"'ﬁ

whereas only in the mature rabbits was the BBM protein and suerase lowerv e

"

in 1leum than in jejunum. In contraet, the BBM alkaline phosghatase was s

P}
s 2 ;v,y:, L e )
i e Sla e e ey :

ot
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lower in ileun tnan in jejunum for the weanling, young and. mature

\ rabbits\ but only in weanling animals was the,‘ratio of alkaline

phosphataae/aucraae lower in ileum than jejunum.

'
¥

2. Lipid Content of Bruah Border Membranes

_ « !n weanling rabbits the BBM content of total phospholipid free‘

() . _égf' ;cholesterol and ' “the ;otal phospholipid/cholesterol ratio were’
: T eigniticantly lower ‘in the ileum'chan in Eheﬂjejunum~(Table II-2); ;ln
mature animals the BBM content of total and free cholesterol was lower,
L | and the ratio of total phospholipid/total cholesterol was higher in the

ileum than in the jejunum (p<0.05). In young animals the lipid content

‘
"1 -0
e g

was similar in the . jejunum and ileum.
' With aging, there was an increase in the jejunq}?BBM content of

4
:b@le acids, cholesterol and cholesterol esters, when compating mature vs

. weanling animale. _Only total free fatty acids‘and cﬁolestetol»esters
g5 | were increaaed\-when comparing the, jejunum of young vs weanling
‘_ animalé}v In tﬂa ileum, aging (mature ve wealing) was assoclated - with

ﬁa; » ~.increased “BBM totalm. phospholipid ‘and total phospholipid/total

* cholestersl. In the jejunum of mature animals, the free cholesterol

content ' was. higher, the total free fatty acids content was lower, and

" the cholesterol ester_content of jejunum and ileum was lower than in

0w

-young animals. ™

AT

With aging, {the"percentage of the jejunale;BBM ‘1ipid content

comprised of cholesterol and of free fatty acid rose, while only the .

, free fatty acid component rose in the ileal BBM. (Table II-3) Severai‘
changea were observed in the phospholipid content with gging (Table II-

é); The quantity of ‘the jejunal BBM. lecit\im first incneﬁled (young vs -

t
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» animals. This increase ‘could be
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weanling) and then decreased (matere vs young). while the éroportion of
lecithin'”was similar in weanling and young animals, -and then decreased
in the mature rabBits. ‘This resulted kin,a' decrease in tﬁe'preportion
and 'yet an increase in the quantity of lecithin (matu're vs‘weanling);
Both the proportion and the quantity of sphingomyelin first increased
(young'vs weanling). then decreased (ﬁature vs young) with aging. The

‘increase in the proportion of sphingomyelin was responsible for the

decreased proportion of phosphat:idyi”‘ ethano!amine (young vs weanling). _

The ‘decreased quantity and proportion of lecithin and sphingomyelin
(matufe vs young) was exbléined by the increased quantity and proportion
of phosphatidyl ethanolamine (mature vs young) and phosphatidyl serine

(mature vs weanling). The .quantity and proportion of phosphatidyl

~ inositol remained.unchanged in the jejunum of weanling, young and mature

rabbits. No lysolecithin was detected in BBM from jejurum or ileum of

weanling, young or mature animals.

In the rabbit ileum, the quantity of lecithin, sphingomyelin, and
-phosphatidyl ethanolamine increased with aging (ybung vs 'weanling,

mature vs weanling). The proportion of lecithin was .similar between
. e / . ) ‘
weanling and young animals, but decreased between mature and weanling

N,

-animals. The proportion of 'sphingemyelin\inc;eased (ym vs weanling,

mature vs we"anling), -probably due to the decreased proportion of

phosphatidyl inositol and lecithin. The phosphatidyl serine content in

o+

che 11eum, ‘like theyejunum, } .
between mature and \eeanli nim o between mature and young
;,pgnsib'ie for the sgde'crease in the

ptoportion of lecit:hiq and phoaphatidyl 1nositw], in th. BBM.‘ T'he

k‘_

proportion of 11eal phosphatidyl inositol decreased with ,age (yo?mg vs

J
- H . -
. : C %
[ il

. e
. -

1n * quantity and proportion

S



: the_;jejunum and ‘1leum of weanling animals. In the ileum of young .}

( phospholipids (nmol/mg ‘protein) ‘gnd.. the ratio of choline/amine

."’

*  weanling, mature vs weanling). " The proportion of phosphatidyl

ethanolamine remained unchanged with aging.

No differences in phospholipid composition were observed between

animals, the quantity of lecithin, and the quantity and proportion of
phosphatidyl inositol, were decreased as compared to that of the

jejunum. ln.the ileum of mature,animals, the quantity of sphingomyelin

was increased relative to that of - the jejunum.

" In the jejunum, the quantity and proportion of choline phospholipid»
first ‘increased (young vs weanling), and then decreased (mature vs
young) with aging. In the 1ileum, choline phospholipid increased in
quantity,, hut not -proportion with aging. The amfne thSpholipids
increased quantitatively in'hoth jejunumvand ileum with aging,‘but onlyf o
the jejunal amine nhospholipids increasec in ptoportion. This resulted
in an 1initial rise and ‘th;n fall in the jejunal oholiue/
phospholipid/amine pliospholipid ratio. f There were no siénificant

changes in the ileal choline phospholipid/adine phospholipid ratio with

&aging (Table II-S). In the jejunum.oﬁ‘mature rabbits, the~BBM‘choline

*phospholipid we;e lower but the BEM amine phospho}ipids vere . higher

h in young anidals. In the ileum the chol'wefphosbholipia

E
- (e 05) SO

‘3, Morpholgngof>the lglggtinaleﬂucosa

a) Comparison Betwéen Jejuﬁum and*iﬁgum ;1°

Cr L e e T

;‘t The villus height was ggeater in- jejunum than in ileum but this l‘ Y
diffezence was significant only in the young animals (TabLea II-6 and B
Q. ) , - oL . ‘ : . T e " . -‘»
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II1-7). The crypt depth ﬁas.lower in the ileum than in the Jejunum of.
mature rgbbitsp The villus width at half height was less in the.ileum

than jejunuﬁ?;fﬁfbthe weanling animals. The villus surface area 1s

significantly A greater in the jejunum' than in the ileum in wé&nling, |

young, and maqdre animals. 1In the weanling animals, tﬁe jejunal villdl
contained more cells per villus than the ileal villi. In contrast, the

s [ .

number of ;qglis per villus did not differ significantly between the
P S C . .

-je Junum and’ ileum of young and mature animals. Cell size did not vary
: , ‘ ¢

‘between jejunum and ileum. The density of the villl (no. of villi/mm2

serogsa) was greater in the ileum fhan in the - jejunum of‘weanlfng and
mature animals. Only in the young animals was the mucosai surfaceuareé
sign;ficahtly greater in the jejunum than in the 1leum. |
b) Comparison Between Animals of Different Ages

‘ A number of morphological measurements were‘greater in the jejunum
and ileum of young as éompated‘to weanling rabbits: height of villus and
number of cells per villus, villus surface area, number of villi per mm

length, énd number of villi per om?

serosa. - The larger villus height in
the young rabbit jejunum resulted in a significant increase in hucosal
gurfhce area with aging. Cell size did not chenge with age. With

further aging, villus height decreased but villus thickness increased,

.80 ihat,the villus surface area remained the same when comparing young

.'vsi£matufe Aaniméls. . With aging, the number of villi per om serosal

leﬁgth décfeésed,~ resuiting in a decreased number of villi pert om?

"{'éérbsa.‘ Thié decreéée in villus density was gssociatéd with a decrease

in mucosal surface area of the jejunum but not the ileum, when comparing

maturé vs young animals. Aging1was associated with an increase in the

villus surface a®a for both the jejunum and {leum of rabbits. Aging,

».
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as determined from the comparison of weanling, young and mature animals,

L4

was assoclated wifh an increase, then a decrease in Jjejunal mucosal

surface area. The mucosal surface area of the ileum was not affected by

-+

aging. - )

4. Correlations Between Intestinal Structure, Biochemistry and

Trahsport Function

With aging, the height of the villuq was significantly correlated
with the villus surfa:S",area (y--9+0;81x; r=0.840, p<0.05), with the -
mﬁcosgl surface area (y-—O.i+0.03x, r-Q.885, p<0.05), and with the
qumber of mucpsal cells per villus (9-31+o 31x, r=0. 967 p<0 0l1). The
BBM sucrase activityg was significantly correlated with the villus
surface area (y=-10+0.46x, r-0.910, p<0.05). The number of mucosai
éella per villus was significantly correlated to ‘villus sutfacé. area
(y=-7742.52x, r=0, 842 p(O{bﬁ), mucosal surfaée area (y-—l 6+0 08x,
r=0.829, p<0.05), and villus height (y-—65+2 97x, r=0.9 8, p(O 01) No

8
significant correlation exists between the villus and ‘the mucosal

'

sufface area. The ratio of BBM alkaline phosphatase/sucrase showed nho
correlation with any of the morpholgéical parameters. Thé‘ maximal
transport rate of jejunal glucose upta (Thomaon, 1979) was Aotf-
correlated with any of the morphologicaiggégrameters or w{;h the BBM.
ratio of alkaline phosphatase/sucrase. gheh‘the Bulk phase was stirred
at 600 rpm, the effective resistance{bf the 1ntest1na1 unstirred water
layer (Thomson, 1980a,b) was sigfificéntly ‘correiatéd with mucoéal

surface area (y--3.4+3.}2x, r-0;954, p<0.05). Hhen,the buggjgpase wvas
ungtirred and unatiiredi }ayer~ resistance was high the effective
resistance of the intestinal stirred water layer was not-co;rei&téd'hith
“ any of'the morphological parameters. ‘

® - 2

%
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DISCUSSION |

"_ The weanling aniqpls, as compared with the young or mature rabbits,
. ;have iower levels of BBM sucrase and alkaline phosphacase in jejunum and
11e‘\‘€m, (Table 1I-l1), resulting in a progressive decline 1n the value of
the fatio alkaline phoephataae/sucrase (AP/S) 1n the BBM of jejunum and
_‘11eum as aniuels , age. Similar findings have been reported by other
wo\t:!cers (H'c?hn%et' al, 1978; Noxgdstrom and Dahlqvist, 1972; Suntzeff and
AngeTEQq{,-i§6i; Welsh et ;;, 1974). The AP/S ratfo of the weanling
ileum is“eignificanély lover than that of the jejunum, possibly
: suggesting that the rabbit ileum matures .more quickly ‘tnen - the

jejunum. The ratio AP/S from cells from the upper third of ﬁhe villus
is lower than the vaiues .of AP/S obtained from cells nea; the villus
base. We did not isoiete en;ernéy;es from different poftiona of the
villus in animals of various ages. ‘However, the lower value.o‘f A:P./S \
associaeed with aging wmay indicate that the villi from older animals
.contain a greater proportion of more mature cells. This possibility is
supported by absorption studies which have indicated a greater maximal
transport rate fpr'glucose uptake into the jejunum of mature as compared~
with weanling rabbits.(Thomsnn, 1979). |
Aging was assoclated with increased amounts and/on prOportions. of
BBM free fatty\acids, cholesterol (Tablee II -2 and II -3) phosphatidyl,
‘serine and phoephatidyl ethanolamine (Table I1-4). ‘In the jejunum,
aging was assoclated with decreased amounts and/or proportions of
lecithin and s;;hingyomyelin (Table I“I-lo), possibly due to the increased
"> amounts and proportions of phoephatidyl serine and. phosphatidyl

ethanolamine. Aging was associated with an overall increase in the:

amount of p_nOSpholipids in the ileal BBM. There was an increased
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proportion of phosphatidyl eerine‘ and sphingemyelin in lthe ileum
possibly due to the decreased proportion of lecithin and ph08phatidy1
fnositol. The initial increase in choline phospholipids (weanling vs
young) resulted in an increased choline/amine phospholipid ratio. This
1s. followed by a decrease in choline phospholipidsg ang an’increaae in
amine phespholipids (young - v8 mature) such that the choline
phoabholipid/amine phospholipid returned "to that seen 1in weanling
rabbits. = However, aging was not associated with changes in the BBM
ratio of total phoepholipid/total cholesterol (Table 1I-2). Aging has a
variable inflquce on the paseive‘abaorption of lipids with‘a decfine in
the rate of uptake of cholesterol,' fatty acids and fatty alcohels.
(Hollander and Morgan,‘ 1979a,b.t Holt and Dominguez, 1981; Thomson,
1980a;‘Themson, 1981). .The correlation between these changes in BBM E
11ipid content and membrane permeability is unclear. Withlaging, the
kuptake of wmedium-chain length fatty acids falls, and the relative
permeability of the jejunum to fatty acids (as assessed by the
,meagurement of the incremental ehange in free energ&) also falls
(Thomson, 1§80a). Also, in the rabbit, the uptake of cholesterol and
fatty alcohols declines with aging (Thomson; 1981). Clearly these
absolute and relative changes 1in 1lipid permeability"conld not be
explained by differences in intestinal morphology, since there was no
Wdifference in the mucosal surface area when comparing weanling vs mature
rabbits (Table Il-6 and II-7). However, the fluidity of the BBM qas not‘
. measured in these studies, and the age-related changes. in passive

permeability‘may have been influenced by alterations in the quantity or

the ratios of the different phospholipids.
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With aging, both the- quantity ’(nmoleo/mg protein) and the
percentage of the jejunal memorane lipid compfised of‘cholentetol role/
(Tebles I11-2 and II-3). Also, cholesterol uptake is decreased with
aging (Thomeon, 1981); thus the speecific activity of the test dose of
[IAC]-cholesterol in the BBM would differ between the different animal
groups. If the BBM cholesterol were in the appropriate phyoico-ohemical
state, then the greater BBM cholesterol content in the older rabbits
might 'be sufficient to create an unfavorable eoncentraeion ;radient for
the uptake of the test dose of [14C]-labeled. cholesterol from the ‘
intestinal lumen. This could result in the lower uptake of eholestetolj
in older as compared with the younger rabbite (Thomson, 1981). 1In
contrast, cholesterol uptake is higher in older than in younger rats
(Hollander and Morgan, 1979a) It 1s not yet established whether-this
difference 1is related to specles variations in intestinal function,
morphology, or in BBM lipid content and/or fluidity.

The uptake of lipids at different sites along the intestine has oot_
been reported 1in weanling animals, but in mature rabbits cholesterol
uptake 1is similar in the jejunum and in the’ileum (Thomson, 1980b). The
greater uptake of medium-chain length fatty aclds into the jejunum‘as
compared with the' ileum appears to be due to a greater funetional
rsurfaee area of the proximal intiﬁpine, rather than due to differencee
in the membrane permeability, measured ‘as the incremental change in free
energy. The ratio of total phospholipid/totql cholesterol was lower in
BBM from the 3ejunum as comoored with the ileum of mature raboieo (Table
11-2).. fmus the greater uptake of medium-chain length fatty~acids into
the jejunum es compared with‘ifhe ilgum; may ‘also - be doe‘-to..gfeater

permeability properties of the jejunal BBM. This could~5e reldted to
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u

. differences in the 1lipid content between the pfoxiul and the distal

intuc-inal BBM,‘ to differences in the membrane surface area between the
Jejunum and ileum of young animals (Table 'I!I-6A‘and 11-7), or to
dif!‘erencés in the functional surface area between the proxiqzal‘q%
diatal inteacine (Thomson, 1980a). The BBM from ileum of mature animais
contained less cholesterol t:han‘ did BBM from jejunum, and the ratio of
pho‘pholipid/ cholesterol washijher in_ distal ah compared with proximal
int‘estine. ;'(Table 11-2). On this basis, it might have iaeen predicted
that chpilest‘e-rol uptak’é‘ would be greater iqfo the ileum t}xan into fhe
jejunum; however, this was 7not the case (Thomson, 1980b). In this
study, the 1lipid content of the Bhﬂ was obtained from the tips as well
as from the bases of the villi. 1t is unknown whether the 1ipid content
of the BBM changes along the villus, nor is it known whéther all
portions of tihe villus‘ contr}bute similarly to the uuptaké of
cholesterol. 1If chole_stez:ol‘.ﬁere largely absorbed by cells near thev
villus tip, then measurements of the 1lipid content of the BBM obtained
froqx all portions of the wvillus, such as was petforu:ed in this stuay,

would not necessarily reflect the phjéicochemical events ;occurriﬁg in

" the’ absorbing tip cells.

It 1is conttoversial‘ whether the mucosal surface area of the

intestine changes;"'vi’t‘h ‘aging (Clarke, 1977; Ecknauer et al, 1982; Hohn

et al, 1978; Hollander and Morgan, 1979a; Kapadia and Baker, 1976; Pang

et al, 1983; Penzes and Skala, 1977; Suntzeff and Angeletti, 1961).

'Ecknauer et al (1982) demonstrated that with aging rats, .there was a

slight increase in villus height between 91 and 731 days of :agef,zlbult ;'t"h‘é; »

mucodal su* _area did not sigﬁificantly ,change with 'age-f ,_anv,i Zthis’

“study the villus surface area does ,irhr%ge with age, but. t:_lje "_mucos’a-l.f,"‘
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surface area oi} the jejunum 1increases (wennlindw*VI; young), rhon
decreases (young va mature), so that there 1s no difference betuoon the
mucosal surface ar“ea of the Jejdnum of .wennling‘ 'al compared with mature
animals (Table I1I-6). 1In contraat, Hohn etgal (1978) have shown thnt‘by

blight microscopy the mucosa of the jejunum of 30 bonth old rats becomes

_f}%gﬁt-rophied compared to t\hat of four month old rats. Comparable findings

. :
i ¢

. {nnje‘beenvdeaoribed by~other? (Suntzeff and Angeletti, 1961) but neither

grou‘ﬁ' calcu‘lyted the surface area of individual villus or the mucosal
. ‘

. ,,surface of a standard intestinal segment. Thus, there are differences
R :

. . . '
with aging in the various parameters describing intestinal morphology,

but the ef,-fect of‘ agin’é on the mycosal surface area dependa upon the"

reﬁ,adive ages of the groups being compared.
;3 S 4 *
: The ° meaaurem;nts made in _this study give ~an estimatior\ioﬁf the

mucosal eurface area based on the villus morphology. It is known the

: \
::microvilli are responsible for 1ncreasing this surface area at least 20

qimeea Microvillus m,orphology was not meaaured here, but clearly the

magnitq,de of the differences in mucosal aurface area calculated’here are

 rats was demonstrable by enzyme histochemistry for olkaiine phoanhatue,

~al, 1978). These workers’ euggested that the villous atrophy observed in

v

ffsignificant. - It would ‘be of interest to Vmeasb_ure,the microvillus

H ~

-'morbhology so that 'its impact on the nucosai surface area could be

assessed.

[4

While no appreciable difference between fom‘"aonth and'30 month ‘old

a marked loss in activity of alkaline, phosphatase ih ‘the proximal

intestine of senile rats was shown in disc electropherograu‘ (Hohn et

their senile rats, and the diminution of the villue epitheliun it

caused, are lnanifeste_d in the electropherograms as loss of enzyme

e

-

\
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' detivity. In the ‘hi‘stocﬁ'e\micai; preparations, the i“diﬂd‘!ﬁ% ,ent:erod't;.e's

showed a -largely identical- enzyme content’ and & uniform pattern of .

o : .
intracellular enzyme distribution in both adult and senile rats. %’J,‘his :
o / v ) suggested that the enzymatic diﬁferentiation of the enterocytes of old“

animals was not appreciably changed and tkat the ‘loss of activity in the
mucosal homogenates was. ‘solely caused by the diminution in the total.
. numbe’?\of enterocytes with‘ aging. In the present study,\ the alkaline
| phosphat.ase activity per unit protein of the brush border membra:e of‘.‘

! {

\
" the jejuném first increased, then declined with age. This su-ggests that

-

age 1tself was a*oci'ated with a decrease in specific activity of this

[

. “Q = enzyme, independent of any change ih the number of ent‘Erocytes 0T the -

. s/

sufrface area of the membrane. The most significant difference in enzyme ‘

v activity with age (weanling vs yo"ung, or weanling vs mature rabbits) was ~

~the increase i,n sucrase activity pe unit protein and the decrease in

the rat (e] of alkaane phosphatase/sucrase (Table" 1I- l) Since sucrase”

' is D esent in larger amounts as the villus cell matures, this suggests\

¢
'

tiat the older animals have a greater proportion of more mature cells

; . -, v“ . X -
‘1

al*ong the villus. L N o S S

T

" A lIt is unknown what proportion of the villus surfate area. is‘:"
. \",' . N 4 :

S involved An, the uptake of a gi;en lipich The uptake of galactose 8

(L ""‘ (Kinter and Wilson, {965) and amino acids (King et al l981 Paterson et.. n

'

. ,,, al, ,1980) occurs from the upper third of the villus.~ No. change is""'
e - ' ' T
“observed in the m}xcosal surfaae area between the jejunum a’nd the ileum,

or bsu:ween the 5mature .,versus ehe weanling intes}ine (Table II—6 and II--'~

SRR N 7
B 7) It is vunknow‘ whether a similar portion of the villus was involved

in lipid uptﬁﬁ in' td\e animals? df‘#&rent ag‘ff furthermore, tha'
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L content of glycoli‘pid (Pang et al, 1983), or’ to ¢

dr

v"f' Lot

o

7

the membrane through which permeation of the lipids occurs.

,there may have been major changes in the compositon of that po\tion ofub

The individual fatty acid constituents of . the BBM were'n‘ot,‘ b.

R

- determined in this study. Aging is associated with varigtions in fatty

the"ﬁ.r,a’t (Ciccol’i
wo, v

acid composition of erythrocyte and p]:*asma ;ﬂ.‘)ds

\ Wt
rabbits contains significantly more phospholipids, cholesterol and
glycolipids than adult animals (Pang et al 1983), bhere was also a
higher lipid-to~protein ratio, but\ the phospholipid/cholesterol ratios

were unchanged.‘ Similarly, in this study BBM cholesterol increased

* (Tables II -2 and II 3), and the phospholipid/cholesterol ratio was also

unaffected by aginF for the jejunum, “but not\ior' the ileum (Table II-

2}@ Mdiés .&swﬁictron spin reiﬁnance and spin I‘el methods with

-do;ylstearic abid as "a probe h,ave suggested that the microvillus

lr\

.and Comporti, 1983) The - intestinal microvillus mgm‘brane from newborn.
S Lot

membrane from newborns were more disordered“" and had greater "fluidity"

’vmembrane may influence its structure and -function (Cullis argi Hope,

‘1980“ PHlch ef al, 1980- Shattil and Cooper, 1976 Suntzeff and

IA

‘ in newborn rabbits (Pang et al 2983) could allpv) éor greater inte,stiss*l

R‘D o

upt&,e of macromolecules (Walker et al 1972), but woq\ld not explain the '

e 2

disordered" natu;re of the newborn BBM may

V“ .‘ ‘

phosphatidyl ethanolomine, or phosphatidyl serine (Table If—é)

. - ‘~': N

‘ s ¥
O B

o P ;

¢ . 4 . 3 L . o N - - 2o
! - c e L . . : . . .
° . r .t

, ‘BBM content & prop’ortion of free fatty acids, lec' thin, sphin‘%‘yelin,

Angeletti 1961).. A more disordered microvillus membrane such as exists"

:than did microvillus membrane from adult animah _The compositon of a
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L &N

'r_wi* of rapici post-patal development which includes histological changes as
c1 o well as the appearanc‘e of brush border membrane e'nzymes.' In adciition,‘
the milk diet composition of the weanling animals differs greatly from

' "the chow. diet’ of young. and mature animals. These differences wgre not

v

taken into cor:sideration when comparing weanling animals with oung and
mature animals. This study vas undertaken to compare the differences in-

3 £} {

intestinal f:ransport, brpsh border membrane composition, and ‘villus ,

Sy

morphology of three stages i@z.the life of a rabbit. Differing di“ets ‘and

growth rates are after all a' paft of the maturing process in” any

specles. : . . O

»
) 8

+ It is proposed that aging is associated with a qomplex interaction )

‘- of a continuum ‘of morphological biochemical and functional changes.'
s e

Some measurements increase from weanling to y,gung animals, and then
N t

' ‘remain stable,‘ for example, sucrase, ; free 'cholesterol :amine

4

phospholipids. Other measurements id’crease only ‘with aging vhen
’ <

,comparing 'young to. mature animals., Jd“‘ for glucose (Thomson, 1979)
[

Other measurements dec ine when comparing young to mature animals.' BBH'

]

AP and. AP/S,. lecithin, sphingomyelin, villus height, the number of .

per vil-lus, villus surface area, ~and the uptake -of . fatty acid and
cholestercgl. Finally, some measurements remain COnstant thr‘&ughouto the '

first year of life of the rahbit. aize}aof villus cells, ileal mucosal ,.f.:';'

surface area, ‘and the BBM ratio of total pl}pspholipidltotal ch‘lesteroi.

Thus the aging intestine represents a continuation oi@, ?a process\

o

&
initiated in youth. Changes in intestinal membliim c‘gaancl:ion are not -

(*iosely associated with changes in membrane sl:ruc:tu"ﬁ’g‘h ‘Finally, the

Lo

- Sy

aignals reagonsiple for the changes in inteatinal forsand function_

which occur with aging muat tow be identified. e L w

‘o

The weanling-animal 1is in the process of passing through a period'
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Table |I-6 EFFECT OF AGING ON RABB!T JgJUNN. MORPHOL.OGY

. ‘ >
" 4\ R
~.' logch .
4” ~ar ter - Weanling Young Mafure*'
g R :
. . L i : @ ; ' . -
o Wdop‘ﬂu um 52 £ 6 40+ 5 66 t 511
. ,
/2"& s L4 s |
| L. helght, uym 343 3 54 759 & 80+ 481 1 40tt
width 81/2helght,pm 121 + 8 120 4’9 123 1 4
ol v'» bottom width, um 122 412 92 & 3+ 140 1 8tt
e X q thickness, jin 257 110 2% & 6 385 4 1441t
SREe v ‘\surfzaoo srea, o
AR wn“/vi 1 lus: 240 £ 15 604 + 68+ 529 % 414
A No. of cells per villus 135 3 16 U266 127+ 1744111t
(NS “ o )
EARE _ : ‘
/.. Cell size, pm 541 £ 0.8 5.7 + 0.6 5.5 1 0.5
’ ‘iv ~ Noe of villl/ L )
. L] ‘ '
P A 2mm serosal |engfh‘ 85 4 0.8 1.0 2 Oud+ 7.2 % 0.41t
L ,: . y
o ,.I‘o nf vlll“!/ : :
) "", ¢ +-mm_seFosal longth® o 3.7 £ 0ud 4.0 £ 0.l 2.6 3 0. 14tt
R _ N : l -
o, Now 2« vinis < ; . -
¥ ‘;mz ‘serosa 3146 4 2.9 . 44.2 % 1.5+ 1848 £ 1.0+t
‘ Mucosal surface- area T - , . .
' "~ mm"/mm‘ serosa ) 9.1 % 1.4 5.6+ 3.0¢ 10,2 2 1,21t

g

+, p<0 05, weanllng vs. young, weanllng vs ma+ure
tt, p<0 05, ma‘rure vs young
o A
2,
' -




- B S | S IR - R

y ‘ ! » s
. ) et . ,
‘ . , | Table I1-7  EFFECT OF AGING ON RABBIT ILEAL MORPHOLOGY
« . 'l .
. Y
, ¢ - .
~Morphologlcal, ~ : ‘ . ‘ \ ’
Parameter ’ Wean!ing Young ' Mature , ‘
. @ ® . . o . . ,';“9'
Crypt depth, ym 4t 4 591 6" M o
Villus: _ .
height, um . 243124 508 ¢+ 23* .. 260 3 8%t L .
width 81/;ne8ght, |m 72 1066 100 ¢ 1o s
bottom widt} pm 93¢t 7, 143 £°8° SRR o
. thickness, pm © 10713 172 ¢ 3* S TV P Tl S
surface area, ‘ : A ) -
2 : e L PO P
um©/villus - - %9 | 297 & 16 302 £ %6 ‘g
No. of cells per villus 86 t 7 205 ¢ 17éh 136 ¢t 16 e @
Cell size, pn 5.6 0.5 5.0 0.2 - 494 1.0 :
N6 of viiti/ . ' . :
mm serosal length®: 1.1 £ 08 ©7.22 040 8.7 £ 0.9 -
No. ov villi/ . . . -
‘ . N - .
_mm serosal length® 9.2 £ 0.4 5.9 ¥ 0.1 3.2 1 01*" ’
.
Noo of Yiiti/m? i " L .-
" serosa : 1091 2 74" 41,4 ¢ 2,2° 21.7 ¢ 2.9*1 Ny,
~ st . .
. \
Mucosal surface ares, - 4 . ce :
, - .
mzhwnz serosa - 101 £ 1.6 12.1 ¢+ 0.8 8.7 £ 2.4\ . &
-
E
. : . v
o p<0.0%, weanling vs young, weanling vs mature . . e
:t p<0+05, mature vs young . ‘ '
" p<0.05, Jejunum vs I|leum . ! )
- . . \ -
4
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~ INTRODUCTION

- CHAPTER III

' ’ g .

A
EFFECT OF FASTING AND DIABETES MELLITUS ON RAT .

v INTESTINAL BRUSH BORDER HEMBRANE .MARKER ENZYMES C hf"z

.

mm“aiuposrnon AND VILLUS menox.ocvz1

r o / . . ' -

»

‘Diabetes méilitua is asaociated with increased passive intestinal'
-uptake of fatty acids and cholesterol, suggesting that there ‘are. chanses
“1in the passive permeability propetties of the intestine (Thomson, 1980

~r \‘ .
‘Thomstn, 1983a) Enhanced uptake of actively ranaported solutea such’

.

~as glucose may be due to a greater ‘number of carriers. in the diabetic

_ intestine‘ (Thgmson, 1981) There ’may be minor morphological and

t

’biochemical changes in theddiabetic intestine, Such as higher villi and o

'dncreased aucraae levels (Nakabou et al., 1980 Gourley et al, 1983'

v 2

Millex et al ‘ 1977; Younoszal and Schedl, 1972). Ghanges in lipid E

¢

~ﬁ»uptake in the diabetic ‘rat are influenced by dietary modification -

ilflhomson and Rajotte, 1983a,‘1983b).and_by insulin (Thomnon, 19@#9; bnt'

LIS

| fthe mechanism. of the change in the permeability propettiea of ' the -
“intestinal brush botdet membrane (BBM) has not been delineated- Changes
in membrane lipid compositlon may bk associated with changee in membrane

function (Boggs, 1980 Chapman, 1975; Keelan et al, 1984). Altetations“

in: membrane fluidity ‘are aaaociated widh chahges in membrane function in

r
¢

- some . tissues (Brasitus ,et al, 1979; Gourley et al, 1983; j&amada and

. . . ‘
.. Otsuji, 1983; Pilch et al, 1980) but there 1s ‘only limited information

1 A version of this chapter has been'published. Keelan, M., Halket,

K., and Thomson, A.B.R. 1985. Comp. Qiochem. Physiol. 82A: 83-89.

#
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e
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' 1983) The lipid ﬁontent of the BBM has been reported for non—diabetic

i

i ,"'/h r\-»:‘-«"u,\;;:;_. » }.' ' \ » - ; . 85
: . .. . 7 ‘
on the fluidity of t?he BBM (Braei‘tixs et al :L979, ,Gourley et' al,
“ - 4

/

rate (\Chapell:e and Guilles-Baillien, 1983 Forstner et. al, 1968 Gourley""u’

et al, 19833\ and 5-day~ di“abetic rats (Gourley"t' al; '1983). . The present
b et T -
study ‘was undertaken to : detémine the l;lpid tomposition of the

»

'1ntestina1 bruah border menbrane 1n fasting and fed 4—-day diabetic

i‘l

rata and non-‘diabetic control rats. o
. " //1 v ’
M'ETHODS o 4 . w '
. / - N : ! . R —

intravenous administr;ﬁtion of t:he toxic agent, streptqzotocin
. ~',/  s~ v. 2

(80 mgv‘kg) A second group serv d as a non—diabetic control group and

a

was aubjected to . 1ntraven’ous administration of bacteriostatic saline.~
. / — . : \\‘\\
‘The 1induction of gluc05e 1ntolerance _was - assessed - 3-~4 ~days - po'svt-

streptozotocin ivection by the pﬁesence of hyperglycemia and glucosuria

“using the g’lucose z'oxidase method. All diabetic animals had blood

~ glucose vaélues of greater than 300 mg/dT—' Control anim 1s did not

exhibt hyperglycemia or glucosuria. 'The- con?t'Ql and

k
streptozotocin diabetic rats were studied after a 15 hour f

o o
.

~

‘allogied_ ad libitum access to standard Purine® chow u'ntil the ‘t:inv:e of_ -

S : ‘ w
. 'sacrifice. Animals were sacrificed by intraperitoneal jinjection of

/

 ketamine (1 ml/300 g° body weight).  Only the pr»oximalf jejunum was

“studied. N R B ‘ e

The ‘procedures for obtaining the mucosa, isolation of the BBM,

narker».analyses, lipid analyses, and studying villus morphology are .

described in detail in Appendices 1 - &,

oL
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All results are expressed as mean & standard error of the wmean.
. 3 ! h ‘. Coen : :
. . . . o 4 . -
. .Six animals were used .in each group. 'Esch'vbrush Eorder ‘membrane
ot " . - :

“preparation was obtafned fron one animalz_ Ihe signlficance of the

¢

| .' r & }'
“ diffetence bet;ZER\nQ:n values was determined hy the unpaired t-test. .

1

r . ) - . - o
RESYLTS . | S Yy

: 1# iMarker Analysis of Brush Border‘Membranes of Control sﬁH‘Diabettc‘

Rats. - ‘ ‘ . ”

. : in cohtrol and diabetic _rats, the ratio, ng iqfestinal wet
weight/cm length of intestine, was lower (p<0.05) in fasting than in fed f

animals (Table III 1) | Fasting had no significant efféct on the ratioA

/
mg protein/g wet welight of 1ntest1ne. Fast ng did-increase the amount

) \of protein in diabetbq animals, when exores ed as mg/cy’length. When

. éétivity' was expressed as U/g protein, ¢t " were Wo significant

differences between fed versus fasting or bet 'en- control versus

. diabetic rat brush border membrane (BBM) sucrase, alkaline phosphatase
\\*g\\\ -~ or —glucuronidase. Sucrase and alkaline phosphatase activitieg were -

~..
~.

I similar in diabetic as compared ' with control rats when activity vas g
' erpressed as U/cm length of 1ntest1ne. Feeding had no effect on sucrase
and alkai;ne“phosphatase activtties in the control rsts. Feeding had no
'effect on the alheiine.phosphatase hctivtty in diabetic rats (Table IiI-
1), but did result in an increase in sucrase activity vhen expressed as
U/em length. - » |

—

2. Lipid Composition of Brush Border Membrsnes of\Control and- Diabetic

R_-atsn . ! ] ! 7 A} . "

In the control rats, 'the' effect of fasting was associsted with

significantly higher levels of brush border membrane (BBH) total -

._-)' \



phosph‘olipids'. choleste‘roi esters snd total phospho].ipid/total

) . , ¢- . ) ' i e
~cholesterol ('rables 111-2, an'd III-3), both when the lipid content was:
| expressed as nnoles/mg protein (Table IIITZ), or nmoles/cm 1ength of R

' intestine (Table II11-3). In the diabetic rats, ‘the effect of fasting
: A

was assoclated with significantly higher levels of mm total cholesterol

and free cholestetol Jbut lower total free fatty acids, when expressed as

[ \

Hnmol/mg protein (Tahle 111-2)" However when the results were expressed

o

a8 nn_nol/cm length,' only the decline in BBM total ftee fatty acids L
L]

“achieved 's"tatis;ical: ,significance (Table III—3) When comparing
dlabetic with' cont‘rol rats;» there was higher BBM total phospholipid,
highet total phospholipid/total cholesterol in fed diabetic animals and
higher, free cholesterol in fasting diabetic animals,;when the results
were ex,p‘ress.ed as nmol/mg‘ protein (Table' ,'III-_’-i= . ‘When the results wete
expressed as nmol/cn“' length, only the BBM totJ 1 phospholipid was higher
in.fe‘d .diab'etic than control rats ('l‘able I11-3). '(

'I'he percent‘mpid composition of ‘the BBM is shown in Table III-4.

In control ra;s Q_ 'ng had ‘no effect on BBM Z lipid composition. In

' diabetic' ,r'ats', fasting ‘'was associated only with. an increase in the X

t

lipid vcomposition of phospholipid-monoglyceride-hile acid, cholesterol
and cholesterol ,ester' (p<0.05).  When 'conpat"ing diabekic with control
rats, the only difference in the % lipid composition w. a significantiy _

© lower content of BBM‘choleste_’roli es_tets in fasting than fed diabetic

T

The individual phospholipids of the BﬁH wvere messuted. There were
no significant .di’fferences'in the‘ BBM phospholipid composition het.weenl
fed and .fssting contro,ll‘ and betve‘en fed and fasting diahetic i‘ats,'or
between dlabetic versus control ‘animals vhen expressed as a X of total

<&

-

4 .



.phospholipid (Table" I11-5). ‘When the BB& pho_!Phollipid content vas

: expressedas nmol/mg protein (Table ‘III-G); fasting viaa sssociated with'
a significﬂ\t incredse in BBM lecithin and phosphatidyl ethanolamine in
Mconttql rats. The B'BM lecithin and phosphatidyl ethanolemine vas highen
in fed diabetic than in fed control animals (p<0 05). .

e ‘Fasting had . no effect on t-he BBM choline or anine phoepholipide
(Table III-7) 1in the diabet,ic rats. n control tats, fasting vas
assoclated with eignificdntly increased BBM é.holine phoepholipida
(nmol/mg prot;in) as well as amine phospholipids (nmol/mg protein) "Ihe
BBM of fed diabetic rats had a significantly gteatet content (nmol/mg
protei\n)_. of choline and amine phoe_.pholii)ids than control, animal:e.

&

Fasting diabetic animals demonstrated o' differences in BBM choline or.

AN . . ] )
amine - phospholipid content when compared to fed diabetic and fasting

control amimals-

3.." Morphology of Intestine, .

In the jejunum of c‘ontdol rats ' (Table 1I1I1-8), fasting wae'

associated with lower villus height, higher villus bottom width, lower

_ ,villus surface area, lower numbet of villi per 2 serosa, and lower

mucosal surface area (p(O 05). In the jejunum of diebetic rats, fasting
was associated with lower villus bot tom width, and higher numbe_r_ of
villi per mm serosal let\‘gt:ha (p(0.0S).' -The only morphol‘ogic'el'
difference between the jejunum of fed control and diabetic rats was the

higher number ofocel.ls per villus in diabeti"c animals (p<0.05). 8everal

oo morphological diffetences exist between the jejunum of fasting diabetic

and control rats: the ‘diabettc animals had a greater villus'height,"_

villus’ surface area, number of cells per villus, number of villi per mm

'set‘osal lengtha, ,‘ number of ‘villi per m;2 serosa, and ﬁcoaal sutfuce
area (p<0.05). C o T

/> P
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Hictovillus morphology was examined in fed control and diabetic

rats and found . to be similar between the two groups (Table 111-8).

Hicrovillus autface area was juot included in the calculation of mucosal

ourface area }ﬂq this study. Although the migrovilli increased the

nucosal surface area gpproxinatel 5 times (Palay and Kgriin, 1959),

thta ltudy)ind&sitea t&at a change in\villua height aloo has a profound

' ) effect . on mucosal.eutface area. Mifrovilli were not examined “in the
'fastedﬂanimalé. but ptévious ‘studies with hamster jejunum indicate ghib
Qicrévilii are'25-302“t§11er 1nf£ed“than‘fastéd animals (Miséh'etiai,

A . ) \ .
1980). e
There Qas a~d1r¢ct”11near relationship between fﬁé héight of;ihé
" villus and several morphological parameters in fed. and fasted controlg
~and diabetic animals.» None of the morphological parameters measured
.showed a significant correlation with éucrase activity or the élkal}ne'
‘phosphatase/sucrase faiio. - -fhgf villus height was significantly
correlated with the villus autface area (y-~27+1 22X r=0. 962" p<0 01),

mucosal surface area (y=2. 7+0 02x, r=0, 859 p<0 01), and the number of

cells per villus (y=49+0, 25&3_r-0 839, p<0.01). The villus sur aée area
 13 s;gnificantly'cotrelated with the mucosal surﬁace";re;‘(y’ +0+0. Orx,c
r=0,778, p<0.0;), ,and the number of cells per villus (y-56+0 20x,
f-0;864 p<0.01).  The numbet of cells per villus is° significancly

orrelated with the mucosal surface area (y=1.2+0.06x, r=0.798, p<0 05).

g

DISCUSSION o, e S
Several workers have reported significantly increased sucrase
activities in the intestinal mucosal homogenates (Cagpa}y et al, 1974;

-

Riecken et al, 1979; Tandon et al, 1975) and brush border membranes
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(Cenga et al, 1971; Tandon et al, 1978) of;diaoetlc oatientl. We were
. k I , ‘ . ‘ - . * -
unable to confirm pfevionu ripo:ta of signlflcantly increased alkaline

] s . ) .
. phosphatase activity (Caepary et al, 1972) and llgnitleently incressed

sucrase activity (Caspary et 31,01972; Gourley ;: al, 1983; Olsen and”

Rogers, 1970, 1971; Schedl et al, 1983; Younoozaf‘ano‘schedl, 1972) 1in
the ‘intestinal BBM of diabetic rats (T;Lle ‘1)« In this study the

diabetic animals' hyperglycemia was comparable to tnat reported by

Miller et al' (1977). Our data fails to show a significant effect of

overnight fasting on. any of the marker enzymes. Possible differences in

food intake are unlikely to be the only cauee of enhanced enzyme

. activities, since pair-feeding experiments between control and diabetle

q /

animals have shown that the functional changes associated with diabetes
ere maintéined despite the aosence of increased mucosal mass (Nakabou et.

al., 1974;‘0194}"and Rogers, 1970).  .In the adult rat, 3-day fasting

decreases specific and total diaé;chefidaae activities (Blair et al{,

. 1963; Deren et al., 1967), which are restored by carbohydratekfeeding.

Eleveted "specific and total activities of aucrase in the mucosal
honogeQaCee of strentoeotocin diabetic rats ‘has beenj demonsttateq
(Schedl et al, 1983; Yamada et al, 1980). These ﬁorkereaaoggested Ih.:
this elevation 1s.a response to the‘diabetic state and 1s independent of
entera1~ factors such ~as - luminal nuttition, bile or. .pancreatic

secretions. ﬂowever, not all workets have demonstrated 1ncreaaea in the

BBM sucrase activities between control and diabetic animals (Yanndx'et

. al., 1980) or between control and diabetic patlenta (Chaudhary and

Olsen,’l973) Pothier and Hugan (1982) teported increases 1in diabetic

ral

mouse intestinal sucrase and alkaline phosphatase 7ct1v1t1eo, both vhen

examined in homogenates and in BBM. Although total activities of all
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" brush ¢ Al membrane enzyuea were at leaat dcmbled in diabetic mice,

due to the

differences and the manner of" expresaing the rea‘ulta likely explain h
apparent discrepancy in data between the studies. :
Choleatetol and medium-chain length ‘fatty acid uptake is increased

in fed diabetic rats as compated with fed control animala, but these

.differences disappeared with fasting (Thomson, 1980). With faating the

only differences between the diabetic and- control rats was in the
increased free cholesterol (Table II1I-2) and in the X of cholestercl

esters in the BBM (Table III-4). These changea were possibly of major

phyeiological significance, since cholesterol uptake was similar in the

fasting diabetic and fasting non-diabetic control rats (Thomsonpw

1980). -Cholesterol content influences the fiuidity of membranes and’
7 i

perhaps "also the permeability of membranes (Demel and DeKruyff, 1976)

The 1increased free cholesterol content of fasted diabetic jeunal BBM may
be involved in the mechanism- which appears to reverse the cholesterol
permeabiiity changes observed in‘the jejunum of fed diabetic rats. In
contrast, in fed rats, there were numerous hdifferencea_ in the BBM .
content ofllipida in the diabetic as compared with contmol animals: in
the fed diabetic animals there were increases 1in the BBM\NEo;all
phospholipid, the ratio of iotal phospholipid/total cholestefol (Taples
III-2 and I1II-3), increaaedv lecithin and phosphatidyl ethanolamine o
kTable‘III-G), feaulting'in ipcpeased choline and amine phcasnclipids
(Table II1-7). A '( - |

The increased BBM total phoapnclipid in'the diabetic fed ailimals

may have altered the "fluidity™ properties of the membrane, thereby

o

A
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altcring“ permeabinty and faveuring enhanced uptakls- ~ Changes in
membrane func:ion m be :agsociated vith changea in mbune ﬂ,uiduy
(Brasitus et al., 1979 Demel and DeKruyff, 1976 Gourley et al, 1983-
Pilch et al, 1980,). The 1ipid fluidity of the brush border membrane is
| low eompared toj_dgi:her‘-‘ mmnlian neqlb,renea (Brasitus et ‘al, 198_0;, Gourley
et 'al; 1983; Nanar et' al, 1981). | ‘l‘l{e 11pid tnnaiti_on inflhencel the
function of eertain of the microvi}lus membrane proteins (Brasitu$. et
al., 1979): Arrhenius plots of D-glucose traJnspoft, for example, show a
discontinuity in slope near the’ lipid transi;tion tempetatuie. vhereas
‘the micfdvillus membrane digestive‘enzymee such as sucrase yield qne
slope on an Atrhenius plot and may be classified as “extrinsic”
activities, ‘funct‘:ivonal*ly" N fndepem;l'ent of the ilipiid' transition. \ The
increase:'l ~phospholipid content of the BBM"GE the fed diabetic animals
" Qould' be anticipated ,to be associated with ‘an. increased membrane
fluidity. This increased fluidi.(:»)l in, turn:‘might be eipec:ed to be\k
asso‘ciat.ed ‘with increased 1intestinal permeaBility to ;choleeterol ‘Ot
other lipophilic- .probes. Fufﬁhermore, - the change‘ }n‘ the lipid
composition of the BBM 1in diabetic animals might be predicted to be
associated with changes in inttinsic" functions whereas there wou‘ld be
no changes 4in “"extrinsic” function. "Indeed, glucose uptake is altered
in diabetic rete (fhomson, 1981), but in our hands sucrase activity ie
‘ ;upg"hanged (Table I11-1).

' Diabetes mellitus extensively alters lipid netabolish 1n several
‘tissues (Fa‘@s and Carter, 1981, 1983 whiting et al., 1977; Woods et al.,
1981), and the lipid composition of a vatiety of tissues is altered in
streptozotocin~diabetic rats (Chendramouli ah;l Carter, 19i5; Clark et
al, 1983; Paas and Carter, 1981, 1983; -Holaan et al., 1983; Lemleux et

-

N
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al, l984). ’ln rcn£&~t1|-uco 6f ainbctlc tlél, no conlinfan; change was
‘noted in the thul pholphblipid content nor in the proportion of'vatibud
phospholipids (Clnrk et al., 1983). However, diabotic qninnla ahove*“}
consistent reductign of arachidonic acid content in phosphatidyl choline
and phosphatidyl cthanolumine in whole renal cortex, planma.menbranes‘

purtficd from ronal gottex, and in 1oolntnd 3lo-etu1i. ;ﬁoéclatcd with
the fall in arachidonic acid (20 4) was’ a tiae in linoleic acid (18 2).
l_n. the samples studied. | Insulin returned the fatty acid cpmpoaltion to
normal. These cha”ngeavl’n diabetic kidney fatty acid compooitioﬁ in
phospholi\f)'fc/la are similar -l:o changt':s previously observed in- diabetic
liver (Faas and Carter, 1981, 1983). | The expected tensl;po;v'-of.;the shift
tovard more saturated, shorter-chatn fatty acids: 1n ?iahetic kidney

. norterTe y

would be ,t(o creatq,\a more rigid or less fluid membrane. That these

° /

biochemical changéé may have fpnctional sigr'lifi'cance is suggested by
these workers' demonstration of alterations | in the \ temperature-
dependech of adeqnylate cycl.ase in renal plasma membraneg . 6f diabetic
J8nimals. | S ‘ e
F\ltthemore, Holman et ;1 (1983) demonstrated thatﬁ 1inoleic and
ldlhomo- -linolenic acids were increased 1in phospholipids from most
tissues in the diabetic rat,’ whereas arachidonic acid was decregﬁ’éd in
most ’tissues.\ It 1is possible that these changes in the_. fatty -acid
compositions of phospholipids in diabetes may be influenced by diet,

since ﬁmlian cells require exogenous precursors of the lapg-chain

polyunsaturated fatty acids (Holman et al., 1982).

" 1linolenic acid are the precursors of some of these polyunsaturated fatty'
~acicla, and the arachidonic acid 'deficienéy deecribecl b{r Holman and co-~

forkere may have effects on cellular functions in diabetes.

CN . M

~
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"~  The previously roport"od studies o!’Go\u‘:lcy et al (1983) revealed
only a decrease in fanty acids of the noutul 1ipid fuctton of the

nicroviuus membrane fron fasting diabetic aniulo. Although thoro vas

an increue in the nembrane. total phonphoupidl and im th‘ utio of

phospholipidclcholeltarol. these diﬂcroncu‘ falled to uh:.ovo‘
statistical aigq}‘ficance. 'rheu‘w)orker.i"nllo‘ noted that d_ubotu does
not alter the enterdcyte brush border uibrang .ufﬂéiently to affect

DPH fluorescence polarizaf.ion dgtemit;ati,onl. 'Boﬁver, there \n‘reb
several important methodological differences betveen. the studies of

Gourley et al and- our stu&y: "their animals were younger, had been

diabetic fof a*ﬁh ter pepiéé, and,were faﬁting. "In our dtudy, the

major biochemical di{fferences between the brush border nembraneo of

diabetic and cont;ol»animala wgre observed when the animals were fed

(Tables III-2 and III-3). Thus the functional differences iﬁ intestinal

transport reported in the fed diabetic rat are associated with change.

in the 1lipid composition of the bruchﬁiotder membrane.

The only signifigant 'jejugnl\\\\thological difference between
control and diabetlic rats when the aninals\were fed was the greater
number of cells per villus (Table IIf—B).T There were no eignificant
&tfferences in BBM .s crase’ of alkaline phosphata;e&activities (Table

III-1) under these ditions.A Thus the incteaaed lipid uptake in the

fed diabetic imals 16 wunlikely related to altered intestinal

'morphology. Other workers thave also suggested that- changes 1in

intestinal mass and absorpti function are not 1linked, but rather

appear to be under independent eontrol (Richter et al., 1983).

Fastiné influences numerous aspects of villus morphology (Table

- I11-8), but only in the control aninal‘was there a significant decrease



in: mucosal surface »aro.a.. ‘These ‘shorter villi of lowver surface ares in
the control animale mﬁ associsted with changes in the 11;»1& 'c'onto'nt of
the BBM (Tables. III-2 - III-7). These changes in BBM nﬁm were -
unlikely due to altered -xaﬁiricy‘of _the cells, since there were no
changes {n :ho depth of t‘ha crypts (Table III-3), or ‘the BBM sucrase or
aihllm phosphatase activities (Tdbie I111-2). -In&&d, it 1s :uncoru’i‘n
’wh_ethcr th,u norphqlogichl and lipid c'hangeo were du.e to the p‘réunce
of Vfood in the intestinal tract qr ‘to hormone changes, since many of

)

th;ng alte'rationl did. not occur ﬁ the diabetic animals. Some workers
have ougges::ed that the changes in mucosal morphology observed \;i;?h
diabetes is due to hyperphagia (Rieckén et al, 1979). 1In fhis study,
the “morphology of fed and f;sted» diabetic  jejunum was similar. This
suggests that the wmorphological chang;s obs;rved wvere due to ‘thg‘
diabetes not hyperphagia. There is little 1nfomatio‘n,,9r‘1 the effect‘ of
fasting on the uptake of 1lipids. The upt'vake of ch&lesterol is similar )
in fasting diabetic and control animals, and only y‘\in fed diabeti‘c rats
"is the uptake of cholesterol increased -(Thomson, 1980). Thus, fasting
removes the differencea in cholest:.er( dptake by the diabetic rats, but
the nechaniat;n for this effect remaths uncleaf. The lowering of the
cholesterol uptake in fasted diabetic rats is unlikely to be expl#:lned
by alteratiody; in villus morphology (Table III-8). | |
Fasting had a qx}mnti‘tat.ixel.y different effec; on the BBM 1lipids of
diabetic rats as compared to control rats. Total free fatty acids,
total cholesterol and free cholgeterol were h;cre‘ased in the fasted
V.dtnb%tié’:@rats, whereas total i)hospholipid (lecithin, phosphatidyl ’
ethag%lnline), and total phospholipid/cholesterol ratio were increased

in the éinsted' control rats.
X _

A . . rj
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The net result is an 1ncruu in neltral lipids vith fasting in the

disbetic rats, .and #h incresse in total phospholipide with fasting 1n'
4

the control rate. The dHtctenco in lipid co-pooition \nt\non the

LU
fasting dinbetic and control rats does not affect cholutcrol upt.lu

(Thomson, 1980). ' rta the hﬂ miulc, tha llll in the jejunum of dulntle o

rats is composed of a higher total pl}d-pholipid content than the control.
rats. Since very little change is observed in villus morphology, the

P

increase in phos'pholipidﬂco-position may be involved in the enhanced

cholesterol yptake observed in fed diabetic rats (Thomson, 198Q).
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TABLE

O ,

1H1-4 EFFECT OF FASTING AND DIABETES ON JEJUNAL BRUSH
Y BORDER WANE LIPIDS (% OF TOTN. LIPID)
¥ -
Control  ___ Disbetic ,
Lipid . Fed Fasting - Fed = "Festing
4 ' ' /

Phosphol lpid
Monoglyceride:
'‘Blle acld.

Diglyceride
Cholestero!

Cholesterol
Esters -

e

Free Fatty Aclds

SN
Triglyceride

IR

-—— '

34.3 2 1.6 735.0 £ 1.8 32.6 £158 © 40.0 ¢ 1.8"

107 £ 0.5 2.4 £ 0.5 1s8 £ 046 3.0 £ 0.7
31074 2.0 38.7 £ 2.0 30,24 1.0 37,9 2 11"
ND . ND U 1e6 £ fed ~ND

2649 £ 341 2046 £ 1B 3246 £ 2.2 14,9 £ 1S

-

5.4 & 2.1 3.2 0.4 142 £ 0.6 4.2 £ 1.5

‘p<0.65, fed versus fasting

. p<0.05, control versus dlabetic

ND none detected

g
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TARLE |11- 5 EFFECT OF FASTING AND DIABETES ON JEJUNAL BRUSH BORDER
\ © MEMBRANE PHOSPHOLIPIDS (§ OF TOTAL PHOSPHOLIPIDS)
v
o Control. - . Disbetic
Phospho! Ipld Fed Fasting Fed Fasting
‘ . . ) .
] ] °© -
’ ‘ ’ ‘\\ . ’ . g .".‘»
Lysolecithin ND_ ~ND N Np

.- Sphingomyelln
. Leclithin -

Phosphat Idy |
Serine \

}Phosphaf Idyl
Inosltol

Phosphat idic Acid

Phosphat | dy ]
Ethanclamine

I

2830008064 0.8 158 £33 12,0 F9

4147 24,0 43,4 £1.9  38.2 £ 3.5 36,275

¢ ) . \ . P B
N o L S .
é-,] 1 162 ) 1«8 £ 0.6. . 008\*\007 22 % 142
. . ° ) . . ‘ "‘-.\‘\
9¢2 £ 2.5 7452 0s6 6.4 % 144 ),Ah\iin

17 £ 15 009 208  2.6°% 1s5° 7.9 £ 406 >

*r

3324 4.0 37.8 £3.0  36.2 £ 3.0 | 3744 % 3.6

t-testing f‘alled to show.a significant dl_fferenee in the phosbhoil_pld*- '
compos Ition befwe_en fed versus fasting groups, or between
dlabet ic versus control ratse ’

ND, none detected

x‘;vf. .
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TABLE 111-6 EFFECT OF FASTING AND DIMBETES ON JEJUNAL BRUSH
| BORDER MEMBRANE PHOSPHOLIPIDS (nmoi/mg proteln)

, . Control ' Disbetic
Phosphol ipid . Fed .. Fasting Fed Fasting
nmol|/mg proteln . ‘ .
Lysolecithin N ND ND ND " ND
Sphingomyelin - - 29 % It 4625 . %819 4“7
| S ' . ‘ o
Leclthin ] T 0l £ 17 238 £ 28 1712487 193 312
Phosphat i dy! o . L
Serine _— 8:3 06 . 413 1216
Phosphat i dy! . ) ) :
Inoslitol 206 43 £ 35 3028 2119
‘Phospha‘c R ) "
" Acid - 6 %6 12 ¢+ 8 22 £ 19
' Phosphat | dy! . : o
210.4 35 174 3 257 199 & 20

Ethanolamine ' 74’2 6

’

p<0.05, fed versdhg fasting

p<0.05, contro! verWus diabetic

R ND none detected -
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TASLE 1117  EFFECT OF FASTING AND DIABETES ON JEJUNAL BRUSH BORDER .
MEMERANE CHOL INE AND AMINE PHOSPHOL IPID COMEOSITION,

Control . jabetic

——

Phosphol Ip1d . Fed . Fasting ~ Fed Fast&g _

" CholIné Phosphotlpld -
’ N 52¢9°2 646 52.0 % 20.6 . 54,0 £ 4.1 48.2 & 3.7
nmol/mg proteln 129 £ 27 284 ¢ 33 245 % IST - 256 £ 21

Q

——

Amine Phosphol Ipld , : S - '
s 36;2 £ 3.4 39.6 & 2.3 37.0 £ 2.9 41.3 1 2.9

. nmol/mg. protein 82+5 221 % 34 178 & 25° 219816
" Chollne/Amtne;

Phiaspholipld © 165 & 0,42 J'.}? £ 0016 1,56 & 0s21 1422 £ 0416
. [ = . :
L

o

p<0.05, fed versus fasting
. p<0.05, contro! versusAglabeflc
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TABLE | 11-8 - EFFECT OF

FASTING AND DIABETES ON JEJUNAL MDRPHOLOGY

7
f

Morphologlcal

Parameter Contro! : ‘Ol abetic
Fed Fasting Fed Fasting
Crypt depth, pm 12119 98116 11414 11847
Viitus ,
helght, pm 407419 326114% 454328 519152*
width at1/ohelght,um 161113 176119 15918 134212
‘bottom width, um 144113 175415% 153214 11g8"
‘thickness o . 356436 329122 367432 349426
surface area pme/villus 487128  390£27% 537429 561163
Number of cells
per viilus 13048 - 11986 172810" . 187114%
Yillus cell size,pm 6e3 £ 0.3 5.5 £ 002 5.3 £ 0.3 . 5.620.6
el
Number of wvitll U
. . +
per mm serosal Ieng1'ha 7-410-6 6:1£0.6 649207 9.520.7*%,
Number of villf . i :
" per mm serosal length,, 314044 248803  34210.3 2.810.2
Number of villi
per mm~ serosa 23.0$2.0 16.741.6* 21.8%2.2 26.342.1¢
Mucosal sﬁr,face area, L. . .
mmZ/mn’ seross 1045102 6.420.5% 11.841.5  14.081.7"
Microvi|ius helght, pm 1462 £ 0,03  ND  1.40 % 0.03 ND
Number of microv! ||l .
' TND 7.3 2 0.3 ND

per pm ay

- 607 £ Ol

104

*  p<0.05, Fed versus Fasting
p<0.05, Control versus Dlsbetic
ND, not done . ‘
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GHAPTER IV |

BPFECT OF CHRONIC ETHANOL corigm\nou AND POOD DEPRIVATION ON
RABBIT INTESTINAL VILLUS MORPHOLOGY AND BRUSH BORDER MEMBRANE
| CONTENT OF LIPID AND MARKER ENZYMES,

IN;I'RODUCII—()—!J

,‘Acutelnd chronic ethanol feeding in the rabbit {is aalbchted with’
changes in the paiaiée perﬁé;bility to fatty acids and cholesterol
.(",rhonson 19844a;Thomson 198&b5 and with alterations in intestinal 11’|;fd
not"nboli!im ('Baraona et al, 1975). The effect of ethanol on membrane
flutdlfy is controversial. Tillotson et al (1981) have suggested that
ac(xte exposure of the intéstine to ethanol is noL:' associated with
changed in the fluidity of the bruah border membrane (Bgl;). whereas
Hunter and go-wo;kers (1983) have sugg?sted that ethanol does have a.
significant fluidizing effect on the Bnﬁ. Changes '1n the 1lipid content |
of ljhembranes may be aqsociated with changes in tﬁeir' membrane fluidity
(Chi‘.n et al, 1978), and these changes in membrane fluiditﬂy algso affect
enzyme function (Wilsom and Hoyumpa, 1979). Acute exposute’to ethanol
nodifiea the activity of several ‘inteatinal brush border membrane
enzymes (Diqda' et al, _1979; Dinda and ’{Beck, 1982). The lipid content of
‘llﬂ ﬁaiclea”obtained fron. animals with acute exposure to ethanol has
‘been reported (Mansbach 1983), but the 1ipid contént of the BEM 1in
chronic etha'nol—fed animals has not’ ﬁeen ‘studied and the effec‘t af

chronic ethanol exposure on Bm enzymes has also not been reborted.

Accordinglys this - study was undertaken to determine the_effect of

/

3% chapter has been published. - Keelan, M., Walker,
Key » AsByRa  1985. Can. J. Physiol. Pharmacol. 63:1312-

109
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chronic ethanol feeding and food 'dcprivation on the enzyme and 11pid

content of the jejunal and ileal BBM, ¢

METHODS

Adult female New Zealand rabbits weighing 2 - 2.8 kg were raised
for 6 weeks on a standard Purina® chow, “with one group allowed 51
ubitun ‘access to chow and’ 152 ethanol (V/V) dud to their drinking
vater (EF); a second group received ad libitum access to chow (control,

| ad libitum, CAL), a third group was fed with sufficient chow to nntgb

the weight gain of the ethanol-fed rabbits (control, weight gain, CWG);
and a fourth group was fed the same amount of chow as the etﬁ;nol-fcd
rabbits (control, food restricted, CFR). Animals were sacrificed by
anaesthe;ic ove;dose injection of sodium thiopentol into the marginal
ear vein (1 rltgg body weight). Both proximal jejunum and distal ileum
were studied. | | ‘

The procedures for obtaining the mucosa, isolat1§n of the BBM
markgr analyses, L}pid Qn#lyses. and uorphology‘vere descfibed in detail
in Appendices 1 - ;. .

Data were derived from 7-1i animals in each group. éach brush

border mebrane preparation was obtained from one anin@l, All data were

expressed as mean + gtandard error of the mean. The unpaired t-test was

used to determine the significance of the difference between the mean -

-

values of the groups.

*



ra

. ’5weight gain animals.

RESULTS ' S -

. Marker Content of the Brush ‘Border Hembranes of Rabbit Jejunum and

- Hewn = \

The marker content of ‘the " brush border membranes (BBM) of the

,jejunum was nat’ significantly different from that of the ileum of..

U

'control-adblibitum and control-food restricted animals (Tables IV-1 and

/e

‘IV 2) , ”The ‘jejunal BBM sucrase(S) and alkaline phOSphatase (AP)

. activity waa significangly higher than in the ileal BBM of control- ,

&

Q

The BBM nmrker content of the control food restricted animals was

.similar to the control-ad libitgm animalsg except for a slight decrease

in the ileal BBM protein when expressed as mg/g wet weight. The BBM

3

‘marker content of the control-weight gain animals ‘was éimilar to theA

activity in the jejunsl BBM.

- - - . : . @

-D

'control~ad libithm animals, except for a significantly increased sucrase %gé

The BBM marker _content of the 'ethsnolvfed animals was 'similar o

between the jejunum andfileum except for a greater sucrase activity and

! 1 H

: :lower ,-glucuronidase activityrin the jejunal than. in the ileal BBM.

Nordstrom et al (1968) demonstrated that AP activity increases'

[

..the mid portion oé ‘the villus. Fhe AP/S ratio varies along the villus,

such that a decreased ratio suggests a greater _proportion of relatively

mature cells. Upon comparison with the control-ad 1ibirum and control—

\"}

rfood restricted animals, the S activity was higher while the AF a&tivity

progressively from crypt to villus tip while S activity is maximal over

o

 and AP/waere lover in the jejhnal BBM of ethanol-fed animals. Upon

' comparison;with the cont@dl-weight gain animals,” only AP activity and

o
'
-

,AP/S'vefe'lower'in thevjejnnalfBBM”oi ethanol-fed animals.

E co . 5 : - T ;
) . v, . !
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~1leal BBM protein- content from ethanol fed animals was higher tha

The - ~'only difference between ethanol-fed rabhi%p and the three
,5"

control groups, in i1leal BBM marker content ‘was the protein content. The

C

i
BBM from control-ad 1ib animals when expresaed as mg protein/g wet

weight (p<0.05), but there was no difference when the protein content

-was expressed as mg protein/cm ileal ‘ength. The protein content of

 1leal BBM from ethanol-fed animals was higher than BBM of cori ade 7 Hod

restricted_animals}whenwexpressed either aa ng protein/g wet meiiﬁt;mry;

mg protein/cm length. When comparing the . ileal BBM of ethanol-fed AR

animals -with control-weight gain animals, the protein content was

hgreater in the ethanol-fed animals only when expressed as&mg protein/cm:

length.
There were no differences between the ethanol-fed animals and any
of the three control groups in the Na+K+ATPase activity, -glucuronidase'

activity, or DNA content of the~jejunal and ileal BBM. This indicatee a

similar degree of membrane purification among all groups.

2. Lipid Content of Brush Border Membranes.

1

‘In the control ad-=lib animals, there were no significant

differences between*jejunum and ilemm in the total bile acids, total

phospholipids, cholesterol ‘ esters .and the_. ratio of total

phospholipid/total cholesterol (PL/C), but total free fatty acids, total

cholesterol and . free cholesterol were lower in the* ileum than the
jejunum (Tables Iv-3 and 1vV-4), There was no difference in the jejunal.
and 1leal BBM lipid composition between:the three control groups (Table

o

Iv-3 andiIV;A). Although'the jejunal BBM total phospholipid content was

similar, the cholesterol content (total, free, esters) was significantly

5-

*highé{jthan in the 1leal BBM of ethanol-fed animals. This resulted in a

&
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lower PL/C ratio in the jejunal; BBM than in the Tueu BBM. In addition,
~che‘11Ea1 BEM content of tcta} bile acids was greater'than in the jeunal
BBM of'ethanoi;fed_animals. There was a.significant‘dectease in the
tctal ftee fatty acid content in the jejunal BBM of the ethanol-fed
rabbits, as compared to the control rabbits (p<0.05). 1In the ethanol-
fed animals, jejunal BBM pﬁospholipin content tended ‘to be lower,
repulting 1n a significant»decrease.in’PL/C~ as compared'with control-ad

1ib and control-weight gain animals. The total bile acid contedt of\the

ileal BBM was higher in the ethanol fed animals than 1in the control-ad

\

libitum and control-weight gainvan@mals\(p<0.05).

M ' The total phospholipid cdntent was nigher in BBM of jejunum‘than
1leum ot,ecntrol—ad 11b animals (Tables iV-B and IV-4), pcssibly dde to
the qualitative_ and \quantitative increase in . lecithin qnc ’the
'quantitative increase in‘phosphatidyl'etnanolamineyin the jejnnu; (Table
‘IV-Sj. The total pnoephplipid'COntentvof BﬁM was similar in the Jejunum

| and {leum of'ethanol4fed animals (Tabies'IV—3 and IV-&). Acccrdingly,

, the quantitative and percent composition of phospholipids was . also
similar (Table IV-5). The jejunal BBM phospholipid composition contentn
of BBM of jejunum was dimilar in ethanol- fed and in conttol-ad lib
rabbits (Table IV 5), except for a>quantitative decrease in lecithin in

 the ethanol-fed’rabbits.c The phospholiph; composition was similar in

the ileal BBM of conttol-ad 1ib and ethanol-fed animaie (Table‘IV-Sjt
The percent choline PL and amine PL composition was similar in the
: jejunum. and 1ileum of cqntrol-ad 1ib  animals (Table IV/%)

Quantitatively, the choline PL and amine PL composition were th lower




“

e choline/amine PL ratios were similar in the Jejunum and‘

1leal BB
ileum of control-ad 1lib animals. -

In .the ethanol-fed animals, the choline PL, amine "PL and
choline/amine PL ratio were qualitatively and quantitiatively aimilar in
the jejunum and ileum. Although the proportion of choline” PL was
similar (expressed as percent)} the quantitative amount of choline PL
{expressed as nmol/mg prctein) wa's'{iij;c)uer in tne je,junum 'of“‘ ethan‘ol-‘fed
than the c‘ontrol-ad .lib anifals. In contrast', the prdportion cf amine
’PL was higher in the jejunum of. ethano] fed *‘\an contrul-ad 1ib animala,
blt -the quan tative amount of amine PL was similar.‘ Thecholine/amine
PL ratio was lower in the jejunum of ethanol-fed than in control-ad 1lib
‘animals. This decreased ratio could be explained by the quantitative‘

decrease in choline PL or by the qualitative increase in amine PL. The

quantitative decrease in chd;.ine PL may be explained by the combined_

effect of the slight (but not statistically significant) quantitative

decreases° in lysolecithin and apningomyelin, as well as the si‘gnif‘icant
quantit‘ativen decrease in lecithin ‘in ‘the ¢ junal BBM of the eth_anol(—feﬁd‘
~ rabbits as compared to the controil-ad lib rabbita. 'The qualitative
increase in amine PL may be explained by the com{zined"effect »o'f', the
slight (but not statistically significant)_, increase in the percent
p'hosphatidylyaerine and phosphatidyl ethanolam;ne in the jej'unum of
ethanol—fed rabbits, la’s compared to the control-ad 1ib animal‘aa‘ Tne.'
qualitatiVe (percent) and quantitative (nmol/mg protein) amounts of.
choline PL amine PL and the choline/amine PL ratio were similar in the

8

ileum of ethanol-fed andj:ontrol-ad 1ib animala_. ’ '
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3. Intestinal Morphological Characteristics ' a

Comparison Between Jejunum and Ileum

Tables IV-7 and IV-8 illustrste the effect of ethanol—feeding and

- food deprivationpon intestinal morphology.

: In the cdntrol—ad 11b animslsw villus‘height and_villus thickness

were'decreased in the‘ileum,‘resulting in a decreased villus surface

!

_area and mucosal surface area.

In the c0ntrol food restricted animals, villus height, villus width

at-l/2 height,'villus thickness. and villus surface area were lower in

\the ileum than the jejunum. The jejunal villus cell size was also’

.

increaged. The number of villi per mm2 serosa was significsasly
in the jejunum than in the ileum. This resultqg in a similar mucosal
surface area for the jejunum. and ileum. S

In the control-weight gain anigals, villus ‘thickness' was

lower '

significantly decreased, producing a_decreased villus surface area. The

number of wvilli per mmz.serosa was significantly lower in the jejunum'

than in the 1ileum. The'resultingkmucossl surface area was similar for
the jejunum ahd ileum;‘

In the ethanol-fed snimals, villus height, villus surfsce area and

* mucosal surface area were two times greater in the jejunum than in the

ileum. ﬁccordinglf, the number. of cells per villus and the villus cell

size were also significantly greater in the jejunum than in the ileumy

b. Comparison Between Different.Animals Groups

o N
. . ~

Jejunal villusA height was similar ~amung control groups, -Sﬁtf

_ slterations in villus thickness ‘resulted in a laréer villus surface aréa
in cdntrol-food' restricted animals than ‘control-ad 1ib ang control-

fweight gain animals. The food ’deprived animals had a significantly



-

lower jejunal villus density ;hich resulted in a lower mucosal surf‘Ee‘

"srea'ss cbmpared'to rhe control-ad 1ib animals. The number of cella per

. villus and the cell size -were’ similar among control groups. ‘with the

exception of the lower.number of cells per villus in the control-weight '

gain aniﬁals. Crypt depth was similar among control gtoups. In

ethanol-fed animals, Jejunal villus height and villus surface area wvere

significantly larger ‘than control-ad lib and control-veight giin

<

animals, but were similar - to control-food restticted animals.

Alterations in jejunsl villus density (number of villi per mmz serosa)

of ethanol-fed animals resulted in a .mucosal surface area which was .

similar to control-ad 1lib animals bur was larger than in* food-deprived
§ . ‘ . :

animals. There were more cells per villus' in the jejural villi of

v ethsnol-fed animals than in control animals, but villus cell size and -

¥ ,o

crypt depth were similar.

Ileal ‘viilus height was similar among control groups, but

variations in villus thickness resulted in a higher villus surfsce area
and mucosal Surface srea in food~- deprived animals as compsred to
control-ad 1ib - animals. The numb%r of cells per villus was similar

among control—ad 1ib and control-food restricted snimals, but was lower

in control-weight gain animals. The cell size of control-ad lib nnimsls

was smaller than in cpntrol-ﬁeight gain anfmals but was‘larger than in

. e \ :
control-food restricted animals. Although villus height in the ethanol-

fed animals was similar to .the control animals, villus thickness was
. larger and resulted in a larger villus surfece areacthsn in control-ad

11b animals. Further variatlons in villus density did not alter mucosal

surface area when comparing the ileum of ethanol-fed animals to control-

ad 1ib and control-weight gain animals. ‘The 1leal mucosel surface area

(xS

e o8
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vas significantly lower in ethanol-fédg%nimala as cémpated.to control-

god restricted animals. There were ‘significantly féwer cells in - the .

’ of ethanoljfed“animals\ than control-food restricted Tanimals.

{

Ileal villus ¢e11 size in ethanol-fed animals were similar to control-ad

1ib animals, were larger than in control-food résttic;ed animals, and -

were smaller than in control-weight gain animals;,'lleal crypt depth was -

similhr‘ih ethanol-fed and in control animals.

N
ce Morphological Correlations

There K was a direct linear relationship between the height 6futhe

villus and the villus surface afea (y=-17741.04x, r=0.911, p<0.01), and

between the . height of the wvillus and mucosal surface . area.
(y=2.3340.02x, r=0.804, p<0.05). The number of cells per villus was not

strongly ‘related to the .villus height. Sucrase activity was not

significantly ' correlated with any of the morphologidal parameters

measured. -

_DISCUSSION ’ )

A gradient: of function along the intestine has been recogniied for

. 6. . ' i o
many years. As reported by others (Chin and Goldstein, 1977), this

stu&y demonstrated lower alkaline.phoaphatase activ;ty in the ileum thaé
in the .jejdnum éf control-ad lib. animals (Tables'viV-I an&~’IV-2).
Although‘fhe toﬁal uptake_of fatty acids is greatef in the jejupum than
in the fleum (Thqmsqng 1980),‘the incremental change in free'ehefgy;is

similar for the proximal and the distal small intestine, and similar

qﬁantities of cholesterol are absorbed from each qice. Although t%g:&

cholesterol content of the BBM was consistently lower in the ileum than
the . je junuam of control animals, the PL/C'rA;io_Qas similar at both sites

A
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(Tables IV-3 and IV-4) Thus the similar permeability properties of the
jejunum'ans 1leum towards cholesterol were also aeaocia;ed‘with similar

PL/C ratio in the BBM. -
' ~

Changeé in food intake were assoclated with minor &ﬁanges’iﬁythe
lipid'éontent and enzyme activity of the jejunum (Tables iv-l and {V-3)
and ileum (Tables 1IV-2 and 1IV-4) 1in the contr?l -g:ouée: suer:re'
;ctivity_waé.higher in the BBM ftoﬁ the jejunum of dontrol-weiéht gain
than..inﬂ control-ad 1lib and " control-food testticéed animals‘ (p<0.05).

Protein was lower in BBM from the ileum of control~food restricted than

control-ad 1ib animals only when expteséed as mg protein/g wet weight

(p<0.05). Pood deprivation did not have a significant effect on the

o lipid composiﬁion of the BBM."' In this study no consistent pattern

devéloped from the analyses of marker enzymes or lipids which correlated
with the changes in membrane function in the food-deprived animals.
L% :
Ethanol ingestion had a greater effect on the BBM marker and lipid

composition‘of the jejunum than the ileum. The jejunal BBM o% ethanol-

.,'fed'rabbits contained less alkaline phosphatase activity, more sucrase

activity, and therefore a lower alkaline phosphatase/sucrase ratio thar
the controlfad 1{b rabbits (Table IV-1). The marker conteht of the
ileal BBM was unaffected by ethanol ingestion (Table IV-2). Examinatic

of the jéjhnal iipid ~composition revealed a decrease in the total

'phdsphoiipid qoh;ent "of ethanol-fed animals which resulted in a

-

significanclyxlowered phospholipid/cholestetol ratio (Table\Ly-3). The

" smaller amount of phospholipid preseht_in che'jejunal BBM of ethanol-fed

afimals may be explained by the quantitative decrease in lecithin, a
. ¥

choline phospholipiﬁv (Table 1IV-3). The decreased amount of éhol;nq-p

, : . ‘ ,
phospholipid results in a lower cholineé phospholipid/amine phospholipid

! »

—

‘.
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ratio in the jejunal BBM of ethanol-fed animals (Table 1V-6). This
altered phospholipid composition may affect membrane fluidity and
permeability. Although the total bile acid composition is higher in, the
ileal BBﬁ of eth;nol-fed_animals than in the control-ad 1ib an;ﬁale,
none of the remaining lipids and phospholipids were affected by ethanol-
feeding, and therefore coul& not explain .any changes 1in membrané
function observed (Tables 1V-4 - IV-6).

In contrast, the reduced jejﬁnal~uptake'of cholesterol and iong
chain fatty acids in the 6-week ethanol-fed animals (Raul et al, 1982)
was associated with a reduction in the totaliphéspholipid“content and
PL/C in the jejunum of ethanol-fed as compared with control-ad, 1ib

animals (Table IV-3), with a concomitant significant dectgaée in the

amount of lecithin, but without a concomitant change in the pattern of

. percent phospholipids (Table IV-5). We speculate that the previously-

LTy .
z ﬁiﬁpotted Jejunal changes in.cholesterol and fatty acid uptake in chronic

n
Yo

ethanol-fed rabbits (Thomson, 1984b) are relﬁted to the changes in the
membrane phospholipid "composition or phospholipid/cholesterol ratio of
the BBM (Tables IV-3, IV-5, IV-6). Morphological changes associated

with ethanol feeding, eg. increased villus height and villus surface

a:e&, yet unchanged mucosal surface area, do not appear to be related to

the altered uptake of lipids in the je Junum.
An optimal range of membrane fluidity appears to be important for

many biological 'funétions, and there may. be physiological regulatory

mechanisms to control membrane fluidity. Hunter and co-workérs (1983)

reported that membrane fluidity measured by electron paramagnetic
resonance showed that acute exposure of the rat intestine to ethanol had

a sighificant fluidizing effect. . Membranes from mice that had been

-

[
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subjected to long:fhrm ethanol treatment were relatively resistant to
the " fluidizing ;ffec; of ethanol, suggesting Ithgt the ncmbran‘o
themselJes had adapted to ethpngi‘(Chin and Goldstein, 1977). Cellular
* tolerance to the continued presence of ethanol 1s thought to b? due to a
chﬁnge “1in ;he physical properties of the 1lipid bilayer (Chin and
. Goldstein, 1977; Hill and Bangham, 1975) which, in turn, is presumably
‘due to alternations in membrane lipid composition (Chin et al, i978; Sun
and Sun, 1978) In general, loné-term exposure to ethancl results invan
iffrease in fatty acid saturations with araéhidonic/linoleic.acid ratios
being decreased in both. mitochondrial and whole liver preparations
(Miééli and Ferrell, 1973; Thompgqnlzand Reitz, 1978). Inx—additlon,
increases in liver | cholésterol- agd .total‘ phospholipids, {e.
phosphatidylcholine have been reported (Fallon et al, 1969; Lefevre et
al, 1972; Mendenhall et al, 1969).

Thékeffect of ethanol on the liver is.influenced by the -dietary
content of fat. Although the fatty acid composition of phospholipids of
1solated hepatocytes were essentially unaffected by ethanol given to
rats on a low-fat (SZ) liquid diet,—zbgg_;he dietary fat content was
ihcreésed to 552, eﬁhanol 'signtfichntl} decreased the proportion of
arachidonate in all the phospholfpids examined (Smith ret al, 1982).
A Using the same aiets, others have ?eported”similar findings 1in total
mitochondrial fatty acids (Thompson and Réitz, 1978), but not all
workers have demonstrated a change in the arachidonate/linoleate ratios
of rat 1liver wmitochondiral pfeparacions at liver mitqchondfial
preparations 1in animals chronically fed a high-fat diet supplemented

with alcohol (Waring et al, 1978). Altering the fat content of ethanol

11quid diets was observed to be associated with a two-fold increase in

»
x



121
%

the cholesterol content of 1061ated hepatocytes (Smith eﬁ al, 1982).
Previously, there have been no published reports of the effect of
chronic ethanol feeding on'»e iipid content of thé' it{tegtinal BBM, or
of ﬂllo effect which the le\re'; ’of dietary fat playb in determining the
effects of chronic ethanol 'éaﬁiﬂ‘#ftéq on BBM function, morphology or
composition. - |

The effect of ethanol on mimbr%nés may :lnﬁ’part explain the observed
effects of allycohol on" 1nc~est1na1 paséive permeation, cartier-'medig',ted
transport, tﬁe activff??% ﬁembrane-hound enzymes such as lactase,
" sucrase, maltase, and .alkaline phosphatase. Several studies have shown
that alcohol inhibits Na""l(”' ATPase activity, possibly by its effect on
the fluid 1lipid environment of this membrame-bougd enzyme (Wilson and
Hoyumpa, 1979), which in turn is of key importe’inceki.n a pumbe.r of active
transport mechanisms influenced by ethanol, including ‘sugar, -amino
" acids, water, electrolytes, and thiamine. Tl1:e observe;i impairment of
tgiamine movement out of the enterocyte produéed by alcohol correlates
with a fall in Nat k' ATPase activiiy aﬁd, as for glucose and amino acid
tr_ansport; ethanol-induced changes in membrane fluidity havé lzeen
implicated (Ho&umpa, 1980). \
‘ ‘In recent years' it has Been inct:easingly reported that a great
h variety of function;l and mofphological changes 6f the upper
gastrointestinal tract may Oc;:ur in alcohol abuse. (Wilson and Hoyumpa,
'1979). Chronic ethanol feeding increased many morpﬁolog‘ical. ﬁarameters
in the jejunum including villus height,b villus surface afea, numbér of
cells/villus, number of vi.lli/qum2 serosa and mucosal surface area (Table

IV-7); thereby providing a possible mechanism for increasing nutrient

absorption. This was not the case. Raul et al (1982) demonstrated a
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reduction in the jejunai~yptnke of.cholestorG; and lqng chdin fatty
acids in chronic ethanol-fed animals. Chronic e:hano‘l fuwding had a
.mucm leaa‘dramatic ef fect on ﬁhe ubrﬁhology of fﬁe ileunm. Although
villus thickness ané villus surface area were increased, the number of

villl/em? serosa were'deqyeased'such that the mucosal surface area was

" unchanged (Table IV-8). * Pood deprivation had a variable effect on

gucosil morphology. Although the jejunal mucosal surface area was

-

decreased in control-food restricted animals, it was unaffected by food

&eprivation in confrol-weightigatn animals:\'Bo;h villus and mucosal
surface areas were inéreased in the 1leum of.contrpl-foéd‘restricted and
control;weight gafn aniﬁalé (Table 1V-8). \‘\\

Acute alcohol ingest}on in human volunteefs causes a ;eve{gable

decrease in the activity of intestinal glycolytic enzymes (Greene et AI}\

~2974). Conflicting results concerning the effect of alcohol ingestion

v o N\
on disaccharidase activities in the intestinal mucosa have been reported

(Baraona et al, 1974; Madzarpvova-Nobeleva, 1971; Perlow et al;
1977). Chroﬂic élcéhél consumption also inf uences intestinal ﬁptaké'of‘
glucose, fatty acids and éholesterol (Thomson, 1984b). 1In chronic beer-
drinking alcoholics, the wmean activity of lactase, maltase, and sucrase
in small bowel. bioésies' was comparable with controlg (Bode et al,
1982). Other workers‘ have reported that chtonic‘ alcohol feeding 1is
associ#te& with dgcreaséd mucosal lactase and alkalingu/ghgsphatase
activity (Baraona et al, 1974; Hufnagel ‘et al, 1983). 6n the other
hand, Raul et al (1982) noted that feeding a 152 solution of ethanoi £6
rats for 4'weeks provoked stimulation of disacchuridace activities in

the proximal jejunum. Perhaps nutritfonal and species differences

contribute to those contradictory findings.



-

123

TABLE =1 MARKER CONTENT OF JEJUNA” BRUSH BORDER ME ANES
IN ETHANOL-FED AND FOOD-DEPR!VED RABBITS/
Membrane Control= Control- Control- Ethanol- .
Marker Ad Libitum Food Restricted Weight Gain ~ Fed
an (8) (o (o
r'd
Mucosal screplings, .
Mg wet welight/
cm length 7848 8847 7548 7515
Profoin, .
mg/g wet welght 2.40£0,25 1.7640.27 2.40£0.30 2.4420.19
mg/cm length 0.19£0.03 0.16£0.03 0.17102 0.1740.02
Sucrase, .
U/g’ proteln 1015269 962470 12518100 ot 1314260 Sotyt
|
Alkallne phosphatase . . .
U/g proteln 10924200 10442134 114590 g1663* T+
Alkallne phosphatase/ .
sucrase 1437£0.21 141330415 ~0.890.08 0.6320.06%: *s++*
No'Kk*ATPase, - .-
U/g proteln 132142 80115 83415 87418
, ) '
B-gtucuronidase, ' o o
.U/g protein 0.67£0.09 0.76£0.07 0.9510.16 0.584£0.04
DNA, mg/g proteln 0 "0 0 0

p<0.05, jejunum (Table 2) versus |leum (Table 3)

+, p<0.05, control-ad |Ibltum versus ethanol-fed, control-ad 1ibltum
'versus control-food rosfrlcfed, control-ad |Ibitum versus control-
welght gain

versus controli-welght gain.

+++, p<0.,05, control-weight gain versus ethanol-fed

o

.i-‘_

¥
©

++, p<0.03, controt-food restricted versus ethano!-fed, control-food restricted

&

The numbers given In brackets indicate the number of snimals In each exper imantal group.
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TABLE IV=2  MARKER CONTENT OF ILEA. BRUSH BORDER MEMBRANES
IN ETHANOL-FED AND FOOD-OEPRIVED RABBITS
Membrane Controt- Control- Control - . Ethanol
Marker - Ad LIbitum Food Restricted, Welght Gain | Fed
A N (10) (10) .
Mucosal scrapings,
mg wet waight/ . .
cm fength 69-% 7 6926 65 £+ 8 68 ¢t ¥
Photeln, R _ & A
mg/g wet welght 2,08 £ 0.38 | (.73 % 0.21+ 2432 £ 0427, 3.19 1 0.,28+,4+
mg/cm length 0.15 £ 0.03 0.1 ¢ 0,02 0.14 £ 0.0 0422 £ 0,034+, 444
ft"\
Sucrase, :
U/g proteln 907 + 102 M7 £ 26 i 88t ¢ 38* 902 £ 111®
Alkallne phosphatase,
U/g protein 766 1 126 187 ¢ 62 685 ¢+ 100* 609 2 9N
Alkall'ne phosphatase/ o .
sucrase 0494 £ 0415 1.04 1+ 0.10 0.81 £ 0.14" ~ 0463 £ 0e11
Na+K+ATPaso, _ o N
U/g proteln 89 1 26 ‘ 142 ¢ 40 ‘ 133 ¢ 26 94 2 17
B-glucuronidase, ' , :
“U/g proteln 0.81 £ 0.17 D74 2 0442 1.2} £ Qa19 0.91 ¢ 0.08*
DNA, mg/g protein 0. .- .0 0 0
— : :
; I "
s
R \

p<0.0%, Jejunum (Table 2) versus lloum (Table 3) .
p<0.05“,».\con1'rol-ad I1bltum versus ethanol-fed, control-ad Iibltum versus
comteol=food restricted, control-ad-ilbitum vs control-welght galn
++ p<0.05, control faq-restrlcfod versus ethanol-fed, control-food restricted
versus contral-weight galn
+++  p<0.05, control-weight gain versus ethanoi-fed v

B . ra
o
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'TABLE IV=3  LIPID CONTENT OF BRUSH BORDER ‘NEhBR,AN"E'S FROM
: ' JEJUNUM OF ETHANOL-FED. AND FOOD-DEPRIVED RABBITS
Lipid Control= Control- = ~ Control- “Ethanol
1 o . Ad-L1bitum Food Restricted - Welght Galn  Fed
© nmobes/g protetns an oo ey F o an an-
: . b ‘:',;;z’i‘ - . ) o N
4 Total free e - . : : _
" fatty aclds Vo227 4 23 192  25% 252 % 45 112 3 1944+, F++
_Total blle aclds 2.0 2 0s7 348 £ 147 v 142 3 0.5, 1.4 1 0.5% '
. : . . . . o S T e Wy
beal/'.-"k\\ - : . : o ‘
phosphol Iplds . 374 +.8. 407 £35° 441 %38 © 291 % 44
Toval N TR P SRS
cholesterol 247 2 1% 289 + 27* 288 £ 26% 266 + 38*%.
- free 200 £9%  22420% L 278210 217 4 31%
- asters 46+2 .. 67T%6%. 59 + 5%.. 49 £ 7%,
. Total phosphollpld/ R : S o . R :
¢ total cholesterol 1.52 t 0.08 1.45 £ 0.14 - 1452 % 0,06 . 1410 4 0.09%,+,+++
) * p<0+05, Jejunum (Tehle 5) versus Ileum (Teble 6)
+  p<0+05, control ad-lIbitum versus ethanoi-fed, control-ad libitum versus 9
. " control-feod restricted, control ad-liblitum versus control-welght gain :
o f><0.05, control-food restricted versus ethanol-fed, control-food restricted lw
R . ve'fsus control-=weight -galn : : E
et p<0.0_5“, 'confrol-welgh{ galn versus ethanok-fed w0
Loy 4. R :

oo~
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LIPID CONTENT OF BRUSH. BORDER MEMBRANES EROM ILEWM ~

B = o

- - OF ETHANOL-FED AND FOOD-DEPR|VED RABBITS
. Confrot= s ~ Control- Control= Ethanol-
Lipld Ad-L IbTtum Food Restricted | ' Welght Gain Fed
nmoles/mg proteln (8) - ‘ oy - (10)
“.
Total free , ‘ N
tatty aclds’ 34 + 20* 52 + 24* 102 & 51 RUERY
- &y
Total'blle acids 1.2 £ 0.7 3.8 % 1.3 1.3 4 0.5 3.9 & |.5~,+,+++
. Total phospholipids ~ 281 # 48 295 & 37 311 £ 48 274 £ 20 ¢
Total cholestero! 164 £ 16* 193 & 10* 200 2 16* 168 & 6%
" tree 128 £ 12% 154 & 8% 159 & 13* 138 ¢ 5
esters "t 36t 4 40 & 2* 41 3 3¢ 304 1%
" Total phospholipid/ , " CE | S
. total cholesterol - 1.70 0420 1450 & 0413 1452 2 0.15 1465 £ 0413%
‘ Pl
. . ,pto.os, jeJunuﬁ (Table 5) versus lléum'(TabIé 6)
% ' p<0 05, confrol-ad 1ibltum versus. ethanol-fed, confro|-ad 11bltum versus

control-food resfrlc*ed, control-ad 1it'+tun vérsus confrol—uelghf galn

++ p<0.05 confrol food resfrlcfed versus ethanol-tfed, confrol food resfrlcfed
V -versus control-welght gain

]

p<0.05, control-welight galn versus éfhanbl-fad :



) © TABLE IV=5  PHOSPHOLIPID COMPOSITION OF BRUSH BORDER MEMBRANES FROM
‘ THE JEJUNUM AND ILEUM OF ETHANOL-FED-AND CONTROL RABBITS
. ) ' “ » - .
. o JEJUNUM v ILEUM
Phospholipid - Control-ad  Ethanol-Fed  Control-ad - Ethanol-Fed ,
Conpos I t1on Libltum (1) m Libltum (1) . () . .
«Lysoleclithin, . ' o
nmol/mg protein. ' 24 & 6 131 4 19 1 4 15%3
S 6e8 £ 1.5 - 4.4 £ 1.4 648 £ Fed 5.3 & 1.2
. Sphingomyelln, ' ‘ , o,
nmo!/mg proteln 39 14 312 35 32 30 + 2
5 : 105 £ 141 . 10,5 £ 0.7 12,5 £ 0.8 1140 £ 0.9
Lecithin, : ) - '
nmo!/mg protein 124 + 9 80 t 9+ .70 £ 4% 6216
ST & : C 3341 £ 245 0 27464 2.9 2448 £ 1.3* 22,7 £ 2.0
"Mk Phosphat ldyl : : :
\ ‘ serine, - ‘ o
nmol/mg proteln 42 178 51,4 6 38 %6 47 % 4.
% G 1128240 1746 £ 149 1346 £ 2.0 1742 £ 146
Ly sophosphat i dy| « ‘
. .ethanolamine ‘ _ ‘ - . -
- nmol/mg proteln 4216 . 35 ¢8 3764 4316
g 1102 15 1129 £ 2.9 " 13.2 £2.0 915.8 4 2.3
'Phosphatidy! SR o
. .ethanolamine ' : :
* . nmol/mg proteln 751 9 6819 . 43 1 5% 47+8
S C 2041 £ 23 23.4 3 341 15:2 £ 1.7 17.0 £ 2.8
Phosphat fdy | A S L -
L Tnosttol,. _ . ; :
- . nmol/mg proteln 59 ¢+ 2. 61 £ 16 . 50.& 344 @ 45t 2
i | N 15.7 £ 04p 21.0 & * 17.9 % 1o1 1643 £ 0.9
Phosphatidic acld, . - o , ' S
nmoi/mg proteln 1742 781 9% 2 721
} SURE 2.0 £ 0e4 2.4 % 0.2 301 £ 0.8 246 % 0.3
- ®,p<0.05, jejunum versus ileum g

+ -p<0.0%, control-ad |!bitum versus gfﬁ'anol-fed

e .

g



_ILEUM
Phospho!ipld Control=-Ad . Ethanol-Fed Control-Ad Ethano!-Fed
Libltum (7) (7) _ Libltum (7) - A7)
Choline phospholipld =~ = - . .
nmo1/mg proteln . 181 2 12 123 ¢ 8* 119 ¢ 3¢ 106 % 4
1 : " 4843 £ 3.3 42.2 ¢ 2.7 42.4 £ 148 3847 £ 1.5
~ Amine phospholipid . z _ ‘
nmol/mg protein 116 £+ 3 119.+ N 80 t N* 93 ¢+ .10
1 o 3le1 £ 0.8 41,0 3.7 2847 £ 3.9 34,0 £ 3.5
- Choline/amine 4 ‘ - . . i '
phospholipld 155 £ 0.10 .08 % 0.I0+ 1479 % 0.36 1426 £ 0. 14
; .
Ly b iraay s A T g

o

'

-~

TABLE IV-6 EFFECT OF ETHANOL ON CHG.INE AND AMINE PHOSPHOL IPID
. COMPOSITION OF BRUSH BORDER MEMBRANES FROM THE JEJUNUM
AND ILEUM-OF ETHANOL~-FED AND CONTROL RABBITS

128

JEJUNUM

*, p<0.05, JeJuhum versus. [leum

+, p<0.0%, control-ad |ibitum versus ethanol-fed

RO
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'TABLE IVS7  EFFECT OF ETHANOL FEEDING AND FOOD DEPRIVATION
ON. RABBIT JEJUNAL MORPHOLOGY

Morphologlical e .. Control- Control= ] Control- Ethanol -

Paranohr . AdLIibltum Food Restricted Welght Gain Fed
Crypf dopfh,pm 4045 T 4744 . 5743 5514 °
Villus: g : _ -
height,pm 759480 837497 604174 1045a39tettt
width €1/2 helght,ym 12049 1047 98110 10834
bottom wldth, pm o3+ nesst. 107412 - 10647
thickness, m - 25046 392419" 302412 266518%"
- surface ares, o -
un/vinlus  604368° . 88izo8" 161" soss2etr
No.ot cells/villus . 266427 231420 188116°  316118%" e
o :
__ Villus cell size,pm 5.740.6 65408 - 60480.7 . 6.520.3
Lo - . . N , N R -
“‘Nosof vitll/mm :
'serosal length, * - 11.0£0.4 8.820.4° 8.840.7". 9.410.5*
<" Nowot viIIi/m : L -
serosal length, 4.010.1 . 2.130.3" 3.6:0.3% - 3.930.2%
Nosof vill1i/ " ‘
mn? serosa 4442115 18.220.8°  31.412. e""* 35.212.0%**
Mucosal surface area T .
' +, 4+

mn/mm? serosa 25.843.0  18.242.8 15.841.6"  27.831.5

p—

. p<0.05 Jejunum versus Ileum :

+, p<0.0%, control-ad |ibltum versus efhanol -fed, controi~ad libitum versus =
‘ food-restricted, control-ad |ibitum versus confrol-welghf gain

++,  p<0.05, ' control~food restricted versus ethanol~fed, control-food restricted
- versus control-welght galn

+++, 'p<0.05, control-weight galn versus ethanol-fed



TABLE IV-8 EFFECT OF ETHANOL FEEDING AND FOOD DEPRIVATION
‘ ON RABBIT ILEAL MORPHOLOGY

ra

Morphological Control- -Control~ Control- .  Efhano!

Parameter Ad Libltum, Food Restricted Weight Galn Fed -
Crypt depth, pm 59 £ 6 3743 BT IR 615
Villus: . . . e .
helght, yn 508 £ 23 - 553 & 20 571 3 20 4% 3 37
width at/helght,um 106 6, 88t 4" 87 t 4" 99 £ 5
bottom width, pm 1438 98 3 7 97t 2zt
[+ : - - =
thickness, um 172 ¢ 3 228t 200 £ 81 260 3 12t
surface earea, . ’ ’
2 Vot *+ *5 *+
wnl/vi ) lus 297 £ 16 369 ¢ 17 345 & 14:. 383 1 24
. o ++ LT
No. of cells/villus 205 £ 17 280 t 8 180 ¢ 17° 199 £ 15 °
Villus cell size, pm “\Qf'o 1 0.2 4.0 £ 0.2 6.3 £ 0.2% % 4.7 ;0,37
No. of vil{|i/mm serosa'lw,‘; - . ' - ‘
length,,. 742 1 0.4 10.1 £ 046" 8.9 1 0.4" 8.9 & 0.5"
No. of villi/mm sérosal '/ . .
" length, 5.9 £ Ol 4.5 £ 0,2 1 541 £ 0.3 7 3.8 3 027t
. . . "

No. of vI'l| I/mm2 . . .

serosa ;o 4144 22,2 45.5 & 2.7 45,9 £ 2.2 32,9 1 1,90 *H
Mucosal surface area _ o (. . . '
mme/mm2 -serosa 12.1 £ 0.8°  13.0 4 t.0 ' 167 & 1.2% 15.9 & 0.9%

- % +p<0:05, Jejunum versus 11&um : :
+  p<0.05, controi~ad 1ibltum versus ethanol-fed, control-ad Iibitum versus food-
restricted, controi-ad 1ibitum versus controt-weight galine
++ p<0.05, control-food restricted versus ethanol-fed, controi-food restricted
' vor'sus control-weight galne ’
+++ p<0.05, control-welght galn versus ethanol-fed.
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CHAPTER V

. EFFECT OF EXTERNAL ABDOMINAL IRRADIATION
ON INTESTINAL MORPHOLOGY AND

BRUSH BORDER MEMBRANE ENZYME, AND LIPID COMPOSITION,

INTRODUCTION" - . :

The application of external {rradiation to the abdomen 1is
asgsociated with morphologicél and functional changes in the intestine
(Mohiuddin et al, 1978; Tinimermans et al, 1977; Yasumoto an‘d Sugiyama,
1980) Abnormalities in the uptake of glucoae. leucine, fatty acids and
bile acids .appear 3 days following 600 rads and persiet -even dat two

weeks (Thomson et al, 1983; 1984a,b). However,_ the ‘u‘rptake of some
probes such ao choléSterol‘is unohnnged (Thomson et al, 1984a). The
mechanism of these changes in'tranYSport function following irradiation
ﬁas not been elucidateo. Changes inv the fluidity of membranes bmay be.
agsoclated ulith"alteratiions in their 1ipid composition and.'fun.ct:ion
(Schachter, 1984; Stubbs kz\\an‘d Smith, 1984). ';The composition, ‘fluidity
and - function of some }nonLintestinal membranes chanée following
'_;ixxadia;ion (Fonck’ et ' ai, 1982a,b; Wolter and Konings, 1982).
Accordingly, these ,studieskwwete undertaken to assess tne possible
changes 1in morphologyiand in’the lipid composition of jejunal and 1leal
brush border membranes at 3,‘7, 14 and 28 days following the animais'

exposure‘ to 600 rads,nabdominai irradiation. - The results of these

. studies may explain the previously reported changes in intestinal

— {
1 A version of this chaptet has been published. Keelan, H.,.Cheeseman,

C., Walker, K.; and Thomson, A.B.R. 1986. Radiation Research
105 810"96 . .
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permeability following irradiation with the same dose and time intervals
used in the transport studies.

~METHODS

Studies were performed on female Sprague-Dawley rats weighing 175- ,
225 g. The method used to ltradiate the abdomen frqm a.137¢s gource has
been described (Thomson et al, 1983). One set of 30 animals was
adaeathetiied withbrhompin/ketamine (2:1, 0.2 ml1/300 g body geight) and
exposed to 600 rads of abdominal radiation. Four groups of 6-8 animals
were gacrificed by ketamiqe injection (1 ml1/300g body weight) at 3, 7/8,
14 or 28'd¢ya later. A second set of 30 animals was anaesthetized only
and sacrificed on the‘same days as the irradiated gtoup; These qnimals
serQed as the ‘gontrol groups. Je junum andb ileung of control and
irradiated rats vefe exgéiééé concurrently. ) l

The , procedures for obtaining mucdsa, isolation of BBM, marker
analyses, lipid anglyses, and stu?ying Q;llus morphology are described
in detail in Appendiceé 1 - 4,

All data Gas éxpfessedvas mean t‘standgrd error of thg pean. -A
minimum of six animals were present in each group. Each brush border
membrane preparation -was obtained.ftom one aniﬁal. The control groups
‘were Eeated‘ using one-way analysis of variance, and then pooled
together. The unpaired t-test was used »for _each group (Eontrol or
irradiated) for each -variable with meébranea as repetitions. The
unpaired t-test is equal to the one-way‘analysis of variance test for
multiple comparisons of the means. The. unpaired t-test was chosen

. because only specific comparisons were of interest, i.e. whether the

irradiated group was different from the control group.
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RESULTS

l. Marker Analyses

At day ‘3 following 600 rads, there were reduced values of Jejunal
mucosal scrapings wet weighté, sucrase activity, alkaline phoaphagané
activity, and alkaline phoaphataoe/sucras;, but none of these
- differences were statiatically’significlht when compared with the valuyes
obtained in the control rats. There were no significant differences in
the jejunum of control and 7/8,14 or 28 day post-irradiation aninaln in
the wet weight of mucosal scrapings, protein cohtent, sucrase or
alkaline phosphatase activity, or in éhé ratio of alkaline
phbspﬁatase/sucrase. 4-glucurohidase‘aCt1v1ty wds similar 16 control
and irradiated animals. No DNA was present in fhe BBM of .control and
irradiated animals (Table V-1).

. In the ileum of irradiated animals there was a significant increase
in the alkaline phosphata;; activity and the alkaliﬁé phoqphataae/
sucrase ratio 3, 7/8 and 28 days post-ittadiatign kTlee V-2). Wet
- weight of mucosal scrapings, protein, ’sucrasg activitf' and -
glucuronidase activity were similar in control and‘irradiated anipals.

No DNA was preéent in the 1leal BBM of control and irradiated animals.

2. Lipid Analyses

In the jejunum of irradiated rats, the lipid composition of the BBM
was similar to values obtained in control animals when egqgined 7/8,14
and 28 days after 1rradiat{on. The -only exception was the decreased
total free fatty acid ?oﬁtent in the 3 day post-irradiation animals,
which.conttibutes to the lower lipid/protein ratio (Table V-3). 1In the
{leum of irradiated animals there was a signifi.ant reductiqn in BBM
total free faity acids at day 3 and 14 after abdominal irradiation.

Cor

-
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There were no changes in total bile acids, or choielcerol content. Only
in the day 3 post-irradiation animals was the total phqopholipid content
increased as conbared to cohtrdl animals, which resultedvin an increased
phoophélipid/choleaterol ra:io (Tables V-3 and V-~4). Days 7/8, 14, and
28 had similar levels of total phespholipid and\phOSpholipid/choléaterol
ratios. . | : | A .
When thé phospholipids in the jejunal BBM we¥e expressed a§
nnoleo/;g protein (Table 9-5), there was a significant reduction in
lyaolecithin,‘aphingomyglin, phosphatidic {cid. phosphatidyl-aerine, and
phosphapiayl ethanolamine in the itrﬁdiat;a apimals, but these -changes
did not affect the overall choline and amine phosphdlipid composition.
The 14 day post-irradiation animals also contained 'less phasﬁhafidyl
inositol (Tableﬂv-g). When the - je junal ﬁBM phospholipids were expressed -
as a percentage of.the total, no sigﬁificant differences were observed

between control and irradiated animals (Table V-5).

Many changes in phospholipid composition are associated with ol

irradiation in the 1ileal BBM, when expressgd as npoles/mg protein.
Lysolecithin was blowet at. 3, 7/8 and 14 dayé&t-irradiation, but was
 higher at 28 days post-irradiation. Lecithin was increased 3 and 7/8
days post-irradiation but returned to control levels by 14 days post-
1rrad1agion. Sphingomyelin was increased only in 3 day post—irradiation
aqinnls. The Lchanges\ observed in these three cholin; phospholipiaa.
resulted in a quantitative 1ncrease>in‘the choline ?hospholipid content
of 1leal BBM 3 days after irradiation. Phosphatid‘l ethanolamine was
1ﬁcreased and' phosphatidyl serine was. decreased 1§ the irradiated
nn%aaln;-vlth the exception in the 14 day post-irradiation animals, in

wvhich the phosphatidyl serine content was increaseds” The 'changes
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observed in these two amine phospholipids resulted in an overall
increase in Ehe, ileal BBM amine phospholipid content of the {rradiated
animals. Phosphatidyl inositbl was increased while phosphatidic acid

- ' o

content was decreased in the irradiated animals. None of these changes

in | phoepholipid distribution

_any effect on the ! ra}io of
choline/amine phospholipids. changes were observed when the
phospholipids were expressed as age‘ef Eetal phospholipid (Table
V-6). .

3. Intestinal Morphology

a. Effect of Abdominal Irradiation on Crypts Villi, and Surface
Area

Following irradiat;on. the jej;nal crypt depth was unchanged excepf
at day‘l&v(Table”V-7).- Villus height declined at day 3, then roae.at‘
day 7/8 and 14 (p<0.05).  Jejunal villus surface area followed the aeme
pattern of changes observe&'with villus height. The jejunal mucosal
surface aree fell approximately 332 3 and 7/8 days following 600 rada,
butqfhen returned to notmal. Changes in mucosal surface area were due

to changes 1in wvillus eurface area and villus density (number of

villi/mm2 serosa).

—

e S

“

N1leal villus morphology was not(effected_by abdominal {rradiation
(Table V-8). o |

Je junal microvillup height and the number of nictovilli per m were
not affected by abdominal irradiation at 600 tads (Table V=7). The
height of ileal microvilli was decreased only at 7/8. days post—~abdominal
1;radiation (Table V-8). The - number of microvilli per a was

significantly increased only at 3 days following 600 rads irradiation..
. , 8
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b. Qualitative Comparison of Morphological Measurements
Different end-points were used to ‘assess intestinal morphology. It

‘ was clear that changes in villus height were not necessarily'associated

with changes in crypt depth, villus surface area, mucosal surface area

.or#' microvillus height (Tab’les V-7 and V-8) Following 600 raét,

abdominal radiation, the jejunal villus height, villus surface area and .

) mucosal surface area declined on day 3. The redu.ced-jejunal mucosal
f,surface area on day 7/8 was associated with an - increased height of the
villus and the villus surface area, but reduced .villus density (number

e :'{jf‘of vvilli/mm serosa).- At 14 days following 600 rads, . the height of the

villus and the villus surface area were increased whereas the mucosal
Lo ) ¢
-surface areaj ‘was unchanged.- Variations in the number of vi.lli/mm

v'serosa' explain the "differ‘ent; patterns observed in hucosal and villus: "
»surface areas. o _ S : SR L
No consistent relationship, was found between changes in the depth

of the crypts and ~t~he 'villus‘"heigh~t,q villus surface area. or mucosal‘;

surface area.. For example, on day 14 following 600 radLs, the jejunal‘

v qrypt depth was below normal whereas the mucosal ‘surface area §as

p—

" normal. Changes in the héight of the microvilli was not necessarily
aasociated with a change fn the height of : the villus. . For example,
: ‘follow*ng 600 rads, ‘the height of the jejunal villi was reducg* but the,

microvillus height was unchanged. S ", : W
‘ R a
~ In general morphological parameters of- the jejunum fell 3° days.

after abdominal irradiation, whereas in the ileum villus height, villus,

-s‘urface area, and mucosal surface .area were unchanged. There were.

»

,relatively ;ew morphological changes in< the {leum at day 7/8 or 14

%

ES

-

. following 600 rads, whereaa increases in vilius height and villus

. . o/ .
’ surface area were noted in the jejunum. 0 : ‘ '

i ‘,-,‘{.z\‘, , ’ . N ‘ o

. . Q‘* ‘° B -‘ . » “:. ‘. . . R
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Membrane Marker Enzymes and Lipid Analysis
lDetailed analyses of brush border'membrane_enzyme marhers and 1lipid
: composition ‘were"performed following 600 prads abdominal irradiatcn.
Jejunal brush border membrane‘ sucrase and alkaline ‘phosphatsse
activities fell (though not significantly below control values) on day <3
following 600 rads, and at this time the villus height, villus surface

%4 .

area, and mucosal ;surface area had declined (Tables V- 1 and V-7) On

dsys Z/8 and 14, the jejunal brush border membrane sucrase and alkaline

b ; !
phosvhatase activities had returned to normal while the villus height

_.and villus surface area were increased above control ‘values at these
. ! @ %

’the ileum, the brush border membrane sucrase activity was

ﬁayv 3 following abdominal irradiation, yet the alkaline

"hosphatase

: n enzym’”hwtkers in the brush border membrane, the 1leal villus height,

©

'villus surface anea, aﬁH mucosal sﬁrface area were unchanged (Tables V-7

© and V—8)| Linear regression ahalysis demonstrated a significant
. / '

- R

qg@rel tion between villus height and villus surface area (y=27.9 +

.9Sx, r-O 989 p(O 01), villus height and sucrase activity (y-—32 7 +

\‘ Ce Comparison of Changes in Intestinal Morphology and Brush Border |

actrvity was increased (Table V- 2) ' Despite these changes'

2.99x, 'r=0 966 p<0 01), and between ‘villus height. and alkaline

.phosphatase activity (y--547 + 2. 89x, r= 0.981, p(0,0l)."Changes in
A fmorphology were related to chaﬁges in 'BBM enzyme activity.‘ |

':? : o Quantitative expression " of the lipid composition- (nmolesﬁmgﬁ

protein) in the jejunal brush border membrane qu unaffected Zt”' '

’ 4

irradiation except for the decreased free fatty acid«content at dsy 3.

AIn the ileal brush border membrane. there were quantitative decreases in “.

- free fatty acid ‘content and increases in phospholipid 'content‘at day

3. ° The'quantitative lipid changes‘observed in the jejunum andiileum
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returned to control 1e~vels-"ati:dav“7/8"end 14 post-irradiation. Many
morphological changes - were observed throughout the post-irradiation

period tut could not be correlated to the alterations in menbrare lipid

'content.

Further examination of the ﬂndividual phospholipids revealed no
alterations in the qualitative (percent) proportions‘of phospholipids in
the.'jejunal brush border membrane (not shown). This was also true for
t-hej‘il'e\gm, with the exception of a qualitative increase in lecithin ‘at

day 7/8'"' which returned to ‘control levels by day 14 post irradiation.

: Several minor quantttative (nmoles/mg protein) phospholipid changes'

<

occurred foll&aing irradiation with 600. rads in the jejunum (Table V-
7). The overall jejunal choline and amine phospholipid composition was

not - altered following irrsdiation. ~ There “were . many more alterations -

: observed in the fleal. brush border membrane iphosphoﬂpid composition.

Both lecithin and sphingomyelin (choline phospholipids) as well as
phosphatidyl ethanolamine (amine phospholipid) were present 1n larger
amounts by day 3 following irradiation, but returned to control levels

cF
1by day 7/8 or 1&. The early increases resulted in significsnt increases

S ’9 L
in ‘both tot _thbline éand totsl amine phospholipids such that the
é‘noline/amine %ospholipid ratio did ‘not change. . Minor changes were
also o)served with the other. 1leal phospholipids »(Table V=6).

Alterations in phospholiptd composition were not correlsted with the

~ morphological changes observed. A ' '\ ' @ )

AN C . : HEEE. h /

- DISCUSSION

“Jejunal 'morphology (Table V—7); Thus,

Abdominal irradiation was associated”with significant changes in

ng abdominsl irradiation,' :



the changes in- moz‘g\hology were associated with aignificant changes in

the brush border membrane phospholipid composition but. are hot generally
s 5

gy

associated with aignifican't' G

Yy

markers, or in the brush bor mdbt;l lipids. It was at day 3, 7/8 and -

28 following 600 rads that the_ileal "brush border membrane alkaline

phosphatase activity  was- increaaed (vTa'ble V-2) and amine phoapholipida

were increased (Table V-6), but 'at this time the"villus height, villus

‘auxﬁace area and mucosal surface area ‘were normal (Tables V-7 and V-

ssociatad with consistent changes in membrane total lipids. Thus

-changes in the marker enzyme activity or the total lipid content of the
' "’BBM but were associated wit:h changes 1in phospholipid composition.

The changes in cao:rier-mediated and passive transport following

~¥n the brush border membrane enzyme‘

-

The changes in the jejunal morphblogy following 600 rada were not .

changes 1in intestinal morphology did not consistently correlate with‘

abdominal irradiation were not consistently associated with changes 1in -

“morphol‘ogy. .For example, hexose uptake was reduced 3 days following 600

rads (Thomson et al, '1983) when the heigh,t of the villi, villus sutface

area and mucosal surface area was reduced (Table V-7). However, hexose

\

. absorption remained variably abnormal despite the increased villus

“height and villus surface a‘rea at 7/8 days.folllowing 600 rads. Changes

in passive permea_tion were not consistently associated with changes __in

_morphology. 'For example, 14 days fol.lowing 600 rads,' the uptske of

fatty acid’a was deci‘eased (Thomson et al, l§84a), d,eapite the normal

- mucosal @Lsurface_ area. It s unknown what ‘proportion of‘ the

directionally variable changes in lipid uptake following different doses
5 w3

.of irradiawuw occur .due to changes in certain portions of the villi,

‘withoutzﬁgu‘an aIterations in. the morphological parameters. It is

.



) permeation proceeded.

s,

C
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< ’ L e

‘area or mucosal ,surface area will not be correlated 'with changes in

-

“uptake, since the proportion of the villus used for uptake of a givenf

»

probe may change, thereby altering the in vitro uptake of the probe in

_question.?*Furthermore, the 1lipid analysis of the brush border membrane

.was obtained from the 1solation of the entire villus membrane. Although

there were no changes in the lipid composition of selected portions of
”‘Jl

the villus, it is unknown whether there were changes in the lipid

%
composition of that portion, of the membrane through which. lipid

é-%} ; ‘ : ‘(

’j&x‘ ’

Qther studies have suggested that composition of me;branes may -

change following irradistién (Fonck et al, 19833&b' Wolter add Konings,

1982) ‘The change in the lipid composition of the membranes\may 1&Eer

membrane fluidity (Schachter, 1984; Stubbs,and Smith, 1984).

intestinal-‘permeability 1s altered under a number of experimental ;

vcircumstances such as»aging (Bowman and Rosenberg, 1983; HolIanderyknd

o : ; . .
Morgan,  1979a,b; Holt and Dominguez, 1981; Jakob and Penzes, 1981;

~ Klimas, 1968; Pelz et al, 1968; Thomson, 1979, 198la) and with

'“streptozotocin-induced diabetes mellitus (Thomson' et al 1983; Olsen and

Rogers, 1?70; Thomson, 1980; 1981b). The BBMAcomposition of lipids also

changes withbaging (Keelan et’al, 1985) with diabetes mellitus (Keelan

et al, 1984). Thus, following abdominal irradiation, it remains unclear

what the mechanism 1s for changes in the passive permeability properties
of the intestine, since _the changes in lipid uptake do not appear to be
clearly associated with changes in intestinal morphology, or BBM. enzyme
or totsl lipid composition. Bowever, the variations in phospholipid

composition observed folloﬁing irradiation may be -associated with

possible that‘changes in the overall villus height and villus surface



altered permeability of the jejunal and ileal brush border membrane. In

s

addition,‘ the quantitative increase 1in 1leal membrane phoamholipid
1é5feases the'phoapholipid/choleeterol ratio at 3 days noat-irradiatton‘
and may be a noasible mechaniem by which the'permeability of the 1leal
brush border membrane is altered..‘ |
Q5 Plasma membranes are thought to be a‘sensitive target site where
radiation-induced 1njury first presents itself (Chandra and Stefani,
1981). It is well established that radiation induces lipid peroxidatton
through the production of free radicals which attack ‘the fatty acid
chain of phospholipids ‘(Petkau vand ‘Chelak, 1976):" A decreaee in
: unsaturated fatty acid composition is associated with 1rrad1ated lipids
with a corresponding 1ncrease in peroxidation products, (De and Aiyar,
Al978 Hammer and Wills, 1979). Future studies’ will determine the effect
bf external irradiation on the brush border membrane fatty acid chaina
of the phospholipids. Studies by Khar and co-workers (Khar et al, 1982) -
have shown that the lipid composition of yeast membranes can be alteredl
such that the membrane becomes resistant to the transport changes that
are ‘observed following drradiatton. Further studies will be conducted

" in an attempt to alter.the brush border membrane - 11pid composition with

khmn diet in order to decrease the radiation sensiti&ity of the gut.

o
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BRUSH BORDER MEMBRANES

TABLE V=3 EFFECT OF IRRADIATION ON LIPID ANALYSIS OF JEJUNAL

Lipld, Control Post Abdominal Irradlation (600 RADS)
nmol/mg proteln Day 3 Day 7/8 Day 14 Day 28
Total 11pid 979 £ 45 7104 24 915160 820480 1010 % 69
Total free .
tatty aclds 1262 £ 17 136 £+ 26, 787 t 37 216 £ 26 282 £ 39
Total dblie .
aclds 0.5 £ 0e2 0.2 % 002 Oed £ 0.2 0¢7 £ 0.4 08 £ 0.4
Total : ~
phospholiplids 397 ¢ 32 329 £+ 20 384 t 36 315 £ 98 406 ¢ 56
Cholesterol
total 302 t 18 245 1 10 269 £ 17 248 1+ 18 281 £ 15
free 282 ¢ 7 220 £ 9 257 £ 13 229 £ 18 263 t 6
esters [21 4 4 2618 1235 . 20t6 1811

Total

phospholipid/ :

total cholesterol 1.3 ¢ 0.1"b 13 3 0e1 1e1 £ 0.2 1¢3 1 0.5 13 ¢ 0.2

* p<0.05, Irradlated versus control animals.
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TABLE V-4  EFFECT OF IRRADIATION ON LIPID ANALYS!IS OF

e

ILEA. BRUSH BORDER MEMBRANES

L}

Post Abdominal Irradiation (600 RADS)

total cholesterol 0.8 %

Lipld Conﬁ,rol
nmol/mg proteln ; Day 3 Day 7/8 ~ Day 14 - Day 28
U : :
. . »
Total tipld q77 't 21 870 + 48 928 L 51 750 £ 52 1021 4+ 108
Tota! free . . , .
© fatty acids 279+ 18 85 £ 31 274429 12312 3 22 1 41
Total blle
aclds 0.2 £ 0.1 0 0.3 % 0.2 0¢5 1 043 0.5 2 044
Total - .
phospholliplds 256 £ 19 498 + 38 343 £ 20 341 £ 14 37 ¢ 32
Choles'reroll,
total ~ . 336 £ 11 271 ¢+ 29 321 t 32 290 £ 20 325 t 19
tree 309 £ 10 248 t 21 295 t 22 264 £ 17 301 ¢+ 9
esters 27 £ 5 23 ¢ 14 26 ¢+ 16 26 + 9 24 £ 13
Tota!
phospholipld/ : .
0.1 1.6 £ 0.1 1«1 £ 0.1 1.2 £ 0.1 0.9 £ Ou!

* p <0.05, irradiseted versus contro! animais.
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Phosphollpid

2.040.3

TABLE V=3  EFFECT OF IRRADIATION ON PHOSPHOL IPID
COMPOSITION OF JEJUNA. BRUSH BORDER MEMBRANE S

Control Post Abdominal Irradletion (600 RADS)
Phospholipid Day 3 Day 7/8 Day 14 Day 28
Lecithin, - .
nmles/mg proioln 187.441%.1 170:9210.5 168.221%.7 170.6148.0 189.3226.2
’ 48.,641.8 52,021.7 43.821.7 4709*‘ o! 46.6%1.6
Lysolecithin, . . - . .
nmoles/mg protein 0.4£0.,03 ND 4.210,4 1¢320.4 2444043
0.120.1 ND 1.1 .1 0¢410.4 0.640+6
Sphingomyelin,
nmlos/mg p"OfQ‘ﬂ 49'3*‘00 ‘30'.*2-6 5503*502 51 031"6-0 46.3*6-4
12.841.0 13.122.0 14.412.4 1643420 11.421.6
Phosphatidy! serine, , - . . .
nmoles/mg proteln 4.210.3 ND 15.741.5 ND ~ND
1.120.5 ND 4.122.0 ND ND
Phosphatidy | ethano!amine, : .
nmoles/mg proteln 122:219.8 92,315.7 113.7210.6 107.14£33.3 138.1219.1

31.7¢1.6 2Bo111.9 29.612.6 33.342.0 34,011 .1
Phosphatldyi. Inositol, ‘ . o
nmo les/mg protein 20.041.6 22.741.4 20.011.9 9.813.0 17.122.4
 J 5424048 6921 .1 52410 3elgt.1 442413
Phosphatidic acld, - . . .
nmoles/mg protein 345803 | ND 6.910.6 ND ND
4 049£0.4 ND 18411 ND ND
Choline Phosphollpld,

- nmoles/mg proteln 233.0219.8 213.7813¢1  227.7221e3  200.2462+4  238.8433.1
61.321.6 65.0%2.2 59.322.7 63.642.2 58.811 .8
Amine Phospholipld, .
nmoles/mg protein 12644121042 92.325.7  134.0+12.% 104.9432e7  152.7421.2
s 2 ) 32.841+6 28.1%1.9 34,9133 33¢342.0 37461242
Chotine/Aml ne -

214041 2.210.2 2.120.3 1.6 £ 0.1

padi

ND, none detected

* p <0405, Irradiated versus control animals
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TARLE V~6  EFFECT OF IRRADIATION ON PHOSPHOL IPID

COMPOSITION OF ILEAL BRUSH BORDER MEMBRANES

Post Abdominal ‘ Ircadlatl

(600_RADS) :

8

PRI "1

Control

Phosphol Ipld Day 3 Day /8 Day 14 Day 28
Lecithin, . ) .
nmoles/mg protein 105.247.8 233.6217.7 161.53-9.4. 133.54%.4 128.3212.9
s . N 4112141 46494341 4741223 39422247 Weks2.3
Lysolecithin, . - C . -
nmo les/mg’ protein 2434042 ND ’ ND - ND 34530.3

0.940.5 . ND . ~ ND ND Te121.0 .
Sphingomyelin, .
nmoles/mg protein 61e724.6- 94.617.2 60.4%2.5 61.74£2.% 63.846.4
’ 24-‘*‘ 05 .'9.0*303 " 17.6*202 ‘8.‘}30} 20.‘*2‘8
Phosphatidy! serine, ) . . . .
nmgles/mg protein 3434043 ND 1474001 64110.2 ND
4 143205 *ND 0.540.5 1.821.7 ND
.Phosphatidy! ethanolamlne, . . . R
nmoles/mg protein T4.7456 144.9£11.0 108.746.3  126.745.1 109.8411,0
292415 29.114.2 3147222 37.244.0 34.642.2
Phasphatidy! Inoslitol, R ¢ . .
nmoles/mg protein 7.440.6  24.941.9 8.9£0.5 29.6%1.2 12.441,2 !
3 2.910.5 540114 246413 8.721.7 3.921.4
Phosphat idic acld, » . . .
nmoles/mg protein 1+520e 1 ND ND ND - ND
0461044 ND ) ND . ND ND

s / -
4

Chollne
Phosphollipld, . : ) ‘ s
nmo les/mg protein 16861126 299.8£50.4 22347£22.4 195.2213.6  195.3239.1
' 65.911+8  60+2£2.9  65.242.3  57.324.7 61.313.4
Amlne Phospholipld, . . - . .
nmoles/mg protein 778158 152.4£25.9 410+5211.0 132.949,2 109.8£22.0
5. 3004215 30.644.4  32.712.1  39.04.4 34064242
Chol Ine/Amine N .
PhOSPhO' 'P'd 2. 740.3 2.0$042 *241 202 . 2404045 1¢9£0.2 . A5

»N[') none detected

&

* p .05, Irradgiated versus control animals
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 TABLE V=7  EFFECT OF mnmmn&% ON JEJUNAL MORPHOLOG

L% ' . 151

vy ® t

& ‘J )

"

[

Control Post-Abdominal lrradiation (600 Rads)

Morphological
Porameter Day 3 . DAY /8 © DAY 14
. . " .
Crypt depth, K . —
pm 108 £ 6 112 6 108 £ 10 71:3.
Viltus: - . , .
helght, pm 433218 320 £ 15 579 ¢+ 21 523 ¢ 27
width at!/yheight, :
M » M2¢5 - 10648 107 £ 4 1.12615 .
bottom width, pm 98 26 1106 194 ¢ 23 -fog £ 7
sur;ace area, : . . . o S "'
um /villus 446 ¢ 19 331 + 20 543 £ 20 546 & 28 .

No. of cells/viilus

No. of villi/mm
serosal length

No. of viii1/mmd
serose_

Mucosal 3urface area,
mm”/mm“ serosa

Microvlilus helght,

1)

No. of microvilii/
pm

-

o . »
131237, 7413 " 166 £ 8

1067 £ 0e5  9¢4 2 0s5 5.7 £ 0.7

oy

28039 & 1441 26478 £ 1429 16419 £ 1496 -

5

1428 2 0412 1.61 2 0410 1.21 & 0.05

6ol £ 0.2 5.6 £ 0o3 6.4'2 0.3

\

® p <0.05, Irradiated versus control animals

[
'
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TABLE V- 8 EFFECT OF IRRADIATION ON ILEAL MORPHOLOSY
f

»

Morphologlcal * Control " _Post-Abdomina! |rradistion (600 Reds)
Par ameter _Day 3 . Dey /8 ‘ Day 14

7

Crypt depth, * % - -

pn a 103 £ 4 136 £ 6 My 414
Yillus: : ]
helght, um 2216 ' 183 ¢ 5 250 £ 14 215 2 10
width st '/phelght, um 97 £ 2 87 32 122 £ 3 9t 4
®ottom width, pm 94 1 3 9 2 1248717 R
surface area, / , P
wnZ/vi1 lus 21847 193 £ 9 285 £ 16 2324 17°
L + . . - B . - .
Noe of cells/vilius 63 & 2 T 3sepd @ e BT P
' ¢ v o
No. of viti!/mm ,
. . - ‘serosal length 10:9 ¢ 0.3 111 2 0.4 8.4 t 0.5 13.7 £ 1.1
. v , :
iFaMoe of vil| I/ ' s .
serosa 34.67 £ 1.03 37.07 £ 1,02 22.60 £ 1.45  38.34 § 2.93
" “Pucosal surface area, ‘
Y mm’/mm? serosa  1.47 & 0.27 5099 £ 0.31  6.81 £ 0,64 8440 £ 0,49
Microvi|ilus height, .
pm 1410 £ 0405+ 7 1423 £ 012 0.69 2 0.06 , 1.11 1 0.08
: : o
No. of microvilli/ ‘ .
pn © ' 8.9 1042 " 74 208 6.8 10.4 5.9 £ Ou2
‘ *p ‘<0.05, irradl ated versus control animals ' 3
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CHAPTER VI

"NJ‘

SUMMARIZING DISCUSSION

Intestinal -adaptation.does indeed occur via.changes in the activity |

of brush border membrane (BBM)»enzymes, BBM lipid- composition and villus

morphology. However;' what is the interrelationahip between the

A PR

digestive, absorptive, structural and biochemical alterations?
”

"The pattern of adaptation for the BBM enzymes was. different in each
&

'aof the animal models ‘studied.- Jejunal and ileal BBM sucrasge (s)

-aot‘ivity progressively increased with aging from weanling-yomg-mature

animals. BBM alkaline phosphatase (AP) activity at both sites was

,highest in youny animals and similar in weanling and mature animals.

-

‘Diabetes was not associated with any change in S or APJ_. vFasting» did not

affect jejunal BBM enzyme activity in control . animals, but vas

*r

gesoclated with an increase in S 1in diabetic animals. Chronic ethanol, ' "

L

b

consumption increased S activity and reduced AP activity in both the’

o
jejunal’ BBM enzyme activit~ies, but did wincrease AP activity in the

ileum. Enzyme activity was expressed in "'ch oF the atudies as specific

activity (U/g protein), not total act&’\/ity (Us/total BBM) Specific

since the total amount of BBM iaolated vargﬂﬂ@etween animals and"‘"“;,‘

between intestinal sites,-yet protein content vas constantv‘when'
1 e, : :

expressed pér gram wet weight. ¢ Changes in the total -activity of the

[

present. Specific activity is related to the amount of pro“tein pr.e_s"e'nt"_c«

156

.:jejunal and ileal BBM. External abdominal irradiation ‘did got alter' .

’activity was thought to be a more appropriate meagure of enzyme activity ,'

'_entymes reflect a -quantitative difference dependent on ‘the amount of BBM.

T \kq{

-




S ‘ . . . ,
'&f’and is not affected by fluctuations in the quantitative amount of BBM
& 4y

S&solated. The .BBM purification and yields were similar in the different

‘;test groups. These studies ‘did not distinguish whether the alterations

in enzyme, activity vere due to: 1) changes in the prbportion of enzyme
\

protein relative to the .total protein, or 2) uhether the propontion of
enzyme protein relativbpto'total protein was cbnstant such that changes
in “enayme . % ivity‘ »reflect an alteration | in ° the.» functional
’ charaéterigfics and properties of the enzvme, and notljuat a change in‘

the amount of protein present.
: Autoradiography studies have revealed that only “the upper 1/3 of

',the villua is. capable of nutrient absorption (Smith 1981; Haglund. et -

‘al, 19&@).' CelLs become*biochemically and functionally mature’ as they
: o , o o T
-migrate! up . the villus (Chapter 1) resulting in a mixed cell{wy¢;

el
h’ N

populaqion, 183 the biochemical maturit& of the cells along the villus

?

'ingltgred (as assessed byimeasuringuAPiandeeofnthe entire villus mixed

-cell population), it is possible that the population of functionally

]
mature cells 1s alao altered thereby providing one possible mechanism

e ‘.:{

by which nutrient transport could be altered in the animal models

‘studieﬂ, The ratio of APTS 1s thought to be a: marker of cell matucity
"’l"

(Hartman et al, 1982) with a, ‘reduced ratio of AP/S suggestive of a
| greater proportion of mature cells. A more mature cell population would

be expected to rbef‘asaociated with an increased‘ ability to transport

nutrients. AP/S was reduced with aging and chronic ethanol consumption

' ‘ e . ’ . ) i :
which suggests a more mature cell population alohg the villus. Although

- 3

' active nutrient transport waa increased with aging, passive' nutrient a

r

tgansport was reduced (Table VI-l). In chronic ethanol consumption;

) both active glucose,and paésive lipidenutrient transport were reduced.

LR --

4 . o ‘
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Changes 1in cell maturity ‘do not adequately expléin the changes in

nutrient transport observed in‘ these two - models. An immat&(;' cellf
population would be expected to be associated with a reduced ability to

‘transport nutrients. A higher AP/S ratio was observed in the 1leal BBM

following irtadiation, which auggesta‘a predominantly more imhature cell’

_“population along:the'villua."noth active and passive nutrient transport

were reduced following external abdominal irradiation (Table,VI-l). In
o N .

this model, cell immaturity correlates well with the reduced transport

function observed. The maturity of the " villus cell population was

unaffected by diabetes as reflected by the unchanged ratio of AP/S as
compared with. non-diabetic control rats. Both active and baseive

nutrient transport were increased in the diabetic animal (Table VI-1).

»

Since ce11 maturity (as assessed by AP/S) was constant, it does not

explain the increase in nutrient,transport previously reported. It 1s

clear that changes in cell maturity as assessed by the AP/S ratio may

provide a )possible mechanism for alterations in nutrient transport B

following irradiation, but- does not explain the functional changes

observed in the other animal models tested. )
- , X

Intestinal adaptation 1involved alterations 1in the BBM 1lipid

composition*in each of the models'studied (Table Vi-1l). Increases in

’ the free fatty acid or phOSpholipid content of the BBM would be expected

to be associated ‘with a more -permeable ,membrane, which would be

reflected in the increaeed passive tran@’ﬂ?trﬁf nuﬁfr,
’n\" : -

in lipid composition may alao influence ac&é%é.tranai

environment around the carrier protein. Aging was associated with’ anf,,f

:“'

increased amount of free fatty acid- and cholesterol ester in jejunalf

-,

BBM, while total phospholipid and the ratio of phospholipid/cbolesterdlf” -

=
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(BL/C) were ‘increased in the ileal BBM. Diabetes was also associated
with a higher amount of total phospholipid and a higher PL/C. Fasting
produced a similar increase in total phospholipid and PL/(} in control

jejunal BBM, but the cholesterol content was only slightly increased "and

the free t’atty acid content was decreased in the Jejunal BBM of fasting

'diabetic animals.- Chronic ethanol consumption reduced the jejunal BBM

phoepholipid content and -PL'/C. . The free fatty ecid—content of jejunal

and ileal BBM was reduced 3 days post-irradiation. Only the ileal BBM

_con_ta'in_ed a higher amount of ,phospholipid and a higher PL/C up to 14
days post-irradiation. A higher PL/C was associated with an increase in

‘passive transport in diabetes, but not. with aging or following(

irradiation (Table VI-1). A reduced PL/C..was observed in -animals

chrdnically- fed ethanol ‘which'correiated well with a reduction in

~J

. passive transport.  Aa 'inereaqedk PL/C was "’aegqciated with 1increased

. active. transport 1in diabetes and with aging,o but not following-

‘:‘, -

\
irradiat{on. A reduced PL/C was associated with a reduction in active
2 . . ]

’tr‘ene‘port in .ethanol-fed animals. Since the amount of membr'a’ne

cholesterol appears to be fairly constant, it appears to be tt\e

-

phoepholipid‘content ‘that has sOme relationship with the transport

» N &
' constant, whichv has 1ed ‘other workers%

1982). - 1 hypotheeize that since '"it is

o, B - ’ . Q
: o A : ) , .

R T
changes observed in. the ami modele.
In eve,ry mpdel tested*,. phospholipid content was a].tered in the

.

process of adap,tation. BB!! ‘cholesterol content remained remark@,hl

. U“

choleat&erol content Qﬁ the B

‘_‘i""

> Y )=’ *

.ﬁg pho lipids thab are
changing, it: s the phospholipid content and compoaition that are

reguleted in an adaptive reeponse to the animal model manipulation. :

.A\' &
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Sincejlpf phospnolipid content was altered in each of the models
WAl : .

. studied, it \'iaas of interest t ’deter ne which'phospholipid class was
involved. The type of phospholi‘id pregent influences the packing and
strncture of the BBM. Sphingomyelin is fairly rigid molecule and its
ptesence' confers an lncressMM{y of the membrane. Igolthln has

a large polar head group wlﬂifeh allows for greater mobility of its fatty

acid chains - and ls thereby /associated with a greater membrane
flnioity.' Phospnatidyl "ethanolamine has a small polar hes;:l group,
therefore the movement of its fao,ty acid. chains 138 more restrlcted ancl
,tig-htly packed as compared to t‘noselof lecithin. In the young animals,

\’ tne choline ’phospholiplds (lecithin, sphingomyelin) sete lncreased,
wh:lle‘the amine phospholipids (p;imarily phospha_t_idyl ethanolamine) were.'.
similar to "those in weanling animals. ‘The chollne-/amine phospholipid

ratio was ohigher in the jejunal BBM of young animals, but was not
”sf'fect‘:ed by age in the ileal BBM. Whevn' compared with vyoung rabbits,
mature animals have a lower choline and a higher amine phospholipid
content, such that the choline/amine ,phospholipid_ ratio 1s,slmllat' to

that 1in weanl“ing ‘animsls. Diabetes was asso’cvi_at'ed with an increase in

‘both ch‘oline (leclthin) and amione (phosphatidyl ethanolamlne‘)
phosipholipidsy Fasting was also assoclated ﬁith an increase in lecithin
..,and phosphatid&l ethﬁanolamine in control animals. bln chronic ethanol
/Aconsumption, jejunal BBM: choline (lecithin) was reduced significantly‘

. sncn Ehst the choline/amine phospholipid ratio was also reduced. Minor
"‘chenges in 4phospholi‘p1d composition vere obs,erved 1n jejunsl BBM

CL %
following airradietion.- In the {ileal BBM choline (lecithin,

4

g ";gphingomyelin) and amine.-(phoSphatiayl ethanolamine) were both increased-

*. [

%; 3 daysg" post—irradiation, but only the amine phospholipids remain

&
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_elevated even at day 28 post-ifradiation. The effects of altering the
phospholipid comoosicion on membrane function are not well uooeratood.
No simple relationship can be described between ahy specific
phospholipid_and transport function. .

Variations in  membrane cholesterol . ,content, phospholipid
oompoaition and fatty acid composition can be modified' in mammalian
cells (Spector and Yorek, 1985). Changes in membrane 1lipid oompoéitioo
may alter the physical properties of the membrane and therebylinfluence
many cellular functions‘ including the activity' of membrane-boond
enzymes, carrier-mediated transport, passive membrane transport, and
many othets. *

Changes in phospholipid content ond composition may influence the
activity of intrinsic BBM enzymes such as alkaline phosphataoo (AP).

Seetharum and -co-workers (1985) demonstrated that AP was bound to the

wembrane primarily by hydrophobic interactions with the .membrane

phospholipids without the absolute requirement of thé‘ polar head

group. The activity of AP was, however, influenced by the oecondary
interaction with choline head gfoups. When_ the polar head%group was

removed with- phospholipase D the activity of AP decreasezgﬁ,}Upon the

Qe

..,p
addition of free choline, AP activity was restored. In %g&ﬁal models

where choline content was reduced (mature versus young rgbb ts, ethanol-

fed rabbits), AP actlvity was also decreased. Theépinverse was not
¥

’always true since an increase in the choline phospholipids (yourg. versus

weanling rabbits, diabetic rats, fasting control rata, irradiated tats)

was -not always aseociated with an increase in AP activity. Linear

tegression analysis revealed that BBM enzyme activity was not

significantly correlated with chaﬂges,in phospholipid content or PL/C.
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An 1increase iniphpspholipid content is‘thought to be agsoclated
with a more fluid. mémbfane, which 1n\$¥urn méy be more permeable to
passively absor&eé nuﬁrienéé. In the animals where phospholipid content
was increased (fleal.éfﬁ'of mature raﬁpiteyaﬁd 1rrad18ted ratg. jejunal

BBM of diabetic rats and fasted control'rgté), the passive absorption of

nutrients was not always increased and wmay ﬂh fact be significantly

'décreased, such as following;,irradiation. Carrier-mediated ‘nutrient

&rénsport may -also be influenced by the iipid composition surfoqhding

\

the carrier by altering its conformation and acqi#ity. ‘It 18 clear that

alterations in phosphoiipidvcontentiand COmpositipn were assoclated with
changes in bdfﬁ"’EE?}ietfmediatéd and passive nutrient trhnéport,
although no s#mple relationship was demonstrated. . It 1is likely that‘a
gomplek interaction 'of the many diverse phospholipids affect the
prqperties of the membrane bilayer, which in turn influence the nutrient
transéorting ability of the éBM. ” |

Free fatty  acids afe présent in the BBM, but their presence 1s not
thought to be due to _phOSphollpié b?eakdown duriné membrane
pugification. There may in fact'be a pool of ffee f;kty acids 1in the
BBM which 1is 'generéted as a reSult' of the continuous turnover of
membrane phospholipid fatty acid’ groups (Spector et al, 1981; Spector
and Steinbefg, 1967; Pasternak‘and Bergerdn, 1970; Gallaher et al, 1973;
D'Souza et al, 1983; Lapetiﬁa et al, 1980). Membrane free fatty acids
could be .direct. mediators of functional effects (Spector and ‘Ybrek;
1985). The high free.fatty acid contenf could also be due in part to
the presence of free fatty acids in transit through cheIBBM.‘ Free fatty

acids may be'important for the acylation of some membrane proteins. It

‘has been suggestéd that the fatty acyl groups may facilitate attachment
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to the 1lipid bilayer, channel proteins for recycling or induce

conformational changes in the protein-.(Magee and Schlessinger, 1982).

, Fatty acids of the intestinal BBM phospholipids hd&e not been well
studied in the models of aging, diabetes, chronic ethanol consumption or
irradiation. As discussed 1; the Introduction (Chapter I){ the nature
of the’phoabholipid fatty acid groups greatly influences the physical
ptoperciés of the membrane and shodld be studied in the future; It has
been suggested that the degree of fatty acid ;nsaturation may influence
the phospholipid head group composition and vice versa (Stubﬁs and
Qmith,, 1984). Since the alterations in phospholipid hé;d - group
composition have bgen obgerved iﬁ éacﬁ of the animal models studied, it
would be of {nterest to examine tﬂe fatf} 'acid composition of the
individua} ﬁhospholipids. Preliminary gtudigs of BBM frqm'control rats
reveal that five fatty acids make up 70-852 of the total fatty acids of
phosphatidyl choline and phosphatidyl ethanolgﬁine: 16:0, 18:0, 18:1 9;
18:2 6, 20:4 §. ‘The numerous remaining fatty.acids afe present 1in less
than 2% each. Studies are currently in progress which will examine the
fatty acid qompoaition of BBM phospholipids from diabetic rats.
Alterations in phospholipid fatfy acid composition may greatly 1nf1uénce»
the passive permeabilit} properties of the BBM as well'as thg ﬁrdperties
of the active transport cartier proteins. Analyses of the BBM
phospholipid fatty acids may furthgr aid in the 1dént1ficétion of Fhe
mechanism*by.which transport function is altered. ‘

The measurement of mucoséi&surface area included aeve;al aspects of
villus architecture n§c previously} considered by most other ‘workers
t(Appendix 4). Chaﬁgés ;n villus height were not always.assoéiated with

changes in villus surface aréa or mucosal surface area. Althodgh ileal
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villus height and villus surface’ area increase with age fron weanling to |
young rabbits, mucosal surface area 1s unchanged due to the reduced
A‘numbdr ‘of villi per mmz serosa (Chapter 1I). The same pattern wao
obsetved for the jejunal morphology of ethanol-fed versus control-ad
libitum rabbits (Chapter IV). When compgred to weanling rabbits, the
jejunal villus height and mucoso} ourface area of wmature rats were

- similar yet the villus aorface area was signficantly increased due to
"'the increase {n villus thickness (Chapter 11). in the i{leum of ethanol-
fed rabbits, both villus surface area and mucosal surface area were
increased when coépared -to control-ad 1ibitum rabbits without an
increase in villus height due to the 1increase in villus thickness
(Chapter IV).. It‘is'evident that other aspects of mucosol architecture,
other than villus heigﬁt, grcatly influence both villus and 'mocoaal
surface arca: vtllus‘thiokness‘and villus density (number of villi per
mm2 serosa). "Linear ‘regresaion analygie revealed villus height
measurements were significantly correlated to villus surface area
(Figura Vi-1) and mucosal surface area (Figure Vi-2). Villus surfoce
area ‘also correlated well with mucosal surface area (Figure VI-3).

' Mucesal morphology was not correlated with BBM enzyme activity and lipid

composition. Microvillus morphology was not included in the calculation

s

of mucosal surface area. Microvilli increase the'sqrface area of the
~ mucosa approximately 25 times. Jejunal microvillus morphology was not
significantly altered with diabetes or folloﬁing irradiation. llleal'
microvillus morphology was altered following irradiatioo; although the
changes hefe did not reflect changcs ia oucosal autface-?réa. Thus the

lack of changes "in villus or mucosal surface area in these animals was

not counter-influenced by changes in microvillus height or density.

)
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Jejunal mucosal surface area (MSA) wag, highest in young animals and
siaflar betwee; weanling and mature aninila, while 1leal M§A 'was
unaffected by aging. Diabetes was not associdted with a change in
30662:?’ MSA when t:heW animgle were fed, but MSA ‘vas ﬁuch higher 1in
- diabetic than controi animals when the animals were fasted. Fasting waé
assoclated with-a lower.MSA only in control animals. Chronié,ethanol
.cénéumption did not change jejunal MSA but was associated with a higher
1leal MSA. ?éllowlng irr:diacion, jejunal MSA was redhced»ub to 7 d&yé
£ g
later while ileal MSA was hnaffected. ‘
| The changes in MSA did not correlate well ;lth‘chanéea in nutrient
transport function. However, the tachanique used for the agsessment\sf
MSA Qave only a stailc measurement of mucosal morphoiogy. In order to
more acéhrately stdd& the teiationship between morphoiogy and transport
function {it wogld be neceééary to measure dynamic morphllogy; ‘which
would ‘allov an assessment of the Ffunctional surféce area of the
villus. This would include only the functionai absorptive cells of the
upper third of the villus. Dynamic morphology studies wauld include
Ystudies of cell matﬁndty and cell kinetics. i'
There ﬁre'two baaic mechanisms of absorption: f
1) carrier-mediated trqnsport‘which can be sﬁbdivided_into active
ttansp&rb;(r?quireé energy)'and facilitated transp;rt (does no; requi;e
LT energi).z' |
J i)ﬂ passive trg;sport whi;h includes transport through tight

jungtions, i?&ﬁtet-filled' pores and transport .through the lipfd

-

e

nenb;ihe. ‘The kinetics of ¢t . absqrption processes may be changed via

‘ ‘alterations tﬁ the enetgeticé'or By blockipg the ttanspo(&ﬁéé?cess.

. &ﬁ Alterations in carrier-mediated transport involves cha¥ges in the:

s
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1) Michaelis constant
1]

layers ‘ o -

-a) ‘apparent X (Kn“*) - includes the effects of unntirredw;’ter,

' 3t “ ‘ . Q* i V‘ L
! * ‘6‘3‘ ’ .

A

b) true K, - could be altered by changes 1in the etructut‘l’

cOnformation of tkg‘carrier.

2) maxima], zttanppot;t rate (Voo.) - predoninant sechanisa by vwhich
¥ |

¥

carrierrmediabeq tr:enspatt is altered (Karuov and Diamond, 1983).

#, ‘"‘”“ The propq;rt‘ion of the alteration by Ky and Vj,, has been described

s

: O(DAetscl#; 9?0) The mechanisms of transport change 1in the animal

moaele studied ‘dre shown : i.n .Table VI=2. "A change in transport at low
n, ; »

conce‘htration of polutei reflects a change {n the Km, while a change {n’

A
ttansport at hiﬁ co?xcentretioae of - jolutg teflecta a change in Vg,

] l"’ ‘ + '

and/or »t‘he pemeabiltty coofficient (Pd)

¢

How does “V x‘ change? " The ﬁrésence of wmore carrier which could be
i , 3

i v ) - . /" .

s

\

i
the total number of enterocytes. j .
C. ,,’ v

"'b) an’ lncreese in the number of traneporting enterocytes.

w;thOut any change in the total number of enterocytes.»-'

4

c) -an increase in the amount of carrier in each cell.
" d) alterations in the Na® gradient
e) membrane potential

L d

Drglucose end some amino acids (1.e. L-valine, L~-alanine,

phenylalanine, methionine) can be. traneported across the BBM via a
sodium-dependent mechanism. : Alterations in ‘the Na+ gtedient would
influence the ttansport of 'theee'nutriente.  This, could be achieved by

altetetiona in the 1ntrace11u1ar Na concentration-, or an incr‘e‘aee_ in:

Na"K"'ATPaqe activity (Murer and Hildnann, 1984)

T

\_ __,. . t a) ﬂncreasing th? mucosal surface area, "and thereby increasing
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/ ® adaptation occurring 1 "

-

5".'7 How dotes ’Pd -change?‘[ ‘ "L ,‘ | Co | >4

Ain thq incrgmental changn 1n. 'free energy ar71ated 'to"the,physical

' pro‘perties 'o"

-has .mt y t _been’ possible_to definitively classify the . effects of

R result 1n chdngesbin. membranfe functioxﬁ. P

i . .: I - -‘ " A '. . . o Q '“ . ‘ K L . , T ‘
R T P (-7 A

e ‘ ‘,_v ‘ I ™

e

s

L e
Y a) the slze of the membrane pores L R \
~ 4 ‘ ) . ‘< " .
b) the umber of pores in the membrane - '

:-é)‘ alterations in the unstirred wéter layer
Q’ -
d) alterations in the increm%ntal change in free energy (- Fw L):'

- . - N

- In the animal - models atudied, previous,work has demonstrated that

' although changes in the characteristics of the unstirred water layer do

" . [N t v

occur, tlyese changes are. insufficient \to explain the direction and :

magnitude of the observed transport changes. Changes,. in mucosal snrface g

area /do not co sistently agree- with‘hanges in ‘tran'sport. Alterations -
¢ | : ‘ ‘ |

M'e membrane which are mediated y the lipid composition.

vy

'In each of - t,he morfnls studied alterations in the lipid composition, in e

.~ \ L]

: particular\ the' phoapholip d* composition‘_)‘ were ,obseryed.‘, | These '_

~

phospholipid ohanges are Alkely nmajor” contfibutors to_‘.‘the “functiona‘l_ St

. B 2! N ) . _ : .M\’
Available evidence: which links the changes in membrane- lpid =~
’ " 't g T ’ ! S B

-

‘ compositio'n“ with altered ¢ membrane > functioa "is based solely' ‘on

‘\‘ 7.‘. . ‘.>’y‘

‘_jc‘dfreiauahs’. This is due to the difficulty in the past of obtaining

LaXIRNY Ay

“ydirect,,;ana( conclusive evidehce for a cal;se and. effect ﬂelationshipp It

¥

) ‘a /

b.ltering lipid co‘l\'positi‘on to aLteratibns in mehbrane funcd:ion accprding

to .a conaistent\ pat'tern.' JAdaptation {is like'ly -8 complex proceSs

"é"' : I } . [
immﬁ%ing many aspects of memkrane composition and sttucture,v whichf .




¢

168

n.‘-” i . . s .

. | Co- ) ) §
L - . v ; . A

D e

T

Ay

’ . . =
R PO e
_ ‘ (16°0>d -9m 0=t :analt’ $10-0>d ‘zgg-0o=1 :wmunfal)) ~* - . R

N (6704 myoo=x meert” (107024 ‘gggro=x wmumfafyy C Do .
*gale aoB3INS SNI1IA pue 3ydray SnifIa uaam1aq mwmw.anwumﬁw.; ._|H> kuswm...m, ok

oy 002 - 0 . e =
| S W, 9. R TR L P

e LD oun qummzmmu44m> . T R -

S SNTIIA

.

T SATTEA/ZUN YRV FOVAEN
) Y
’ ‘

. . | L R

© VSA ONV IHA N3IMi38 JIHSNOILVIY - .

‘ . f.

o A g R ’ R U - s S Ly
N ) . . . - L

) * i f L . i . ! * . : - . . |

. . . . .-
< N . B - ‘e

“ . 2 . A RN
N . i g . - - B . R

v - = o - L - r - - R o -
g o | S - o
e - T v o - B L B :



008

1

‘.‘NﬁoJouu

.ﬁmm.onu

- .

wn *1H9I3H w:qJH>

ccm -

. “E:mﬂ

£10°0>d “98g°0=1, "anc_s.mmd

?

goy
|

x.mmum wumuu=m ammou:E vam uswaws m:-a> =wm3uwp aaswcoaumawm

002

B

E y_/_ o0gr

N

z:udm .
z:Z,:,wn o

ot

%

-l

DSOIBS Zu/Zun VI8V JVAMNS WSOINH

3

<mz Dz< LHA zuwzpmm &HImonH<Jum

>

b

. - 2

Z-IA ®anS1g



130

. | m3-~>\mg: <wm< wu<um=m SNMIA « , o
L S B S e
-5
- 7 a “2
| _..., o g
- Le
- { | :
1 . S W
| za:,-mr:._..
. . WINNFIf o
& T ®
. | <mz mz< <m> zwuzpum m_ImonF<4um

— - »
. B N

T~ -eaie munw.gm Hmmou_ﬁ_ pue- eaie wummuzw SNITIA Eumauwp azmcguﬂw&

e Nﬁo.oVQ ‘57970 =1

S

rnalr  10°0>d ‘889°Q =1

.“Escz_..mﬂv :

¢-Ip @an81d -,

.

DS0.i2S’ Zu/Zuu VIV 3IV4HNS WSOINN

v

<

L]

g,

.
e



Q

Wi

> s ’ " o =
- Bt > B , -
. ) - . ’
o . : > s
= IR <
< . '
o . - ) T
” 4 * N
L B .
- ..‘. . -, S o
L2 ; -
. o - o
. . B A
N+ o T ¥ VR T I uoL4@ PR |
- ¥ “Ieulwopgy jeule X3

uo| 4 dunsup)
2
35 sé4eqe1g

K v . 6u {6y

s
*

i

. louey43 Duoayy

v/2' euuy eujjouy
& T sp1djjo4dsoug

3/d.

S/ -

\

e

SPId11 Aplajen 1180 jIodsuesl qweragoN - 7

GKISSRY BALOY . |OPON lewjuy

-

5

[

t

h

- STI0W WHINY W04 NI SQIdITOHISOHd WV 'SQYN - .
CALIMUVW T30 LYOCSMYML INSIMIN I SNOLIVEILW (- 1A 3TEVL .

D




“n

| TABLE VI-2.  MECHANISMS ANVOLVED N CARRIER-
: - "MEDIATED SPORT" ADAPTAT |ON
. w
\4;' . oot
. . —t ,

Mode |

SRR N |
Aging B
Dtabetes e ;‘{
Ethanot oL 4
g - . .

./ . ,
B
e
- ‘ R
* i
P-] ~
. N
.
s .
[ . . L4
+ -
. .
A
-
”* I3
.
- ’ ) * .
. “
\ i
B 4 v .
B " K : g .
A . W .
“ N N
) o . , .
. SECRCIN
- . N e
. AR o
e . » o
-
- , ) 1
» . N
. .
° s
.
v B
o -
I3 . ..
.
’ :
2. R
- @ .
.
4 N '
.
. “
. s,
. "
i
. . .
.. .
<’
! * .
. s b
* o
vy ) .

.
vt
.. .
’ -
>
.
>
@
« R
- N
- KA
Y
~ .
’»
K -
o
o
. ‘
, ¢
'
" .
'
* .
. o Py
..
. .y
. -
@ *
™
,- -

R
.
%
[T
e
S
N
-

i
ar s
T -
»
.
r
t
T
LR
)
i
N
L.
o *
N
s




- DiJRUZA, - C. fﬂ'. CLARKE, J.T.R., COOK, H.W.
N .

'e‘.‘;o‘mv :

"R, ‘W., HRILOMANN, B. (1984) The use of 1s¢§2ed é‘@émbraﬁe \

Bmuocm'w{ . g P ' S

mgm:s T.Q.,» scmcarzn . !
s .‘and wodulation of =m ane cholesterol and_ 1lipid .
_'dynamics in rat = intedtinal mit;rgvillus ' membranes.
. Biochemistry. 21, 224%-2252. A j
DIETSCHY J M. (1970) Difficultiea in detemin;lhg valid ra-te
Ny * :ponstants ‘for transport and. tq_bo”iic processes.
B astroent‘ez‘ology 58 863-874. ' .

PENCE, M. w. (1983)
choline-containing

. Studies on the turnoyer of. endogenol
&115. Bliochim-

... . . phospholifiids of cultured neuroblastd
| "-M . Biophys.. Acta 752. 467-473.

R4

GALLAHER W.R., wqmsmn - M. n.$ m..ou’ca;r H.A.  (1973) Rapid
: ‘turnover of ptincipal phospholipids 1in BHK-21 ls.
_ Biochém.mophyse Res. Commun S 1252-1256. ¢ o ,

» ‘ B , v .
) ,HAGLUNU U., JODAL, M.,'LUNDGREN U. (1973) An autoradiographic

. study of the intestinal’ absorpuon -of palmitic and oleic
’.. acid. Acta Physiol. Scand. 89 *306-317.

[

S HARTMAN, F., owzn, R., BISSELL, D.M. (1982) Characterization ﬂ*f

isolated epithelial cells from rat smallJntestine. ”
) Jo Phyaiolo 242 . G147"G1550 e, * »'(' .

KARASOV, W.H., DIAMOND, J.M. (1983) A,daptive regulation of sugar
- and amino acid trﬁxsporl. b)‘r/ verteMrate intestine. Am.

‘mznm' E.G., BILLAH, MM., CUATKECASAS P.  (1980)  Rapid
acylation and deacylation' of ar: chiddonic acid ‘into:
phosphat:idic acid of -“horse" neutf phils., " J. Biol,

A

t ... 7 Chem. 255, 10966-10970. . . ... . @

HAGEE ‘AsI., SOILESINGER, M.J. (1982) Fatty actd acylation of

Qucaryotic ¢e11 membrane proteins. Biochim Biophys. .
Acta 694 279-289.‘ » , , T

vesicles in the study of 1intestinal pe eation. In:
Pharmacol _gy of Intestgal Permeationi I. :‘eds by TeZ¢-
Csaky. Springer-Verlag, Berlin, Germany. Ch. 6, pp.

1'57-194. v o
- 4 o . L ‘
PASTERNAK C.A., BERGERON J J M. (1970) Turnover of mammalian
: phoophol:lpids. St:ablea-wand unstable ‘components . in

neoplastic mst cplls. Biochgm. J. 19, 473-480,

snmmm B., 'TIRUPPATHI, C., ALPERS, D.H. (1985)  Membrane

interactions  of rat lntéstinal alkaline - phogphatase:
role of polar ‘head gtoups.’ B_iochenistry 24, 6603-6608. °

(i 2) Cholesterol biosynthesis’
e

g

A



: SRRy ey ’

MY . ‘ e S d L S
» ab o g ) . St h . ET -.?ch a7 ) .

M o : N 17‘

SMITH M.W. (1981) Autoradibgraphic analysis of alanine’ uptake by
: newbom, pig intestines ‘petfentia 37, 868-876.

. 4

Cy - A A., STEINBERG D. (1967) Turnover and utilization of
s : -veaterifted fatst:y aclds in Ehrlich ascites tymor cells.
Ly SR B!.ol;w(}\em. 242, "3057~3062..

W e '.w i :
;u ; ¢. fﬂ* ‘d. i3 %‘;ﬁ’ X o
spw(mm, A.X“., ’Emucs I L., HOAK, J.Ci, FRY, G.L..

. “**ytilization of arachidonic and. linbleic ,-gc s by

X cultured human endothelial cells. J. Clin..lnvggt. 68, . . -
1003-1011~ . 3 o el b Bl
' SPECTOR, A.A., YOREK, ﬁ."A.'(1_985"”§$- Megbrane 1ipidcomposdition and
cellular function. :J. Lipid $ks. 26, 1015-1035.

$ ‘
STUBBS, C.D., SMITH, A.D. (1984) The modiffcation of mammalian
" membrane _ _polfghsaturated fatty acid ~composition 1in

relati , membrane JSfluidity and. function.o Biochim.
Biophyt ita: 779 89-137. - :

A}



-

Wt

. ﬁ' S CHAPTERVII . )
) ‘ }‘A}V - .

REQMMENDATIONS FOR FUTURE RESEARG! v

4

The fout"vanﬁal models atudies in this thesis have revealed th*‘

| el
o W' .,BBM a’daptage -;_Wrs ,via changes in its phospholipid composition, which

l ’&%gva ¥ “% : ,'.:-.o

‘7*}&,«”" g;m turn . ie?;,‘hdeociate with ‘the functional adaptation in. nu‘trient SRR

t o,

- . ey R -

traneport.~ ansport of nutrients can be further investigated with LT

the use of“#e "iclea,,. and the lipid zompositi(m assessed with the use
L S i, ?‘ . a .
; i

of quéntl;@t .methods. The control of the BBM 1lipid cduposition can

- oy Qh
‘ .
- be aasesqed‘ " by studying wthe rate~limiting enzymes for thelr .

v
o !

i;‘nh‘ t’etioﬂ, 8s well as the turnover. of lipids in the BBM.
ﬂ:‘,;' £y - .
e

"2 ‘der .to. obtain more conclusive evidence for the relationship
b O S
; mem f!.pid composition and function, several questions must
“ v }" 5 IR . v
1,-\' h ' - . * )
be answered.w F : | . o

- ,o' t i : - .

1) ‘Is. the chdléetertﬂ. dontent of the BBH regulatedr

B -,O‘c%

» aI wouiﬁ like‘ t'o answer the question, "1s the cholesterol content of
the bruqh border membrane regn‘xlated ?, as suggestgd by Brasitus and "
Schachter (1982) . The actlvity of theﬂ rate-limiting enzyme -for-
cholesterol. eynthesis may be measured in each of the models studied. 3- ‘
.”"hydrqu-rBégiethylglutaryl "c,oenr.yme ‘A ”reductase" (HMG-CoA‘ reductas‘e) ’
Lectivity‘ can be measured on muc‘oéal 'homogenates Jusing the assay of
Pnilipp a:nd 'Shapiro (1979). The systematic 'incorpg'rat:ion and tui:‘inov'er0
of cholesterol into the membrane may be measured following subcutaneous"
:inje_ction of [1411‘01—acetate or radi-olel;elled water., A series of
eninals '. would .be sacrificed at se‘veral " time’ interva.ls',\ the tissue

o collected membranes purified and count.ed (Perrodin and Lutton, 1985;

q
Perrodin et al, 1985) Perfusion of the fotestine with labelled acetate \
or water would allow the aesesenent 'Jo'f( the' luminal route"of
\ Y #

175 }" | ) ' .
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‘incorporation and turnover of cholesterol in the membrane,., It the

activity of HHG-COA reductase As changed and the rate d’? incorporation

of radiolabelled ycholeeterol is altered under conditions where BBM

cholesterol content remains stable, then it wmay be concluded,'-that
intestinal 'brush border membrane- chblesterol content is regulated and

therefore represents,_one of the possible control steps 1in the

““malutenanca of intestinal comzosition- . , ) ’

It would aiso be of interest to distinguish' .betw‘een'villus ahd

-

>

crypt ce11 HMG=CoA reductase activity. The cholesterol content may vary

along the villus 80 that the apparent cholesterol content is unchanged

g oW,

for the villus, yet the tip cell cholesterol is altered. A monbclonal

) antibody to HMG-CoA reductase would be ruseful for the localization of

_the enzyme in ceXls along the villus. Cell.s may be isolated along the

crypt/villus unit so that the‘ Lncorporation of cholesterofl into the
q

membrane may be assesgsed. This would fbe of intereet so that it may be

. B-

determined whether the dholesterol incorporated,into crypt cells is
* :\ “ Lo g
maintained for the life of the wmterocyte as it migrates up the villus,

_or yhether the cholesterol tufns:over several times before the cell is
sloughed from the villus tip. ‘ _ ‘ o =
2) llow is m pbosphol.ipid content regulated?

R Y

The activity of the enzymes of phospholipid aynthesis may be

,meaeured in eagh of the animal models studied. CTP: phosphocholine

cy‘idyltransferase is thought to be the rate-limitinh enzyme for .

phosphatidyl choline biosynthesis. ChOP-choline: 1 2-diacy131ycerol

choline phosphotransferase 18 the enzyme involved in the'__convetj’sion of

CP-choline to phosphatidyl choline. These enzymes can be measured,in

mucosal homogenates or microsdmal “preparetionl' (Pelech‘ and Vande,

-y B

o : ‘ . X . ' . | : o e

R o 176
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1984). The regulation of phosphatidyl choline and phosphatidyl ‘
ethanolamine biosynthesie' in isolated rat _intestinal cells has  been ‘

studied: and demonstrates that the. cytidy,‘[yltransferases are rate-
*

limit.gig (O'Doheray, 1980b This study also suggests that phospholipid

syntheais is affected by the availability of diacylglycerol as well as

Fq« \

sits fetty acid composition. ,
* tad

_measured by

-]
; 1. Animalg

Phospholipid incorporation and menbrane turnove

'~':"f°11°“-'g"injection of; [3_2P]-phosphor1c acid and [3R]

»8

would be' sacrificed at ‘deveral timd%tntervals, tissue ,”col’lected,
“membrane purified, extracted and counted .(Lee et al, 1980).° I"ﬁ&‘}.&; ~ g
| time~course of the ch'anges in the activity of these Qmes parallels
-the alterations in BBvaradiolabe’lled phospholipid turfnover as w,elll as
ZBBM phospn .ipid content, then these enzymes could be implicated in-the
control of BBM composition and function. Cglls may be 1solated .along
the crypt-villus gradient to determine whether there are any differences
in- phospholipid incorporation and turnover in the heterogenous viLlus
# cell population of ‘immature anci'mature functioning transport cells. The

/
relationship between perturbations .inv these phospholipid-regu}ating

'enzyme‘a 'and HMG-CoA" reductase could be established and ntiue signals

responsible for the chan n"BBM 1lipids could be established.
- 3) . what is'tlae molec
phupholipiglst

Thin-layer

r speciee“‘eo-.position of individual diacyl

Ty
.

rgentation chromatography sepa‘rates tl\( individuah
/ digeyl glycerois according to their degree. of unsaturation (Holub 1978)
following hydrolyois of the individual phospholipids with phospholipese
c (Bolub. 1980) The molecular species composition of indi.vidual‘T

phospholipids along the crypt-villus unit may be important 4n the °

’ - ) - . 9 ‘ N . \
‘ : » . ' - . ) : t
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" highly polyunsaturated, the membrane will likely be mage permeable due,
. 4 * ! .

178

agsessment of the relationship between BBM phospholipids ;uih' membrane

- properties and ‘membrane-associatod proteins such as alkaline phosphatase

and the glucose carrier. .
4) What is”the fatty acid co-p{-ition of the individual i)hoepholipidet
The pno,spholipid fatty ac eomposition may be assessed 'followi'ng

methylation of the fatty ecids £ individual ph‘ospholipide leparated by
' -

,thin-layet chromltography. The ater acid methyl eaters are quantitat\ed
A

by glass capillary gas/liquid-clftoﬂatogrlphy (Innis ‘and Clandinin,
1981) The phospholipid fatty acid e*,pusition ;i],l reveal addition\nl
information on the propertiea of the BBM lipid. 1f the fatty acida aite
]
to the loose packing of these hydrocarbon chai_ps. A high&y aatutated
fatty acid composition would likely be associatel with a more rigid BBM
'.Astructure,‘ with a decreased permeability. Autoradiography of the villus.

following [3H] -fatty acids given by _mouth and intravenously, will
. determine if there is ‘any heterogeneity in the uptake and turnover qf

the fatty acids of individual phospholipids. The nature of the :
‘ ..;

'phosphoiipid fatty acids, may~” aiso be important in determining the

T Pt

- activigy of carrier proteirns and mémbrane—bound enzymes. ' R’ .:“'_r.l‘q%

5) Is tl!E\fluidity of the m a],tered 1in thetfonrv -odels studied?

,1“’ . . 4

Medsqrements obtgined - by the techniques of rfluorescenee,‘ o

/ ’

polarization and ‘deneity sc‘anning calortmetry have beén used to assees
the fluidity of rat and rabbit brush, border membranes (Brasitus et df
1980; Mutsch et -al, 1983; Schachter and Shinitzky, ,1977) /-u-n..

techniques . could be used to study fluidity of the BBM 1in each of the .

L4 Y, ?

animal wmodels, lteeping in ‘mind the 1limitations of ‘these type{ of

measurements. 'A‘relatiouship could “be sought .’b'et\veen BEM floidity,

o : : . o A,
& : R C .

3* . S 0o




> _ \ ' A

lipid compoeition and BBM .tranepc;rt function. No simple relationth

' between cell function and wembrane fluidity has b_e_en/dmrlbed 1
‘;lum&lien celle. Each fluidity technique monitors a differen aspect of
the lipid bilayer. Hem'b!'ane proteins appear to be influen ed by the

level of unu;uration in the membrane bilayef, th{erefb're it has . been

' ¥ euggnted tﬂ, perhaps examination tha, motional characteristics of
E ' - E 3 2 ' J. A v‘ L.
' ' ‘the protein™J1i.e. carrier protein) may be a more direct approach in

A q . )
deflning the . relationship between 11ipid iomp_oai‘tiun and membrane

E=
'

funct*on (Stubbs & Smith, 1984) The possible pemeahility ‘,propeft‘ie’s

-5

of thé BEM may be “orrelated to the fluldity of thé BEM. Thl_s could be WO
studied most succeufully(in an in vitro system with lirosomee of

- extracted BBM(T'id. ’
. ( i
' 6) How can cell ntutity be a’sseeeed? ; A )

Several BBM arttigens have recently been &scribed by Quaroni (1985)

K . .

wt}lch could be uoed as mrkets of cellular differentiation. ‘These . .

T

/
“Q " ,antigens distinguish the '1mmature crypt and lovet villus cells.
! ' Glycoptotein aynthesis has also been suggeeted a8 a merker of

3); 1 The mgre mature cell.p have :
N ' \" \' {1 - g ; /
e glymproteiﬁs assoqiatea wit.h the nembtane-bound énzymes

t

oG elmar diﬁﬁer,entiatioﬂ (we g

et

r . = LN

(alkalvlne phoephata’se) . AN i

,Imeture cells do :uot ‘have tl:e ! full transporting fun'ctio_rr‘-; \(
vaseocieteu with mature villus cells. A reduction intrausport function
may be associated with an 1ncreased proportion “of 1mmature celle along

+ the villus. An increase. ln t;a‘nepott function gay bé associated. with an

> ‘IB £ .
%“d&reased ptoportion of

increased pv)oportion oh: Jlire
immature celh‘;,long thg ‘,gf ‘l‘l\e eatablishio;gt of cell -)turity may . -

ke,
be 1-portant ln the dﬂtehihdtf’on of a. pouible nechnnifn by vhich

1 R <

N N

Sl I . I . . . : . )
| ~ - s ' . ) . « ’
i ; - ! . : : . .
TN , . . . . .
o | . :
- . .
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tranlport function is altqred. The BBM 1fpid conpoiltion eay'aleo be

altered vhen, comparing innature wvith mature villus cellc. lt ney bo
(

poaaible that the dlfferenceo oblerved in 14ipid conposltlon nay be due

’

to differencea in cell naturity, which {n turn are related ﬁo
differences in membrane function. : B S ‘"', I

7) How can dynamic cell tin.tico be msagured? SRS ' | i

~

At this time there {s no lnformation avaﬁlahle on. the dynanic cell |

'kinetics along- the villus of the animal nodeFa studied. An‘ inpottant
l

mechanism of adaptation may be revealed ‘by thelatudyJof crypt cell. btrth

- rate, cell turnover time% and cell migration rate. 4he ~common

denominator would',be a change in the number of functionally mature

Cﬁlla .. “ C | ' . : "\3

- . b o 1

. ¢
, ., arrest technique (Tannock 1965; Nrtght and Appleton, l?80) to give

-

Crypt cell produrtion tate (CCPR) may be assessed viq the metapha[e
n .
- accurate eatimation of cell bireh rate pna turnover tfne.v An 1ncrea.e5

in-cell birth rate with an unaltered br decreaped cel turnover time ay '«

result 1n taller villi. Iﬁ\cell turnover tlme ts also increaeed vil us .
rge&ght would ngt change but i the ' number of” functionally maturt cells nd
. «nJ-» *

‘therefore uptaée might 1ncrease. rAccordingly, these nmasurﬁmenta of
"cell " turnover, may fbe “icorrelated fwith alte atfons i{n vvillua '
= microdensitbmetry for leucive, lysine and fatty acide. Thia would test

1 the hypothesis that an alteration in crypt cell production rate produdel'

a change in the number of functionally mature enterocytee‘) k decreased

i .a-

‘cell birth rate ‘with an unaltered on increaaed cell turnovcr tlue would b

. result Ln shortened villi. 1In the aninal -odelo vhere' eltdrationo in
\ B / )
villus -orphology have been obsérved ‘cern ﬁay be uleful tn’ deflnlng the
: S , : BN
-echaniem of tha changes 1n villue archltedture. T e .l

> .
- ) g . a

. f

.o ) : i [P . ' N

cel - ' : ! - R ; . 4 N : R
R [ a e e e~ v St . o ‘ . .. . . .

P . g . . i - » B ‘ Lo
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| synthesized tha.  The labelled cells.migrate from the _'cr‘y))t up the

“vill'us. ~ Animals are;.ssctificed at several time intervels,ﬂ 1~ntestina$ :

x4 . - - . . - ‘
probe sué:h das [3R] leucine. The’functional surface area of the villus -

|

. | 181
% A ‘ o vy s ’
L K -

Cell migration rate up the villus may. be measured following [3H]-

thymidine injection. . [3H]-thymidine is ‘incorpors‘ted 1nto nevly

-sections*are‘ taken and autorsdiography performed. o
N ¥

A measure of" the prOportion of functional transporting cslls can be &

obtainod via autoradiograph)k studies\ of tiss-ue exposed to a labe led
. ! I.4 .

L. may “aot be the same for all nutrients. Recent studies have illustrated

~that lysine and leucine ‘are absorbed only. in the.upper 1/3 of the villus L

[

(Cheesemnn, unpublished observations) Further studieshare necessary to

' 'define the functional cells which transport sugars (glucose) and lipids

"I'his also would rlesult in an’ absolute increase . in “thei number ofe

nﬁ
(cholesterol fatty scids) T1t is possiblg that the villus may. nﬁaintain"

t- : A
a constant proportion of transpoxting cells. 1In “thts situation, an

increase &n villus ‘height wouldi result in an increase in the a‘bsoluté

5
'

- aumber .of transpotrtin’g;. cells. " Another’ possibi,lity 1s an increased -

e

p.ropor‘tion’-ofA'trsnsoorting' cells without an incr'ea‘se in villuso height.

*

transportinu’ cells. %veral possibilities exist whereby the "mmémhu

-gurface area could be maintained without a c,orresponding d\ange in the

static measurements of mucosal‘* svurface area per,f,or.m‘ed, in the snimal.
} ‘ - ] g)‘»v B

models studied. It becomes clear that static mor-phological measurements

msy not  accurately represeng he functional surgsce area 'of the..

vintes’tine. ~ This may explain the lack ‘of any relat'ionsh“lp between

intestinsl ~morphology and transﬁort function observed 1n the an.imal

models studied as reported in this‘the_s_isf SN

)

LTS

s
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Ornithine decarboxylaae (Oin\ has been- suggested to. hav'e ‘an

_ , S+l 182
\ . .’/ ‘4 “‘ .."‘w‘ AN ) Ty

impdrtant role in intestinal maturati,on. mucosal recovery after injury
gnd mucosal «h)’perplasia (Luk and ?éylin,‘ 1981) _ Meaaurement of OBC:

activity in eAch animal model may reveal another ada‘ptimcsp(’nse. It

| is ot pérticular intereat to distinguish between differentiation and

prolifemtion.\lt was firat thought that ODC was a marker of cell

o~

proliferation, but more~ recently ODC has been thought to be a marker of

»differentiation and cell matnrity (Cassidy, 1985). 'l'his concept results'<
/ .

"~ from stuc studies which measure thymidine ‘kinase and 0DC activity in crypt

cells. Thymid'ine kinase’ activity was high in- the proliferative crypt

compartment, whereas ODCaactivity 4as absent.‘ ODC activity was found_

only 1in the npper villus cells, and\c trelated well with the 8ctivity of

. ' ‘ ,

© . mature cell enzymels' (suc.rase, alka ine ph09phatase) ODC was not
. / -~ S c
correlated with DNA pynthesis .or. contmr\ S - S T o

Weasurements of. these dynamic cell parameters in each of. the animal
/ \ .

models: would /give ‘a greater insight into the dy&namic morphological

I

adapta.‘tion re’sponse of the intestine.
8) Can ﬁhe hel.{erggeneous cells\of the villus be studied?

Cells can be isolated’ along the crypt‘-villus gradient and studied
fo‘r dif;erences in ‘membrane composition and function. Cells ,cdn be
eluted sequentially as described by Weiser (1973), and Bickel and Munson _
_(l9ﬂ6),' or by centrifugal elutriation (Barber et al, 1986) ‘ Current

atudies have measured the enzyme activity, 1lipid composition and
/ : . _ .

‘/,/transport function of "the .entire villus wunit. It may be ‘more -

appropriate to isolate and study the gradient of immature-tq-*mat—ure

1

cells along‘ the villus. The ‘changes observed 1n’ each cell population

may be much more dramatic than any of the changes previously reported

'
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since there would no longer be any ma&king b "” ontaminating celia from

183”

other sites along the: villus. ' NN 'An‘“‘“ N A “\h"

N A Do ) °
° 4 “

9) rnou can the effects pf apecific lipid -odificat,iona be uaeaaed?

I .
. alter membrane function -and lipid composition of ki’dne'y, brain-, heart:

A

Q,F, . 4

- and liver ﬂ:g;l:}et al 1983 Foot et al 1982 Innia ancl:ﬁlandinin,
“ .

-

1981) A study on the effects of feeding rats a, high polyunaatura,ted

. B
g

P tb ‘

weeks" did alter intestinal transport: function, but without a change in
- 3

inteerrnal' BBM phospholipide were not done , at that ’time, but were
' » 2 -

'performed in a subsequent study and were found to bt’ altered by diet

LY

3, .
fatty acid diet or. a high saturated fatty acid diet~ for K| period of two

_*Recent studies have demo‘natrated that m‘&di»fiéatip‘na in dietary fat '

=~

§ .
.

the lipid composition (’Ihomson et al;, 1986) Fatty acid analyses of the ‘
2 - o

_' (Keelan. et a1 1986) Further studies are req ired to examine the .

, /
effeots of niodifying dietary lipid ‘on BBM ‘com osiVlon and: fu!fction

/.
utilizing in vivo and in vitto techniquee.
] = .
\ o e »Fetal intestinal’ organ culture- (FIOC).'ias a ysgful model to study

the_ influence of’ dietary (exogenous) lipid on
differentiation, and function (Quaroni, 1985) These cells retain their

morphological and fum rlonal nharacteria\tiCa of the in vivo system. ’I‘he

'eurface is populated by a single layer of inteatinal epithelial ce»n

exPressing the . most differentiated cell surface markers of cells in

call maturation,

vivo. Cultured systems and even: isolated cells are still too complex to

establish conclusive ~evidence for . the relationship between'

compoaition and function, especially if the change is produced while the

-

lipid

tissue is in the intact'animal.

. BBM and basolateral membrane (BLM) vesiclea may be prepared and the

lipid‘ composition modified  hy. fncubation wi‘t_h lipos‘)) s and a
\

o
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- phospholipid exchange protein (Baraukov et a1 1980). It would then be '
poaaible to achievu A glven change 1in the membrane lipid composition,
[

. which could be asaeaaed by lipid analyses of the vesicles. In vit‘rﬁ“-

‘uptake studies of glucoae, fatty acida, cholesterol and phospholip‘ida

| could be performed with control (unmodified) and modified membrane

vesicles to determine the direction and magnit\:de of the resulting K
"changes in peqneability at  both entry ‘ and' exit sites of the

enterocyte.' Membrane vesicles may be modified in vivo by dietary

'manipulation in“the intact animal or artificially in vitro by incubation

v

of membrane vesicles with liposomes containing different ratios of
lipids. These stud,ies would allow the examination of the, effect of_
: membrane lipid changes on active - ‘and . passive nutrient uptake.

#

,Intestinal permeability changes produced by dietary manipulation can

also be assessed by (n “vitro uptake studies using flat  gheets of
'intestine or by in. vivo perrfusion studies. ‘. | |
10)- How can. dietary -anipulation be used 3’ study the relationship
betveen -embrane lipid comosition and function?
_ Diet may be a useful perturbation by whi‘ch the mechanism of changes'
invlipid comp;xﬁ\ion and function may be explored. The objective will

be to defins nd - identify the minimum change in membrane lipid

composition required to produca-‘ a change in membrane function. Dietlary

- cholesterol, phospholipid aand fatty acids could be modified, and" the

&
o

umembranes {solated for' studies. of - transport function and *lipid

composition.p As mentioned previously, two diets differing in the ratio
I .

of polyunsaturated/aaturated fatty acid diets produced a change in the

o

fatty actd composition of the BBM phospholipids (Keelan et al 1986)

Continued»a,tudies are requir_ed to assess the permeability properti_es o_f



)

-

A

eatablish the effects of altering the lipid compoaition on nmmbtane

t.‘ ‘ 4. "<, .
s

3

o—

| o~ L
BBM vesicles modified d’ dtet. 1In addition, a

11pid synthesizing enzyme'changealinfresponsé to a diet stimulus would
v

be useful'inyunderatanding the mechanism behind the medbrane=function =

ohangea.

The pbospholipid fatty acids may be the key to the relationahip

| .

function with particular fatty acids. supplied exogenously by diet (in

\

' vivo manipulation), lipoeomes ar cultﬂre medium (in vitro manipulation),

. it may be possible to predict function‘l chanQEs produced by .diet, and

' possibly cortect abnormal membrane function in- health and disease.

A

w

va

’ polyunsaturated fatty acids. These enzymes couldfbe measured in mucosal

&

To continue the ,Btudy” of the regulation‘of lipid incorporation intO“

membranes, fatty acid metabolism will need to be examined in addition to

the _metabylism of cholesterol and phospholipida. Desaturase and

elongation en’aymesv are of. interest as they produce: the‘ lOng

-

homogenates and microsomal preparations (Garda and Brenher, 1985).

.

Studies.on the regulation of membrane 1ipid composition, physical:

properties of the'membrane, 8211 maturity, dynamic cell kinetics, and

4 t -

the “manipulation of membrane'lipid composition’ by exogenous (dietary)

1ipid will contribute to a better understanding of the basic processes

in inte'stinal'adaptation.° On a wider horizon it would be possible to
establish the principles of membrane manipulation which modify membrane

function in other tissues. The relationship between in vivo and in

- vitro uptake studies would‘establish ‘a continuation of the interest in

" intestinal uptake in the clinical control of diseases such as diabetes.

~.
~—

between membrane f!pid conposition and’ function. If 1t is possible to

Py

as courss study of they

A A
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APPENDIX 1

ISOLATION AND PURLFICATION OF THE BRUSR BORDER MEMBRANE

F .t

The 1solation and purtification methods used to establish the marker

-— -

enzymea and lipid content of the brush border membrane (BBM) were based
on the work of Yakymyshyn et al (1982). For the studies using the
3r;bbit ~mode1?f 30 cm each of prokimal- jejunum and distal ileum were
removed from éach rabbit and placed 1in€d fce-cold saline. For the
studles using the rat model, 40 cm of intestine was obtainedvﬁzqm each
of the two s;tes. Each segment was ittig;ted‘thxee times with ice-cold
‘saline and placed on ag preechilled glass plate. The aafgmencs vere
opened longitudinally:alépg the mesenteric border and the mesentery: was
removed.  The mucogal surface was blotted yith lint-free tissue to
remove excess ‘moisture. ’The' mécosal surfac)*’aas removed b§ geantly °
‘scraﬁing Gith "a microscope slide, thean placed 1into pre-weighea glass
vials containing 5.0 ml of 50 mM mannitol-2 prIrié'buffgr pH 7.1, and .
frozeﬁ at -80°C for later purification of tﬁe BBM. S?ccions,‘l’cgkfng
length, were taken before and vaftér. ﬁucosal scraping and placed 1in
Bouin's solution for, preparation of paraffin secﬁions for lfkht
microscopy to _determine the depth of -Bct;bing as well as‘ villus
- morphology (Apgendix 4). :

The 1isolation ;;d purification of the brush bbrder membrane is
summarized in Figure Al-l. Mucosal scrapings were traanerred from
- the éiaéé vial_to a 250 ml polypropylene bottlé. The scrapings wére

Athen honogenized in a total volume of 115 ml mannitol-Tris buffer using

a BrinkQan Polyttono at setting "8" for 15 seconds. The homogenate was

189
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tllﬁgrnd through gauzc, [ nntal sieve, and a Pharuncia 60 M nilliporc

\

fihtcr c% remove mucus and dcbrin. AN lolution of CaCly was added to '.
So obtaln 5 fidal concentration of 10 oM CaCly (1.0 ml 1

the honqgennte

M CaCly ﬁ@r IOO\inl homogenste) and stirred gently for 10 minutes on ice

with a nngnotic ntitrer to precipitate chewoubcellular components. The

homogenate: wge ceatrlfuged at 3000 x g for 15 min at \‘Q'C to peuﬂthe /

subcellular cohponents, the pellet Pl was discarded. The tupernatant 5
was taken off and centrifuged at 43700 x g for 20 min at- 4°C. The
supernatant 32 wfv,dtchtded. The pgiiet.Pz vas reihsbended 1n 0 al of

50 mM ma'nnitol-hy Tris-5 M EGTA buffer pH 7.1 and centrifuged at 43709

x g for 20 min ‘at 4°C. The supernatant Sq was discarded. ‘Tt;e pellet P, |

~was ' reous’pendedr {an 2.9 ml defonized .water and sonicated .(Ultrasonics
cell disrupter sonicator W—375).. The sonicated P4, preparation _was
layered onto 25 ml of 40Z Percoll® (Pharmacia) and centrifuged at 43700

x g for 20 minutes at 4°C. The upper fraction (p-1.019-1.’055 g/ml)

contained the BBM. Contaminat:ing core material remained in the 1lower |,

fraction. The Percoll® was removed from the BBM by cent:ifuglno at
* 115000 x\g for 45 wmin at 15°C. The final BBM pcteparation was
resuspended 1in the supernatant, then aliquotted for.ipmediate lipid
extraction (Appe‘ndiav: 3). Additional aitquots for marker and 1lipid

analyses were stored at -80°C.

*

o



Preparation of BBM

MUCOSAL SCRAPINGS (30 emjin Mlﬁmtol-Tm. pH 7.1 (20 mig)

R,

‘Homogcme-Poly"on P gcc/&)' ]

» .
K]
Filter;Gauze. Mets! Sieve. 40 im Mesh
Add 1 mi M CaCl,/100 ml homogenate-stir 10 min/4 C
Centriluge 10 min/4 C/3000 xg
o
PELLETP1 . . SUPERNATANT St
(E.R. Mito.. BLM) : : l
. . - . Centriuge 20 min/a C / 43700 xg

SUPERNATANT S2
(Lysosomes) -

PELLET P2
(88M)

Resuspend in MannitohTris-EGTA. oH 7.1 '

|

Centnituge 20 min/4 C/43700 xg ’
PELLET P3 v " SUPERNATANT §3

{BBM) ) . {Lysosomes)

|

~ Resuspend in D H,0

l

Sonicate 3 bursts’4 C/sefting 5 Q
Layer onto 40% Percoll

| -

Centriluge 20 min/4 C/43700 xg

|

./ o——BBM.p = 1.01

Joss —s  FRACTION
SN U.C. 45 min/15 C/11500 xg
rTYTY o= Core p.= 1.090-1.100 ° o : ’ )

PURE FRACTION
(Pure BBM)

Figure Al-1. 1Isolation and purification of brush border membrangs. N

v
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ENZYME MARKER ANALYSES
™

.
TOTAL PROTEIN vu detcrnined -using the. Hartree -odificu.’ton of tha

nethod of Lowry (Hartrae, 1972; Lowry et al, 1931). nm vronin‘

initiall.y 1ntencts vith 't in alkali for 10 minutes at bS c. The Qr-
protein compldx and the tyrosine and tryptophln of the prouin thon
reduce phoaphotungnug * and phoop!tonolybdic acide (rolin-mocdtn
reagent) to molybdenum blue and tungsten biQe while ltanding at zd‘c for

30 minutes. The absorfhance was measured at 740 nm.

";,‘“-*h_ w
BBM protein + Cu'H'———VCu-protein
45°C
Cutht”eln ' ’ .
tyrosine + phosphotungstic acid + phosphomolybdic acid ===
tryptophan N
, % tungsten blue + molybdenum blue
20°C ‘ ‘

Ao

The ' standard curve ranged from 30-150 g prot'ein (bovine albumin
standard). To ensure qualfty control, a serum control and a BBM control
‘were assayed with every run. All enzyme marker activity was ex"prciued
as specific activity, l{/g protein, which {e the amount of enzyae
requifeé to utilize 1 pmole of substrate per minute at 37°C per gram

" protein.

MARKERS OF MEMBRANE PURITY

ALKALINE PHOSPHATASE activfty was assayed by the method of Bowers et al.

(1967) which utidized lthe enzymatic hydfolysis of p-nitrophenylphosphate

"

s .
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t‘(PNPP) to p-nitrophenoi (PNP)hby alkaline phosphatase (AP). ) The BBM
,hpreparation was incubated with 0. 625M 2-amino~2-methy1 l-propanol (AMP)
‘ ‘-ZmM magnesium 'chioride buffer, pH 10 25 at 37 Ce The magnesium
‘lchloride acted as an accelerator for AP. The substrate, 50 mM PNPP, was
"then added ‘a8 the‘starting reagent.t The hydrolysie product, ?NP;’is"y
;highly coloured (yeLlow) under alkaline conditions. The increasing

i~
,yellow colour was mea%%red at 410 nm every 30 seconds- for 3 minutes.

BBM‘AB N

B S *?PNP + H3904

AMP-MgCl,; 37°C, pH 10.25. (veIlow) ;

.Thisigssay utiliaed‘rate‘reaction‘kinetica,étherefOre linearity (uith_
. respect to the amount of'membraneiprotein added to-the assay system)‘was-
- visible and demonstrated by every sample assayed. 'TO‘ensure'quaiityb
'control ‘a serum control and a BBM control were assayed at the beginning ,

and end of every run.

2 -
o(\c'
. -

G- . A K e s §
i

\ SUCRASE activity was assayed by the method of Dahlqvist (1964) The BBM‘ o
‘preparation s incubated with 0 1M maleate -/\3 mM sucrose buffer, pH
»56 0 for 30 minutes at 37° C. Sucrose;;s‘ roken d0wn 1nto ~glucose and

fructose.by thevBBM sucrase,v The reaction_was stopped.by the addition»,-

;‘Jf deionized Hy0 and placing assay tubes,in.the’water‘bathfat-loogc for .
;2 minutes. The giucose:is measured bymtherglucose-specific hékbkinaseu

‘reaction whereby glucose in the presence of ATP and magnesium forms

-

'giucose-ﬁ—phosphate (G-6—P) ‘ Glucose*6-phosphate dehydrogenase (G—6-
-VPDH) in- the presence “of NAD'converts G-6—P to 6-phosphog1uconate and
‘. NADH. The amount of NADH produced 1s proportional to the glucose formed

o by the  BBM sucrase activity. The absorbance of NADH is measured at 340

nm. using the Worthington Instrument Application for the ABA-lOO

lrfbichromatic auto—analyzer (Cat Nos.-7921 7922)

)

A L

2

I
5 )
A
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Ld ‘J ..'-\ )
/ 'BBM-sucrase , (stop
Sucrose — » glucose + fructose-——¥108°c reaction)
g \maleate, 37°C ‘ '
o 60 | ’ - -
, | -
dlucoseﬂ+ ATP . ‘ ¥ Glucose-6-phosphate (G-6-P)
! L Mg2t, 37°c ‘ o
| _ | ' B
| G-6-PDH | -
G- 6-P + NAD > 6-phosphogluconate + NADH
[ °
‘ | | 37°C | A340
‘This assay utllized endpoint kinetics, therefore ‘the assays were -;/
- £

bergfrmed with ' the ‘addition of different amounts of BBM protein to S
/

demonstrate .the linearity of the’ reaction. The glucose standard curve,’

ranged from 25- 200 mg/dl. TO'ensure quality control, a serum control
. \ : /
’and a BBM control were included at the beginming and end of every run<

‘: ‘ _ /

MARKERS OF MEMBRANE CONTAMINATION A .

Na4K+-AT§ase ‘activity'pnas aSSayed accordinga to the method 5%
Scharschmldt and“conorkers h(1979), ‘and was used as./a, marker‘ of
basolatetal membrane (BLM) contamination. . Membrane#7é;ociated Mgz+
-activated Na+K+-ATPase activity was determined by a coupled enzyme assay
in which the formation of ADP by ATPase in the presence and absence of
ouabain is coupled to NADH oxidation ‘with intermediate enzymes pyruvate

kinase (PK) and lactate dehydrogenase (LDH) and 1ntermed1ate substrate

tvphqsphoenolpyruvate (PEP) present in excess.

W

L o S
A stock reaction buffer (Scharschmidt et al, 1974) containing B-NADH and
PEP with (B) or without (A) ouabain ‘was incubated 3 minutes at 37°C with

gClz-ATPusolution. The reaction begins with the addition of LDH/PK and -

the BBM preparation. NADH~ oxidation was monitored as decreasing
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absorbance at 340 nm every 60 seconds for 6 wminutes. The ouabain
~insensitive ATPase activity (Bﬁ@was<subtractéd from the total ATPase
‘ P

activity (A) to obtain thékouabaid'sensitiVe fractioh, which represents

the activity of the Na+-K+-ATPase.

‘ BLM ATPase » ‘ ‘ . - -
ATP 3 ADP + Pi : '

MgClz, 37°c

( / ouabain)

. PK
ADP .+ PEP ™— ) pyruvate + ATP R
37°c . o
S

P;ruvate + _BoNADH' + Ht= . LDl P lac

© Ay | e

This assay°ucillzed rate reaction kinéﬁid#;w

‘therefqre.linea:ity (withv°

respect to the amount of membrane protein addedyto the asaay system) was

visible and demonstrated by every sample assayed _bj

BfGLUCURONIDASEAacﬁivity wag,asséyed accordihg Lo the \method~bf Glaser
. . J :,

_and Sly (1973), énd. was used as a‘ marker of lysosomal membrane
L LA Y » 4 ?, }
contamination. The BBM preparation wag 1ncubated with 0. 2°W acetate

buffer, pH 4.0 and methylumbelliferoue (MUM)-ﬁ-D-glucutpnide substgate

for 60 minutes at 37°C. The reaction wgs terminated by the addition of
. . - _

.0.25 M:glyciné-carbonate buffer, pH 9.9. pg-glucuronidase converts the

nén-fluorescent MUM-B-D-glqguronide to MUM which 1is highly fluorescent
) : ) : S '
at an alkdline pH. - The  fluorescence was measureg at the

excitation/emission spectra of 360 nm/&SO nm.

~

MUM-g-D~glucuronide . lysosomal 8- lucuronidase MUM

(non-fluorescent) atetate, .0 C
‘ -cafbonatejbuffer! pH 9.9, 20°C (highly fluorescent)
‘ | S F360/450




I T,
- - ‘ : .

This . assay utilized endpoint kinetice; therefore the assays werea
performed with rneA addition of differenf‘ amounte -of' 5r5£§1n4”£5
demonstrate the linearity of the reaction. The methyiumbellirerone
etandard-curve ranged from 0.5 - 5.0 nmoiee. "Te ensure qualiry,control.

%

an 82 sample waé included in every run.f

DNA eontent wes assayed‘aCcording:Z; Glles and Myers (1965)>nedification
of .the method of Burton (1956), and was used as a marker of nuclear
contamination. The assay is a modification of the classical Dische
reectionAof DNA with‘diphénylamine to produce‘a ‘blue color. The BBM v
' preparation is incubated with 20% percnloric acid 4% diphenylauineiin
gladi;1 acetic acid and 0.16% acetaldehyde for 18 hours at 20°C. ‘The'
assay tubes are then centrifuged for 10 minutes at 1300 x' g. The
absorbance of the supermatant was measured at 595 nm. |

iTne pNA stgndard curVe'ranged from 5-50 pg. fo ensure quality control, a
P, sample was included in every run. T ' /// |

~

\ . ' ' /
‘ : /
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APPENDIX 3

Wy »

LIPID ANALYSES

LIPID EXTRACTION ' - ,

Approximately one-half of each BBM preparation was immediately extracted,

- by a modification of the method of Folch (Bowyer and King, 1977 Folch |
et al 1957) using sequential addltion of methanol and chloroform (1 2).
followed by acidificatlon of the water wash using dilute sulfuric acid_
QO;OlM)._ To- ensure ‘quality control, a’ blank and recovery were - included
in every run. Aliquots from the lower chloroform layer were removed for
the determination of total phospholipid, choleaterol (total and f}ee),
and thin—layer chromatography. Aliqimts ‘were evaporated to. dryneas

under nitrogen at 60'C. The dried extracts were stored at -80° C prior

to ‘ysis. : A ‘ " -

- . 5l =, t- .

TOTAL _FREE FATTY ACID _.content was' agsayed using the NEFA-Kit (as
supplied by NippOn' Shoji Kaisha, Ltd.), which utilizes the method of
Mizuno et al_ (1’980)‘ and Okabe et al (1980); Acyl CoA synthetase (ACS)“:.'
in -the prsence ‘of ATP and eoenz_yme,A (CoA)Aconv'erts free fatty acid to
acyl ..CoA, AMP and pyrophosphate (PPl). Acyl CoA ls then oxidized'by‘
acyl CoA ‘oxidase‘ (A(X)) to 2 3-t,rans-enoyl-CoA and peroxide. N-
fethylmaleimide (NEM) is added to remove ‘any interferences due to the_
-presence of» excess?‘(}oA). _The_peroxide generated was deterqlned by
oxidative c;\x’plin‘g of .aeahanfantipjrine (4-AAP) and N—ethyl:'-N'_—(Z-
hydroxy-B-sulfapropyl)-—m-_-toluidfne eodiuﬁ -galt (TOOS) ‘by geroxidaae'

(POD}. The absorbance of the resultant purple-red quinione proportional

199 -
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to the amount of free fatty acid present. e fresh BBM preparation.was
\ .

incubated with reasam: A (ATP, CoA, acyl COA aynthetaee, M32+) for 10
minutes at 37°c. Reagent B (NEM, acyl CoA o*idaee, 4=-AAP, TOOS, POD)

0 - e

was ‘edded'éo the sample, then 1ncubat:ed for 5 minutes at 37 C. The‘

absorbance of the samples was then measured at 500 nm.

§ ]

' ' ACS
ROOOH + ATP + CoA = 41) Acyl CoA + AMP + PPi
(BBM Sample) ' Mgz"', 37°C

(CoA + NEM——’COA - NEM) . ®
. 37 C . . : -
ACO
Acyl CoA + 02 ——-—:——) 2,3-trans-enoyl-CoA + Hy0,
37°c -
' POD ¢
H202 + 4-AAP + TOOS ——3-71?—-' purple-—red gxinone + 4H,0
- 8550

The oleic acid standard. gi'aph ranged from 10-30 "nmoles. ' To ensure

quality ¢ontrol, a serum iamgle was included with' every run. o

.TOTAL BILE ACID conteet was .as'sayed fluotimeteically according to the:
method ‘of- Mashige et al (1976) and Osuga et al (1977). 3 a-hydroxy bile
acids were converted to their_ 3-oxo-derivatives by ‘3 o hydroxy-steroid
dehydrogenase (3 «-HSD) with the coneomitant redaction of NAD to NADH.
NAD-diaphorase i:rensfefred the hydn“togen\ of the | geﬁerated NADH to
.tesa'zurin, to fom the fluotophote‘,. resorfin. The fluorescence of
?reeei‘fin was proportional »vto’ the a&bun: of bile aeid preset'nt} An_
aliquot of the BBM preparetion was incubated in 0. 10 M tris, buffer, "pH
9 5 and reagent A (3 o-HSD, NAD-diaphoraee, resazurin) for one hour at
20°C. A second BBM aliquot was incubated in tris buffer.and teagent B

_ (NAD\-diaphorese, resazurin). The fluorescence of -the samples was

»



, - | | . 201
mepiqfad at the excitation-e@ioeign vavelength of 560nm/580 nm. The net
fluorescence of sample 1in reagent A—reggﬁpgg B was equal to the

fluorescence due to bile acid in the sample.

~

3 a-hydroxy bile acids -+ NAD 3 _g-HSD 3—oxo-detiva£ives'+ NADH + H'
. [

(BBM sample) tris buffer
‘ ! . pH 9.5, 20°C

+ NAD—diaéhofase "
.H + resézuri# tris buffer pH 9.5, 20°C %SEQEEE&
560/580
The chenodeoxycholic acid standard curve was linear and ranged from 0.26
to 5.10 nmoleé. To ensure'quality contrql, a recovery was performed

with every run.

o

TOTAL PHOSPHOLIPID content was. assayed from BBM lipid extracts digested
with. 2.5‘ M sulfuric acid and 30% peroxide ddcording to the method
described by\Sundetman'and Sunderman (1960). The liberated phosphorus
was‘then~reacFed’w1th 2.5% ammonium molybdate. The phosphomolybdate
‘formed waS“reduced by 2.5% 1,2,Afamino—napgtkpl-sulfuric aéid (1,2,4~
ANSA) in 157 sodium sulfite to form a blue coloﬁf; which 1s proportioqgi
to‘the amount. of phosphorus present. fhe absorpfion maxiﬁﬁﬁ of this

‘blue color was measured at 675 nm.

2.5M HZSO4’ 302 Hy05

BBM phospholipid

» Pi
(Folch extract) 100°C '
. . -
‘pt + ammonium molybdate = 9 phosphomolybdate ~~ ~ . ©
? 20°C * \
NaHSO04
phosphomolybdate + 1,2,4-ANSA T5°C =) blue color

' : ! Ag7s
The phosphorus meaqureb was converted to phospholipid by a

Jmultiplica;ion factor of 25, based on an average 25 mg phospholipid per
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mg of phosphorus. The phosphorus standard curve was linear and ranged

from 0.01 to 0.04 mg. To ensure qualttybconerol, a Foleh recovery

sample and ‘blank were assayed with each run.

’

TOTAL CHOLESTEROL content was determined on a dried BBM 1lipid extract

reconstituted with 2-propanol as described by Allain et al (1974) and
Morinﬂ(1976). Entymatic determination of total cholesterol required the

initial hydrolysis of cholesterol esters by cholesterol esterase,

¥

followed by the conversion of cholesterol to cholest-4-en-3-one and

" ‘feroxide by cholesterol oxidases . The generated peroxide coupled
: R ‘;_ . . :

oxidatively "wiéhl 4-aminophenazone ‘and ' phenol 1in the presence of

peroxidase (POD) to yield a quinoneamine dye with an absorption maximum

at 500 nm.

i
!

cholesterol esterase

BBM cholestéfql esters » free cholesterocl + faﬁty

acids
(Folch extract) 37°C
" cholesterol oxidase
BBM free cholesterol + 0, 3. 9 cholest-4~en~3-one
' 3 . 37°c + 3202 »

‘ o POD | |

H,07 + 4-aminophenazone| + phenol P quinoneamine dye + 2H,0
) o
. 3¢ As00

FREE CHOLESTEROL contgnt was determined by' a similar procedure as

described for total cholesterol except that cholesterol esterase was

-omitted from the reagent mixture.

(N

CHOLESTEROL ESTER content was indirectly determined by subtraction of

-

the free cholesterol from the total cholesterol content.
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The free cholesterol standard curve was linear and rangndﬁ

. . o] )
mg/dl. To ensure quality control, a Folch blank, a f‘olch.‘iégoycry>

gel 60 (yerck). The plates were developed for 12 minutes 1; ; solvent

.

system containing petroleum ether: diethyl ether: glacial acetic acid

(42:9:0.5) (Freeman and West, 1966). Plates were allowed to air dry and '

thén‘ sprayed with Goswami Spray reagent (Goswami and Frey, 1974),
followed by ‘a development in an 80°C oven. Semi-quantitative

determination of lipids was obtained by scanning densitometry (Helena R

+ D densitometer). Lipid standard containing lecithin, cholesterpl,

. oleic acid, cholesterol myristate and tristearin were included on every

plate. The:1lipid class separtion is illustrated in Figure A3-l. -

Ty

RELATIVE PHOSPHOLIPID. COMPOSITION was estimated by HPTLC of dried

. t . . .
extracts teconstitu;ed in chloroform: methanol (2:1) spotted onto 10 x

10 cm HPTLS plates silica gel 60 (Merck). Phospholipids were aeparaﬁed
1ﬂﬂ0 a ‘solvent system - containing chloroform:methanol:2-~
prop;nol:triethylamine:water (15:4.5:12.5:6.5:3.5) — "(Vitiello and
Zanetta, 19?8; T?uchstong et al, 1979). Plates were aif-dried,~then
immersed in 3% cupric acetate in 8X phosphoric acid, blotted'catefullf‘

and charred at 180°C. Semi-quantitative determination of phospholipids

was'obtainedlby,scanning densitometry (Helena R + D densitomefer);

»
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Phospholipid standards contlining lysolecithin, lecithin, sphingomyelin,
n

[y N : :
.. phosphatidic ' acid, phoshatidyl serine, /pholph;tidyl inogitol,

phosphatidyl ethang@iminc, , ly-ophOIphitidyl ethanolamine, Y and

\‘ \
cerebrosides were included on every plate. The phospholipid separation
is tllustrated in Figure A3-2. / | )

/

|



cholesterol ester

triglyceride
' -
free fatty acid )
cholesterol
diglyceride -
- phospholipid/ "y
monoglyceride/bile acid 4

. -
C: ,,
A

Figure A3-1. Lipid class separation by HPTLC -

\

T

cerebrosides

phosphatidyl ethanolamine

" inositol

.serine

phosphatidic acid '
lysophosphatidyl ethanolamine : -
lecithin (phosphatidylcholine
- sphingomyelin_ : :
lysolecithin (lysophosphatidyl choline)

~RNWRUVO~N®D

I

L4

Figute A3-2, Phospholipidrsepatation by HPTLC
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APPENDIX 4

. ‘ e
INTESTINAL VILLUS MORPHOLOGY ] _—
Over the years intestinal villus morphology has been described. in
many different wayli ‘Initially, simple mnaiurcncntl of villus height
were used as estimates of villus norpho;ogy. Several ‘vorklru hivc
attémpted to assess the actual mucosal surface area (i‘pidlu an& Baker,
1976; Boyne et al, 1966; Penzes and s{e.u, 1977; Clarke, 1972).° 8
workers 1nc1udc&‘ a measure of “intestinal circuqfe;cnéa in their
"“calculations (Boyne et al, 1966; Penzes and Skala, 1977). Cln{k;gf1972)
also included the number of villi per'mn2 serosa in his calCuluéi?n of
sucosal surface area. None of these workers, however, provided a true
estimation of villus architecture since they all aaaume& a constant
villus shape.

Ecknauer and coworkers (1982) estaﬁliéhed a wmodel for tﬁe
estimat#?n\_gf villus a;:;1tecture. Heasureménts of villus height,
villus width at half height, villus*thickness at half height, and villus
bottom‘width were used to provide a realistic estimate of the surface
:area of >the villus (Figufe A4~1ye Villus surface .area was th;n

'} +
calculated as follows:

viuus surface area = (2xMxH)+(2xM-A)xD+(2xDx(((A-H2)+(H)2))° 3 x 1000
(pm /villus) _ »

where H = villus height, M=villus width at 1/2 height, A = villus bottom
width, D = villus thickness at 1/2 height. -

- In order to perform the above measurements, tissue sections l‘c- x

1 cm were obtained fme;'each anihal, fixed in ﬁouin'. solution,
PR >
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o

.A.;dehydrated and embedded in paraﬁfin waxe. Sections ‘were cut at_ a
",
thickness of 5 pm for light microscopy, mounted on glass slides and

9

stained with hematoxylin ahd eosin using standard techniques.

Slides were then projected via the use of a Scopicon (projecting

4»microscope). The projected image was oalibrated with the use of a

N

: micrometer scale, such that the projected‘ image was magnified 1000_

e

times. The measurements oﬁ«villus height, villus width at 1/2 height,

villus bqttom width and crypt depth were obtained from vertical tissuel"

;"sections. Measurement of villus thickness was obtained from transverse

*of cells per villus and villus height.

" is the mucosal surface area expressed as mmzlmm

’tissue sections.

,;)

Tiuﬁ number of cells -per’ villus were counted on vertical tissue

D

To get an estimate of villus density, the number of villi per mm

.G

were measured in longitudinal- and horizontal cross—sections, ‘then
S

'multiplied together ‘to .obtain the number of villi per ‘mm2 serbsé&%FWhen

\.thiafvillus density isjmultiplied,by the‘villus surface area, the'result

2 serosa.

. P
ot : : S o
r LG

_ﬁMucgssl surface area = no. of villi/mm2 serosa X villus surface area

/mm serosa) : N . o (mm /villus)

"At least 10. villi were assessed ‘per section.v°

Microvillus morphoibgy has not been included in this calculation of

mucosal surface area.“ Microvillus height and width varies considerably

«dalong the villus - they are tallest and narrowest on the upper villus

T o

tip»cells. Generally microvilli increase the surface ttep approximatelyb».‘s?

- ,25 times. This factor cauld have been included in the calculation.i

' SECClOHSn Estimations of villus ce11 size were made based on the number'

o» o
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\

In some of the s%ﬁg‘ﬁerfomed,‘ microvillus morpholoéy was

‘g

. assessed (Chapter. IIi. an;i V). "‘c“i"d;tiona\l sections were fixed 1in. 4%
- glutaraldehyde 1in bh03phate bufifeted 's‘al'é?\é:i‘fg‘(pﬂ 7.0), dehydrated and
'embedded‘in.'epdxy resin. The ‘;éctiphs weré cut less than 0.1 m thicit
and Aa'v negative stain applied fo% “visualization by = conventional

transmission 'electron «mic_:és’copy. ‘Microvillus height and width. were

measured only from the jcells of the villus tip. -«
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Intéstinal morpnology, marker enzymes, and lipid content of brush
border membrghes from rabbit jejunum and ileum: effect of aging.
Presented to American Gastroenterological Association. New Orleans,
Louisiana, U.S.A. May 1984.

Correlation betwgen changes: 1n morphology and brush border membrane
1ipid composition with alterations in transport in aging rabbit
intestine. Presented to Canadian Biochemical Society. Banff,
Alberta, Canada. May 1984. "
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Correlation between changes in morphology and brush border membrane
1ipid composition with alterations in transport in aging rabbit
intestine. Presented to Royal College of Physiclians and Surgeona.
Montreal, Quebec, Canada. September 1984. N
Intestinal brush border membrane: marker enzymes, lipid composition
and villus morphology: effect of fasting and diabetes mellitus in
rats. Presented* to Canadian Society of Clinical Investigation.
Montreal, Quebec, Canada. September 1984. v

Resection of rabBit ileumi effect on brush border membrane enzyme
markers and 1lipids. Presented to Can. Soc. -of Clin. Invest.
Vancouver, British Columbia, Canada.¢*September 1985

Effect of external abdominal irradiation.on intestinal morphology
and brush border membrane enzyme and lipid composition. Presented
to Can. Soc. of Clin, Invest. Vancouver, Btitish Columbia, Canada,
September 1985

Dietary fat seléctively ‘alters transport properties of rat
jejunum. Presented to Can. Soc. of Clin. Invest. Vancouver, British
Columbia, Canada, September 1985.

Resection of rabnit ileum: effect on brush border membrane enzyme
markers and lipids. Presentetd to Coll. Int. Assoc.
I.N.S.E.R.M./C.N.R.S. Aussois, France, September 1985.

Effect of external abdominal irradiation on intestinal morphology
and brush border membrane enzyme and 1ipid composition. Presented
to Coll. Int. Assoc. 1.N.S oEoRoMo/CoNoRoSo AUBBO’.S, FranCQ.
September 1985. ’ ‘
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Dietary fat selectively alters transport properties of rat
jejunum- Presented to Coll. Int. ,A.'OCO IoNcSoBoRo“o/CoNuRoSO

Augsois, ‘France, September 1985.

Intestinal brusl¥ border membrane marker enzymes, lipid composition
and  villus - morphology: effect of chronic ethanol and food
deprivation. Presented .to Coll. Int. Assoc. I.N.S.E.R.M./C,N.R.S.
Aussois, France, September 1985.

Intestinal brush bdrder membrane marker enzymes, lipid composition
and villus morphology: effect of chronic ethanol -and ¥ood
deprivation. Presented to Alberta Heritage Foundation for Medical
Regearch, Calgary, Albsrta, Canada, November 1985.

Dietary fat uelectifof; slters ttanbport properties of rat
jejunum. Presented to Gradute Students' Aseociation, University of
Alberta, Edmonton, Alberts, Leanada, March 1986.

Effect of external abdominal irradiation on intestinal morphology
and brush border membrane enzyme and 1ipid composition. Presented
to Graduate Students' Association, University of Alberta, Edmonton,

Alberta, Canada, March—3986, -
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Dietary fat saturation alters rat brush border membrane (BBM)
phospholipid fatty acid composition. Presented to Canadian

Biochemical Society. Banff, Alberta, Canada. April 1986. ,
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