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Upper Intestinal Mucosal Proliferation in the
Newborn Guinea Pig: Effect of
Composition of Milk Feeds
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ABSTRACT. To examine the effects of first enteral feeds
on the development of the gastrointestinal tract. the
changes in upper intestinal mucosal morphology and ki-
neties were studied during the Ist wk of postnatal life in
neonatal guinea pigs. Animals were reared cither on moth-
er’s milk or on a cow’s milk formula isocaloric with guinea
pig milk. Mucosal crypt-villus architecture was measured
by microdissection, and mucosal kinetics were measured
using a metaphase arrest technique. Comparable growth
was achieved between the two feeding groups. There were
no significant differences in the villus heights, erypt depths.
or crypt:villus ratios between the naturally fed and formula-
fed guinea pigs. The formula fed had a crypt cell production
rate twice as high as the naturally fed animals throughout
the study period (p < 0.001). The higher mucosal prolif-
eration rate of the formula-fed animals may be due to the
absence of growth-modulating factors in this milk. or a
regenerative response to “damage™ of the upper intestinal
mucosa by cow’s milk proteins. (Pediatr Res 22: 675 678,
1987)

Abbreviations
ME, cow’s milk formula
>

M
CCPR, crypt cell production rate
FGE, epidermal growth factor

We have previously deseribed marked ditferences in the passive
intestinal permeability of breast and CME-fed human neonates
and newborn guinea pigs (1), The CME-fed guinea pigs showed
a persistently higher intestinal permeability to lactulose than the
breast-fed guinea pigs throughout the Ist wk ot life. These
changes were not associated with differences in upper intestinal
mucosal histology between the two feeding groups.

Such differences i passive intestinal permeability in response
to composition of enteral feeds may be due to diflerences in rate
ol mucosal turnover, ultrastructural morphology. or enterocvie
differentiation and function (2).

In the absence of differences in mucosal morphologs in the
newborn guinea pig we chose to study the proliferative response
ol the upper mtestinal epithelium to milk feeding to determine
whether the marked differences i imtestinal permeability of the
naturally and CNE-fed antmals were associated with differences
in enteroeyte turnover. Inercased CCPR may lead to a areater
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sillus poputation of immature enterocy tes forming an epithelium
with altered permeability characteristios.

We used a metaphase arrest technique (o measure upper
intestinal mucosal proliferation during the Ist wh ol postnatal
e, As in our carlier study we chose the guinea pig as a model
with which to invesugate the differences in passive intestinal
permeability seen between breast- and CME-ted human infants
(11, because. like man. it acquires the majority ol its cireulating
antibody transplacentally and undergoes intestinal closure soon
after birth (3). Moreover itis comparatively, mature and inde-
pendent at birth and may be separated trom s mother and
reared mdependentls on an artificial milk tormula,

ANIMATS AND METHODS

Once hundred sixteen newborn guinea pigs were studied during
the st wk of lites Alwere born at term of Tocally bred Dunkin
Hartley guinea pigs which were reared in pens of 12, recenving a
dict of SGIV petlets (Divons, Ware. England. cabbage. and water
ad libinen. After birth naturally fed luers were caged with their
dam and CME-fed huers with o surrogate nonlactating female.

Nutrizion. Newborn guinea pigs were divided into two feeding
groups. Sixty-five naturally fed animals remained with their dam
from birth and were allowed 1o suekle ad fibigon, In common
with their mothers they were allowed aceess 10 solid pellets,

Fittv-one CME-fed animals were separated from their dam
within 15 h ot birth and fed with a con's milk-based tormulia
Fhe composition of 136 samples of expressed euinea piy milk
obtained from lactating dams 2 10 13 dass postpartum. was
analvzed. A formula composed of pasteurised cow’s milk and
Casilan: mulk protein (Farley’s Tad. Plvmouth. Eneland) was
designed to mimice the composition of natural euine pie milk
during nid lactation (Weaver T Tandymore-L i AN Tud-
son Gulounpublished datar ¢ Fable Ty During the first few davs
of life they received feeds by syringe gavage five to cight times a
day to achieve a daly milk intake of 20 1o 30 ml Thereatter
they were allowed free aceess o bowls contaming the milk
tormula. as well as solid pellets.

General desicn ol experiments Newborn guimnea pigs were
reared as above until they were Killed at mtervals up 1o N days of
postnatal fife. Dav of birth was called day 1. On the day ol the
experiment the voung were given 3 e demecoleine (Coleemid.,
Githeo. Paisley. Scotland) by intraperitoneal injection at 1400 .
Prefliminary studies showed that this dose arrested mitoses at
metaphase without anaphase escape or degeneration, and with
lIincartty of metaphase accumulation (3. Animals were killed at
A0-mun ntervals thereatter by cervical dislocation. The abdomen
was opened by Jongitudinal midhne incision and the gut was
removed intact from cardia to anus, One-cm length specimens
were exeised S em o distal o the poras. opened longitudimaihy
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and laid, mucosal side up. on a card before prescrvation in
Clarke’s fixative (75% ethanol, 25% acetic acid).

Microdissection. After fixation in Clarke’s solution for 24-h
specimens were preserved in 75% cthanol until staining with
Schiff reagent by the Feulgen reaction (5). This was preceded by
rchydration through descending concentrations of cthanol and
hydrolysis with M HCl at 60° C for 6 min. Individual crypt-villus
units were dissected under a stereomicroscope at X20 magnifi-
cation, suspended on a slide under a cover slip in 45% acctic
acid, and the following measurements were made.

Crypt-Villus Architecture. The heights of 10 well-orientated
villi and the depths of 10 mature crypts per animal were meas-
ured under x40 and X250 magnification respectively using a |-
mm graduated eyepiece graticule. The ratio of the number of
crypts to each villus was measured as described by Wright and
Irwin (6).

Crypt Cell Production Rate. Gentle pressure was applied to the
cover slip to produce squash separation of individual crypts. The
number of well stained arrested metaphase figures per 10 com-
plete undamaged crypts was measured. A litter of at least three
animals was used per measurement. The CCPR was calculated
from the slope of the plot of the mean number of metaphase
arrests per crypt per animal against time after administration of
demecolcine (6, 7). Only results in which a correlation coefficient
of >0.8 was obtained were uscd.

Table 1. Composition of natural guinea pig milk and CMI° 7

Expresscd guinea Artificial
Composition pig milk formula*
Protein (g/100 ml) 8.1 8.1
Fat (g/100 ml) 4.0 3.8
Carbohydratc (lactose) (g/ 4.3 4.6
100 ml)
Sodium (mmol/liter) 18 17
Potassium (mmol/liter) 39 23
Energy (kcal/100 ml) 85 84
Osmolality (mosmol/kg) 285 288

* Cow’s milk plus “Casilan™ milk protein.

Table 2. Body wt (g) of naturally and CMF-fed guinea pigs

Naturally fed CMF-fed
Day n Mean SD n Mean SD
1 2 92 4 3 95 5
2 7 91 22 4 104 3
3 11 92 17 2 95 7
4 12 97 16 13 94 18
5 11 101 14 14 100 19
6 14 95 20 4 82 11
7 4 108 17 7 105 15
8 4 116 18 4 118 7

WEAVER AND LUCAS

Statistics. The results of measurements of crypt-villus archi-
tecture were expressed as mean villus heights, crypt depths. and
cryptvillus ratios of animals of cach age and feeding group
calculated from 10 measurements per animal. The unpaired
Student’s 7 test was used to test the significance of differences in
mucosal achitecture between the two feeding groups.

The significance of the differences between feeding groups in
mucosal proliferation rates with time was tested by deriving
equations to describe the relation between CCPR and postnatal
age. and then determining whether there were significant differ-
ences between the slopes and intercepts.

RESULTS

Growth. Comparable growth was achieved betwecn the two
fecding groups (Table 2). The number of animals studied on
each day is shown. All animals thrived and none showed any
adverse effects of CMF feeds.

Cryptvillus architecture. There were no significant differences
in the villus heights, crypt depths, or crypt:villus ratios between
the naturally and CMF-fed animals and there were no changes
with increasing postnatal age (Table 3).

Crypt cell production rates. Ten naturally fed and 12 CMF-fed
litters were studied. Figure 1 shows the CCPRs of the naturally
and CMF-fed animals plotted against postnatal age.

The slope of the regression line for the naturally fed guinca
pigs was 0.11 and that for thc CMF-fed animals 0.16. There was
no significant difference between these two slopes. However,
there was a significant difference between the intercepts (p <
0.001): that of the naturally fed was 1.9 and that of the CMF-fed
was 3.7. These results indicate that the CMF-fed animals had a
CCPR almost twice that of the naturally fed throughout the study
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Fig. 1. Crypt cell production rates (arrested metaphases/crypt/h) of
naturally fed (Nat @) and CMF-fed (M) guinea pigs during the Ist wk of
postnatal life. The difference between the intercepts was significant at p
< 0.001.

‘Table 3. Villus and crypi nmrpﬂnu/r}' (mean and SD) of naturally and CMIE-fed guinea pigs during first 8 days of postnatal life*

Naturally fed CMF fed
Day VH (um) CD (um) (@3 n VH (um) CD (pm) (6%
[ 2 1014 (90) 160 (8) 6.0 (0.3) 3 981 (29) 163 (7) 5.6 (1.2)
2 7 1021 (118) 131 (8) 5.2(0.7) 4 1114 (111) 174 (12) 7.1(0.6)
3 11 962 (154) 154 (20) 5.1(0.6) 2 1121 (95) 139 (10) 5.3(0.4)
4 12 1069 (169) 169 (24) 4.9 (1.0) 13 815 (178) 140 (20) 4.6 (0.4)
S 11 985 (145) 155 (29) 5.0 (0.8) 14 1057 (112) 163 (28) 4.6 (0.7)
6 14 911 (166) 166 (21) 5.6 (0.7) 4 976 (83) 179 (18) 5.7 (0.5)
7 4 985 (100) 193 (21) 5.4 (0.2) 7 841 (232) 170 (31) 4.6 (0.6)
& 4 934 (63) 206 (13) 6.0 (0.4) 4 841 (122) 157 (63) 4.4(0.1)

* VH, villus height; CD, crypt depth; C:V, crypt.villus ratio.
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period. The COPR of both feeding groups increased gradualhy
during the Iirst & davs ol postnatal fife.

DISCUSSION

Our study shows significant ditferences in the upper intestinal
mucosal proliferative response of newborn guinea pigs 1o com-
position ol enteral feeds. From the initation ol enteral feeding
throughout the Tst postnatal wk the CMI-fed animals showed a
persistently higher CCPR than the naturally fed animals, There
was a gradual rise i CCPR with incrcasing age in both feeding
groups. Using microdissection for the measurement ol erypt-
villus architecture we have showed no morphological differences
between the two feeding groups. nor any histological changes
with increasing postnatal age.

Adaptation of the mtestinal mucosa to the initiation of enteral
nutrition may be measured as changes in ervpt-villus architecture
and epithehial cell turnover. The metaphase arrest technique
allows a direct measure of the rate of entry of new cells into
mitosis. and in a wide range of conditions it has been shown o
agree closely with trittated thynudine labeling techniques (7).
Using the microdissection techniques deseribed both villus height
and crypt depth. and the number ol ervpts serving cach villus
(C:V ratio) were measured. The rate of new cell production per
crypt (COPR measured by metaphase arrest) multiphed by the
cryptivillus ratio 1s @ measure of the net villus influx. In the
absence of differences i villus height. ervpt depth. and C:V ratio
hetween the two feeding groups. or with mercasing postnatal age.
the elevated CCPR ol the CME-fed animals represents o true
merease m mucosal turnover rate m response (o this milk lor-
mula.

Muaturation of the eastroimtestinal mucosa occurs under the
mfluence of both mualuminal and extraluminal factors (8).
Among the former composition of milk feeds may be the most
important.

The milk of mammals contains o range ol trophic factors.
hormones, and other biologicallv active substances (93 which
may exert growth-modulating effects on the gastrointestinal mu-
cosia (10). Therr concentrations are highest in colostrum (9) and
tthas been observed that epithelial cell lines grow more readily

in colostrum than in older milk ¢11). Recently the presence of

endogenous milk factors which modily EGIE binding to entero-
cyvtes has been proposed to account for the decrcase in EGE
binding after birth (12). 1t s therelore possible that our [indings
ol a greater CCPR i the formula-fed animals were due 1o an
absence of modulating Factors i the artficial mulk. or even the
presence of ihibiors m natural mulk . which moditied the control
of mucosal proliferaton.

An alternative explanation s that CMIE caused an clevated
COPR as a regencrative response to “damage™ ol the small
mtestinal mucosa by cow’s milk protems. Such damage is sug-
pested by the elevated passive mestimal permebility deseribed in
our carlicr study (1) and may be mediated by binding of cow’s
milk proteins to an immature epithelial surtace with disruption
of mucosal integrity.

Support for this hypothesis has been presented in a model off

the mechanism by which the food lecting concanavalin AL piven
by mouth to neonatal gumcea pies. induced a brisk increase in
CCOPR i association with an clevated passive intestinal perme-
ability to lactulose (13). Binding of concanavalin A to individual
microvillar components and accessibitity of the lectn 1o noth
Jegunal ervpt and villus cells. with disruption of microvillus
architecture, were also shown, demonstrating how an imgested
protein may cause such changes as desceribed heremn.

Further support for this hyvpothesis comes from studies of the
neonatal rat Stern er o/ (10 have shown that both binding and
uptake ol mifk proteimns by the intestinal mucosa is greater in
suckling than adult antmals. Such difterences in mucosal protein
handling are assoctated with differences i microvitlous mem-
brane composttion between immature and mature anmimals (130,

INTESTINAL PROLIFERATION (77

The intraluminal environment may be altered not onhy by
composition of feeds but also by bacterial Hora. Bullen (16) has
shown how sensttive the proliferation of Escherichia coli is in
both the small and farge mtestines of guinea pigs 10 composition
of feeds. Such change in bacterial populations may alier mucosal
architecture. as has been shown by Spring (171 in studies of germ-
free adult guinea pigs. The part plaved by bacterial Hora in our
study 1s not shown,

Extraluminal Tactors may also be involved in the findings we
have described. The effects of maternal deprivation were min-
imised by rearing the CME-Ted animals with a surrogate mother
whooin all cases. appeared 1o care Tor her foster voung, The
eflect of diurnal variation on CCPR (1R was climinated
performing all studics at the same time of day.

[t s possible that the findings deseribed were mediated Iy
reeulatory peptides acting locatly or via itermediate pathways.
Different patterns of gastrointestinal hormone release in response
Lo feeding have been desertbed in the breast and CME-fed human
reonate (19). which may regulate both Tocal gastroitestinal
responses and more distant metabolic responses to enteral nutri-
Lton.

Maturation of the gastrointestinal tract of the guinea pig occurs
late in gestation. but by full erm (07 days). linger-shaped intes-
tnal vill with well-developed microvilli are present 20y, The
majority of immunoglobulin transter from mother 1o voung
occurs durimg Fate gestation via the viteline blood vessels (21,
Littde transter occurs via colostrum and intestinal closure 1o
macromolecular uptake occurs soon after breth (220 This appears
to occur independently ot epithelial cell prolileration, being an
“exhaustion™ of the inite pinoceviotic potential of the neonatal
enterocyte membrane (23 An icrease in the length and number
of microvill and a decrease in the high alveogen conten. of
enteroevtes (24 Tollows.

Fhe weanmg pernod e the guinea pig does not oceur as
abruptly as that of the rat and mouse. 1t s associated with a
eradual transition i mucosal funcuon from one concerned with
the digestion and absorption of milk to solid food (231 In the
rat and mouse weanig is not only associated with intestinal
closure and abrupt changes i the mucosal hyvdrolase profiles
(23.26). but also with an mercase i villus heights and crvpi eell
production rate (271 We have not Tollowed the neonatal euinea
pig through the weaning period because we were concerned in
this study with the impact of initation of milk feeding on
sastrointestinal mucosal structure and function.

In the ubsence of signmificant differences in eross mucosal
morphotogy between the two teeding groups [the differences in
morphological measurements deseribed herein and carlior (D
were due to ditferences i wechniques of tissue fination and
preparation mvolved m the microdissection and standard histo-
logtcal methods used ). we suggest that the greater CCPR seen in
the CMI-ted animals was due cither to an absence of modulating
factors in natural milk. or o regenerative response to damage by
cow’s milk proteins. This fed 1o the appearance on the villi of a
population of more immature enterocvtes forming an epithelium
more permeable to small water-soluble markers. perhaps through
poorer integrity of the mucosa at the tght junctions (280 In the
rat the configuration of the ught junctions changes sutticienth
with mitotic activity to permit the passage ol macromaolecules
across the juncuons (29). 1o would seenm reasonable 1o suppose
that such an mercase in paracellular pathwass could account tor
the greater lactulose permeability seen in association with the
mercased COPR e the ONME-fed puinea pigs. Ulirastructural
studies of the mucosas with special attention on the ticht junc-
dons. are required o tinvestigate this possibility Turther.
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