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Abstract  Intestinal adaptation at the cellular level was 
examined in groups of streptozotocin-diabetic and age- 
matched control rats. Small intestines were removed and 
divided into four segments of roughly equal length. For 
each segment, epithelial volume, villous and microvil- 
lous surface areas and the mean volumes of epithelial 
cells in crypts and villi were estimated. From these data, 
we were able to estimate total numbers of epithelial cells 
in crypts and villi, assess adaptation at the level of the 
average cell and explore variation along the crypt-villus 
axis, between segments and between groups. Whilst the 
villus:crypt cell ratio did not change, diabetic animals 
contained about 80% more epithelial cells than control 
rats. The morphophenotype of villous epithelial cells 
(represented by nuclear volume, cell height, area and 
volume, and number and surface area of microvilli) was 
basically the same as that in controls. By contrast, crypt 
cells and their nuclei were 40-50% bigger in diabetic 
rats. Significant differences between segments were con- 
fined to the numbers and sizes of crypt cells and their 
nuclei. We conclude that experimental diabetes leads to 
both proliferative and hypertrophic responses within 
crypts. Crypt cells become fatter but not taller. Crypt hy- 
perplasia is accompanied by an equiproportionate in- 
crease in villous epithelial cells, but these are of essen- 
tially normal morphophenotype. 
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Introduction 

Streptozotocin-diabetic (STZD) rats display the symp- 
toms of untreated diabetes, viz loss of body weight, high 
blood glucose levels, polyuria, glucosuria, polydipsia, 
hyperphagia and premature death. Their small intestines 
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are heavier than those of normal rats, and this is associat- 
ed with enhanced water and nutrient transport, changes 
in villous microvasculature and blood flow, deeper crypts 
and taller villi [10, 27-29, 31, 34, 47, 49, 56, 58, 59]. 
Since the number of villi per intestine seems to be fixed 
through much of normal life [11, 12, 18], the morpholog- 
ical responses imply that hyperplasia and/or hypertrophy 
contribute to transport changes. In fact, there is evidence 
for both phenomena. 

In diabetes, as in other states, the intestine might 
adapt by altering one or more factors, viz cell number, 
activity and maturation along the vertical (crypt-villus) 
or longitudinal (pyloro-ileocolic) axes. Changes in cell 
morphology or apical transmembrane Na + gradients 
alone are likely to have non-specific effects on nutrient 
transport. However, changes in these three basic factors 
might influence specific transport processes, e.g. by al- 
lowing greater areas of plasma membrane in which to in- 
corporate more of the same or different transport sites of 
the same or greater activity [28, 33]. 

Water content, DNA content and protein/DNA ratio 
are higher than normal in experimental diabetic intes- 
tines [46, 56]. There is also greater crypt activity with a 
decrease in villous turnover time [45]. Jejunal epithelial 
cells at villous tips are taller and villous sections contain 
more cell profiles [29, 58]. The changes may not affect 
all parts of the intestine equally; morphological, bio- 
chemical and kinetic studies point to a preferential effect 
at more distal sites [38, 45, 50, 58, 59]. 

In earlier investigations on STZD rats and their age- 
matched controls (AMC), we confirmed some of these 
structural changes. It was found that STZD animals were 
lighter than AMC rats with wider but not significantly 
longer small intestines. Absorptive surface areas and the 
volumes of crypts and villi were elevated but dispropor- 
tionate and this led to changes in villous height and 
shape [38]. Unpublished results indicated that crypt mi- 
totic figures increased and that crypt volume expanded 
by changes in diameter rather than in length. At the ul- 
trastructural level, diabetes did not alter the mean length, 
diameter or packing density of microvilli [35, 61]. Con- 
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sequently, changes in the absolute numbers and surface 
area of microvilli were commensurate with those in vil- 
lous surface area, and this led us to suggest that the key 
adaptive response is an increase in epithelial cell number 
[35]. Support for the notion of a preferential effect in 
distal regions was also found [35, 38]. 

The present study directly addresses the degree of hy- 
perplasia versus hypertrophy. It tests for the former by 
providing estimates of the numbers of crypt and villous 
epithelial cells [65] and for the latter by monitoring cell 
phenotypes in terms of volumes [65], surface areas and 
heights. Numbers and surface areas of microvilli per cell 
are also calculated and analyses of vertical and longitudi- 
nal gradients are included. The study provides a baseline 
not only for correlation with kinetic and transport data 
but also for assessing the efficacy of alternative forms of 
therapeutic intervention [41, 61]. 

Materials and methods 

Animals 

As part of a larger study [6, 38, 41, 61, 65], 20 male Sprague- 
Dawley rats (11 weeks old, 400-500 g body weight) were divided 
into two groups of equal size and roughly equal mean body weight 
(460 g). They were maintained on a 14 h-10 h light-dark cycle, fed 
a standard pellet diet and allowed ad libitum access to bottled 
drinking water. In one group (STZD group), diabetes was induced 
under ether anaesthesia by intraperitoneal injection of streptozoto- 
cin (median dosage 58 mg/kg body weight). Blood glucose levels 
rose tO above 14 mmol/1 within 2 days of injection. The other 
group comprised AMC animals. The present results are based on 
n=6 animals randomly selected (by lottery) from each of the AMC 
and STZD groups. 

At the age of 23 weeks, animals were reweighed and killed un- 
der ether anaesthesia and at the same time of day so as to reduce 
the effects of diurnal variation. They were killed by intracardiac 
perfusion with an isotonic saline pre-wash followed by 2.5% glu- 
taraldehyde in Millonig's phosphate buffer at room temperature 
(pH 7.3). After perfusion, the intestine was cut at the pylorus and 
the ileocolic junction, freed of mesentery and removed in toto. Its 
total length was measured. 

Tissue sampling and microscopy 

Procedures for light microscopical (LM) analyses are described in 
earlier reports [35, 38, 61]. Each intestine was cut transversely in- 
to four segments of roughly equal length (labelled A-D from duo- 
denum to ileum). Each segment was sliced further into shorter 
pieces of which one was chosen at random. After flushing of the 
lumen with fresh fixative, each piece was trimmed. Following a 
buffer wash, the four pieces from each intestine were fixed sec- 
ondarily for 2 h in 1% phosphate-buffered osmium tetroxide, de- 
hydrated in graded ethanol concentrations and resin-embedded in 
flat moulds. Pieces were subsequently oriented on dummy resin 
blocks. 

For LM, complete transverse semithin sections were cut and 
stained with toluidine blue. These were viewed as projected imag- 
es at final linear magnifications (M) of M1=39-72 (low power) 
and M2=109 (high power) calibrated with external standards. 
Low-power sections were viewed entire but systematic random 
samples of fields [24], selected with the aid of the x,y scales on 
the microscope stage, were viewed at high power. 

For transmission electron microscopy (TEM), the same blocks 
were trimmed [40] and ultrathin sections were cut and contrasted 

with lead citrate/uranyl acetate. They were mounted on copper 
support grids and examined at an accelerating voltage of 80 kV us- 
ing a Philips EM300 microscope. At low power, epithelium was 
uniformly sampled as local vertical windows (full-depth sections 
normal to the surface) using grid squares as a sampling guide. 
Since epithelial cell nuclei approximate rotational ellipsoids 
whose major axes are aligned at right angles to the basal lamina, 
local vertical windows may be treated as vertical sections [5] for 
nuclear volume estimation. Sets of 3-4 fields per section were re- 
corded and printed as photomontages at M3=5240 using carbon 
grating replicas as external calibration standards. Finally, further 
sets of 5-10 random fields showing the villous surface were sam- 
pled and printed at M4 -- 22600. 

Stereological analyses 

On low-power LM projections, villous and crypt volumes per seg- 
ment were obtained by multiplying cross-sectional areas (estimat- 
ed by test point counting [36, 37, 60]) by segment length [39]. At 
the same magnification level, and in an analogous manner, villous 
surface areas were estimated by intersection counting [35, 39]. 

Epithelial volumes (crypts, villi) per segment were calculated 
from point counts made on high-power LM projections. In these 
estimates, and others, the term villous includes non-cryptal inter- 
villous mucosa [65]. 

Intra-epithelial nuclear volume densities were estimated on 
TEM fields by point counting and volume-weighted mean nuclear 
volumes by measuring point-sampled intercept lengths [23]. Fields 
were analysed using test lattices of parallel straight lines superim- 
posed at sine-weighted angles [5, 14, 23]. Multiplying nuclear vol- 
ume density by epithelial volume provided the total volume of epi- 
thelial nuclei in each segment. Dividing this estimate by mean nu- 
clear volume gave the number of epithelial nuclei in each segment 
[65]. Numbers of crypt and villous cells were estimated separately 
regardless of type (e.g. Paneth, enteroendocrine, goblet or absorp- 
tive epithelial cells). 

Cell number estimates are biased because nuclear volume is 
volume- rather than number-weighted and the error is governed by 
the volume-frequency distribution of nuclei [14, 23]. Fortunately, 
epithelial nuclei are rather uniform in size and the bias is unimpor- 
tant [16, 42]. Estimates also rely on two assumptions, viz (i) each 
epithelial cell has one nucleus and (ii) epithelium is wholly cellu- 
lar. The former is justified but the latter introduces a small bias (up 
to 6% on villi but smaller in crypts) because intra-epithelial lym- 
phocytes and basal extracellular spaces exist between epithelial 
cells. 

Relative and absolute surface areas and numbers of microvilli 
on villous epithelial cells were estimated by intersection and pro- 
file counting methods [35, 61]. Segmental estimates of the lengths 
and diameters of microvilli were made using suitably sectioned or- 
ganelles, and from these packing densities at the cell apex were 
calculated. Figures were corrected for overprojection effects using 
methods modified from those described by Gundersen [22]. 

Epithelial cell height was calculated by dividing volume by 
surface area. Dividing estimates of villous surface area by cell 
number gave a mean area which may be envisaged as that of the 
cell apex (unmodified by the presence of microvilli) or the cell 
base (the area of cell attachment to the basal lamina). The product 
of this area and cell height is equivalent to cell volume. From val- 
ues of cell number and total microvillous surface and number, the 
surface area and number of microvilli per average villous epithe- 
lial cell were calculated. 

Statistics 

Estimates for each intestinal segment were expressed as group 
means and standard errors of means (SEM). They were also 
summed to obtain figures for the entire small intestine. Initially, 
apparent trends for variables to decline between segments were 
tested using Page's 'L' test [44] with k=4 segments and n=6 rats. 



Table 1 Cell number and 
morphophenotype in crypt epi- 
thelium of diabetic (STZD) and 
control (AMC) rats. Values are 
group means (SEM) 

Variable Segment A Segment B Segment C Segment D 

Cell number (x 109) 
AMC 0.52 (0.14) 0.89 (0.07) 1.25 (0.31) 0.66 (0.18) 
STZD 1.02 (0.19) 1.40 (0.30) 1.88 (0.42) 1.62 (0.39) 

Cell height (gin) 
AMC 20 (0.8) 20 (0.9) 21 (0.8) 20 (1.0) 
STZD 22 (0.6) 21 (1.4) 21 (0.9) 20 (0.3) 

Nuclear volume (gin 3) 
AMC 81 (9.6) 75 (7.3) 44 (5.6) 58 (6.0) 
STZD 121 (26.5) 83 (7.3) 94 (22.9) 70 (8.9) 

Cell volume (gin 3) 
AMC 386 (40) 233 (32) 166 (31) 220 (28) 
STZD 447 (94) 349 (54) 354 (87) 272 (46) 

Cell surface without microvilli (gin 2) 
AMC 19.6 (2.7) 11.5 (1.8) 7.6 (1.2) 11.8 (1.8) 
STZD 19.9 (3.6) 17.5 (2.7) 17.1 (3.8) 13.5 (2.3) 

503 

TabLe 2 Cell number and 
morphophenotype in villous 
epithelium of diabetic (STZD) 
and control (AMC) rats. Values 
are group means (SEM) 

Variable Segment A Segment B Segment C Segment D 

Cell number (x 109) 
AMC 0.98 (0.10) 1.98 (0.30) 1.09 (0.10) 1,04 (0.30) 
STZD 2.02 (0.39) 2.51 (0.64) 2.66 (0.52) 1,95 (0.56) 

Cell height (gin) 
AMC 31 (1,9) 29 (2.1) 27 (3.0) 23 (2.5) 
STZD 29 (1.9) 27 (2.6) 30 (2.3) 25 (2.6) 

Nuclear volume (~tm 3) 
AMC 103 (6.1) 66 (7.6) 67 (4.8) 62 (17.2) 
STZD 77 (5.0) 77 (11.1) 68 (6.8) 94 (16.2) 

Cell volume (~tm ~) 
AMC 525 (52) 335 (36) 337 (41) 331 (78) 
STZD 459 (58) 456 (62) 429 (51) 498 (90) 

Cell surface (gin 2) 
Without microvilli 
AMC 18.0 (1.5) 12.7 (l.9) 14.9 (1.7) 15.6 (2.3) 
STZD 15.8 (1.6) 17.7 (3.1) 14,7 (1.9) 20.0 (3.0) 
With microvilli 
AMC 178 (27) 210 (34) 271 (35) 174 (26) 
STZD 165 (23) 227 (33) 227 (41) 263 (66) 

Microvilli per cell 
AMC 557 (46) 456 (67) 628 (72) 462 (68) 
STZD 476 (49) 638 (112) 543 (70) 721 (107) 

Differences between groups and segments were examined further 
using two-way analyses of variance [57]. The null hypothesis (that 
there is no difference between groups or between segments) was 
rejected if the P value was less than 0.05 for the appropriate de- 
grees of freedom. 

Results 

Segmental differences (Tables 1, 2) 

For control rats, Page 's  tests revealed significant region- 
al trends for all variables except the numbers and sur- 
face areas of  microvilli  per villous epithelial cell. Seg- 
mental trends in crypt cell number, volume, area and 
height disappeared in STZD rats, as did the variation in 
nuclear volume, cell volume, area and height of  villous 
cells. 

Vertical differences (Tables 1-3) 

With progression along the crypt-villus axis, there were 
marked changes in epithelial cell morphology. In both 
groups, cells became taller (30-33% overall) and more 
voluminous (46-74%), but only in AMC rats did they 
become consistently fatter (38%). Thus, cells in AMC 
rats grew by a combination of increases in height and 
girth, whilst those in STZD rats grew mainly by becom- 
ing taller. Indeed, in some segments, STZD cells became 
thinner as they made the crypt-villus transition. 

Effects of  experimental diabetes (Tables 1-3) 

In the main, two-way analyses of variance supported the 
regional differences identified above and did not reveal 
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' Table 3 Cell number and 
morphophenotype in villous 
and crypt epithelia in diabetic 
(STZD) and control (AMC) 
rats. Values are group means 
(SEM) for the entire intestine. 
Results for group mean com- 
parisons are based on 2-way 
analyses of variance with 1,40 
df (NS not significant) 

Variable AMC rats STZD rats Apparent P level 
change 

Cell number (x 109) 
Crypts 3.32 (0.32) 5.91 (0.77) 78% ** 
Villi 5.10 (0.62) 9.14 (1.53) 79% *** 

Cell height (gin) 
Crypts 20 (0.5) 21 (0.5) 5% NS 
Villi 26 (1.6) 28 (1.3) 8% NS 

Nuclear volume (gm 3) 
Crypts 56 (2.9) 82 (10.0) 46% ** 
Villi 71 (7.6) 74 (5.2) 4% NS 

Cell volume (l~m 3) 
Crypts 207 (17.5) 304 (37.9) 47% * 
Villi 360 (40.6) 444 (45.8) 23% NS 

Cell surface (gin;) 
Without microvilli 
Crypts 10.3 (0.98) 14.8 (1.60) 44% * 
Villi 14.2 (1.31) 16.0 (1.83) 13% NS 
With microvilli 
Villi 202 (22.7) 214 (25.1) 6% NS 

Microvilli per cell 
Villi 493 (45.7) 560 (66.0) 14% NS 

* P<0.05; ** P<0.01; *** P<0.001 

AMC rats STZD rats 

I 151 

Crypt-villus 

289 

I 222 
~:~."i:.! :. i :: i!i..~ 

Transition Zone 

~ 370 

Basal 
Lamina 

Fig. 1 The principal differences between the average cells (in 
crypts and on villi) in the small intestines of age-matched control 
(AMC) and streptozotocin-diabetic (STZD) rats. Each cell is repre- 
sented by a rectangle whose length is proportional to cell height 
and whose width is proportional to the square root of apex area. 
Within each rectangle, the numbers are the mean volumes (pm 3) 
for the nucleus (stippled) and cytoplasm (plain). In passing from 
crypt to villus, cell size increases in both groups of rats. In crypts 
of STZD rats, cell apex area, cell volume and nuclear volume are 
greater than in AMC rats. Villous epithelial cells in STZD rats are 
not significantly different from those in AMC animals 

any significant interaction effects. As for crypts, the 
principal differences between A M C  and STZD groups 
were in nuclear  volume, cell nutnber, cell volume and 
apex area. Apparent  differences in mean cell height were 
not significant. In the case o f  villi, there was an increase 
in cell number  in diabetics but cell morphopheno type  did 
not alter. 

Values per intestine (Table 3, Fig. 1) 

A M C  rats harboured 3.3x109 crypt epithelial cells and 
5. l x l09  villous epithelial cells. Both  numbers  increased 
1.8-fold in STZD animals, so that the vil lus:crypt cell ra- 
tio was maintained. Crypt  hyperplasia was accompanied 
by Changes in cell morphophenotype .  In particular, both 
nuclear and cell volumes rose by roughly  46%. Since 
cell height did not  alter significantly, cell growth can be 
attributed to crypt  cell fattening (apex area increased 
44%, f rom approximately  10 pm 2 to 15 pm2). In contrast, 
there was no detectable change in the morpho logy  of  vil- 
lous cells as assessed in terms of  volume, height, apex 
area, microvil lous area, microvil lous number  and nuclear 
volume. 
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Discussion 

This study has focused on epithelial cell morphopheno- 
type and number in the crypts and villi of normal and di- 
abetic small intestine. In 12-week STZD rats, the adap- 
tive response of crypts was both hyperplastic and hyper- 
trophic. Crypt cell number increased by almost 80% and 
mean cell volume by less than 50%. In contrast, the vil- 
lous response was due purely to nett cell recruitment, vil- 
li harbouring 80% more cells of essentially normal 
morphophenotype. As in an earlier study on control ani- 
mals [65], no evidence for the numerical equivalence of 
crypt and villous cells was found. In both AMC and 
STZD animals, there were 55% more villous cells than 
crypt cells and villous cells were predominant all along 
the intestine. In making the crypt-villus transition, the 
average cell became taller and more voluminous but, at 
least in STZD animals, not fatter. 

Vertical differentiation and longitudinal variation 

Our evidence for an increase in the height, volume and 
apex area of epithelial cells in passing from crypt to vil- 
lous compartments reinforces results obtained elsewhere. 
However, it may underestimate the magnitude of the dif- 
ferences involved because it is based on the average 
crypt cell and average villous cell. It is known that the 
ultrastructural phenotype of columnar absorptive epithe- 
lial cells develops gradually as cells migrate from the 
base of the crypt, through the proliferative zone and to 
the functional zone. Within this zone, crypt cells no lon- 
ger divide but mature more rapidly [15]. Only at the 
crypt-villus junction do marked increases occur in nucle- 
ar size, cell size and organelle content or size (including 
Golgi, smooth and rough ER membranes, mitochondria 
and microvilli). Thereafter maturation continues as cells 
migrate towards the villous tip [1, 3, 8, 15, 32, 43, 52, 
53, 54]. Biochemical analysis of brush border enzymes 
indicates that their activities parallel the structural devel- 
opment of microvilli, though not faithfully [7, 8, 19, 48]. 

Our findings are also consistent with the proximodis- 
tal gradients of villous morphology and activity seen in 
normal animals. More proximal segments are of greater 
import for nutrient digestion and transport, tend to have 
more cells and show greater absorptive surface areas. 
They also have higher villus:crypt cell ratios [4, 28, 35, 
39, 62, 65]. 

Effects of experimental diabetes 

The populations of intestinal villi and crypts are relative- 
ly fixed through the lifespan of the rat, there being about 
140,000 villi and 18 crypts per villus on average [11-13, 
18]. Assuming that these figures hold for the present ani- 
mals, the epithelial cell populations found here represent 
about 36,000 cells per villus in AMC and 65,000 per vil- 
lus in STZD rats. Corresponding figures for cells per 

crypt would be 1300 (AMC group) and 2300 (STZD 
group). Thus, cell complements on villi and crypts are 
almost doubled after diabetes of 12 weeks' duration. 
This level of change, coupled with a stable cell morpho- 
phenotype, can easily account for the increase in villous 
height, the change of villous shape and the doubling of 
villous and microvillous surface areas revealed in earlier 
studies [35, 38]. They also help to account for the ob- 
served increases in the absorption of glucose and other 
nutrients [28]. The increases in crypt cell volume could 
also account for the greater crypt volume and diameter. 

The reasons for changes in crypt cell size and nuclear 
volume are unclear. However, it seems that crypt and vil- 
lous cells are limited in their linear growth, since heights 
did not alter during diabetes. It may be that there are 
constraints imposed by local tissue architecture (e.g. spa- 
tial packing of crypts and villi) or by functional disad- 
vantages consequent upon them (e.g. the impact on nutri- 
ent transport of unstirred layer effects [28, 33]. Experi- 
mental diabetes can alter chromatin structure in nuclei 
from cells in brain, liver and intestinal epithelium [25] 
but the biological significance of these changes is un- 
known. 

The signals responsible for elevated nutrient absorp- 
tion in diabetes are unclear. Candidates include insulin 
deficiency, high blood glucose and high intracellular glu- 
cose in epithelial cells [28]. Insulin affects the activities 
of brush border enzymes [63], and there is evidence for 
the presence of insulin and insulin-like growth factor 
(IGF) binding sites on epithelial cells [17, 20, 26, 30, 
51]. Although it has also been suggested that insulin ex- 
erts a general trophic effect on DNA synthesis, recent ev- 
idence indicates that it does not have a major role in the 
regulation of cell proliferation [21] and so the hyperpla- 
sia of diabetes may be a consequence of hyperphagia, 
The expression of IGF receptors on crypt cells may indi- 
cate a role in the control of cell growth but, unfortunate- 
ly, little is known about their incidence, activity or regu- 
lation in diabetes. 

Various growth factors play important roles in intesti- 
nal epithelial renewal, including transforming growth 
factor-a, epidermal growth factor, trefoil peptides and 
enteroglucagon [2]. Potten et al. [55] have extracted a 
potent stimulator (a small protein or peptide) of intesti- 
nal cell proliferation from small intestine subjected to ir- 
radiation. Recent studies on isolated intestinal epithelial 
cells have suggested that the hyperplasia of STZ-induced 
diabetes is associated with increased activity of ornithine 
decarboxylase and increased contents of polyamines, no- 
tably putrescine and spermidine [64]. Administration of 
difluoro-c~-methylornithine (an ornithine decarboxylase 
inhibitor) reduced or prevented hyperplasia in STZD-rats 
and retarded epithelial growth in control rats. 

Intestinal epithelial cells absorb monosaccharides by 
energy-dependent and energy-independent mechanisms. 
Na÷-dependent glucose transporter 1 (SGLT1)initiates 
glucose absorption and is located in the microvillous 
membrane. Efflux occurs at basolateral membranes via a 
product (GLUT2) of the family of facilitative glucose 
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t ranspor ter  genes.  In  STZD-ra t s ,  the increase  in total  
hexose  t ranspor t  is assoc ia ted  with  ear ly  express ion  o f  
t ranspor ters  by  epi the l ia l  cel ls  on the c ryp t -v i l lus  axis 
[9].  The  f ind ing ' tha t  microv i l l i  on vi l lous  epi the l ia l  cel ls  
a re  una l te red  s t ructura l ly  in STZ-d iabe te s  suggests  that 
ea r ly  express ion  m a y  be due to ear ly  incorpora t ion  o f  
SGLT1 pro te in  or to s tructural  modi f i ca t ions  render ing  it 
more  active. As  yet,  there  are no para l le l  morphome t r i c  
data  on baso la te ra l  membranes .  
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