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Abstract: Background: Gut secreted incretin hormones and gastric bypass surgery currently provides some of the 
most successful treatments for diabetes and obesity respectively. However, despite the evident importance of the 
gut endocrine system no information exists on the total number and distribution of different types of endocrine 
cells in the gut. Here we have used the established preclinical Zucker Diabetic Fatty (ZDF) rat model which displays 
elevated levels of GLP-1 to assess L-cell distribution and L-cell dynamics in the full rostro-caudal extension of the rat 
intestinal tract. Methods: Using mathematically unbiased stereology we provide total and regional estimates of gut 
volume, gut surface area and the total number of L-cells throughout the intestinal tract in obese ZDF rats and lean 
controls. Results: The total number of L-cells in the lean and obese ZDF gut is estimated to 4.8 and 10.9 million, 
respectively, coupled with a corresponding near doubling in total gut volume and total surface area. L-cell numbers 
were found to be distributed rather evenly throughout the jejunum, ileum and colon. Conclusion: The present study 
provides the first stereological report of total L-cell number and L-cell distribution throughout the rat intestinal tract. 
In contrast to the currently held view, the majority of L-cells are actually located proximal to the traditionally defined 
ileum and colon. 
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Introduction

Along with the introduction of bariatric surgery 
as a treatment for obesity an increased scien-
tific focus has been directed towards the endo-
crinology of the gut. Bariatric surgery results in 
significant weight loss and improvement in 
health and quality of life [1-3]. Furthermore, 
surgical procedures such as Roux-en-Y gastric 
bypass (RYGB) have proven effective in curing 
diabetes with reported remission rates of type 
2 diabetes (T2D) up to 80% [4]. We know today 
that surgery leads to complex alterations in the 
secretion of a number of hormones involved in 
glucose and weight homeostasis (e.g. GIP, GLP-
1, PYY, ghrelin and oxyntomodulin, for reviews 
see: [5, 6]) and that some of these hormones 
exert powerful effects on both appetite func-
tion and glucose homeostasis. A better under-
standing of the gut endocrine system in the 
normal and diseased gut is therefore pivotal in 
order to unlock the key to novel pharmacologi-

cal treatments of diabetes and other obesity-
related syndromes.

The total size and length of the intestinal tract 
is an obstacle for accurate anatomical and 
quantitative assessments of specific cell popu-
lations in this organ. Hence, the vast majority of 
the anatomical knowledge about the gut endo-
crine system stems from studies examining dis-
tribution frequencies of specific endocrine cells 
at specific sites of the gut, rather than to actual 
total numbers of cells [5, 7-12]. The endocrine 
L-cell has attracted special attention over the 
past decades partly because of the powerful 
incretin effects of GLP-1 [13, 14]. However, the 
distribution and total numbers of L-cells 
throughout the intestinal tract remains 
unknown. Previous studies indicate that the 
density of L-cells in the gut epithelium increas-
es from the duodenum to the rectum [8, 11, 
15], which has led to the general view that the 
majority of L-cells are found in the distal part of 
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the gut [16-18]. This view is, however, chal-
lenged by several functional data demonstrat-
ing a rapid (within 15 minutes) increment in 
postprandial plasma GLP-1 levels [19-22] and a 
sustained GLP-1 release even in distally intesti-
nal resected animals [20]. 

During the last decades, the introduction of 
design-based stereology, also known as unbi-
ased stereology, has greatly improved the accu-
racy and reliability of quantification in biological 
research [23, 24]. The main strength of stereo-
logical methods is that it can account for three-
dimensional structures in terms of three-
dimensional quantities. This is in contrast to 
the two-dimensional sections which are often 
used for the observation. Thus, counting of cel-
lular profiles and density measurements will 
inevitably lead to biased results if subtle chang-
es in the size of cells or the reference organ are 
not accounted for. A number of stereological 
papers has been published on intestinal mor-
phometry [25-28], however a detailed stereo-
logical analysis revealing the factual number of 
L-cells along the rostro-caudal extension of the 
gut has not yet been performed.

Materials and methods

Experimental animals 

All animal experiments were conducted in 
accordance with internationally accepted prin-
ciples for the care and use of laboratory ani-
mals, and in compliance with personal animal 
licenses (2008/561-1565) issued by the 
Danish Committee for Animal Research.

A total of ten homozygous (fa/fa) male Zucker 
diabetic fatty rats (ZDF) and ten lean ZDF (Fa/?) 
rats were obtained (Charles River, Germany) at 
the age of 9 weeks. The rats were housed under 
standard housing conditions (temperature 22 ± 
2°C, relative humidity 50 ± 10%, light/dark 
cycle: 12/12, lights off at 16:00 PM) and with 
ad libitum access to Purina 5008 (Purina 5008, 
Charles River Germany) to induce programmed 
and consistent development of T2D. At 20 
weeks of age (11 weeks on housing) rats were 
euthanized with CO2 before decapitation. A 2 
ml trunk blood sample was obtained to which 
was added 20 µl DPP-V inhibitor (Millipore cata-
logue no DPP4-010). Active GLP-1 was analyzed 
using an ELISA kit according to the manufac-
turer instructions (AKMGP-011, Shibayagi, 
Japan).

Histology

For each group, five randomly selected animals 
were processed for morphology. The entire 
intestinal tract was removed and immersion 
fixed and stored in 4% phosphate buffered 
formaldehyde until further processing. The 
intestinal tract was then subdivided into three 
anatomically distinct segments based on gross 
morphological markers: the duodenum from 
the pyloric sphincter to the duodenojejunal 
bend, the jejunoileum from the duodenojejunal 
bend to the caecum, and the colon from the 
caecum to the rectum. The ileum was not sepa-
rated from the jejunoileum due to the lack of a 
clear gross morphological criterion. The length 
of each segment was measured. Each of the 
segments was embedded in a 4% agarose 
(60°C) and sampled systematically, uniform 
randomly into 4 mm slaps across the whole 
segment (Figure 1A and 1B). Rendering a total 
of 24-30 slaps from each animal. Each slap 
was infiltrated overnight in paraffin, mounted 4 
together in blocks of paraffin (Tissue-TEK III, 
Sakura, Denmark) and eventually cut into 5 µm 
thick paraffin sections on a Microm (HM340E, 
ThermoScientific, Denmark) (Figure 1C). 
Sections were mounted singly on separate 
object glasses, or pairwise as two consecutive 
sections (Figure 1D).

HE staining

One series of sections were stained with hema-
toxylin-eosin. Sections were de-paraffinized in 
toluene (Sigma-Aldrich, Denmark), rehydrated 
in degrading series of ethanol, stained in a 
Mayer’s hematoxylin solution (MHS80, Sigma 
Aldrich, Denmark) and Eosin B solution 
(HT110280, Sigma-Aldrich), dehydrated and 
finally coverslipped (Pertex, Sakura, Denmark).

Immunohistochemistry

Series of neighboring sections were stained for 
GLP-2 immunoreactivity to visualize L-cells. 
Sections were de-paraffinized in toluene and 
rehydrated before antigen retrieval in citrate 
buffer (10 mM, pH 6, at 90°C) and blocking of 
endogenous peroxidase activity (in 1% H2O2). 
Sections were incubated with avidin and subse-
quently biotin (X0590, Dako, Denmark), blocked 
in swine serum and incubated overnight with 
the primary GLP-2 antibody diluted 1:32000 
(the mouse GLP2-12F21-A7 antibody was kind-
ly provided by Novo Nordisk A/S).
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On day 2, sections were rinsed in buffer, incu-
bated for 30 min in biotin-coupled rabbit anti-
mouse secondary antibody (1:2000), rinsed 
again and incubated in avidin-biotin complex 
(ABC, X0590, Dako) for 60 min. Following rins-
es, sections were incubated with biotinylated 
tyramine, re-incubated in ABC and developed in 
0.04% diaminobenzidine. Sections were dehy-
drated and finally coverslipped (Pertex, Sakura).

Stereology

All stereological estimates were performed on 
digital slides scanned with a 20x objective on a 
Hamamatsu Nanozoomer 2.0 HT. Sections 
were evaluated in a random systematic way by 
use of the newCAST system (Visiopharm, 
Denmark).

Estimation of volume

Total gut volume and cellular layer volumes 
were estimated by point counting using a grid 
system where all points hitting the mucosa, 
submucosa and muscularis (including the sero-
sa) cell layers were counted (Figure 1E). The 
number of points hitting the structure of inter-
est was converted into volume according to: 

Vo a P tPef = ) )k Rc ^ h

Where ∑P is the total number of points hitting 
the structure of interest, A(p) is the area per 

point and t is the distance in-between sections 
[23, 24].

Estimation of surface density and total epithe-
lial surface area

Estimations of surface density (Sv) and surface 
area were performed by counting intersections 
between linear probes and the luminal side of 
the gut (Figure 1F) according to:

Sv I
2 I
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:
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R

R

Where ∑I is the number of intersections of the 
test lines with the epithelium of the tunica 
mucosa, I(p) is the test line length associated 
with a point of the grid and ∑P is the number of 
test points falling on the reference volume [29]. 
Finally, the absolute surface area was estimat-
ed by multiplying the surface density with the 
reference volume. Estimates of surface density 
usually require isotropic or vertical sectioning 
protocols. However, due to the normal isotropic 
occurrence of villus (no preferred orientation of 
villus in 3D space) the present study was for all 
practical purposes performed on transverse 
sections only. The validity of these assump-
tions was tested beforehand (data not shown).

Estimation of the total number of L-cells

L-cells were identified using a specific GLP-2 
antibody. GLP-1 and GLP-2 are both derived 

Figure 1. Tissue sampling and stereological probes. The intestinal tract was divided into the duodenum, jejunoil-
eum and colon (A), embedded in agar and divided by systematically uniform random sampling into eight slabs (B). 
Each slab was embedded on their cut surface in paraffin and cut (C) into single or paired consecutive sections (D). 
Regional and specific cellular layer volume (i.e. the mucosa, submucosa and muscularis) was estimated by point 
counting (E). Surface area was estimated by counting intersections between line probes and the mucosal surface 
(F), and number was estimated using the physical dissector on two paired neighbor sections (G). Arrow indicates the 
counting event where an immunoreactive cells is evident in one section and not the other.
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from preproglucagon, and GLP-2 displays a per-
fect overlap with GLP-1 in L-cells [30]. The cur-
rent antibody has previously been shown to co-
localize 100% with GLP-1 in brainstem 
preproglucagon expressing neurons [31]. The 
total number of GLP-1/2 immunoreactive (ir) 
L-cells was estimated using the principle of the 
physical disector (Figure 1G) [29, 32, 33]. The 
method relies upon the principle that if a parti-
cle is seen in one section and not the previous, 
it is counted. For this purpose tissue sections 
were sampled as two consecutive levels and 
evaluated using 2D counting frames. The total 
number of L-cells in a defined sampling volume 
was counted and the particle density, Nv, was 
calculated as: 

Q a h Qv frame= ) )M R R^ h

Where a(frame) is the area per counting frame, h 
is the distance between the two sections, ∑Q is 
the total number of counted cells, and ∑P is the 
total number of points hitting the reference 
space. The total number of L-cells was finally 
determined by multiplying Nv with the total ref-
erence volume. 

Correction for shrinkage 

Whereas estimates of cell number are not influ-
enced by tissue processing steps, all estimates 
of volume and surface area are biased by 
shrinkage. In order to correct for this and pro-
vide estimates of the absolute volume and sur-
face area, we assessed the shrinkage coeffi-
cient for the rat gut in frozen and paraffin 
embedded sections sampled throughout the 
intestinal tract. The XY shrinkage (or in-section 
shrinkage) induced by dehydration and paraffin 
embedding was estimated by comparing point 
counts performed on frozen unshrunken sec-
tions with paraffin embedded sections. The Z 
shrinkage (or length shrinkage) was estimated 
by subjecting 2 cm long agarose embedded 
segments to dehydration before re-measuring 
the length. The surface shrinkage was estimat-
ed according to the procedures described by 
Karlsen and Pakkenberg [34].

Quantitative ISH

To estimate the total expression of preproglu-
cagon (giving rise to GLP-1, GLP-2 and oxynto-
modulin production in the endocrine L-cell) in 
situ hybridization was performed using a proto-
col described in detail previously [35, 36]. 

Preproglucagon mRNA was detected using P33-
labelled riboprobes directed against rat prepro-
glucagon mRNA (bp 89–250; GenBank acces-
sion number: NM_012707). Sense RNA probes 
were used as negative controls. All sections 
were processed simultaneously and under the 
same conditions. Post-hybridization washes 
were performed at 62 and 67°C in 50% for-
mamide. Following hybridization, the radioac-
tively labeled sections were exposed to autora-
diographic film and exposed for 8 hours. Images 
were acquired using the same camera and light 
settings in one session. Threshold setting and 
measurements were performed by an observer 
blinded to treatment. The same threshold set-
tings were used for all images. Images were 
analyzed on a computerized image analysis 
system (NIH-image 1.62b). The total preproglu-
cagon signal was quantified as the area of pre-
proglucagon mRNA expression with a density 
above threshold by the mean pixel intensity per 
area multiplied with the sampling interval.

Stereological error and statistics

The precision of the estimator was evaluated in 
comparison to the biological variability in the 
sample. Mean regional coefficient of error (CE) 
was calculated using the approximation formu-
la described by Gundersen and co-workers 
(1999) [24]. Using this formula, the mean esti-
mated CE was 0.060 for regional volumes and 
0.070 for regional numbers based on a mean 
number of 258 and 228 counting events, 
respectively, on 9 sections. The shape factor 
was estimated to 25 according to the nomo-
gram by [23].

Results are presented as mean ± SEM (stan-
dard error of the mean) unless otherwise stat-
ed. For all data statistical significance was test-
ed using 2-way ANOVA with Bonferroni’s 
post-test, except data on L-cell density in lean 
animals (2L) being tested using one-way ANOVA 
with Tukey’s post-hoc test. P<0.05 was consid-
ered statistically significant P>0.05 is marked 
with *, P>0.01 is marked with ** and P>0.001 
is marked ***. All statistics were performed 
using GraphPad Prism. 

Results

In vivo results

At study start, the normoglycemic ZDF rats was 
approximately 25% heavier than the lean con-
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trol group (ZDF 260 ± 9.2; lean 211 ± 3.5 g; 
P<0.0001, n=10). However, at the time of ter-
mination the body weight was no longer signifi-
cantly different (ZDF 404 ± 7.84; Lean 386 ± 
6.0, n=10) despite the food intake in obese 
ZDF rats being 2.7 fold higher than the lean 
control group (ZFD 37.6 ± 0.8; lean 14.0 ± 0.3 
g; P<0.0001). The reduced weight difference is 
a consequence of the onset and progression of 
diabetes as reflected in their terminal glucose 

values (ZDF 26.4 ± 0.41; lean 5.5 ± 0.11 mmol/
ml; P<0.0001, n=10). Similarly, terminal plas-
ma levels of active GLP-1 were markedly 
increased in the ZDF group (ZDF: 19.7 ± 2.35; 
lean 10.6 ± 1.69 pg/mol; P<0.01, n=10).

L-cell number

The distribution and stereological estimation of 
L-cells in the rat gut is shown in Figure 2. GLP-2 

Figure 2. L-cell density and numbers. Representative images from duodenum (A, E) proximal (B, F) and distal (C-G) 
jejunoileum and colon (D-H) in lean and diabetic ZDF rats.  L-cells are stained for GLP-2 immunoreactivity (arrows). 
Regional and total L-cell number (I) and density (J). L-cell number in throughout the gut of the jejunoileum based on 
estimates on individual slabs, compared to the total number of cells in the duodenum and colon (K). L-cell density, 
displayed as line graph (L) with distal ileum tested significantly higher density than all other regions.
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immunoreactive cells were easily identified by 
their classical bottle-like shape, minimal lumi-
nal contact and distribution intercalated 
between the epithelial cells in both crypts and 
villi (Figure 2A-H). The total number of L-cells 
was significantly higher in the diabetic ZDF rat 
(10.9 million, P<0.001) and more than twice 
the level as compared to the lean ZDF rat (4.8 
million) (Figure 2I). Interestingly, L-cells were 
predominantly confined to the jejunoileum 
accounting for more than 80% of the total L-cell 
pool (4.0 million and 9.6 million cells in the lean 
and obese ZDF respectively). In comparison, 
the number of L-cells in the colon was 0.63 mil-
lion and 0.97 million in lean and ZDF rats, 
respectively. There was a tendency towards 
increased L-cell number in all gut segments, 
however, attaining statistical significance in the 
jejunoileum only (Figure 2I). By contrast, the 
mean density of L-cells was nearly identical in 
the jejunoileum (approximately 2800 cells/
mm3) and colon (2200 cells/mm3), being mark-
edly lower in the duodenum only (app. 500 
cells/mm3) (Figure 2J). Distinguishing between 
proximal and distal gut is of course a matter of 

definition. An analysis of L-cell number and den-
sity throughout the gut of lean ZDF rats revealed 
that nearly 60% of the total L-cell pool is con-
fined proximal to the traditionally defined ileum 
(Figure 2K). The L-cell density, increases mod-
erately throughout the extension of the jejunoi-
leum being statistical significantly higher in the 
most caudal part of the small intestine, as com-
pared to the proximal part (P<0.05, Figure 2L). 

Volume and surface area

All stereological sampling and staining proce-
dures allowed for a clear differentiation of the 
specific cell layers and cell types (Figure 3A-F). 
In general, the duodenum was characterized 
nby long, thin and straight villi, with an increased 
appearance of unattached mucosal structures 
in the jejunum (representing long villi cut in the 
transverse plane). The colon was characterized 
by short luminal villi and several goblet cells 
dispersed in the epithelium. The stereological 
analyses of gut volumes in the ZDF rat demon-
strated marked changes in both regional and 
cellular layer volumes when compared to the 

Figure 3. Volume of each of the cellular layers was quantified using stereological counting. Mucosa layer is marked 
with asterisk, submucosa by single arrow, and muscularis by double arrow. Representative images from duodenum 
(A, D), distal jejunoileum (B, E) and colon (C, F) in lean and diabetic ZDF rats counterstained with hematoxylin. Esti-
mates of mucosa, submucosa and muscularis volumes in the duodenum (G), jejunoileum (H) and colon (I). Regional 
and total lengths of the intestinal segments (J) and stereological estimates of total regional volume (K). The total 
and regional intraluminal surface areas (L). 
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lean phenotype (Figure 3G-I). The most pro-
nounced expansion in the ZDF rat was seen in 
the mucosa cell layers in the duodenum (Figure 
3G), jejunoileum (Figure 3H) and colon (Figure 
3I). The expansion of cellular volume was also 
evident in the muscularis layers, being statisti-
cally significant in all regions except for the duo-
denum (Figure 3G-I). Although terminal body 
weight was similar in lean and diabetic ZDF 
rats, total gut length was 50% longer in diabetic 
ZDF rats (Figure 3J). Total regional volume was 
also markedly increased in ZDF rats (Figure 
3K). The increased mucosal volume was 
accompanied by a similar increase in mucosal 
surface area, the only exception being the colon 
(Figure 3L). All estimates are provided as abso-
lute values corrected for shrinkage with a mean 
volume correction factor of 47% and a linear 
surface shrinkage of 34%.

Preproglucagon expression

The majority of preproglucagon mRNA-expres-
sion was confined to jejunoileum with an appar-
ent similar expression density between both 
groups (Figure 4A and 4C). Individual L-cells 
was identified on emulsion dipped sections, in 
a pattern similar to the immunohistochemical 

stainings. (Figure 4B and 4D). In accordance 
with the immunohistochemical data on L-cell 
number, quantification of preproglucagon 
mRNA was found predominantly in the jejunoil-
eum (approximately 85% of total mRNA) and 
colon (approximately 15%), with almost no 
expression in the duodenum (Figure 4E). The 
semi-quantitative in situ hybridization revealed 
a significant and almost 100% increase in total 
preproglucagon expression in the ZDF group 
compared to the lean controls (Figure 4F). 
However, when taking the number of L-cells into 
consideration the relative preproglucagon 
mRNA expression per cell (total preprogluca-
gon expression divided by total L-cell number) 
was similar between phenotypes (Figure 4F).

Discussion

The present study provides the first stereologi-
cal report of total L-cell number and L-cell distri-
bution throughout the rat intestinal tract. We 
demonstrate that in the normal rat gut the total 
number of L-cells is approximately 4.8 million. 
In comparison, the normal rat pancreas con-
tains an estimated total of 3.2 million insulin 
producing beta-cells highlighting the enormous 
size of the gut endocrine system relative to 

Figure 4. Gene expression analyses. Representative images of preproglucagon expression in the jejunoileum on 
autoradiographic film (A, C) and emulsion dipped sections (B, D).  Regional total preproglucagon expression (E) and 
total gene expression (left axis) as well as expression per cell (right axis) (F).
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other endocrine organs [37]. Furthermore, our 
data underscores the plasticity of the gut by 
the observation that diabetic ZDF rats exhibit-
ed more than doubling of total gut volume and 
L-cell number compared to lean controls. L-cell 
density, however, is unchanged between the 
two phenotypes indicating that signals trigger-
ing increased epithelial proliferation will lead to 
quantitatively similar relative increases in the 
number of endocrine cells. L-cell density in the 
different regions of the intestinal tract appears 
to be genetically determined.

Traditionally, the ileum and terminal colon have 
been identified as the primary localization for 
the L-cell population, being that in animal [7, 
11, 38, 39] or man [18, 40]. This general 
assumption has led several L-cell studies to 
specifically focus on the distal ileum and colon 
[7, 9, 11, 12, 41]. Consequently, only few stud-
ies have included samples throughout the dif-
ferent gut segments [10, 15, 42]. These studies 
examine L-cell densities, and found that the 
distal part of the intestine holds the greatest 
cell density. However, counts of cellular profiles 
and reports of cell densities [11, 12, 43] do not 
take into consideration the potential massive 
contribution from gut hypertrophy leading to 
potential incorrect conclusions regarding L-cell 
distribution and number. In contrast to the gen-
eral view, our quantitative data demonstrate 
that L-cell numbers are distributed along the 
full rostrocaudal extent of the jejunoileum with 
an increase in L-cell density in the distal part of 
this segment only. The rostral part of the jeju-
noileum contains almost as many GLP-2 immu-
noreactive cells as the distal gut. Along with the 
increase in L-cell number we observed a signifi-
cant increase in total preproglucagon mRNA 
expression and plasma GLP-1 concentrations, 
whereas preproglucagon expression per cell 
was unaffected. Thus, even though mRNA 
expression does not necessarily reflect corre-
sponding peptide levels our data indicate that 
the marked increase in plasma GLP-1 level as 
seen in the ZDF animals is related to the 
increased number of L-cells, rather than an 
increase transcriptional activity per cell.

Increased preproglucagon mRNA expression, 
as well as increased GLP-1 immunoreactive tis-
sue content has previously been reported in 
the ZDF rat [43]. Irrespective of diabetic status, 
preproglucagon expression was shown to be 

confined mainly to the large intestine, and high-
ly elevated in obese, hyperglycemic animals 
[43]. A potential influence of disrupted leptin 
receptor signaling on L-cell dynamics has also 
been indicated in the large intestine of db/db 
mice, including increases in length, mucosa 
thickness and number of L-cells compared to 
non-diabetic controls [15]. There are several 
indications of functional leptin receptor activity 
in the gut, including leptin receptor expression 
on intestinal L-cells, in both rodent and man 
[44]. Peripheral administrations of leptin stimu-
late GLP-1 secretion in rats and ob/ob mice 
[44, 45] and enhance anorexia and weight loss 
induced by native GLP-1 or GLP-1 agonist. It is 
possible that the absence of functional leptin 
receptors may be associated with increased 
L-cell mRNA expression possibly as a compen-
satory homeostatic mechanism. However, the 
marked changes in total L-cell number may also 
be related to the differences in food intake 
and/or high levels of circulating glucose. Oral 
nutrients such as glucose and fat are known to 
stimulate GLP-1 secretion from the endolumi-
nal side [46, 47]. High constant levels of circu-
lating glucose in the diabetic ZDF rat could also 
potentially affect GLP-1 secretion and cell turn-
over. Interestingly, non-digestible carbohy-
drates have also been shown to promote L-cell 
differentiation in the colon (39) indicating that 
the hyperphagia in the ZDF rat may potentially 
be triggering gut hypertrophy per se. The 
increased total surface area in the duodenum 
and jejunoileum leads to an increased nutrient-
absorbing area and nutrient-stimulated area. 
The possibility that food changes can drive gut 
hypertrophy is supported by reports on 
increased villus length and increased cell num-
ber in mice fed a high-fat diet for 8 weeks [48]. 
Moreover, previously published data in rodent 
models of gastric surgery [49, 50] also demon-
strate a marked mucosal hypertrophy and 
increased number of L-cell in the regions of the 
gut exposed to partly undigested food compo-
nents further substantiates this hypothesis. In 
this respect, it should be noted that both gas-
tric bypass models were normoglycemic pre- 
and post-surgery, indicating that glycemic 
changes are likely not the main contributor, 
although a role of glucose in the control of L-cell 
number cannot be excluded. Finally, it should 
be noted that GLP-2, which is synthesized and 
secreted from the L-cells in a 1:1 stoichiometric 
ratio with GLP-1 [30], is a potent intestinal 
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growth factor and inhibitor of apoptosis [51-
53]. The increase in L-cell number and total pre-
proglucagon expression leading to enhanced 
GLP-2 secretion could tentatively provide a 
positive feedback mechanism to further stimu-
late gut hypertrophy.

Most available data on gut hypertrophy is 
based on qualitative criteria [54] or by measur-
ing indirect parameters such as villus height 
and crypt depth [55, 56]. Even though villus 
height and crypt depth may be used to identify 
major morphological changes in the intestinal 
tract [57, 58], this procedure can be hampered 
by the diverse ramification of intestinal villus 
and the concurrent changes in gut length which 
is often not corrected for. So far, there have 
only been a limited number of studies describ-
ing this very complicated organ in a systematic 
quantitative manner [25-28]. In this respect, it 
is worth emphasizing that the mean epithelial 
volume in the small intestine (duodenum and 
jejunoileum) of the rat previously has been 
shown to be in the range of 2500 mm3 with a 
surface area of 500-700 cm2 [59]. These data 
corresponds well to the quantitative estimates 
presented herein, underscoring the validity of 
the stereological methods. Moreover, it should 
be recognized that the quantitative gene 
expression levels presented herein are estimat-
ed as total mRNA expression in series of sec-
tions throughout the gut hereby taking into 
account the marked increase in gut volume and 
L-cell number. This is in contrast to standard 
quantitative PCR data being normalized and 
presented as levels per mg tissue hereby 
obscuring potential changes related to differ-
ences in total volume.

Despite the obvious benefits and validity of the 
stereological sampling and the data presented 
herein, one should take into considered poten-
tial limitations. First of all, L-cells were identi-
fied by GLP-2 immunohistochemistry. Even 
though GLP-1 immunoreactive cells have been 
shown to overlap with GLP-2 [30] we cannot 
conclude that GLP-2 immunohistochemistry 
labels all L-cells in the gut. Immunohistochemical 
labeling procedures may vary from laboratory 
to laboratory based on antigenicity and labeling 
techniques. Moreover, recent data indicates 
that enteroendocrine cells may have a much 
broader potential for expression of multiple 
peptide precursors than is generally believed 
[60, 61]. Thus, the classical view on specific 

endocrine lineages (i.e. distinct L, K, I cell lin-
eages) may be changing [62].

In a translational point of view, our data may 
provide an explanation for the rapid increment 
in plasma GLP-1 levels observed after ingesting 
glucose or mixed meals, and before nutrients 
have entered the presumed L-cell rich distal 
intestinal regions [19-22]. Resection of the dis-
tal small intestine or colectomy do not lead to 
changes in GLP-1 release after an oral glucose 
load in man [20]. This suggests that the GLP-1 
immediately secreted following glucose inges-
tion mainly stems from upper gut L-cells and 
not from distal cells in the ileum, colon and rec-
tum. The present findings may also be central 
for understanding the mechanisms involved in 
the dramatic changes in glucose homeostasis 
following gastric bypass surgery. Surgical pro-
cedures such as Roux-en-Y gastric bypass 
(RYGB) leads to a rapid (usually within days) 
resolution of diabetes in more than 80% of 
obese patients with T2D [1, 4, 63] which is tem-
porally associated with massive increases in 
plasma GLP-1 and PYY levels [64-66]. The 
rapid elevation in plasma GLP-1 and PYY levels 
may be related to the rapid delivery of undigest-
ed nutrients to the upper small intestine stimu-
lating the large rostral L-cell population. 

In conclusion, using stereological methods we 
demonstrate that L-cells in the rat intestine are 
distributed rather evenly throughout the jeju-
noileum to the distal colon. This is in contrast to 
the general belief that L-cells are confined to 
the distal ileum and colon, but in good agree-
ment with a number of functional data. 
Moreover, increased plasma GLP-1 levels in the 
obese ZDF rat are associated with an increased 
number of L-cells in the intestinal tract and 
greatly increased gut volume, as well as 
increased total preproglucagon mRNA levels. 
The L-cell density, however, is unaffected which 
provides support for the hypothesis that the 
endocrine cell pool is genetically encoded in 
the various gut segments and that signals lead-
ing to increased epithelial proliferation will 
cause similar adaptive quantitative effects on 
L-cell numbers.
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