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Background: The evaluation of intestinal trophism, mainly the mucosal layer, is an important issue in various
conditions associated with injury, atrophy, recovery, and healing of the gut. The aim of the present study was to
evaluate the kinetics of the proliferation and apoptosis of enterocytes by immunohistochemistry and to assess the
complexity of intestinal mucosa by fractal dimension (FD) analysis in Solea solea fed different experimental diets.

Results: Histomorphological evaluation of all intestinal segments did not show signs of degeneration or
inflammation. Cell proliferation index and FD were significantly reduced with a diet high in mussel meal

(MM; p=10.0034 and p =0.01063, respectively), while apoptotic index did not show any significant difference for
the same comparison (p = 0.3859). Linear regression analysis between apoptotic index (independent variable)
and FD (dependent variable) showed a statistically significant inverse relationship (p = 0.002528). Linear regression
analysis between cell proliferation index (independent variable) and FD (dependent variable) did not show any

Conclusions: The results demonstrated that diets containing increasing levels of mussel meal in substitution of
fishmeal did not incite a hyperplastic response of the intestinal mucosa. The mussel meal, which is derived from
molluscs, could mimic the characteristics of the sole’s natural prey, being readily digestible, even without increasing the
absorptive surface of intestinal mucosa. Interestingly, from this study emerged that FD could be used as a numeric
indicator complementary to in situ quantification methods to measure intestinal trophism, in conjunction with
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Background

The evaluation of intestinal trophism, mainly the mu-
cosal layer, is an important issue in various conditions
associated with injury, atrophy, recovery, and healing
of the gut. The integrity of the mucosal barrier and the
speed of either proliferation or apoptosis are other
common variables of relevance for many investigative
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studies [1]. To make these investigations objective and
measurable, cellular turnover or morphometric param-
eters such as villus height, crypt depth, and enterocyte
height are frequently used [1]. Focusing on fish, histo-
logical analysis of the digestive system is considered a
good indicator of the nutritional status of health [2].
The intestine and liver are the most important organs
in digestion and the absorption of nutrients from food
and, therefore, the monitoring of these organs is con-
sidered necessary. Intestinal villi of mammals’ and birds’
digestive systems fit the Euclidean shape (a cylinder-like
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structure) and allow the employment of the classical mor-
phometric parameters. The morphological peculiarities of
the fish intestine that distinguish it from the mammalian
intestine, including the lack of distinct crypt compart-
ments and the presence of longitudinal folding of the
mucosa instead of villi [3], do not permit the use of this
classical approach.

The aim of the present study was to evaluate the kin-
etics of the proliferation and apoptosis of enterocytes by
immunohistochemistry and subsequently, to assess the
complexity of intestinal mucosa by fractal dimension
analysis in Solea solea fed different experimental diets.

Methods

The experiment was evaluated and approved by the
Ethical-Scientific Committee for Animal Experimenta-
tion of the University of Bologna, in accordance with
the European Community Council directive (86/609/
ECC). Fish were obtained from the final sampling of an
ongrowing experiment carried out at the Laboratory of
Aquaculture, Department of Veterinary Medical Sciences,
University of Bologna, Italy. Common sole (Solea solea)
juveniles used for this experiment were obtained from
natural spawning of the broodstock adapted to captiv-
ity at the above-mentioned laboratory. From the larval
stage, fish were cultured in a 3,000-L circular tank.
Larvae were reared using the standard protocol adopted
[4,5] and post-larvae and juveniles were fed a commercial
diet (Biomar, Denmark, crude protein 63%, total lipids
14%). Before the initiation of the trial, 840 sole juveniles
were distributed into twelve 500-L square tanks (bottom
surface: 0.64 m2) (70 individuals tank-1) in a completely
random manner, to acclimatize them to experimental con-
ditions for 41 days. During this period, fish were fed by
automatic feeders for 12 h per day with a mixture of the
four experimental diets. The tanks were provided with
natural seawater and were connected to a unique closed
recirculation system consisting of a mechanical sand filter
(0.4 m3 of silica sand, 0.4—0.8 mm, Astral pool PTK 1200
model filter, Servaqua S.A. Barsareny, Spain), an ultraviolet
light (PE 25 mJ/cm2: 16 m3 h-1, Blaufish, Barcelona, Spain)
and a biofilter (PTK 1200, Astral Pool, Servaqua S.A.
Barsareny, Spain). The water exchange rate per tank was
100% every 2 h, whereas the overall water renewal of the
system was 5% daily. Temperature was maintained constant
at 20 £ 1°C throughout the experiment. The photoperiod
was held constant at a 12-h day-length via artificial light
(200 Ix at the water surface, Delta Ohm luxmeter HD-9221,
Delta-Ohm, Padua, Italy). The oxygen level was kept
constant (7.5+ 1.0 mgL-1) by a liquid oxygen system
connected to software (B&G Sinergia snc, Chioggia, Italy).
Ammonium (total ammonium nitrogen 0.5-0.1 mg L-1),
nitrite (NO2-<0.2 mg L-1) and nitrate (NO3-<50 mg
L-1) were determined spectrophotometrically, daily
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(Spectroquant Nova 60, Merk, Lab business, Darmstadt,
Germany) at 12:00. At the same time, pH (7.8-8.2) and
salinity (20 g L-1) were also determined. Each experimen-
tal diet was fed to triplicate groups (13.1 +2.3 g initial
mean body weight), assigned in a completely random
manner, over 91 days. Fish were hand-fed twice-daily for
1 h at a time (at 9:00 and 16:00) for 6 days a week and
once on Sundays (9:00), to apparent satiation with four
isoproteic (53%) and isolipidic (11%) palletized diets con-
taining graded levels of mussel meal (0%, 25%, 50%, and
75%, named respectively MMO, MM25 MM50, and
MM75) to replace fish meal (FM). The meal distribution
was made following a different tank order daily. To reduce
the feeding hierarchies and to allow the access to the feed
for all animals, the feed has been distributed evenly over
the surface area. At the end of the trial, the average fish
weight + standard deviation (n=3 tanks, 70 animals in
each tank) was 32.4 + 3.4, 424+ 0.9, 46.0 + 1.3 and 46.0 +
3.0 g in the groups fed MMO0O, MM25, MM50 and MM75,
respectively. A linear regression analysis to analyze final
weight against the MM dietary inclusion produced a R2
value of 0.71 (p < 0.001).

At the end of the trial, three fish per tank (total of 36
animals) were sampled for gut histology. After euthan-
asia with a lethal dose of 2-phenoxyethanol, the gut was
removed and the intestine was divided into three seg-
ments (anterior, intermediate, and posterior); from each
segment, a 5 mm-long piece was sectioned and fixed in
10% buffered formalin. Samples were then processed for
routine histology to obtain a transversal section, which
was stained with haematoxylin and eosin (H&E). Sec-
tions were evaluated under a light microscope (Nikon
Eclipse 80i, Nikon Corporation, Japan) for degenerative
and inflammatory changes.

Immunohistochemistry

Anti-proliferating cell nuclear antigen (PCNA) antibody
was employed for detection of the proliferation rate of
enterocytes. Sections were deparaffinised for 30 min in
Solvent Plus (Carlo Erba, Reagents S.r.l, Italy) and hy-
drated in a graded series of alcohols. Subsequently, en-
dogenous peroxidase activity was blocked with 3%
hydrogen peroxide in distilled water for 30 min at room
temperature. Sections were then treated in citrate buffer
(pH 6.0) for 10 min in a microwave oven (750 W) for
antigen retrieval. Nonspecific binding was blocked by
incubating the sections with 5% normal goat serum and
1% bovine serum albumin (BSA) in PBS buffer (blocking
solution) for 1 h at room temperature and then sections
were incubated overnight at 4°C with mouse monoclonal
PCNA antibody (clone PC10, Cell Signaling Technology,
Danvers, MA) diluted 1:4000 in blocking solution. A
streptavidin-biotin-peroxidase polymeric complex (Super-
Picture kit peroxidise, Zymed® Lab, San Francisco, USA)
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was used to visualise antibody-antigen interaction and
applied on the sections for 10 min at room temperature.
The immunohistochemical reaction was developed using a
3,3-diaminobenzidine (DAB) solution (Sigma-Aldrich
Corporate, St. Louis, MO). The slides were counter-
stained with haematoxylin, dehydrated through alcohol,
and cleared in xylene before mounting.

Terminal deoxynucleotidyl transferase dUTP nick end
labelling (TUNEL) assay

The TUNEL method was used to detect the apoptosis
rate of enterocytes. The ApopTag® Peroxidase In Situ
Apoptosis Detection Kit (Millipore Corporation, Billerica,
MA, USA) was employed. Sections were deparaffinised for
30 min in Solvent Plus (Carlo Erba Reagents S.r.l, Italy)
and hydrated in a graded series of alcohols. Treatment
with proteinase K (20 pg/ml) in PBS for 15 min was per-
formed. Subsequently, endogenous peroxidase activity
was blocked with 3% hydrogen peroxide in distilled
water for 5 min at room temperature. Equilibration
Buffer was then applied on the sections for 3 min and
finally, they were incubated with Working Strength TdT
Enzyme for 1 h at 37°C in a humid chamber. After
washing with Stop/Wash Buffer for 10 min, the second-
ary antibody anti-digoxigenin peroxidase conjugate was
applied on the sections for 30 min at room temperature.
After washing, the sections were subjected to the same
protocol as used for PCNA.

Image analysis and cell counting

From each stained section, photomicrographs of five
fields per gastrointestinal tract at 20x magnification
were captured using a Nikon Digital Sight SD-MS camera
(Nikon Corporation, Japan) connected to an optical
microscope. Images were then processed using Image]
1.46 software, which is freely downloadable [6]. Acquired
photographs of PCNA- and TUNEL-stained slides were in
24 bit jpg format, with image resolution of 2560x1920
pixels.

PCNA-positive nuclei of enterocytes were counted
using the plugin color segmentation [7]. The original
image is divided into colour channels, which are manu-
ally chosen by the operator as DAB-stained positive
nuclei, haematoxylin-stained negative nuclei, cytoplasm
of enterocytes, and white background. The software
automatically calculates the percentage of area occupied
by each chosen colour and, specifically, the percentage
of area occupied by PCNA-positive (DAB-stained)
nuclei.

In order to eliminate false positivity of non-epithelial
cells (erythrocytes, macrophages, lymphocytes, and
fibroblasts), the lamina propria had been manually
erased using the software Adobe Photoshop CS5 (Adobe
Systems Inc, San Jose, CA). For apoptotic cell count, the
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following findings were considered to represent apoptosis
[8,9]: (a) marked condensation of chromatin and cyto-
plasm (apoptotic cells); (b) cytoplasmic fragments with
or without condensed chromatin (apoptotic bodies);
and (c) intra- and extracellular chromatin (apoptotic
micronuclei). TUNEL-positive cells were counted manu-
ally in order to eliminate the nonspecific signals due to the
application of this method on intestinal sections [10-12],
and then the plugin color segmentation was employed only
to calculate the percentage of area occupied by the other
colours (haematoxylin-stained negative nuclei, cytoplasm
of enterocytes, and white background).

All data obtained were used to calculate indexes as
follows:

% area PCNA-positive nuclei

PCNA index = — - - ke
% area PCNA-positive nuclei 4 % area negative nuclei

100

n° apoptotic nuclei/apoptotic bodies

100
n° negative nuclei per field + n° apoptotic nuclei/apoptotic bodies ¥

Apoptotic index =

Where the n° of negative nuclei per field is equal to:

total area of the field 20x * % negative nuclei

mean area of a nucleus

Image analysis and fractal dimension (FD) calculation
Eighty photomicrographs of H&E-stained slides of intes-
tinal tracts were obtained in blinded fashion at 4x mag-
nification using a Nikon Digital Sight SD-MS camera
connected to an optical microscope. Images were then
processed using Image] 1.46 software: manual segmenta-
tion and thresholding were performed blindly by a sec-
ond operator to extract the one-pixel wide outline of the
intestinal mucosal interface (outline) (Additional file 1).
The FD calculation was performed with the Box Count-
ing method using the specific command in Image] and
setting boxes of 2, 3, 4, 6, 8, 1216, 32, 64, 128, 256, 512,
1024, and 2048 pixels. Image resolution was 2560x1920
pixels and format was 24 bit TIF for the original ac-
quired images of H&E-stained slides; image resolution
was 2560x1920 pixels and format was 8 bit Gif for the
acquired photographs of outlines.

Statistical analysis

All data obtained were analysed by the software Statis-
tica 8 (StatSoft Inc., Tulsa, Oklahoma). Normal distribu-
tion was tested by Shapiro-Wilk. If normality criteria
were met, one way ANOVA with post-hoc Fisher LSD
test were run; if normality criteria were not met,
Kruskal-Wallis multiple comparison were run. Signifi-
cance was set as p < 0.05.

Results
Histomorphological evaluation of all intestinal segments
did not show signs of degeneration or inflammation.
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PCNA labelling revealed a brown, intense, and homoge-
neous nuclear staining of enterocytes mainly in the basal
area and along the intestinal folds (Figure 1A). TUNEL
labelling revealed a brown, intense staining of scattered
single condensed nuclei or nuclear fragments (Figure 1B).

PCNA index was not normally distributed (n = 108; SW
W =0.96290; p=0.00418). PCNA index in enterocytes
showed a significant decrease in parallel with the increase
in MM (n=108; H=13.64672; p=0.0034) (Figure 2).
With respect to the intestinal tract, PCNA index did
not show significant differences (n=108; H = 4.298455;
p=0.1166). Apoptotic index was not normally distrib-
uted (n=108; SW W =0.45922; p =0.00000) and did
not show significant differences with respect to the diets
(n=108; H =3.037620; p = 0.3859). With respect to the
intestinal tract, apoptotic index was significantly higher
in the posterior segment compared with the anterior
and intermediate segments (n=108; H =21.21437;
p =0.0000). FD was normally distributed (n = 80; Shapiro-
Wilk W =0.97847; p =0.19599) and showed a significant
decrease with a diet that was high in MM (n=80; F
(3.76) = 3.9997; p = 0.01063) (Figure 3). With respect to
the intestinal tract, FD did not show significant
differences (n = 80; current effect: F(2.77) = 1.3182; p =
0.27359). Linear regression analysis between apoptotic
index (independent variable) and FD (dependent variable)
showed a statistically significant inverse relationship
(Beta = -0.337225; p =0.002528). Linear regression ana-
lysis between PCNA index (independent variable) and FD
(dependent variable) did not show a significant correlation
(Beta = 0.164612; p = 0.131582).

Discussion

In the present study, the histomorphological evaluation
of all three intestinal segments did not show signs of de-
generation or inflammation, suggesting that MM could be
considered a valid substitute for FM in the diet of sole.
Immunohistochemistry with PCNA antibody and the
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TUNEL method have been widely used in fish species to
demonstrate the renewal of enterocytes in studies ranging
from experimental diet to environmental and toxicological
assessments [13-21]. Focusing on the TUNEL method for
apoptosis assessment, it has been widely demonstrated
that it can produce an intrinsic nonspecific labelling. This
does not represent a background staining but a binding
with DNA fragments produced by endogenous cyto-
plasmic endonuclease that is physiologically present, or
by antigen retrieval pretreatment [10-12,22,23]. In the
present study, the non-specific TUNEL labelling was cyto-
plasmic, patchy, and hazy, with intense peripheral mem-
branous positivity. Despite these apparent limitations, the
TUNEL method coupled to H&E-stained sections enabled
us to univocally identify cells undergoing apoptosis [12].

PCNA index showed a decrease in enterocytes prolif-
eration with a diet with major inclusion of MM (MM?75)
with respect to the control diet (MMO), supporting the
hypothesis of an hyperplastic adaptive response induced
by a diet that deviates from the feeding habits of this spe-
cies (a benthonic organism). On the other hand, apoptotic
index was not influenced by the diet, probably because
dietetic changes were not sufficient to induce a pro-
apoptotic response compared with xenobiotics or hor-
monal stimuli [13,14].

Moreover, the results obtained demonstrated a rela-
tionship between reduced enterocytes proliferation and
lessened complexity of mucosal folding, expressed by a
lower FD, in the diet with the highest MM content. The
biological interpretation of this result can be that diets
containing high MM (MM75) are more similar to the
natural feeding of sole. On the contrary, the control diet
(MMO), which is usually administered in this reared
species, is probably far from an optimal formulation; this
could have triggered an hyperplastic adaptive response
of the intestinal mucosa, supported by a higher prolifera-
tion index, with the aim of increasing the absorptive sur-
face. In linear regression analysis, an inverse and significant

Figure 1 Immunohistochemistry with anti-PCNA antibody and TUNEL assay. (A) PCNA-positive nuclei of enterocytes are located mainly in
the basal area and along the intestinal folds. (B) TUNEL-positive apoptotic cells (arrows) and apoptotic bodies (arrow heads) are located at the
apex of intestinal folds. The intrinsic nonspecific binding is also evident (asterisks) (Bars =25 um).
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Figure 2 Diet effect on PCNA index. Pooled data of PCNA index (9 anterior + 9 intermediate + 9 posterior intestinal tracts =27 for each group)
for each diet displayed PCNA index of MM75 group significantly lower than MM50 and MMO (Post-hoc Kruskal-Wallis Multiple Comparison n = 108;
H=13.64672, significance p < 0.05) (letters mark significant differences in pairwise comparison).

correlation between FD and apoptosis index emerged, This study demonstrated the usefulness of FD calcula-
confirming that a higher apoptosis rate corresponded tion as an alternative method to immunohistochemistry
to more simple mucosal folding even if there was no  for the detection of intestinal trophism; FD permits a
significant difference in apoptosis index in relation to  more rapid assessment of histological sections, reducing

the diet. the costs of reagents and time.
1,38
b
b
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Figure 3 Diet effect on intestinal fractal dimension. Pooled data of fractal dimension (respectively, MMO = 8 anterior + 7 intermediate + 8 posterior
intestinal tracts = 23; MM25 =4 anterior + 5 intermediate + 6 posterior intestinal tracts = 15; MM 50 = 6 anterior + 8 intermediate + 7 posterior
intestinal tracts =21 and MM75 = 6 anterior + 8 intermediate + 7 posterior intestinal = 21) for each diet displayed an increase of FD with the
reduction of mussel meal (MM) diet content (Anova Post hoc Fisher LSD test n = 80; mean + 1.96*SE, significance p < 0.05) (letters mark significant
differences in pairwise comparison).
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The FD calculation is able to transduce shape com-
plexity in analytical quantitative data, harmonising the
gap between structural features (typically qualitative)
and functional quantitative measures. The fractal theory
has been widely used in physics, biology, and medical
fields and particularly in histology and histopathology.
The FD of a pathological image can be interpreted as a
snapshot of an evolving process; it is usually fractional
and increases with the object’s complexity [24,25]. In
Euclidean shapes, a straight line has FD 1, whereas a
fractal curve has a value of between 1 and 2 [26-28].
What the FD parameter provides is a statistical estimate
of how an object fills a space across a broad range of
scales; it is a useful parameter for the characterisation
of complex, irregular structures, the analysis of which,
when examined mathematically, denotes figures that
resemble themselves when examined on different size
scales (self-similarity) [29]. Focusing on histopathology,
computing FD captures the architectural complexity
of the histology specimen [27,30]. To the best of our
knowledge, there have been no literature reports inves-
tigating FD calculation of the intestine. The originality of
the proposed method resides in the substitution or inte-
gration of the conventional method for the detection of
cell kinetics with a method of assessment of the complex-
ity of the mucosal lining, thus intestinal trophism.

Conclusions

The results demonstrated that diets containing increas-
ing levels of mussel meal in substitution of fishmeal did
not incite a hyperplastic response of the intestinal mu-
cosa. Fishes are not commonly present in the natural
diet of sole, whose natural trophic profile is mainly
composed of polychaetes and molluscs, as well as crus-
taceans. The mussel meal, which is derived from mol-
luscs, could mimic the characteristics of the sole’s
natural prey, being readily digestible, even without in-
creasing the absorptive surface of intestinal mucosa.
Interestingly, from this study emerged that FD could be
used as a numeric indicator complementary to in situ
quantification methods to measure intestinal trophism, in
conjunction with functional parameters.

Additional file

Additional file 1: Example of image processing and Box Counting
FD calculation of an intestinal segment.

Abbreviations

H&E: Haematoxylin and eosin; FD: Fractal dimension; PCNA: Proliferating cell
nuclear antigen; MM: Mussel meal; FM: Fish meal; BSA: Bovine serum
albumin; PBS: Phosphate-buffered saline; TUNEL: Terminal deoxynucleotidyl
transferase dUTP nick end labelling; DAB: 3,3-diaminobenzidine.

Competing interests
The authors declare that they have no competing interests.

Page 6 of 7

Authors’ contributions

RS performed the immunohistochemistry and drafted the manuscript. CB
performed fractal dimension analysis and statistics. GDV helped in the
application of fractal dimension. FC helped in capturing histological photos.
AB participated in the zootechnical design and coordination. GS participated
in the study design and critically revised the manuscript. GT helped in image
analysis and capturing immunohistochemical photos. LM performed image
analysis and drafted the manuscript. All authors read and approved the final
manuscript.

Acknowledgements
The authors would like to thank Lorenzo Pascali for computing technical
assistance.

Author details

'Department of Veterinary Medical Sciences, University of Bologna, Via Tolara
di Sopra 50, 40064, Ozzano Emilia, Bologna, Italy. “Department of Biological
Sciences, Naples University Federico Il, Via Mezzocannone, 8, 80134, Naples,
Italy.

Received: 6 September 2013 Accepted: 30 June 2014
Published: 4 July 2014

References

1. de Aguilar-Nascimento JE: Evaluation of intestinal trophism: review of
current methods and techniques. Curr Opin Clin Nutr Metab Care 2006,
9:257-262.

2. Raskovic BS, Stankovi¢ MB, Markovi¢ ZZ, Poleksi¢ VD: Histological methods
in the assessment of different feed effects on liver and intestine of fish.
J Agr Sci 2011, 56:87-100.

3. Lumsden JS: Gastrointestinal tract, swimbladder, pancreas and
peritoneum. In Systemic pathology of fish. 2nd edition. London: Scotian
Press: Ferguson HW; 2006:64-89.

4. Bonaldo A, Parma L, Badiani A, Serratore P, Gatta PP: Very early weaning of
common sole (Solea solea L.) larvae by means of different feeding
regimes and three commercial microdiets: influence on performances,
metamorphosis development and tank hygiene. Aquaculture 2011,
321:237-244.

5. Parma L, Bonaldo A: Larval fish weaning. In Larval Fish Aquaculture. New
York: Nova Science Publishers: Qin JG; 2013:201-222.

6. ImageJ-RSB HomePage: http:/rsb.info.nih.gov/ij/.

7. Plugins RSB: http://rsbweb.nih.gov/ij/plugins/index.html#segmentation.

8. Kerr JF, Wyllie AH, Currie AR: Apoptosis: a basic biological phenomenon
with wide-ranging implications in tissue kinetics. Br J Cancer 1972,
26:239-257.

9. Labat-Moleur F, Guillermet C, Lorimier P, Robert C, Lantuejoul S, Brambilla E,
Negoescu A: TUNEL apoptotic cell detection in tissue sections: critical
evaluation and improvement. J Histochem Cytochem 1998, 46:327-334.

10.  Wolvekamp MC, Darby IA, Fuller PJ: Cautionary note on the use of
end-labelling DNA fragments for detection of apoptosis. Pathology 1998,
30:267-271.

11. Walker JA, Quirke P: Viewing apoptosis through a TUNEL'". J Pathol 2001,
195:275-276.

12. Vyas D, Robertson CM, Stromberg PE, Martin JR, Dunne WM, Houchen CW,
Barrett TA, Ayala A, Perl M, Buchman TG, Coopersmith CM: Epithelial
apoptosis in mechanistically distinct methods of injury in the murine
small intestine. Histol Histopathol 2007, 22:623-630.

13. Ferrando S, Ferrando T, Girosi L, Mauceri A, Fasulo S, Tagliafierro G:
Apoptosis, cell proliferation and serotonin immunoreactivity in gut of
Liza aurata from natural heavy metal polluted environments: preliminary
observations. £ur J Histochem 2005, 49:331-340.

14.  Takahashi H, Takahashi A, Sakamoto T: In vivo effects of thyroid hormone,
corticosteroids and prolactin on cell proliferation and apoptosis in the
anterior intestine of the euryhaline mudskipper (Periophthalmus modestus).
Life Sci 2006, 79:1873-1880.

15. Muncan V, Faro A, Haramis AP, Hurlstone AF, Wienholds E, van Es J, Korving
J, Begthel H, Zivkovic D, Clevers H: T-cell factor 4 (Tcf712) maintains
proliferative compartments in zebrafish intestine. EMBO Rep 2007,
8:966-973.

16.  Olsvik PA, Torstensen BE, Berntssen MHG: Effects of complete replacement
of fish oil with plant oil on gastrointestinal cell death, proliferation and


http://www.biomedcentral.com/content/supplementary/1746-6148-10-148-S1.zip
http://rsb.info.nih.gov/ij/
http://rsbweb.nih.gov/ij/plugins/index.html#segmentation

Sirri et al. BVIC Veterinary Research 2014, 10:148
http://www.biomedcentral.com/1746-6148/10/148

transcription of eight genes’ encoding proteins responding to cellular
stress in Atlantic salmon Salmo salar L. J Fish Biol 2007, 71:550-568.

17. Sanden M, Olsvik PA: Intestinal cellular localization of PCNA protein and
CYP1A mRNA in Atlantic salmon Salmo salar L. exposed to a model
toxicant. BMC Physiol 2009, 9:3.

18. Ostaszewska T, Dabrowski K, Hliwa P, Gomdtka P, Kwasek K: Nutritional
regulation of intestine morphology in larval cyprinid fish, silver bream
(Vimba vimba). Aquacult Res 2008, 39:1268-1278.

19. Ostaszewska T, Dabrowski K, Kamaszewski M, Grochowski P, Verri T,
Rzepkowska M, Wolnicki J: The effect of plant protein-based diet
supplemented with dipeptide or free amino acids on digestive tract
morphology and PepT1 and PepT2 expressions in common carp
(Cyprinus carpio L.). Comp Biochem Physiol A 2010, 157:158-169.

20. Ostaszewska T, Dabrowski K, Verri T, Kamaszewski M, Napora-Rutkowski t,
Sliwirski J: The effect of various diet formulation (experimental and
commercial) on rainbow trout (Oncorhynchus mykiss) intestine and liver
morphology. Aquacult Res 2011, 42:1796-1806.

21, Pohlenz C, Buentello A, Bakke AM, Gatlin DM: Free dietary glutamine
improves intestinal morphology and increases enterocyte migration
rates, but has limited effects on plasma amino acid profile and growth
performance of channel catfish Ictalurus punctatus. Aquaculture 2012,
370-371:32-39.

22. Stéhelin BJ, Marti U, Solioz M, Zimmermann H, Reichen J: False positive
staining in the TUNEL assay to detect apoptosis in liver and intestine is
caused by endogenous nucleases and inhibited by diethyl pyrocarbonate.
Mol Pathol 1998, 51:204-208.

23. Gall, Varga T, Szildgyi |, Baldzs M, Schlammadinger J, Szabd G Jr:
Protease-elicited TUNEL positivity of non-apoptotic fixed cells. J Histochem
Cytochem 2000, 48:963-970.

24.  Landini G: Fractals in microscopy. J Microsc 2011, 241:1-8.

25. Losa GA, Nonnenmacher TF: Self-similarity and fractal irregularity in
pathologic tissues. Mod Pathol 1996, 9:174-182.

26. Dey P: Basic principles and applications of fractal geometry in pathology:
a review. Anal Quant Cytol Histol 2005, 27:284-290.

27. Bianco C, Sirri R, Sarli G, Ostanello F, Bonaldo A, De Vico G, Mandrioli L: How
severe is the lipid accumulation in fish liver? A fractal answer. Fractal Lab J
in press.

28. de Arruda PFF, Gatti M, Junior FNF, de Arruda JGF, Moreira RD, Murta LO,
de Arruda LF, de Godoy MF: Quantification of fractal dimension and
Shannon's entropy in histological diagnosis of prostate cancer. BMC Clin
Pathol 2013, 13:6.

29. Tambasco M, Costello BM, Kouznetsov A, Yau A, Magliocco AM: Quantifying
the architectural complexity of microscopic images of histology specimens.
Micron 2009, 40:486-494.

30. Dixon V, Kouznetsov A, Tambasco M: Segmentation of histological
structures for fractal analysis. In Proceedings of the SPIE: 27 February 2009.
Lake Buena Vista: Karssemeijer N, Maryellen L. Giger; 2009.
doi:10.1117/12.812437.

doi:10.1186/1746-6148-10-148

Cite this article as: Sirri et al: Proliferation, apoptosis, and fractal
dimension analysis for the quantification of intestinal trophism in sole
(Solea solea) fed mussel meal diets. BMC Veterinary Research 2014 10:148.

Page 7 of 7

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central




	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Immunohistochemistry
	Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) assay
	Image analysis and cell counting
	Image analysis and fractal dimension (FD) calculation
	Statistical analysis

	Results
	Discussion
	Conclusions
	Additional file
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

