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Abstract After 45 days of complete diversion colos-

tomy in male Wistar rats, morphometry of soma and

nuclei of NADPH diaphorase positive cells of the my-

enteric plexus was evaluated. There was a significant

(P < 0.0001) diminution in the area, perimeter and vo-

lume-weighted mean volume of soma and nuclei of ni-

trergic myenteric neurones in the defunctionalized

colon. In addition, there was a significant reduction in

the neuronal density of the myenteric neurones, and

increased distance between the ganglia. In addition,

there was myenteric glial atrophy. Atrophy of colonic

myenteric neurones was accompanied by significant

reduction (P < 0.001) in the volume fraction of the

muscularis externa, the prime targets of these neurones.

The disturbances in the microecology of the colon may

jeopardize the finely orchestrated functioning of the

components of theEntericnervous system(ENS) leading

to colonic dysfunction. Our observations, by extrapo-

lation, may explain the bowel dysmotility in humans

after restoration of colonic continuity after colostomy.

Keywords diversion colostomy, enteric nervous system,

myenteric neurones, nitrergic, plasticity, stereology.

INTRODUCTION

Colostomy is performed as the first step in multistage

procedures for congenital abnormalities like Hirsch-

sprung’s disease, anorectal malformations, etc. It is

also performed in colorectal surgery to prevent anasto-

motic leakage, or as an emergency procedure in colonic

perforation, injury, etc. Rarely, it is indicated in

functional bowel disorders such as constipation or

faecal incontinence.1

Complete diversion colostomy eliminates luminal

contents from the distal portion of colon. The elimin-

ation of luminal contents results in changes in colonic

environment and motility. Diversion related colitis in

defunctionalized colon was described by Morson and

Dawson (1972) and Glotzer et al. (1981).2 Colonic

restoration after colostomy is commonly associated

with multiple functional bowel disorders including

constipation, lower abdominal colic, abdominal disten-

sion and vague dyspepsia.1 Residual constipation and

erratic bowel movements has been observed following

the restoration of bowel continuity after definitive

surgery for Hirschsprung’s disease.3 There is a contro-

versy whether short period of diversion colostomy

affects bowel motility after restoring continuity or the

disease per se is responsible for these disturbances.

Factors like residual disease, skip lesions, post-pull

through ischaemic changes, diversion colitis and

defunctionalization could also be responsible for the

functional disturbances. By performing colostomy in

healthy rats, we eliminated the confounding factors so

that the changes in the distal segment of the colon

could solely be attributed to the defunctionalization.

The present study focuses on the nitrergic innerva-

tion of the colon following colostomy. Nitric oxide

(NO) is a final mediator of non-adrenergic, non-

cholinergic (NANC) descending inhibitory neurotrans-

mission in the gut. It has been shown that NO released

from the nitrergic nerve terminals in the colon initi-

ates inhibitory junction potentials, which cause relax-

ation of the colonic smooth muscle.4 Neuronal NO

synthase is responsible for the synthesis and release of

NO from arginine. The enzyme NADPH diaphorase,

which reduces nitroblue tetrazolium (NBT) to an

insoluble formazan reaction product, has been colocal-

ized with NOS in the brain and peripheral tissues.5,6

Complete colocalization of NOS and NADPH diapho-

rase in the gastrointestinal tract has been reported in
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many species including man. The analysis of nitrergic

neurones may provide clues to explain the distur-

bances in bowel function after diversion colostomy.

This study attempts to evaluate the effect of diversion

colostomy on the nitrergic neurones of the myenteric

plexus in the defunctionalized colon in rats.

MATERIALS AND METHODS

After obtaining clearance from the Institutional

Animal Ethics Committee, 14 adult male Wistar rats

were equally distributed into sham surgery and diver-

sion colostomy groups. All the animals received

humane care in compliance with the Principles of

Laboratory Animal Care and the Guide for the Care

and Use of Laboratory Animals formulated and pre-

pared by the Institute of Laboratory Animal Resources

and published by the National Institutes of Health

(NIH publication no. 86–23, revised 1985).

Diversion colostomy

Diversion colostomy (n ¼ 7) was performed under gen-

eral anaesthesia (ketamine HCl, 50 mg kg)1 i.p.) using

an operatingmicroscope (Leica,Wetzlar, Germany) with

strict asepsis and antibiotic cover (ceftriaxone

1000 mg kg)1). A 2-cm long midline incision was made

and the caecum was delivered through this incision and

colonwas divided 5 cm from the caecum after a window

was made in the adjoining mesentery preserving the

arterial arcade. A proximal stoma and a distal mucous

fistula were created 3 cm apart in the midline, using

single-layer, interrupted, seromusculocutaneous sutures

(5-O polyglactic acid). This wide separation of the stoma

prevented faecal spillage into the distal segment. The

abdomenwas closed in two layers after instilling 4 mLof

sterile normal saline intraperitoneally, to make up for

the intraoperativefluid losses.Oral cefixime (6 mgdaily)

was administered for 2 days postoperatively.

Sham operation

Sham operation (n ¼ 7) was performed by a 2-cm

midline abdominal incision under general anaesthesia

and precautions described above. Caecum and colon

were delivered through the incision and returned back

to the abdominal cavity. The abdomen was closed as in

the diversion colostomy group.

Collection of colonic tissue

All the rats were killed by ether inhalation 45 days

after performing diversion colostomy or sham opera-

tion. The abdomen was opened and the defunctional-

ized colon was collected from 1 cm distal to the site of

mucous fistula up to the anus in the operated and

corresponding parts of the colon in the sham-operated

rats and the tissue was kept undisturbed in 0.1 mol L)1

phosphate buffer until no visible contractions were

seen. The defunctionalized colonic segment was

empty. The collected colons of the sham-operated rats

were gently cleaned with 0.1 mol L)1 phosphate buffer.

Preparation of tissues for NADPH diaphorase
histochemistry

Tissues were fixed in 4% paraformaldehyde for 2 h at

4 �C, washed thoroughly in chilled 0.1 mol L)1 phos-

phate buffer and cryoprotected in sucrose at 4 �C for

8 h. The samples were frozen in Optimum cutting

temperature (OCT) compound, 20 lm thick cryo-sec-

tions were cut and fixed onto slides coated with 1%

gelatine and air-dried.

NADPH diaphorase histochemistry

The cryo-sections on the glass slides were washed

several times with 0.1 mol L)1 phosphate buffer (pH

7.6). NADPH diaphorase activity was rendered visible

by incubating the sections in 10 mL, 0.1 mol L)1 Tris–

Cl buffer (pH 7.8) containing 10 mg b-NADPH, 1 mg

NBT and 0.3% Triton X-100 at 30 �C for 45 min to 1 h

in the dark. Washing the tissues with chilled

0.1 mol L)1 phosphate buffer terminated reactions

and the sections were mounted in a mix of glycerol

and phosphate buffer (4 : 1). Parallel controls were set

up for comparison wherein b-NADPH or NBT was

omitted from the reaction buffer.7

Masson’s trichrome and cresyl violet staining

Serial paraffin sections of the colon (5 lm thick) were

cut on a rotary microtome and stained with Masson’s

trichrome and cresyl violet.

Fluorescent staining for CLSM

One centimetre long segment of colon, fixed for 1 h,

was cut open along the line of mesenteric attachment.

A laminar preparation of the muscularis externa was

made after removing mucosa. Free floating laminar

preparations were stained for 2–3 min at room tem-

perature in an extremely dilute (0.001–0.0025% w/v)

solution of cresyl violet acetate in distilled water. The

preparations were then mounted on glass slides in

glycerol with the serosal surface facing up and observed
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under Concocal laser scanning microscope (CLSM).

Confocal images of myenteric plexus of colon were

acquired using a BioRad MRC 1024 laser scanning

system (BioRad, NSW, Australia) with a Zeiss Axiop-

hot upright microscope (Zeiss, Hamburg, Germany).

Argon/krypton laser was used to excite the fluoro-

phore. Stereological and morphometric methods were

used for quantifiable analyses of the light microscopic

and confocal images.

Morphometry

Light microscopic images were captured using a Zeiss

trinocular microscope with CCD camera connected to

a frame grabber card in an IBM-PC. The images were

saved as JPEG files with minimum compression and

maximum quality. The images were then analysed

using ImageJ (developed at the US National Institutes

of Health and available at http://rsb.info.nih.gov/ij/).

Morphometry in Masson’s trichrome-stained
sections

The following parameters were measured:

• Surface epitheliocyte cell height (SECH)

• Distance from bases of the crypts to nearest points

on muscularis mucosae.

Morphometry of nitrergic myenteric neurones

More than 400 NADPH diaphorase positive cells were

scanned and well-stained cells with proper perikaryon

and negatively stained nuclei were chosen for morph-

ometric analysis from each experimental and control

animal. The following parameters were measured in

100 randomly chosen formazan positive cells.

• Diameter of cells

• Area and perimeter of soma

• Area and perimeter of nuclei.

Morphometry in cresyl violet stained sections

Area and perimeter of glial cells in the myenteric

plexuses were measured using ImageJ (NIH, Maryland,

Bethesda, USA).

Stereological methods

Spatial information of the structures can be obtained

using appropriate stereological probes. The probes inter-

act with the features in the structure to produce �events�
which are counted or measured. A grid of lines (line

probe)was randomlyoverlaid on themicroscopic images

in ImageJ. The intersections between the grid lines were

used as point probes. The images to be sampled were

chosen randomly using a random number generator.

The following parameters were measured using

stereological methods:

1 Volume fraction (VV), of the circular and longitudinal

muscle (of the muscularis externa) per unit volume

of the gut wall.

2 Volume fraction (VV) of myenteric nitrergic neurones

per unit volume of muscularis externa.

3 Surface density (SV) of mucosa.

4 Numerical density of neurones in myenteric ganglia

using a rectangular �sampling brick�.
5 Mean calliper diameter (ÆDæ) of nuclei of neurones.
6 Mean distance between myenteric ganglia.

A brief explanation of the stereological parameters:

Volume fraction (VV) Volume per unit volume of

reference space, a dimensionless ratio.

hPPiVV ð1Þ

where, VV is the volume fraction occupied by the phase

[structure(s) of interest] being measured. The brackets

�Ææ� around PP signify the expected value for this

normalized count, in this case, the point fraction.8

Surface density (SV) Surface area per unit volume,

with unit of per lm of a surface.

Estimation of surface density (SV) was performed as

follows:

A line grid was placed on the image. The count of the

number of intersections of surface of interest (repre-

sented as curves in the section) with the grid lines was

normalized by dividing by the total length of line

probes to give a line intercept count PL.

The surface area density ÆSVæ was calculated as:

hSVi ¼ 2 � no. of intersections=PL ð2Þ

where SV is the surface area per unit volume of the

reference space.

Volume-weighted mean volume (using point sampled

intercept length) Combinations of probes can be used

to generate useful parameters.9 The point sampling

method10,11 selected features for measurement in pro-

portion to their volume (points are more likely to hit

large than small particles).

The volume of the particle was estimated as follows:

Vi ¼ ð4=3Þ � phr3i ð3Þ

Vi ¼ p=6 � hd3i; as d ¼ 2r ð4Þ

Numerical density (NV) The use of tissue sections

to count neuronal numbers has many drawbacks
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including the possibility of sampling bias.12 Stereology

provides a solution for unbiased estimation of particles

by introducing the counting rules using 3-D probes,

such as the physical disector,13 optical disector10,14 and

unbiased sampling brick.15 A grid was overlaid on all

slices of the stack of confocal images (Fig. 1). One ran-

dom slicewas considered as the look-up section, and the

next slice as the reference section. The separation

between the look-up and reference section was kept at

one-third the approximate average dimensions of the

particles (nuclei in this case) being counted, which

ensured that particles are not lost between the sections.

The nuclei of the cells that appeared in the reference

section but not in the look-up section were counted.

Every third slice from the previous reference sectionwas

used as the look-up section for the next sampling brick.

The ganglion was outlined and the area of the ganglion

was estimated at the level of the look-up section and the

reference section and an average value obtained. More

than 10 measurements were made in each z series

(starting with a reference section picked randomly) and

several measurements of NV were obtained from each

animal and their mean values were calculated. Neur-

onal nuclei were not counted if they overlapped the

forbidden boundaries of the grid (left and bottom).

The numerical density was obtained in the sampling

brick based on the relationship: 16

hNVi ¼
Xn
i¼1

Qi

Xn
i¼1

PiðrefÞ:p=a:h

,
ð5Þ

where n is the number of sampling bricks; Qi, number

of particles sampled by ith sampling brick (i ¼ 1…n);

Pi, number of points of the p-point grid in the ith frame

hitting the reference space (i ¼ 1…n); a, actual area of

frame; h, height of sampling brick.

As the estimate of numerical density (NV) is

derived from a density measurement, the effects of

processing induced volume changes should be

accounted for.14,17 Prolonged fixation in formalin

can produce shrinkage of total volume of tissue; 18

however, in the present study, the colonic tissue

was fixed for just 1 h. So, it seems highly unlikely

that the estimates have been affected by any shrink-

age.

Numerical density (NA) and mean calliper
diameter (ÆDæ)

The number of nuclear profiles in an optical section at

any random level per unit area of the sectional profile

of the ganglion is represented as NA.

NA ¼ no. of nuclei=areaganglion ð6Þ

where areaganglion is the number of points · separation

distance between points.2

An estimate of the mean calliper diameter may be

obtained using a plane probe sweeping through the

three-dimensional structure.8

The governing stereological relationship is,

NA ¼ NVhDi

Therefore, the mean calliper diameter of the neur-

onal nuclei, ÆDæ, was estimated using the formula:

hDi ¼ NA=NV ð7Þ

Mean distance between myenteric ganglia

The mean distance between particles is related to the

intercept length of the region between particles. For

small features on a 2D plane the mean distance

between particles is expressed as L ¼ 0.5 · N
�1

2

A where

NA is the number per unit area.8

In the present study, the mean distance between the

myenteric ganglia was measured as follows:

L ¼ 0:5�N
�1

2

A ð9Þ

where NA is the number of ganglia per unit area of

muscle (in whole mounts).

Statistical analysis

Statistical analysis was performed by SPSS 10 soft-

ware. Data was expressed as mean ± SD. Independent

sample t-test (Student’s t-test) was used to determine

the statistical significance between the means. Wher-

ever skewness was present in the data, the raw data

was log-transformed and a homogeneous standard

deviation was obtained before applying the test of

Figure 1 Confocal optical sections of fluorescent Nissl
stained myenteric ganglion with a uniform grid overlaid on all
the stacks of optical slices to estimate NV. The nuclei ap-
peared as clearly demarcated negative shadows (B) surrounded
by discrete Nissl substance that emitted red fluorescence (A).
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significance. Standard error of mean (SEM) and the

95% confidence interval (CI) of the difference between

the means were noted. For all statistical tests, prob-

ability levels of £5% were considered to be signifi-

cant. Chi-squared test was used to evaluate the

probability levels of the frequency of distribution of

various groups of nitrergic myenteric neurones in the

experimental and control groups.

Statistical evaluation of stereological estimates

For a given measurement, stereological estimates

were made on a number of fields. The mean values

and standard deviations of the counts from the

sample of probes selected for measurement were

computed. The standard deviation was the basis for

estimating the precision of the mean value and

deciding whether a sufficient number of fields have

been examined.

The precision of the estimates was expressed by the

coefficient of error, CE, a measurement of random error

introduced by the method due to sampling, noise,

counting, and measuring procedures. The purpose was

to keep the variation introduced by noise, sampling,

counting, and measuring procedures (CE) lower than

the biological variation (CVbiol) of the tissues under

study, where CV is the coefficient of variation. The

total variation (CVtot) was expressed as per the equa-

tion10,19,20

CV2
tot ¼ CV2

biol þCE2

For all estimates, CVtot is the SD divided by the mean

of means (SD/mean). CE was determined as SEM/

mean, and CVbiol was then calculated from the

formula. For a stereological method to be efficient,

CE had to be lower than CVbiol. The smallest number

of sections needed to fulfil this criterion was consid-

ered as the optimal sample.

The general linear model repeated measures proce-

dure was used for analysis of variance in a balanced

model of the estimates of the numerical density of

neuronal cells per unit volume of ganglion. Between-

subject factors were specified and the population was

divided into two groups, the control and the experi-

mental. Differences were considered to be significant if

the value of two-tailed P < 0.05.

RESULTS

Gross appearance of defunctionalized colon

The stomas were healthy in all the animals till the day

of killing and gross examination showed a marked

atrophy of the distal loop of colon. The luminal

diameter and wall thickness were markedly decreased

uniformly over the whole length of the defunctional-

ized colon.

Microscopic appearance of colonic tissue

With Masson’s trichrome, the mucosa was smooth in

appearance with numerous glands or crypts. The

muscularis mucosae were stained red and were uni-

form throughout the section. The muscularis externa

was also stained red and an outer longitudinal and an

inner circular layers of muscle were discernible.

There was atrophy of all the layers of the distal colon

in the defunctionalized group of animals. Small, clear,

rounded cells covered the luminal surface and the

lamina propria separating individual crypts was more

obvious than in the control animals. The surface

epitheliocyte cell height (SECHcolonic epithelium) was

6.54 ± 1.296 lm (n ¼ 711) in the sham-operated rats

and 4.36 ± 1.018 lm (n ¼ 711) in the experimental

group. The difference was statistically significant

(P < 0.0001). The distance between the base of the

crypt and the nearest point on the muscularis mucosae

was measured. This feature was not evaluated in the

vicinity of the lymphoid follicles. In the sham-operated

rats, this distance (dbase of crypt muscularis mucosae) was

4.46 ± 1.643 lm and 18.81 ± 11.838 lm in the experi-

mental group (n ¼ 711). A comparison of the two

means showed that there was an extremely significant

increase in this distance in the defunctionalized colon.

(95% confidence interval, CI ¼ )0.60698 to )0.56082,
P < 0.0001) (Table 1).

There was no obvious irregularity in the shape of

crypts. No mucosal inflammation was detected in

the lamina propria of defunctionalized colon. In the

defunctionalized colon, the base of the crypt and

the muscularis mucosae were occupied by connect-

ive tissue fibres and plasma cells or other inflam-

matory cells could not be detected after careful

investigation.

The surface density of the epithelium per unit

volume of the colonic mucosa (SV) was estimated

using Weibel’s formula, SV ¼ 2 · number of intersec-

tions of line grids with luminal surface of mucosa/

total intercept length.9,21 In the sham-operated rats, SV
mucosa was 0.0199 ± 0.0113 lm2/lm3 (SEM ¼ 0.0013,

n ¼ 70; CV ¼ 56.78, CE ¼ 6.53%). In the defunction-

alized colon, SVmucosa was 0.0096 ± 0.00751 lm2/lm3

(SEM ¼ 0.0008, n ¼ 70; CV ¼ 78.22, CE ¼ 9.27 %;

P < 0.0001) (Table 1).

Both the circular and longitudinal layer of the

muscularis externa were reduced in size in the defunc-
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tionalized colon. The volume fraction, VV, of the

circular muscle in the control rats was 0.5316 ± 0.163

(SEM ¼ 0.0086; CV ¼ 30.66, CE ¼ 1.61%) and

0.1673 ± 0.0993 in the experimental (SEM ¼ 0.0052;

CV ¼ 59.35, CE ¼ 3.1%). The volume fraction, VV, of

the longitudinal muscle layer of the muscularis exter-

na in the sham-operated rats was 0.2483 ± 0.225

(SEM ¼ 0.012; CV ¼ 90.61, of error, CE ¼ 4.83%) and

0.1385 ± 0.03 in the experimental rats (SEM ¼ 0.0016;

CV ¼ 21.66, CE ¼ 1.15%). This diminution in the

volume fractions of the circular and longitudinal

muscle layers with respect to the total volume of the

gut was extremely significant (P < 0.0001) (Table 1).

Nitrergic neurones in the myenteric plexus

NADPH diaphorase positive neuronal cells and their

processes were found in the myenteric and submucous

plexuses throughout the examined segment of colon.

A negatively stained nuclear region was seen against

the background of dark bluish-black stained cytoplasm.

The histochemical reaction visualized a sharp outline

of the neuronal perikarya. The population of NADPH

diaphorase positive neurones in the myenteric plexus

was heterogeneous in terms of cell size. Most of the

myenteric neurones were elongated, their long axis

being two to three times the short axis and parallel to

the circular musculature. Non-neuronal cells such as

mucosal epithelium, enteric glial cells (EGC), mast

cells, endothelial cells and smooth muscle cells did not

take up the stain (Fig. 2A).

The NADPH diaphorase positive neurones were

flattened, stellate or angular with numerous lamellar

processes extending for short distances from the cell

body in the sham-operated animals. Long processes

extended from the cell bodies towards other ganglia or

smooth muscle layers of the muscularis externa. These

neurones resemble the type I Dogiel neurones. Other

neuronal cells with smooth oval outline were also

seen. Numerous thin long processes extended from

these cell bodies (Fig. 2A).

The topographic distribution of various nerve cells

and fibres in the experimental group was similar to

that observed in sham-operated rats (Fig. 2A, B).

Numerous varicosities were present on the nerve fibres

within the smooth muscle layers. NADPH diaphorase

staining was detected in dense nerve fascicles, forming

intra- and inter-ganglionic connections (Fig. 2A, B),

suggesting that NO might be released along the whole

length of the nerve fibre rather than exclusively at

varicose regions.

Morphometry of diaphorase-positive neurones

The mean (±SD) area of the neuronal soma of the

nitrergic myenteric neurones was 306.462 ±

147.022 lm (median 277.892 lm2, range 919.6) in the

sham-operated rats and 124.79 ± 71.79 lm2 in the

experimental (95% CI ¼ 0.3808–0.4294,data log-trans-

formed; median 105.8936 lm2, range 407.68). This

diminution in the area of the nitrergic neurones was

statistically significant (P < 0.0001). The perimeter of

the neuronal soma was 78.8969 ± 22.33 lm (median

76.65 lm, range ¼ 37.83) in the control group, and

there was a statistically significant (P < 0.0001)

diminution of the perimeter in the experimental group

Table 1 Diversion colostomy causes atrophy of colonic wall after 45 days of inactivity

Sham operated Diversion colostomy

95% CI�Mean ± SD SEM Mean ± SD SEM

SECH (lm) 6.54 ± 1.296 0.048 4.36 ± 1.018* 0.038 2.064–2.307
d crypt-mm (lm) 4.46 ± 1.643 0.061 18.81 ± 11.838* 0.443 )0.60698 to )0.56082**
SV (lm2/lm3) 0.0199 ± 0.0113 0.0013

CE ¼ 6.53%
CVbiol ¼ 56.403

0.0096 ± 0.00751* 0.0008
CE ¼ 9.27%
CVbiol ¼ 77.668

0.007–0.0135

VV, circ\ muscle
(dimensionless)

0.5316 ± 0.163 0.0086
CE ¼ 1.61%
CVbiol ¼ 30.617

0.1673 ± 0.0993* 0.0052
CE ¼ 3.10%
CVbiol ¼ 23.351

0.343–0.383

VV, long\ muscle
(dimensionless)

0.2483 ± 0.225 0.012
CE ¼ 4.83%
CVbiol ¼ 90.48

0.1385 ± 0.03* 0.0016
CE ¼ 1.15%
CVbiol ¼ 21.629

0.086–0.133

*Two-tailed P value <0.0001; **data log-transformed to obtain homogeneousness of SD; �Confidence interval of the difference
between means; CE, coefficient of error, CVbiol, biological variation (note CE << CVbiol); SEM, standard error of mean; SECH,
surface epitheliocyte cell height; VV, volume fraction; SV, surface density.
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(48.14 ± 14.88 lm, 95% CI ¼ 0.2042–0.2313, data

log-transformed; median 46.14 lm, range ¼ 86.11)

(Table 2).

The mean (±SD) area of the nuclei of the nitrergic

neurones in the sham-operated rats was 55.27 ±

45.13 lm2 (median 46.86 l2m, range ¼ 436.35) and

28.11 ± 16.56 lm2 (95% CI 0.2652–0.3197, data log-

transformed; median 25.18 l2m, range ¼ 120.06) in the

experimental group (P < 0.0001). The nuclear perimeter

was 29.649 ± 9.88 lm (median 28.31 lm, range ¼
88.97) in the sham-operated rat and significantly

reduced after diversion colostomy (20.246 ± 6.17 lm,

95% CI ¼ 0.1527–0.1810, data log-transformed; med-

ian 20.079 lm, range ¼ 31.50, P < 0.0001) (Table 2).

The point sampled intercept probe estimated the

volume of the nitrergic neurones in the myenteric

plexus. In the control group, the volume of the

nitrergic myenteric neurones was 9817.96 ±

Figure 2 NADPH diaphorase stained light micrographs of myenteric ganglia. Marked reduction in size of neuronal soma and nuclei
of nitrergic neurones (1) of myenteric plexus in the defunctionalized colon of rats (B) after diversion colostomy; (A) sham operated,
(B) diversion colostomy. Note that the topographic distribution of diaphorase positive nerve cells and fibres was similar in the
experimental as well as in sham-operated rats. nf, NADPH diaphorase positive varicose nerve fibres in the circular muscle layer;
LM, longitudinal muscle; CM, circular muscle; MG, myenteric ganglia (scale bar 50 lm).

Table 2 Diversion colostomy causes atrophy of colonic nitrergic myenteric neurones

Sham operated Diversion colostomy

95% CI�Mean ± SD SEM Mean ± SD SEM

Volume-weighted
mean volume (lm3)

9817.96 ± 10323.427 467.319
CE ¼ 4.75%

5131.072 ± 4851.475* 265.46
CE ¼ 5.17%

0.2417–0.3480**

Area of neuronal
soma (lm2)

306.462 ± 147.022
277.892, 919.6�

5.5569 124.79 ± 71.79*
105.8936, 407.68�

2.7138 0.3808–0.4294**

Perimeter of neuronal
soma (lm)

78.8969 ± 22.33
76.65, 37.83

0.8441 48.14 ± 14.88*
46.14, 86.11�

0.5669 0.2042–0.2313**

Area of neuronal
nuclei (lm2)

55.27 ± 45.13
46.86, 436.35�

1.7058 28.11 ± 16.56*
25.18, 120.06�

0.6262 0.2652–0.3197

Perimeter of neuronal
nuclei (lm)

29.649 ± 9.88
28.31, 88.97�

0.3736 20.246 ± 6.17*
20.079, 31.50�

0.2334 0.1527–0.1810**

VV NO,\ muscle

(dimensionless)
0.0866 ± 0.0434 0.0027

CE ¼ 3.11%
CVbiol ¼ 50.01

0.0125 ± 0.0121* 0.0006
CE ¼ 4.80%
CVbiol ¼ 96.68

0.069–0.078

*Two-tailed P value <0.0001; **data log transformed to obtain homogeneousness of SD; �confidence interval of the difference
between means; � median, range; CE, coefficient of error, CVbiol, biological variation (note CE << CVbiol); SEM, standard error of
mean; VV, volume fraction.
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10323.427 lm2 (mean ± SD; n ¼ 488 estimates made

in seven animals; median value is 7115.66 lm2;

range ¼ 64679.53; CE ¼ 4.75%). The volume of the

nitrergic neurones in the myenteric plexus was signi-

ficantly reduced in the defunctionalized colon

(5131.072 ± 4851.475 lm2; mean ± SD; n ¼ 334 esti-

mates made in 7 animals; median value is

3725.64 lm2; range ¼ 33865.12, CE ¼ 5.17%; 95%

CI ¼ 0.2417–0.3480, P < 0.0001) (Table 2).

The mean transverse diameter of the nitrergic neu-

rones in the myenteric plexus was 16.31 ± O.96 lm in

the sham-operated rats. This diameter was significantly

reduced in the nitrergic neurones of the defunctional-

ized colon (11.76 ± 3.04 lm, P < 0.0027). The mean

longitudinal diameter of the nitrergic neurones in the

myenteric plexus was 15.66 ± 0.45 lm in the sham-

operated rats.This diameterwas significantly reduced in

the nitrergic neurones of the defunctionalized colon

(12.08 ± 3.18 lm,P < 0.0124).The sumof the transverse

and longitudinal diameter was 31.97 ± 9.55 lm in the

nitrergic neurones of themyenteric plexus in the control

rats. The sum of the transverse and longitudinal diam-

eter was significantly reduced in the nitrergic neurones

of the defunctionalized colon (23.85 ± 10.69 lm,

P < 0.0001, 95% CI 0.138125–0.175075).

The nitrergic neurones in the myenteric plexus were

arbitrarily grouped into three groups based on the sum

of their transverse and longitudinal diameter (profile

diameters).

Characterization of nitrergic neurones in myenteric

plexus: D ¼
P

t + l where t is the transverse diameter

and l, longitudinal diameter. Small neurones: 0–25 lm;

mediumneurones: 25.1–40 lm; largeneurones: >40 lm.

In the sham-operated rats, 24.9% of the nitrergic

neurones in the myenteric plexus were small neu-

rones, 56.5% medium-sized neurones and 18.7%

were large neurones. In the rats that underwent

diversion colostomy, 57.1% neurones were small

neurones, 36% neurones were medium-sized neu-

rones and 6.9% neurones were large. These results

indicate that after a period of inactivity in the gut,

there was a diminution in the population of the

large and medium-sized nitrergic neurones in the

myenteric plexus of colon (v2 ¼ 158.44, P < 0.0001)

(Fig. 3).

The nitrergic neurones were classified and frequency

distribution of cell body and nuclear areas were studied.

It was observed that the median cell and nuclear sizes

shifted left in the defunctionalized colon, indicating

that the process of faecal stream diversion caused

significant diminution in these parameters (Figs 4–6).

The volume fraction (VV) of nitrergic neurones in the

myenteric plexus per unit volume ofmuscularis externa

was 0.0866 ± 0.0434 (SEM ¼ 0.0027, CV ¼ 50.11,

CE ¼ 3.11%) in the colon of the sham-operated

rats. This fraction was significantly reduced in the
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Figure 3 Distribution of nitrergic myenteric neurons based on
profile diameters. S1, data from sham-operated rats; S2, data
from rats that underwent diversion colostomy. 1, small;
2, medium and 3, large-sized nitrergic myenteric neurones.
Note that there is a prominent diminution of the medium and
large-sized diaphorase positive neurones in the myenteric
plexus of defunctionalized rat colon (v2 ¼ 158.44, P < 0.0001).
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Figure 4 Histogram of nitrergic nerve
cell size (mean ± SEM) in myenteric
plexus of rat colon based on Fibonacci
sequence. A Fibonacci sequence is
one in which a given term is obtained
from the sum of the two previous
terms. The Fibonacci sequence is a
natural growth sequence and rises
less steeply than an integral log-
arithmic progression. Note the
prominent left shift in the area of the
nitrergic neuronal cells obtained
from the defunctionalized colon.
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defunctionalized colon (0.0125 ± 0.0121,

SEM ¼ 0.0006, CV ¼ 96.8, CE ¼ 4.8%; P < 0.0001)

(Fig. 7; Table 2).

Nissl staining

Cresyl violet stained the Nissl substance in the neur-

onal cells of the myenteric plexus of rat colon. Smaller

cell profiles with deeply stained nuclei and clumps of

heterochromatin were seen and identified as the EGC.

The cytoplasm of glial cells was not usually visible,

whereas even the smallest neurones showed a rim of

cytoplasm around the nucleus. The size of a glial

nucleus is considered to reflect the size of the whole

glial cell.22 The mean areas of the glial nuclei were

7.348 ± 3.84 lm2 (n ¼ 352, seven animals) in sham-

operated rats and 5.389 ± 3.17 lm2 (n ¼ 352, seven

animals) in the myenteric plexus of the experimental

rats. This reduction in the glial nuclear size was

extremely significant (P < 0.0001). The mean perimeter

of the glial nuclei was 10.94 ± 3.09 lm (n ¼ 352, seven

animals) in sham-operated rats. There was a statisti-

cally significant reduction (P < 0.0001) of perimeter of

the glial nuclei in the experimental group

(9.231 ± 2.64 lm, n ¼ 352, seven animals) (Table 3).

Fluorescent Nissl staining with cresyl violet

The whole mount preparations and sections of colon

(stained with ultra low concentrations of cresyl

violet) were viewed under a confocal laser scanning

microscope (BioRad MRC1024; BioRad, NSW, Austra-

lia). The filter set was same as the one used to detect

rhodamine (excitation 568 DF10, emission 585 LP).

The neuronal cell cytoplasm emitted a brilliant red

fluorescence and a thin optical slice showed the halo of

discrete Nissl substance around a central dark nucleus

(Fig. 1). Cresyl violet stained the glial nuclei, which

appeared as dense fluorescent bodies. Blood vessels in

the wall of the gut appeared as negative shadows. A

series of optical sectional images of the myenteric

ganglia were obtained, and the z-step was kept larger

than the X–Y resolution.

Numerical density of neuronal cells in myenteric
ganglia

The numerical density of the nuclei of neurones in

the myenteric plexus was estimated per unit volume

of the ganglion. The nuclei were chosen for the

feature count as they appear as discrete negatively

stained particles and represent the neurones. In the

sham-operated rats, the numerical density of the

Bin width = 50 µm2;
Series 1= sham operated;
Series 2 = diversion colostomy;
Error bar indicates standard error of mean(SEM).
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Figure 5 Frequency distribution of mean somatic sizes of
NADPH diaphorase positive myenteric neurones. Note the
shift of the curve to the left.
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Figure 7 Histogram showing diminution in volume fractions
of nitrergic myenteric neurons and smooth muscle cells (SO,
sham operated; DC, diversion colostomy).
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neurones in the myenteric ganglion was 19730 ± 1465

neuronal cells per 106 lm3 of the ganglionic volume.

In the rats that underwent diversion colostomy, the

numerical density of the neurones in the myenteric

ganglion was 2625 ± 2281 neuronal cells per 106 lm3

of the ganglion (Table 3). This reduction in the

numerical density of the total number of neurones

per unit volume of myenteric ganglion was extremely

significant (P < 0.001, repeated measures ANOVA) (Ta-

ble 3). This density estimate can be quoted strictly

under the assumption that the neuronal cells were

statistically homogeneous in the reference space

(ganglion). The bricks were positioned randomly and

independently of each other without any correlation

between the data. This ensured that the estimates of

variance between the different sampling bricks were

statistically independent.

Additionally, the mean calliper diameter ÆDæ, of the
neuronal nuclei was significantly diminished

(P < 0.001) in the neurones of the myenteric ganglia

of the defunct colon, indicating that there was a

diminution in the size of neuronal cells in the

myenteric ganglia, 45 days after performing diversion

colostomy (Table 3).

In the present study, it was also shown that there

was a significant increase (P < 0.0001) in the distance

between the two myenteric ganglia after diversion

colostomy (Table 3). This indicates a decrease in the

size as well as the number of myenteric ganglia after a

period of inactivity of the colon.

DISCUSSION

Effect of colostomy on colonic wall

The present study demonstrated that exclusion of

faecal stream from a segment of colon for 45 days

induced significant colonic atrophy, without any

inflammation, in the defunctionalized colon. Mucosal

atrophy was evident by a significant reduction in

SECH and increased distance between bases of the

crypts and muscularis mucosae. The surface density

of the colonic mucosa in relation to the mucosal

volume (SV) was 51.75% less in the experimental

group than in the sham-operated rats. Additionally,

there was an extremely significant diminution in the

volume fractions (VV) of both the circular and longi-

tudinal muscle layers after diversion colostomy

(Table 1).

Effects of diversion colostomy on nitrergic
myenteric neurones

The NADPH diaphorase positive neurones represent

NO-synthesizing neurones within the enteric nerve

plexuses. There was an extremely significant diminu-

tion in the size (area and perimeters) of the neuronal

soma and nuclei of nitrergic myenteric neurons in the

defunctionalized colon. There is a median distribution

of the neuronal size in the rat colon23 and a shift of

the median (of the cell and nuclear area) to the left

was observed indicating atrophy of the nitrergic

myenteric neuronal cells. There was a significant

diminution in the volume-weighted mean volume of

the neuronal soma of nitrergic myenteric neurones in

the experimental group. There was a significant

diminution in the volume fraction of the nitrergic

neurones per unit volume of muscularis externa (the

targets of these neurones) in the defunctionalized

colon. It has been demonstrated that the same com-

pounds acting as NOS inducers (e.g. LPS and IFN-c)
rapidly inhibit the activity of nNOS and decrease the

intracellular NO levels in human astrocytoma cells,

through tyrosine residue phosphorylation of nNOS.24

There was no evidence of inflammation in the

defunctionalized colon and the changes in the

Table 3 Colostomy affects the neurons and glial cells of myenteric plexus

Sham operated Diversion colostomy

Mean ± SD SEM Mean ± SD SEM

NV 19 730 ± 1465 2625 ± 2281 P < 0.001(GLM repeated measures ANOVA)
ÆDæ (lm) 3.0957 ± 1.3653 0.1719 1.6086 ± 0.3485 0.0439(P < 0.0163)
L (L ¼ 0.5N

�1
2

A ) (lm) 12.5416 ± 1.56 0.2604 42.5788 ± 5.467* 0.9112 (95% CI ¼ )0.5565 to )0.5037**)
Glial nuclear area (lm2) 7.348 ± 3.84 0.2047 5.389 ± 3.17* 0.1689 (95% CI ¼ 1.41–2.45)
Gial nuclear perimeter (lm) 10.94 ± 3.09 0.165 9.231 ± 2.64* 0.141 (95% CI ¼ 1.268–2.121)

*Two-tailed P value <0.0001; **data log-transformed to obtain homogeneousness of SD; NV, numerical density of myenteric
neurones per unit volume of ganglia; ÆDæ, mean caliper diameter of neuronal nuclei; L, distance between myenteric ganglia; size of
glial nuclei is considered to reflect the size of whole glial cell.
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dimensions of the nitrergic neurones could exclu-

sively be attributed to the diversion of the faecal

stream in the present study.

The nitrergic neurones in the myenteric plexus were

categorized into small, medium and large neurones,

based on their profile diameters.25 Small, medium

and large nitrergic neurones were in a ratio of

24.9 :56.5 : 18.6 in the sham-operated rats and

57.1 : 36 : 6.9 in the experimental group. These results

indicated that after diversion colostomy, there was a

shift of the cell population towards the small-sized

neurones, possibly because of atrophy of the nitrergic

neurones or a decrease in the number of the medium

and large-sized neurones.

Numerical density (NV) of myenteric neurones is
reduced after colostomy

There was a significant diminution in the numerical

density of the neuronal cells in the myenteric ganglia

(NV neurone, ganglion). The distance between the

myenteric ganglia was significantly increased in

the defunctionalized colon. The CE (an index of the

uncertainty of the estimates) was <10% (<5% in most

cases) in the estimates of the stereological parameters.

The biological variation (CVbiol) was much higher than

the CE of the estimates. These indicate the precision of

the stereological estimates and adequacy of the samp-

ling (Table 1–3).

Biological conclusions based on density measure-

ments are difficult to interpret because it is difficult to

know if any changes in the density are the result of an

alteration in the attributes (like the number and size) of

the particles and/or of the reference volume.14 There

was a significant reduction in the numerical density of

the cells in the myenteric ganglia and a significant

reduction in the mean calliper diameter of the nuclei of

the neuronal cells. This is possible, only if there was a

reduction in the size and the total number of neuronal

cells of the myenteric ganglia of the defunctionalized

colon.

Consequences of structural alterations in
nitrergic myenteric neurones

The subpopulation of neurones containing NOS medi-

ates non-cholinergic neuro-neuronal transmission in

short descending pathways (3–7 mm) in rats. Other

neurones with short descending pathways (about

2 mm) include those using vasoactive intestinal poly-

peptide and pituitary adenylate cyclase activating

peptide as neurotransmitters.26,27 We analysed the

nitrergic myenteric neurones 1 cm distal to the site

of colostomy, and there was no chance of including

those neurones, which were damaged because of the

surgical procedure. The diminution in the size of

nitrergic myenteric neurones could only be the result

of disruption of normal activity and altered functional

state of this colonic segment.

Neuronal survival depends on supply of target

derived neurotrophic factors, actions of components

of the extracellular matrix, and changes in the neuronal

responsiveness to these factors. It is not clear whether

intestinal atrophic changes affect survival of enteric

neurones or whether they induce change in function or

expression of neurotransmitters. There is a continuing

debate on the adaptive responses of the enteric nervous

system in the atrophic intestine.28 Ekblad et al. (1999)

showed that adaptive changes in different popula-

tions of neurones occur as a result of intestinal

dysfunction after ileal bypass.28 Such adaptive changes

may be a result of atrophy or altered luminal milieu

and lack of target-derived nerve growth factors.29

Nitric oxide mediates relaxation of smooth muscles

of the gastrointestinal tract.30,31 It has been demons-

trated that selective absence of NADPH diaphorase

positive nerve fibres in gastrointestinal smooth muscle

is responsible for spasticity of the aganglionic segment

in Hirschsprung’s disease. Themarked reduction in cell

and nuclear area of nitrergic neurones would possibly

decrease the synthesis of calcium-dependent NO in

picomolar quantities. In the absence or diminished

amounts of ligand (NO), the smooth muscle cell appar-

atus will inefficiently transduce the NO signal. This

may adversely affect the oro-aboral transmission of gut

contents after restoration of bowel continuity because

of defective receptive relaxation in peristaltic wave.

Effect of colostomy on myenteric glia

It was shown that there was a significant diminution

in the area and perimeter of the nuclei of the glial cells

in the myenteric plexus, indicating atrophy of the glial

cells. Glial cells are an active population in the enteric

nervous system and neurone-glia crosstalk plays an

important role in maintaining the integrity of the

enteric nervous system. The EGC network has trophic

functions towards enteric neurones and is implicated

in the integration and modulation of neuronal activit-

ies.32 The myenteric environment is particularly chal-

lenging and enteric neurones may require high levels of

support from EGC.33,34 Therefore, glial atrophy after

faecal stream diversion may have affected all the

populations of neuronal cells in the myenteric plexus.

Several �factors� should be taken into account when

considering adaptive changes in the enteric microen-
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vironment: neurones, EGC, smooth muscle cells and

mucosa. There is an important crosstalk among all

these cell populations, and absence of luminal stretch-

ing hindered this intercellular communication. This

communication may occur at two strata: wiring trans-

mission and volume transmission. Lack of luminal

contents in the defunctionalized colon may have led to

atrophy of the targets (mucosa and muscle) with

concomitant atrophy of all the cells in the myenteric

plexus including the nitrergic neurones in the myen-

teric plexus. Disordered paracrine communication in

the form of diminished amounts of glial cell derived

neurotrophic factor (as a consequence of glial atrophy),

an important factor for neuronal cell survival in the

ENS may have further led to neuronal dysfunction.35,36

The depletion of bolus could lead to anergy of

myenteric neurones, decreased muscle activity, lack

of muscle derived trophic factor(s), glial dysfunction

and withdrawal of glial support. All these could lead to

neuronal dysfunction and threatened neuronal survival

in the myenteric plexus.

Summary

Diversion colostomy resulted in atrophy of neuronal

soma and nuclei of nitrergic myenteric neurones,

diminution in the numerical density of the panneur-

onal cells, along with a diminution in the mean

calliper diameter of their nuclei. Further, there was a

diminution in the volume fraction of the nitrergic

neurones per unit volume of muscularis externa. These

results indicate possible diminution of NO in the

defunctionalized colon. The changes in the neuronal

phenotype were also associated with significant dimi-

nution in the volume fractions of the targets of the

neurones of the myenteric plexus viz. the muscularis

externa. Mechanical factors play an important role

in the maintenance of muscle cell integrity.37 It seems

likely that lack of activity has led to profound changes

in the neuronal and glial cells of the enteric nervous

system of the defunctionalized colon. The gut is

deprived of its intraluminal milieu in several condi-

tions including surgical diversion. Our observations

may explain the bowel dysmotility following restora-

tion of bowel continuity after a period of inactivity

because of colostomy. We are investigating whether

these changes are reversible by restoring the continuity

after diversion colostomy in the same animal model.
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