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Separate effects of irradiation and of graft-versus-host
reaction on rat mucosal mast cells
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SUMMARY T cell mediated immune responses in the gut can produce enteropathy and malabsorp-
tion. We have investigated the relevance of mucosal mast cells (MMC) to the mechanisms of this
enteropathy by using graft-versus-host reaction (GvHR) in the rat as a model of mucosal delayed
type hypersensitivity. Measurements ofmucosal architecture, intraepithelial lymphocytes (IEL) and
MMC counts were performed in control and experimental rats, and release of rat mast cell protease
II (RMCPII) into the bloodstream was used as an index of MMC activation. In unirradiated rats,
jejunalMMC count was increased on day 14 of the GvHR (mean 272/mm2 v 182 in controls, p<001),
as was serum RMCPII (p<001). Irradiated rats (4 5 Gy, reconstituted with isogeneic spleen cells)
had low counts of IEL and crypt hyperplasia seven to 14 days after irradiation. Irradiated rats with
GvHR (induced by ip injection of parental strain spleen cells) and studied on days 7, 10 and 14, had
significant enteropathy with longer crypts and higher CCPR than matched irradiated animals
(p<0O05 on day 14 when compared with irradiation alone). Intraepithelial lymphocytes counts,
however, reflected only the effect of radiation. Irradiation, with or without GvHR, led to the virtual
disappearance of jejunal MMC, undetectable jejunal RMCPII and very low levels of RMCPII in
serum (all p<O0Ol when compared with unirradiated controls). These experiments show that there is
a modest expansion in jejunal MMC in unirradiated rats with semiallogeneic GvHR, whereas
irradiation, alone or associated with GvHR, profoundly depletes MMC for at least two weeks. The
enteropathy ofGvHR can evolve in the virtual absence of MMC.

A distinct pattern of small intestinal mucosal damage
has been observed in association with local delayed
type hypersensitivity reactions. Experimental
models used have included allograft rejection, graft-
versus-host reaction (GvHR), enteral challenge after
immunisation with protein antigen and parasite
infections. The features described in some or all of
these situations are hyperplasia of the crypts of
Lieberkuhn with or without shortening of the villi; an
increase in the proportion of goblet cells; brush
border enzyme deficiency; increased count of intra-
epithelial lymphocytes (IEL); an increased mitotic
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index of IEL; and expression of class II antigens by
crypt enterocytes (reviewed by Ferguson').

In a detailed analysis of GvHR in neonatal mice,
we also observed a late but sustained increase in the
count of mucosal mast cells (MMC) in the jejunal
mucosa.2 Changes in MMC numbers in irradiated
rats with GvHR (depletion followed by expansion)
have been briefly reported,' but no details of cell
counts or other quantitative assessment of MMC
were given. We have therefore undertaken a series of
experiments further to investigate the relationship
between MMC and the intestinal mucosal damage of
delayed type hypersensitivity reactions. Because
mast cells of the rat are more amenable to in vivo
analysis than mouse mast cells,4 we have used this
species; GvHR was induced in F1 hybrid rats by
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injection of parental strain spleen cells. The primary
objectives were to document whether there is indeed
an expansion of MMC in adult rats with GvHR, and,
by measuring release of the MMC granule protease
rat mast cell protease II (RMCPII) into the blood-
stream,5" to seek evidence of activation of these cells.
We speculated that MMC mediators could be among
the 'thymus dependent' factors responsible for T cell
mediated enteropathy and associated malabsorption.
In order to produce a spectrum of morphological
changes in the gut mucosa, GvHR was induced in
animals with and without prior irradiation of the
host.

Methods

ANIMALS

Male rats of the strains DA, PVGC', DAxPVGc Fl,
and PVGcxPGVu F1 were either obtained directly
from OLAC Ltd, Bichester, UK, or bred from stock
supplied by OLAC. Different strain combinations
were used in the pilot and later experiments, because
of problems in the rearing of PVGcxPVGU FI rats.

I RR A DIA I I O N

Before irradiation, rats were sedated with 15-20 mg
ip of sodium thiobutabarbital. The irradiation source
was a Siemens Stabilipan x-ray generator set at 250
KV (15 mA) with a thoreasus 11 filter and a total dose
of 4-50 Gy was delivered, animals being rotated after
half the dose to equalise the field exposure.

INDUCT ION OF GvHR
Donor animals were killed bv cervical dislocation
under ether anaesthesia, and a suspension of spleen
cells in RPMI 1640 medium was prepared. Graft-
versus-host reaction was induced in recipient animals
by ip injection of 1 3x 10` viable spleen cells, and the
presence of a GvHR was confirmed by calculating the
spleen index (SI),, when the animals were killed, as:

Mean relative spleen weight (mg spleen
per 10 g body weight) in GvHR rats

mean relative spleen weight (mg spleen
per 10 g body weight) in control rats

GvHR effects on the intestinal mucosa were evalu-
ated morphologically, by measurements of villus and
crypt length, crypt cell production rate (CCPR), and
counts of IEL.

(0Ol1l lCTION AND PROCEISSING 01; SPECIMEINS
Animals were anaesthetised with ether and weighed,
then (with the exception of rats in the pilot experi-
ment) each was injected with 1 -0 mg/kg of vincristine

ips to block accumulation of metaphases in intestinal
crypts. Rats were re-anaesthetised 30-18() minutes
later and the following specimens taken. (a) Blood
was collected from the abdominal aorta; after clot-
ting the serum was separated and stored at -20(C for
assay of RMCPII. (b) The spleen was removed and
later weighed. (c) The small intestine was removed
and several biopsies were taken from the proximal
jejunum, 18-22 cm from the pylorus. (d) A piece of
jejunum was weighed and then frozen for later
measurement of RMCPII. (e) A biopsy was fixed in
1(% buffered (pH 7-0) formalin, paraffin embedded,
cut at 4 tm and stained with haematoxylin and eosin.
(f) Another biopsy was placed in Carnoy's fixative for
24 hours, stored in 100% ethanol and later processed
for toluidine blue (pH 0-5) staining of MMC. (g) A
biopsy was fixed in 75% ethanol/25% glacial acetic
acid for six hours and then stained in bulk - after acid
hydrolysis at 60(C - with the modified Feulgen stain
(Schiff reagent; Difco), for microdissection of villi
and crypts.

HISTOLOGY, CELL COUNIS AND EPI[HEIIAL
ClLL KINETICS
Intraepithelial lymphocytes counts were performed
on H&E stained sections," and expressed as numbers
of IEL/100 epithelial cells. Mucosal mast cells were
counted in well orientated sections, using a fixed field
technique with a calibrated square graticule and
a x 100 oil immersion lens.'" Twenty fields per
specimen were counted and the result expressed as
cells per mmI.

Lengths of villi and crypts, and blocked meta-
phases per crypt were measured in bulk stained and
microdissected specimens of jejunum." Villus and
crypt lengths were expressed in tm and the CCPR in
each group of animals calculated as the rate of
accumulation of metaphases/crypt/hour.

QUANTIIAIION OF RMCPII IN IISSUIES
Two to four centimetre lengths of jejunum were
homogenised in three volumes of 0 15 M KCI and
RMCPII content measured by single radial immuno-
diffusion.

QUANTITAIION Oh RMCPII IN SERUM
A direct ELISA method was used. Plastic 96-well
microtitre plates (Titertek, Flow Laboratories) wcre
coated with affinity purified sheep IgG anti-RMCPII
antibody (in bicarbonatc/carbonate buffer pH 9-6) at
I [tg/ml (150 Il/well) overnight at 4°C. The plates
were washed with phosphate buffered saline contain-
ing 0.10% Tween 20 (PBS/T20). The next day, from a
stock solution of RMCPII at I [tg/ml, standards
between 10 and 80 ng/ml were made up in PBS/T20
containing (202% fetal calf serum (PBS/T20/FCS).
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Table I Pilot study: spleen index ofGvHR and jejunal
content ofRMCPII (mean (SD)) in untreated rats, and rats
with semi-congenic GvHR. (n=6)

Jejunal RMCPII
Experimental group .Spleen index ([tg/g wet weight) p*

Untreated - 516 (56)
GvHRday 10 1 99 735 (152) <0(05
GvHR day 14 1-64 1035 (240) <0(01
GvHR day 21 1-84 1230 (345) <(001

p*=significance of difference from untreated.

These standards and serum samples (150 Iil) were
applied in duplicate to the washed coated plates and
incubated for one hour at 37°C. The plates were
washed, and sheep F (ab)2 anti-RMCPII horseradish
peroxidase conjugate added (150 ,ul of 1:3000) and
incubated for one hour at 37°C. The plates were
washed again and substrate added (150 [sI 0-04%
o-phenylenediamine, 0-01% hydrogen peroxide, 100
mM citrate buffer pH 5.0). Absorbance was read at
492 pm and concentration expressed as ng RMCPII/
ml of serum.

STATISTICAL ANALYSIS
In experiments involving only two groups, Student's t

E

cn0)

a)

a)

C-

a)
Q.

Irradiation

test was used; other data were analysed by using
Peritz' F test.'."

Experiments and results

GENERAI FEATURES
Animals with GvHR, but without irradiation,
appeared completely healthy. Control, irradiated
rats were lethargic for a few days and some had
diarrhoea. In GvHR with irradiation, animals had
features of graft-versus-host disease from about the
tenth day; they were lethargic and hunched, with
raised fur. All were killed on day 14, and although
there were no deaths in this study, rats in other
experiments have died during the third week.

PILOT STUDY
A semicongenic GvHR was induced in PVGcx PVGU
hosts, aged 16 weeks, by ip injection of I x 10 PVGC
spleen cells. Six uninjected animals served as con-
trols; and six rats were killed on days 10, 14, and 21 of
the GvHR. Splenic index was measured, and the
MMC protease RMCPII assayed in homogenate of
jejunum (Table 1). The presence of a GvHR was
confirmed by a high spleen index and there was a
progressive rise in tissue RMCPII content with time
after induction of the GvHR.

a
14 7 7 1++ + + + +

14 7 7 10 10 14 14Day of GvHR or ....

since irradiation
Figure Jejunal mucosal archIitecture in rats of various experimental groups as shiown. O untreated; 1 GvHR withlout
irradiation; a irradiation only; EJ irradiation withl Gv'HR. Number abote artrow indicates CCPR (cellproduction per crypt per
hiour) for that group ofanimals (see text). .significantly less (p<0O05) titan control 1. *valuesfor irradiation/G1'HR group on
day 14 significantly greater (p<O)<-05) tilan irradiation alone day 14.
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Table 2 Counts of intraepitlielial lymphcocytes in rat jejunal
mucosa: untreated, unirradiated wit/i GvHR, irradiatedl
reconstituted, and irradiated witi GCvHR ( tear, (.3D))

Dai of IEL count
Exrperimnteal GvHR or (per 100

p (versus
Cl, 2 or

grouip post-irradti enterocytes) p* 3)

Untreated Cl - 18-7 (2-6)
G% HR (no irradn) 14 186 (5-3) ns

(SI 1-57)
Untreated C2 - 16-2 (4-4)
Untreated C3 - 19-3 (5-1)
Irradn 7 8X9 (2-4) <(-1
Irradn GvHR 7 9.6 (2-3) ns <(-05

(SI 1-8)
Irradn 10 14-9 (4-5) ns
Irradn GvHR 10 12-9 (4-2) ns ns

(SI 1.69)
lrradn 14 12.7 (2.4) ns
Irradn GvHR 14 11*1 (4.0) ns ns

(SI 2 39)

Irradn - irradiation; p* - significance of difference between
irradiation and irradiation GvHR groups; Cl: control to GsvHR
without irradiation; C2: control to rats with irradiation alone; C3:
control to rats with irradiation/GsHR; SI: spleen index of GC HR
(see text).

MUCOSAI MAST CELLS IN UNIRRADIATED RATS

WITH GvHR
Graft-versus-host reaction was induced in 16 male
DAxPVGF1 rats aged 10 weeks, by iv injection of
3x 10 DA spleen cells. A group of 16 untreated age

matched DAxDVGF1 rats was used as controls
(control 1 in Tables 2 and 3 and in the Figure). All
rats were killed on day 14 and the presence of GvHR
in the experimental group was confirmed by a

spleen index of 1 57. Effects of GvHR on intestinal
morphology were confined to a small but significant
reduction in mean villus height in the GvHR group

(Figure). lntraepithelial lymphocytes counts were

similar in GvHR and control rats (Table 2).
Results of MMC counts and RMCPII assays are

summarised in the top section of Table 3. Jejunal
MMC count and tissue RMCPII were both higher in

the GvHR group than in controls although the
difference was statistically significant only for MMC.
Separate counts of MMC were carried out in the
villus and in pericryptal lamina propria, as it has been
suggested that there is redistribution of MMC in the
mucosa in GvHR.' This was not confirmed. Mean
villus MMC count was 203/mm) in GvHR compared
with 131 in controls, and mean pericryptal MMC
count was 354 in GvHR, 240 in controls. Serum
RMCPII content in the GvHR group was higher than
in group controls, but lower than in the other two
batches of control animals.

MUCOSAL MASI CELLS IN IRRADIATED RAI S

WITH GvHR
In this experiment, the rats received 4-5 Gy irradia-
tion as described above. Some were then reconsti-
tuted with 1 x 10' isogeneic spleen cells ip; other rats
had GvHR induced by ip injection of 1-3x 10' PVG'
spleen cells. For logistic reasons related to irradiation
facilities, the irradiation alone and irradiation/GvHR
rats were irradiated and reconstituted on two
separate days and so two sets of unirradiated control
rats were used (control 2 for irradiation alone,
control 3 for GvHR); irradiated/reconstituted and
irradiated/GvHR rats were killed in groups at seven,

10 and 14 days (six or seveni rats per group). Spleen
index confirmed the presence of GvHR on day seven

(1-80), day 10 (1 69) and day 14 (2.39).
The morphological effects of irradiation/

reconstitution, and of a semi-allogeneic GvHR with
irradiation, are illustrated in the Figure and Table 2.

Table 3 Counts ofMMC, andjejunal and serum content ofRMCPII, in rats: untreated, unirr-adiated wit/i (zvHR, irradialte(l,
tind irradiated witli GvHR (mean (SD))

mMC p (versus p (versus Serum p (versus
Ef-peritnental Dai' of GvHR count (per Cl, 2 or Jejunal RMCPI (C1, 2 or RMCPII (1, 2 or
groutp orpost-irradn torn') p 3) (fg/g wet weight) p* 3) (tig/inl) pl 3)

Untreated Cl - 182 (82) 470 (6(0) 72 (1)
G%;HR (no irradn) 14 272 (126) <0(01 620 (270) ns 103(1) <0(0(
Untreated C2 - 130 (31) 352 (122) 294 (8()
Untreated C3 - 142 (2(1) 680 (150) 3(17 (51)
lrradn 7 ()(1) <0((01 undetectable <0)(X11 1( (7) <00111
Irradn GC HR 7 3 (2) ns <0()01 undetectable ns <0()1I 16 (1()) ns <0(1()1
Irradn 10 9 (6) <0()()1 undetectable <()()(11 14 (8) <011111
Irradn GCsHR 0 3 (1) ns <0(001 undetectable ns <011111 38 (24) ns <00()1
Irradn 14 4 (5) <()()(1 undetectable <(1()(11 17 (85) <011()1
Irradn Gs HR 14 1 (1) ls <-0((11 undetectable ns <(-(0()1 118 (85) <(0)0"5 <(01

lrradn -irradiation; p* -significance of diffci ice hk'tl8en irradiation and irradiation GC HR groups; Cl: control to (is HR s ithout
irradiation: C2: control to rats with irradiation Alic. ( .: control to rats with irradiation/GC HR.
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In the irradiated rats, damage to the mucosa was
characterised by lengthening of the crypts and
increase in CCPR, and counts of I EL were low on day
7. Irradiated rats with GvHR had significant entero-
pathy, with longer crypts and higher CCPR than in
the matched irradiated animals. This crypt hyper-
plasia is a typical manifestation of moderately severe
GvH R." Intraepithelial lymphocytes counts,
however, reflected only the effects of irradiation.

Studies of jejunal MMC and serum RMCPII are
summarised in Table 3. Irradiation caused the virtual
disappearance of MMC, there being only an
occasional cell found in histological sections. This
was confirmed by the absence of detectable RMCPI I
in jejunal homogenates, and serum concentrations of
RMCPII were also very low. Similar changes in
jejunal MMC were observed in the GvHR animals,
although on day 14, serum RMCPII had risen
significantly to 114 ng/ml. At this time MMC were
still absent from the jejunal mucosa used for the cell
counts reported above, but examination of other
fields in the sections showed that there was a patchy
MMC infiltrate in the vicinity of Peyer's patches.

Discussion

These experiments have shown that there is a modest
expansion in the number of jejunal MMC in unirradi-
ated rats with semi-allogeneic GvHR, whereas
irradiation, alone or associated with a GvHR, pro-
foundly depletes MMC for at least two weeks. We
can, therefore, confirm both, apparently contra-
dictory previous reports of MMC changes in GvHR-
a rise in MMC count in unirradiated neonatal mice,'
and virtual disappearance of MMC in irradiated rats.

Rat MMC can be distinguished from connective
tissue mast cells (CTMC) morphologically, by
fixation characteristics, pharmacological properties
and by their granule mediators.4 The granule
protease RMCP I (rat mast cell protease 1) identifies
CTMC and RMCPII (rat mast cell protease II) is
associated with MMC. The systemic release of
RMCPII from activated MMC enables their secre-
tory activity to be monitored in viho by assay of
RMCPII in serum.'6 With the sensitive ELISA used,
nanogram quantities of the protease can be detected
in the serum of normal rats. In the present series of
experiments RMCPII content of jejunal homo-
genates closely paralleled MMC counts, and the
concentrations of RMCPII in sera>also correlated
directly with jejunal MMC count, there being no
evidence of specific MMC activation or degranula-
tion.

Irradiation and GvHR-associated effects on the
jejunal mucosa were evaluated by measurements of
tissue architecture and IEL counts. The results

suggest that the jejunal mucosa of the rat and mouse
differ in their susceptibility to the development
of enteropathy in a GvHR. Despite significant
splenomegaly and a rise in jejunal MMC count in
unirradiated rats with GvHR, crypt length and
CCPR were normal. In mice, a rise in IEL count is
the earliest and most sensitive index of GvHR and
other mucosal DTH reactions,I"" but high IEL
counts were not observed in any of the groups of rats
with GvHR; indeed at seven days post-irradiation,
rats with GvHR had lower IEL counts than unirradi-
ated controls. On day 14 of the GvHR, however,
there was striking and significant lengthening and
hyperplasia of the crypts. These effects occurred
despite the virtual absence of MMC, and indicate
that MMC or their granule mediators are certainly
not essential as mechanisms of GvHR enteropathy,
and indeed might conceivably have a role in repair.
The mucosal specimens on which the above

description is based had been taken from jejunum
remote from Peyer's patches. In recent histological
studies of Peyer's patches of irradiated animals we
have observed early repopulation of MMC in the villi
adjacent to Peyer's patches (Munro and Ferguson,
unpublished). It seems likely that the rise to normal
concentrations of the serum content of RMCPII in
day 14 GvHR rats is associated with the peripatch
repopulation. Further investigations of this
phenomenon are in progress.
There is now a substantial amount of evidence to

support the theory that lymphokines, secreted by
helper T cells in the lamina propria of the gut, can
influence mitosis and differentiation of entero-
cytes,"'- and that delayed type hypersensitivity
reactions in the small bowel mucosa may produce an
enteropathy with villus damage, crypt hyperplasia
and disaccharidase deficiency.' "1 X" Cytotoxic
lymphocytes, immune complexes and mast cell
products must also be included as candidate effector
mechanisms of tissue damage.'" For example,
intestinal anaphylaxis has significant effects on
electrolyte and water absorption."' Mucosal mast
cells may be involved in both immediate and delayed
type hypersensitivity at mucosal surfaces, and abnor-
malities of mast cell counts in mucosal biopsies have
led to the suggestions that MMC may be implicated in
the mucosal damage of coeliac disease" and inflam-
matory bowel disease." Relevant roles of MMC in
these conditions, and the therapeutic potential of
drugs which affect MMC function, remain to be
explored. Nevertheless, the experiments described
above indicate that the enteropathy of a DTH
reaction can evolve in the virtual absence of MMC.

Perhaps the most interesting observation in this
series of experiments is the recognition of extreme
radiosensitivity of MMC. We are currently investi-

359

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.30.3.355 on 1 M

arch 1989. D
ow

nloaded from
 

http://gut.bmj.com/


360 Cummins, Munro, Huntley, Miller, and Ferguson

gating the relevance of MMC degranulation to
radiation-induced enteropathy and colitis.
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supported by a Fellowship from the Association of
Commonwealth Universities, UK.
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