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Effect of early fetal splenectomy on prenatal B-cell development in sheep
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SUMMARY

The contribution of early splenic B-cell populations to the colonization of the ileal Peyer’s patch was
investigated following the surgical removal of the spleen in a series of 56-day-old fetal sheep. The
fetuses were killed at 140 days of gestation and the ileal Peyer’s patch, the distal jejunal lymph node
which drains the Peyer’s patch, and a peripheral lymph node, the superficial cervical lymph node,
were examined. Enzyme and immunohistochemical evaluation concluded that the distribution of
B cells, T cells and stromal cells in the ileal Peyer’s patch was similar in splenectomized and normal
fetal sheep. Thus, the presence of the fetal spleen was not essential for the colonization of the ileal
Peyer’s patch and other early sites of B-cell accumulation would appear capable of generating the
necessary precursor populations. Investigation of B-cell populations in lymph nodes used a com-
bination of terminal deoxynucleotidyl-transferase-mediated deoxyuridine-triphosphate nick-end-
labelling (TUNEL) histochemistry and immunofluorescence to determine the average number
of apoptotic B cells in the primary follicles of the outer cortex of splenectomized and normal lambs.
A significantly increased number of apoptotic B cells was present in the distal jejunal lymph node
but not in the superficial cervical lymph node of splenectomized lambs. This finding suggests that
splenectomy affected prenatal B-cell development in fetal sheep and raises questions as to the
regulation of B-cell lymphopoiesis in a species using a post-rearrangement organ of diversification.

INTRODUCTION

In sheep, the ileal Peyer’s patch is responsible for producing
the vast majority of B cells and for the generation of the
preimmune antibody repertoire.! Investigation of the relation-
ship between these early B-cell populations and the ileal Peyer’s
patch has shown that the precursor population destined to
colonize the Peyer’s patch follicles exists in fetal sheep from at
least 63 days of gestation (gestation in sheep is 150 days). At
the time of existence of this precursor population, the spleen
contains the major accumulation of B cells in the fetal sheep.’
Studies in the chicken have differed in their assessment of the
significance of the accumulation of B cells in the early spleen.
Reynaud er al.* suggested that the early fetal spleen was a ‘dead-
end’ for B cells, having no influence on the subsequent
colonization of the bursa of Fabricius. These investigators
found that B-cell precursors seeded various organs but only
expanded in the bursa of Fabricius. The lack of both cell
proliferation and selection for functional immunoglobulin
gene sequences was interpreted to indicate that the embryonic
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chicken spleen was not a site supporting further differentia-
tion of B-cell progenitors. However, others have speculated that
B cells originating in the spleen emigrate to the bursal follicles
where they expand and undergo gene diversification.” In sheep,
early splenic B cells are engaged in proliferation,® which may
suggest an on-going role in B-cell development.

The contribution of splenic B cells to the colonization of
the ileal Peyer’s patch and subsequent B-cell formation can
be addressed through the early splenectomy of fetal sheep.
If splenic B cells are solely responsible for the colonization of
the ileal Peyer’s patch, then splenectomy at 56 days of ges-
tation, as with anti-immunoglobulin M (IgM) treatment at this
stage,>® should result in the failure of development of lymphoid
follicles in the Peyer’s patch. Conversely, if splenic B cells make
no contribution to the colonization of the ileal Peyer’s patch,
that is they are a ‘dead-end’ population, then splenectomy
should not affect the ileal Peyer’s patch or the B-cell popu-
lations that emigrate from the patch and populate other
lymphoid tissues.”® In the present study, a surgical procedure
for the splenectomy of fetal sheep at an early stage of gestation
(56 days) was developed and the effect of splenectomy on B-cell
development in prenatal lambs was investigated. The results
indicate that splenectomy does not prevent the development of
the ileal Peyer’s patch but the increased levels of apoptosis
observed in primary follicles in draining lymph nodes suggest
that processes occurring in the early fetal spleen may influence
B-cell development.
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MATERIALS AND METHODS

Animals and tissue collection

Fetal sheep were obtained from timed matings of Australian
merino ewes. At the time of splenectomy, the fetal lambs were
56 days of gestation and both the fetal sheep and the ewes were
killed and tissues were collected from the fetuses at 140 days of
gestation. Tissues were collected from 30 splenectomized fetal
sheep and from 33 normal fetal sheep. The tissues were
collected from the ileal Peyer’s patch at the attachment of the
ileocaecal fold to the ileum, and from the distal jejunal and
superficial cervical lymph nodes. To facilitate orientation
during sectioning, the transversely resected ileum was cut along
the mesenteric border and the tissue was placed with the
mucosa down onto a piece of the animal’s own liver. Similarly,
the lymph nodes were cut transversely through the hilus into
two approximately equal halves. The tissues were embedded
in Tissue-Tek OTC compound (Miles Inc., Elkhart, IN) and
frozen in isopentane (Rectapur, Prolabo, Paris, France) or
chlorodifluoromethane (Isceon, ISC Chemicals Ltd, Bristol,
UK), chilled in liquid nitrogen, wrapped in aluminium foil, and
stored at —70°.

Surgical removal of the spleen from fetal sheep at 56 days of
gestation

Anaesthesia of ewes was induced with intravenous thiopen-
tone and maintained by halothane inhalation. The uterus was
delivered through a paramedian abdominal incision. The
myometrium was incised using electrocautery and the fetal
membranes were exposed. The rear end of the 56-day
(approximately 20 g) fetus was propelled into a bubble formed
by the protruding membranes. Following decompression of
the amniotic cavity by removal of fluid into a syringe, the
membranes overlying the fetus were incised and its rear end was
drawn out onto the surface of the uterus with the left side
uppermost. An incision of 7-8 mm was placed immediately
caudal to the twelfth rib. Under an operating microscope,
gentle traction was applied to draw the rumen out of the
abdomen. The spleen, which is closely applied to the rumen,
was avulsed and the rumen was replaced in the abdomen. The
fetal abdominal wall was repaired with 6/0 atraumatic sutures
and the fetus, together with the reserved amniotic fluid, was
replaced in the uterus.

The previous splenectomy was observed to be complete
at post-mortem examination of each fetus. Survival rates
after splenectomy performed at 56 days gestation are of the
order of 80%. In another study of the postnatal immuno-
logical reactivity of lambs splenectomized at 56 days gestation,
the animals were observed to have developed normally
(P. McCullagh, unpublished data).

Enzyme and immunohistochemistry
The detection of reactivity for the enzyme 5’-nucleotidase has
been described previously.’

An avidin-biotin—peroxidase immunohistochemical tech-
nique was used to stain frozen tissue sections, using a protocol
that has been described previously.'® The primary antibodies
used in this procedure were mouse monoclonal antibodies
directed against sheep CDS5 (SBU-TI1; Centre for Animal
Biotechnology, Parkville, Victoria, Australia)'' and sheep
CD21 (Du2-87-6).!2

TUNEL histochemistry

For the demonstration of apoptotic cells, a cell-death detection
kit (Boehringer Mannheim, Mannheim, Germany) that
specifically labels cells with extensive DNA fragmentation by
template-independent enzymatic addition of fluorescein-
conjugated nucleotides to DNA-strand breaks (terminal
deoxynucleotidyl-transferase-mediated ~ deoxyuridine-tripho-
sphate nick-end-labelling (TUNEL)) was used according to
the manufacturer’s recommendations. This procedure was
combined with an indirect immunofluorescence technique for
the detection of IgM-positive cells. Briefly, frozen sections
were allowed to dry for at least 2 hr and then fixed in 4%
paraformaldehyde in Dulbecco’s phosphate-buffered saline
(PBS) for 20 min. Following a 30-min wash in PBS, the
sections were permeabilized with 0-1% Triton-X-100/0-1%
sodium citrate for 2 min at 4° and rinsed twice with PBS.
The sections were then incubated with the TUNEL reaction
mixture for 60 min at 37°. Following washing in PBS, the
sections were incubated with a rabbit polyclonal antibody
directed against sheep IgM p-chain (Cappel Research Pro-
ducts, Durham, NC) for 1 hr. Following washing in PBS, the
sections were incubated for 30 min with a 7-Amino-4-
methylcoumarin-3-acetic acid (AMCA)-conjugated goat anti-
rabbit immunoglobulin (Vector Laboratories, Burlingame,
CA) diluted in 1% bovine serum albumin/Tris-buffered saline.
Following a further washing in PBS, the sections were mounted
with polyvinyl alcohol pH 7-5 and examined with a Leitz
Aristoplan microscope equipped for fluorescence. All incuba-
tions were performed in a humid chamber. Negative control
sections were incubated in a TUNEL reaction mixture lacking
the transferase enzyme.

Evaluation of B-cell development
Tissues from the ileal Peyer’s patch, distal jejunal lymph node
and superficial cervical lymph node from all animals included
in this study were cut and stained for 5"-nucleotidase reactivity.
The stained sections were examined for the presence of strong
reactivity associated with B-cell follicles. The pattern of
5’-nucleotidase reactivity in the ileal Peyer’s patch and lymph
nodes is altered in B-cell-depleted sheep.®

As previous studies have shown that a group size of 5-10
animals is sufficient to detect differences in leucocyte popula-
tions in lymphoid tissues,'™'® the further analysis of the
distribution and phenotype of leucocyte populations was
performed on randomly selected groups of splenectomized
and normal lambs. The limited use of tissues collected from
splenectomized and control lambs in the present study was
undertaken so that tissues were available for a number of
on-going studies of early fetal splenectomy and to reduce the
overall number of animals killed in this series of investigations.

Tissue sections from the ileal Peyer’s patch of splenecto-
mized and normal lambs were stained to detect the presence
of B cells (CD217" cells) and T cells (CD5™" cells) and the
distribution of leucocyte populations was compared between
the two groups. To compare the size of lymphoid follicle, the
area occupied by Peyer’s patch and lymph node follicles was
determined in sections stained for CD21, using a video-image
analysis system (Optilab/Pro 2-5, Graftek, Mirmande, France).
Images were captured from a CCD-72 video camera (Dage-
MTI, Inc., Michigan City, IN) mounted on a Leitz Orthoplan
microscope using a Neotech Image Grabber (Neotech Limited,
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Hampshire, UK). The ileum and lymph nodes had both been
cut transversely to standardize the orientation of the tissue
sections. Every follicular accumulation of CD21 7 cells in one
tissue section from the Peyer’s patch and lymph nodes of an
animal was traced interactively and the area in pixel units
was determined. The total follicle area, mean follicle area and
number of follicles in a tissue section were calculated. A single
tissue section was used because previous studies have indicated
that variation in B-cell populations between sections from the
same tissue block does not make a major contribution to the
total variance."

The extent of cell death in IgM™ cells in the follicles of
the distal jejunal and superficial cervical lymph nodes was
determined by counting the number of TUNEL-positive cells
in lymph node follicles from randomly selected groups of
lambs. All follicles in one tissue section from each lymph node
of'each animal were counted. Follicles were readily distinguished
as large accumulations of IgM™ cells. TUNEL-positive cells
lying adjacent to, but separated from, the confluent IgM * cell

accumulations were not counted. The average number of
apoptotic B cells in a follicle was calculated for each lymph
node from an animal.

Statistical analysis

As some of the data sets were not normally distributed,
a Wilcoxon/Kruskal-Wallis Test (Rank Sums) as executed by
JMP 3.2.2 (SAS Institute Inc., 1997) was performed to evaluate
the differences between the groups of splenectomized and
normal lambs. The level of significance chosen was P=0-05.

RESULTS

Development of ileal Peyer’s patch following splenectomy early
in gestation

The pattern of enzyme reactivity for 5-nucleotidase and the
immunohistochemical distribution of CD21 showed no
obvious differences between the lymphoid follicles in the ileal
Peyer’s patch of normal and splenectomized lambs (Fig. 1).

(@)

At ‘F

Figure 1. Fetal lambs at 140 days of gestation. Splenectomies had been performed at 56 days of gestation. (a) Ileal Peyer’s patch of
a splenectomized fetal lamb showing intense enzyme reactivity in the B-cell follicles (f); (—) muscularis mucosa; 5"-nucleotidase.
(b) Ileal Peyer’s patch of a normal fetal lamb at 140 days of gestation showing intense enzyme reactivity in the B-cell follicles (f);
(—) muscularis mucosa; 5-nucleotidase. (c) Ileal Peyer’s patch of a splenectomized fetal lamb showing CD21™" cells. Note strong
staining of cells in the B-cell follicles (f). (d) Distal jejunal lymph node of a splenectomized fetal lamb showing CD217 cells. Note
strong staining of cells in the B-cell follicles (f); (—) capsule. () Superficial cervical lymph node of a splenectomized fetal lamb showing
CD217" cells. Note strong staining of cells in the B-cell follicles (f); (—) capsule. (f) Distal jejunal lymph node of a normal fetal lamb
showing CD217" cells. Note strong staining of cells in the B-cell follicles (f); (—) capsule. Magnification in (a)~(f) x 95.
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Table 1. The total and average follicular area (in pixel unit*) and the number of follicles in a tissue section were determined for the ileal Peyer’s patch
and the distal jejunal and superficial cervical lymph nodes from normal and splenectomized fetal lambs at 140 days of gestation using a video-image
analysis system

Normal lambs

Splenectomized lambs

Total
follicle area

Average
follicle area

Number
of follicles

Total
follicle area

Number
of follicles

Average
follicle area

Ileal Peyer’s patch

Median 72271 2677
Mean 9284-9 2138
SD 86314 1157
n 5 5
Distal jejunal lymph node
Median 731-5 1289
Mean 1479-6 1360
SD 1647-0 70-0
n 7 7
Superficial cervical lymph node
Median 1099-2 106-1
Mean 11259 977
SD 720-1 269
n 7 7

30
362
255

4872-2 171-9 32
8656-2 2124 355
8249-0 169-7 22-4
8 8 8
1396-4 1739 7
32577 229-0 11-6
5198-6 177-5 12-7
10 10 10
1372-4 135-1 9
14562 125-5 12-4
776-1 42-7 77
9 9 9

The median, mean and standard deviation (SD) for these groups of tissues were calculated; » = number of lambs.

The appearance of the interfollicular T-cell areas, as assessed
by the immunohistochemical distribution of CD5, also showed
no obvious differences between the ileal Peyer’s patches of the
two groups of lambs (not shown).

Computer-assisted morphometric analysis was used to
determine the total area and mean area of follicles and number
of follicles in the ileal Peyer’s patch and in the distal jejunal and
superficial cervical lymph nodes for the splenectomized and
age-matched control lambs (Table 1). For these populations of
follicles, there were no significant differences in the total or
mean follicular area or in the number of follicles between the
groups (P >0-095).

Apoptotic B cells in primary follicles of lymph nodes

The level of apoptosis in B cells in the primary follicles of the
distal jejunal and superficial cervical lymph nodes in splenec-
tomized and normal fetal sheep was investigated using a com-
bination of TUNEL histochemistry and immunofluorescence
for IgM. There were few apoptotic B cells present in the lymph
nodes of normal fetuses but the level was higher in the
splenectomized fetuses (Fig. 2). The number of apoptotic
B cells in the primary follicles of the distal jejunal lymph node
and the superficial cervical lymph node of splenectomized
and normal fetal lambs at 140 days of gestation was counted
(Fig. 3). The average number of apoptotic B cells in the follicles
of the distal jejunal lymph node was significantly higher in the
splenectomized lambs compared with the average number in
the normal lambs (P <0:05). In contrast with this result, the
average number of apoptotic B cells in the follicles of the
superficial cervical lymph node was not significantly higher
in the splenectomized than in the normal lambs (Fig. 3).

DISCUSSION

The present study shows that B-cell populations in the early
fetal spleen are not essential for the colonization and

Figure 2. (a) Distal jejunal lymph node. Splenectomized fetal lamb at
140 days of gestation. Splenectomy was performed at 56 days of
gestation. Double immunofluorescence showing many TUNEL ™ cells
(yellow-green; arrows) in an accumulation of IgM ™ cells (blue) in the
outer cortex of the lymph node. (b) Distal jejunal lymph node. Normal
fetal lamb at 140 days of gestation. Double immunofluorescence
showing some TUNEL™ cells (yellow-green; arrows) in an accumula-
tion of IgM™ cells (blue) in the outer cortex of the lymph node.
Magnification x 450.
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Figure 3. The average number of apoptotic cells (O) in B-cell follicles
was determined in the outer cortex of the distal jejunal lymph node (DJ)
and superficial cervical lymph node (SC) of splenectomized (Splx) and
normal, age-matched control (Norm) lambs. The group means (+SD)
are shown as @. The mean of the SplxDJ group was significantly larger
(P <0-05) than the mean of age-matched control group (NormDJ).

development of the ileal Peyer’s patch. Previous studies have
used treatment with anti-IgM antibody at 63 days of gestation
to prevent the colonization of the ileal Peyer’s patch.>® The
injection of antibody resulted in an absence of B cells from ileal
Peyer’s patch follicles at 140 days of gestation and a markedly
reduced presence of B cells in secondary lymphoid tissues,
which hindered the development of primary follicles. Prior to
the commencement of lymphopoiesis in the ileal Peyer’s patch
at around 100 days of gestation,'*!> B cells are present
in a number of sites, including the spleen, lymph nodes and
circulation.'® The surgical removal of the early spleen shows
that sites other than the spleen are able to produce B cells
capable of colonizing Peyer’s patch follicles.

While the ileal Peyer’s patches were similar in normal and
splenectomized fetal sheep, the increased levels of apoptosis
detected in the primary follicles of the distal jejunal lymph node
of splenectomized lambs suggest that B-cell development was
affected by splenectomy. In the chicken, Reynaud er al*
considered the fetal spleen a ‘dead-end’ for B cells while others’
have speculated that B cells from the spleen seed the follicles of
the bursa of Fabricius. The present findings support the
suggestion that proliferating B cells, which are prominent in the
sheep spleen between 55 and 77 days of gestation, have an
on-going role in B-cell development.® A recent study in cattle'”
found that diversification of the immunoglobulin light chain
gene was occurring in the early fetal spleen, prompting
speculation that the spleen may provide a partially diversified
B-cell stock from which B cells emigrate to colonize the
developing follicles of the ileal Peyer’s patch.!” Interestingly,
the study in cattle found little diversity outside the spleen,
which suggests that splenectomy and the removal of a large
source of diversified B cells may skew the antibody repertoire of
the colonizing population. The demonstration of increased cell
death in lymph nodes draining the ileal Peyer’s patch but not in
other peripheral lymph nodes following splenectomy provides
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support for this notion and draws attention to the regulation
and control of B-cell lymphopoiesis during ontogeny.

Studies in transgenic mice have shown that several distinct
checkpoints exist for the deletion of self-reactive B cells from
the preimmune repertoire.!® In mice, self-reactive immature
B cells are eliminated through processes of developmental
arrest and apoptosis.'? Similarly, apoptosis is associated with
the extensive B-cell death that occurs in the ileal Peyer’s patch
and has been proposed as an important mechanism in the
selection of non-self-reactive B cells.>*?! In mice, self-reactive
B cells that escape the bone marrow have been shown to
localize in the white pulp of the spleen and the paracortex of
lymph nodes. A process of follicular exclusion has been
described whereby competition among B cells of different
specificities prevents the migration of self-reactive B cells into
primary follicles trapping them in the outer T-cell zones, which
leads to their death by apoptosis in 1-3 days.?*?* Contact with
stromal cells is important for the survival of B cells>*** and
the transmission of survival signals from stromal cells to
recirculating B cells within primary follicles of secondary
lymphoid tissues is implied in the studies of follicular
exclusion.?? However, stromal cells are also known to deliver
negative signals to B cells inducing apoptosis.”> B cells
emigrating from the ileal Peyer’s patch travel via lymphatic
vessels first to the mesenteric lymph nodes including the
distal jejunal lymph node before entering the general circula-
tion.”® In comparison with the levels in peripheral lymph nodes,
the high level of apoptosis in B cells in the primary follicles of
the distal jejunal lymph node of splenectomized fetuses suggests
that negative signals are being delivered to the newly emigrated
B cells. This finding raises the possibility that the primary
follicles in lymph nodes receiving B cells released from the
Peyer’s patch follicles represent an additional checkpoint rather
than a safe haven.

The present study has shown that the creation of
splenectomized fetal lambs is a useful model for the investiga-
tion of B-cell ontogeny in sheep. In addition to allowing the
assessment of the contribution of B cells emanating from
splenic microenvironments to the colonization of the ileal
Peyer’s patch, the present study has identified areas for further
investigation that are relevant to the induction of B-cell
tolerance in a species using a post-rearrangement organ of
diversification.
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