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AbstJract
This Thesis investigates the possibility of an extrathymic pathway of T cell
development in the amphibian, Xenopus laevis.

Initial studies examined the

ontogenetic development of T cell surface antigen expression on both
splenocytes and thymocytes in larvae at 7 days through to 6-8 month old adults,
using the technique of dual-colour flow cytometry and employing a panel of T
and B cell specific monoclonal antibodies.

Flow cytometric analysis of

splenocytes from thymectomized (Tx) Xenopus was then addressed.

This

revealed that early (5-7 day) larval thymectomy resulted in the ablation ofT cell
surface antigen expression, as defined by the monoclonal antibodies 2B1 (antiCOS), AM22 and F17 (both anti-CD8), XT-1 (anti-XTLA-1) and D4.3 (putative
anti-af3 T cell receptor). Lack of these markers was still evident in 8 month old
Tx frogs, confirming the effectiveness of the operation.
In vitro studies showed that no T cell marker expression could be induced on the

surface of splenocytes from Tx animals following stimulation with concanavalin
A (ConA), phytohaemagglutinin (PHA) or the potent mitogenic agent, phorbol
myristate acetate (PMA). Studies were also carried out to investigate whether in
vitro stimulation induced apoptosis.

Flow cytometric studies revealed that

CDsdull expression could be induced on splenocytes from control Xenopus
following stimulation with PMA.

The nature of this induced cosdull

expression was investigated further in order to detennine why this phenomenon
was only seen in control animals. These experiments involving mixing ofT and
B cell populations, revealed that CDsdull expression was being induced upon the
surface of Xenopus B cells, and that this PMA-induced expression required the
presence ofT cells, and was blocked by a protein kinase C (PKC) inhibitor.
Finally, an additional search for extrathymic T cells involved examining the
intestine and liver of both control and Tx Xenopus, these tissues being sites of
extrathymic T cell development in higher vertebrates. The intestine of control
Xenopus was shown to contain T lymphocytes with a surface phenotype distinct

to that found in spleen or liver. Studies in Tx Xenopus showed that although
expression of some T cell markers was ablated in liver and gut, cosdull and
CD8dull (as determined by the mAb AM22) lymphocytes persisted in these
organs.

However, proliferative studies showed that these 'T-like' cells were

unable to respond to mitogenic stimulation with ConA, suggesting that they are
not functional T cells.
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This Chapter focuses attention on mammalian T cell development within the thymus
and examines the controversy of extrathymic T cell maturation, presents background
literature on cos+ B cell development and on apoptosis in the developing immune
system.

These areas are highlighted as they provide the rationale for why the

experimental work in this Thesis was carried out, and why the immune system of
Xenopus was chosen for these studies. Specific introductions to the experimental

work, reviewing the appropriate literature, are given in Chapters 2-5.

The mouse embryo thymus consists entirely of epithelial cells at 10 days gestation.
Lymphoid stem cells then enter the thymus in waves (Jotereau et al, 1987; Coltey et
al, 1987), beginning at around 11 days gestation. By 13 days there are around 1,000
cells which increase to lOx 1o6 by 18-19 days, the cortical and medullary regions
being visible from 14 days.

Until the thymus has developed a blood supply,

thymocyte precursors enter the thymus by pushing through the thymic capsule. Once
the thymus has been vascularised, thymocytes enter via the high endothelial venules
(HEVs) at the cortico-medullary junction (Owen and Ritter, 1969). By 15 days the
first thymocytes can be seen scattered throughout the thymus, and by 17 days the
thymocytes appear to be organised with many small lymphocytes present in the
cortex, and later appearing in the medulla.
1.1.1 1'1llymocyte Subsets
Within the thymus are 4 mam lymphoid populations based on their surface
expression of CD4 and CD8. These are CD4-CD8- ('dual negative') thymocytes
which account for 2-4% thymocytes, CD4+cn8- or CD4-CD8+ ('single positive')
which account for 5-10% of thymocytes, and the remainder (70-80%) are 'dualpositive', CD4+Cn8+.

Immature thymocytes, which include CD4-CD8- and

CD4+cn8+ populations and also some CD4-CD8+ cells - see below, can also be

identified by their high expression of peanut agglutinin (PNA) receptors, and these
are usually found within the cortex. These cells also express the enzyme, nuclear
terminal deoxynucleotidyl transferase (TdT), which is involved in the generation of
junctional diversity during gene rearrangement of the T cell receptor (TCR)
(Rothenberg, 1980). The CD4-CD8- ('dual-negative') thymocytes can be further
divided by their surface expression of the heat stable antigen (HSA), a marker found
on many haemopoietic cells.

Those cells that are CD4-CD8-HSA+ tend to show

precursor activity (have not fully differentiated or become committed to one lineage)
and express low levels of CD5 (Rothenberg, 1980; Fowlkes et al, 1985). Those cells
that are CD4-CD8-HSA- lack any precursor activity, tend to express high levels of
CD5, and many surprisingly express the

ap TCR (Budd et al, 1987). Double-

positive thymocytes (CD4+CD8+) tend to express high levels of HSA and low levels
of major histocompatibility complex (MHC) I proteins and low levels of ap TCR
(Scollay et al, 1984; Roehm et al, 1984), and it appears that these double-positive
thymocytes are intermediates between progenitor cells and mature single-positive T
cells (Fowlkes et al, 1988; MacDonald et al, 1988a; Guidos et al, 1989), which
express high levels of ap TCR on their surface.
Although CD4-CD8+ cells are usually a sign of fully matured cytotoxic Tc cells,
immature (no TCR expression) CD4-CD8+ thymocytes are also apparent early in
ontogeny (Kisielow et al, 1984) at day 15-16 but very quickly acquire the
CD4+CD8+ phenotype (MacDonald et al, 1988a). The transition from CD4-CD8+
to CD4+CD8+ occurs only once the cell expresses a fully rearranged ap TCR, and
the thymocyte stops dividing and is able to undergo thymic selection (Richie et al,
1988). Thymocytes that are CD4-CD8- or CD4-CD8+ are located just beneath the
thymic capsule, whilst CD4+CD8+ thymocytes are found deeper in the cortex. It is
thought that dendritic cells found at the cortico-medullary junction act to screen the
developing thymocytes for self-reactivity (negative selection) (Farr et al, 1985) and
mature CD4+CD8- and CD4-CD8+ T cells can be found within the medulla.
1.1.2 Thymocyte Selection of ap TCR+ Cells

In order for a T cell to express a functional T cell receptor (TCR), the gene segments
encoding the variable regions of the receptor (V, J (and D)) must rearrange such that
one of each type is assembled. The first V region genes to be rearranged are those
coding for the TCR

p chain,

a chain genes are rearranged subsequently.

recombination of V, (D) and J gene segments for a and

p chains

This

leads to the

production ofT cells with a wide range of specificities (combinatorial diversity).
These regions are joined together by enzymes coded by recombinase activating
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genes (eg. RAG-1) and by the enzyme, TdT.

During this joining together

nucleotides can be lost or gained from coding sequences, thereby further increasing
the diversity of the specificity of the TCR formed.
The

a~

TCR is used by mature T cells to recognise antigen, but only antigenic

determinants that are presented in association with major histocompatibility complex
(MHC) proteins expressed on the surface of an antigen presenting cell (APC).
Mature T cells that exit the thymus have undergone selection procedures that only
allow self-tolerant thymocytes to develop, whilst destroying any potentially
autoreactive cells by the process of apoptosis (von Boehmer, 1992). If the TCR V
region possesses high affinity binding to self antigen in association with self MHC,
the thymocyte will be deleted (Kappler et al, 1987), a phenomenon called negative
selection. In some mice, self-reactive T cells are not deleted in the thymus, and can
be found in the periphery.

However, these potentially self-reactive T cells are

usually 'non-responsive' or 'anergic'. Although the molecular mechanism promoting
anergy remains not fully resolved, it appears that peripheral anergy is promoted
when a T cell interacts with its ligand in the absence of appropriate co-stimulatory
signals (Schwartz, 1990; Roitt et al, 1995). There are several theories surrounding
the induction of clonal anergy in developing thymocytes. Firstly, it could be that
different epithelial cells in the thymus have different functions, for example, one
type of epithelial cell may promote positive and negative selection, whilst others
would induce anergy. Another possibility is that like peripheral anergy, thymocytes
need a co-stimulatory signal as well as TCR-MHC IIIAg interactions - if this signal
is not present, anergy is induced.

This leads to the problem that if the same

interactions that promote anergy are also used in positive selection, what is to stop
all developing thymocytes becoming anergised.

One possibility is that positive

selection and anergy occur at different times in T cell ontogeny. This would mean
that peripheral and thymic anergy both rely on TCR-MHC II!Ag interactions in the
absence of the co-stimulatory signal - and that the thymic epithelial cells are not
capable of providing this signal (Ramsdell and Fowlkes, 1990).
Positive selection of useful a~ TCR+ T cells occurs in the thymus and involves
testing thymocytes for their reactivity towards self MHC. Those cells that recognise
self MHC and associated peptide with low affinity are selected and therefore
survive, whilst those that do not recognise self MHC fail to survive. It appears likely
that it is the affinity between the TCR and MHC that determines which T cells
survive and which are deleted - those cells with a low affinity will be selected, whilst
those with a strong affinity would be deleted as this could potentially lead to
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autoimmunity. Another possibility is that the nature of the stromal cell interacting
with the T cell is crucial. There is evidence that thymic cortical epithelial cells
promote positive selection, whereas interdigitating APCs promote negative selection
(Anderson et al, in press).
The time when positive selection occurs is at the double-positive stage- CD4+CD8+
(von Boehmer, 1992; Janeway and Travers, 1996). The developing T cell, with
rearranged

p chains of its TCR, continues to rearrange a

chain genes until the cell is

positively selected or dies (Janeway and Travers, 1996). Whether the TCR of a
double-positive cell interacts with MHC I or MHC II will determine whether singlepositive CD8+ or CD4+ T cells are produced respectively.
1.1.3 y8 T Cells

Selection events described above have now been quite well characterised for

ap

TCR+ T cells, whilst the development and role of T cells with a y8 TCR remains
somewhat a mystery. The development ofT cells in the chicken thymus consists of
tlU'ee waves of stem cell colonisation (Coltey et al, 1987); y8 cells are produced
during the first two waves and these cells migrate to the spleen and intestine (Dunon
et al, 1993b).

Similarly, in mice, there appears to be several waves of y8 cell

development. Moreover each wave of cells uses a different Vy gene family (Allison,
1993; Havran and Allison, 1988). The first two waves of y8+ T cells employs Vy3
and Vy4 genes and additionally show very little polymorphism in their TCRs. These
y8 T cells have been shown to migrate from the thymus to skin (Vy3) and the tongue
and female reproductive tract (Vy4), and their limited TCR specificities may be
important in the recognition of damaged self-cells, where there is constant shedding
of the epithelium, rather than being able to recognise a wide spectrum of foreign
antigens (Havran et al, 1991; Janeway et al, 1988). Later y8 T cell populations
express Vy1 and Vy2 gene products, these cells homing to the blood and lymphoid
tissues, whilst those expressing Vy6 are found in the intestine - although there is
some controversy as to whether these intestinal cells arise extrathymically (Allison,
1993).
Of all the thymocytes within the thymus, only 0.5% express the y8 TCR, indicating
that this is a very small population. However, Kelly et al (1993) estimated that up to
1o4 y8 cells leave the thymus every day, indicating that these cells play an important
role in the immune system. Zorbas and Scollay (1993) found that the majority of y8
cells in the thymus expressed HSA and Thy-1, and were actively dividing, and as
such were likely to be a precursor population of y8 cells. The expression of HSA is
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not lost by these y8 T cells until they have exited the thymus and migrated into the
periphery. However, a few y8 cells in the thymus do not express HSA, and this
population is thought to be a distinct lineage and not simply recirculating y8 cells
that have lost their HSA expression and have returned to the thymus.
The recognition of antigen by y8 cells may differ from that of ap cells in that there is
no requirement for antigen presentation by 'classical' MHC proteins (Bluestone et al,
1991 ). y8 cells may recognise antigen in a similar way that ap cells recognise superantigens (Allison, 1993 ). It has been shown that y8 cells recognise host-derived
proteins that are induced by stress, for example, heat shock proteins (HSPs). These
are produced in response to an elevation in temperature, viral infection or
mycobacterial infections, and are usually found expressed on infected or damaged
host cells (Takagaki et al, 1989). Therefore, this suggests that y8 cells have a role in
host defence and recognise host-derived proteins rather than foreign antigens which
are recognised by ap cells.
The numbers of y8 cells in blood and most lymphoid tissues of mice are very low,
and these T cells tend to be localised at epithelial surfaces. However, in sheep and
cattle y8 cells form a major population ofT cells late in fetal life and early adulthood
(Mackay and Hein, 1991). In sheep, up to 60% y8 cells can be found in the blood at
140 days and this level is maintained for the first three months following birth (Hein
et al, 1990).

This level begins to drop until by 5-8 years old, there remains a

population of 5-10% y8+ T cells.

1.2 1r Cell Development in the Gut - An Extrathymic Pathway?
The mammalian intestine is home to the largest population of T cells in the body.
Furthermore, recent research indicates that at least some of these T cells differentiate
and undergo selection procedures within the intestine, and may have developed
extrathymically (Poussier and Julius, 1994).
The important lymphoid areas in the intestine consist of the lamina propria (LP)
which lies just beneath the basement membrane of the intestinal villi, the
intraepitheliallymphocytes (IEL) which can be found above the basement membrane
between the columnar epithelial cells, and the Peyers patches (PP) which are nodules
of lymphocytes that are embedded into the gut wall.

5

Populations of T cells can be distinguished within the mammalian intestine on the
basis of their surface expression of CD4 and CD8, similar to the situation in the
thymus. Dual-negative (CD4-CD8-), dual-positive (CD4+cns+) and single-positive
(CD4+cns- and CD4-CD8+) populations are found. Those cells expressing CD4
are located mainly within the LP and are rare within the epithelium. Also found in
the LP are T cells expressing the CD8 molecule composed of an a and ~ chain (ie.
CD8a~+ cells) and most ofthese cells tend to express the a~ TCR and are Thy-1+.

Those T cells found within the gut epithelium are mostly CD8+, but in contrast to
the CD8a~+ cells in the LP, the epithelial T cells bear two a chains, ie. are CDS
aa+. These CD8aa+ cells can express either the a~ or yo TCR, but lack expression
of Thy-1. Also located within the epithelium are CD4+cns+ cells expressing the a
~ TCR, but these cells bear the CD8aa+ phenotype and are thought to be mature

CD4+ cells that have acquired the additional CD8aa phenotype after the cell had
migrated to the gut environment (Guy-Grand et al, 1993). This induction of a CD8a
a phenotype within the gut occurs on both TCR- and TCR+ cells, eg. on TCRlymphocytes which are the major population of lymphocytes in nude mice (GuyGrand et al, 1991) and the only population in SCID mice (Guy-Grand et al, 1991;
Croitoru et al, 1990).
Studies on intestinal lymphocytes of nude mice have revealed that there are
approximately one eighth the number of lymphocytes in the gut compared to the gut
of normal mice, and CD4+ and CD8a~+ cells are lacking. Of the lymphocytes
present in nude animals, only about 40% express CD3 (compared with the vast
majority of lymphocytes in normal mice). The majority of CD3+ cells in nude mice
bear the

yo TCR.

As the nude mice age, their gut lymphocytes increase in number

and some cells do develop that bear the

a~

TCR. Rocha et al (1992) have shown

that if nude mice are injected with lymphocytes from the lymph nodes (LNs) of
normal mice that are CD4+ and CD8a~+, these cells can later be found in the gut
alongside lymphocytes of host origin (CD4-CD8aa+). It is suggested that
CD4-CD8aa+ cells can develop in the absence of thymic influence. Thus mice that
were thymectomized (Tx) and then lethally irradiated, were given bone marrow that
had been depleted ofT cells. These Tx animals developed CD4-CD8aa+ cells
within the gut that were shown to be of host origin (Guy-Grand et al, 1991) leading
to the conclusion that those cells bearing the CD8aa homodimer are generated
extrathymically. Lefran<;ois (1993) has shown that there is a lack of a~ TCR+ T
cells in the intestines of germ-free, nude mice and also in bone marrow-
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reconstituted, adult-thymectomized (ATX) mice. However, if fetal liver is used as
the donor source of progenitors in ATX mice, a~ TCR+ IELs develop.
T lymphocytes that are CD4+ and CD8a~+ originate in the thymus and migrate to
the Peyers patches (PP) after exiting the thymus. These lymphocytes then constantly
recirculate until they become activated. Studies have shown that upon activation,
lymphocytes in the PPs migrate to the thoracic duct and mesenteric LNs, and
ultimately appear within the lamina propria and gut epithelium (Guy-Grand et al,
1978). Once these T cells have migrated to the lamina propria and epithelium they
are terminally differentiated and remain here for the rest of their lives. This is
further supported by Guy-Grand et al (1991) who have shown that germ-free mice
contain only small numbers of lymphocytes in their intestines, and that this
population increases once the mice are exposed to antigen. Furthermore, the greater
the amount of antigen that is encountered, the greater the number of developing
intestinal lymphocytes.

However, these developing lymphocytes are CD4+ and

CD8a~+, ie are thymus-dependent (TD).

Lymphocytes bearing the CD8aa

homodimer are not found in the thoracic duct of normal, nude or suckling mice, and
these cells do not arise from activated lymphocytes from the PPs. Instead, it
appears that CD8aa cells home directly to the gut from bone marrow precursors.
However, these thymus-independent (TID) lymphocytes are also fotmd in reduced
levels in germ-free mice and appear to increase as the TD population increases,
suggesting that the TID lymphocytes may be influenced by factors produced by the
developing TD lymphocytes.
The suggestion that CD8aa+ lymphocytes develop within the gut is supported by
the finding that RAG-I, an enzyme required for the rearrangement of the TCR genes,
can be detected in these cells (Guy-Grand et al, 1992). This enzyme is found in
lymphocytes in the thymus where thymocytes are rearranging their TCRs, whereas
RAG-I cannot be detected in mature T lymphocytes that are in the periphery. Levels
of RAG-I mRNA are high in thymocytes where extensive TCR gene rearrangement
occurs during selection, whilst lower levels are detected in the intestine indicating
that although these cells are undergoing TCR gene rearrangement, there is less
arrangement occurring.
The selection processes that educate thymocytes appear not to occur in the gut. In
Mls-Iam+ mice, thymocytes bearing the TCR V~6, V~8.1 and V~ll gene families
are routinely deleted within the thymus and therefore T cells employing such genetic
elements are not detected in the periphery. However, although in the intestine of
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these mice, the TD lymphocytes show the same deletions of these Vp families, the
TID populations express these vp families that should have been deleted by normal
thymus selection procedures (MacDonald et a!, 1988b; Bill et al, 1989). The fact
that these VP families are not deleted in T cells developing in situ in the intestine
may suggest that these particular TCR types are important for recognition of gutderived antigens (eg. superantigens of bacterial origin). Therefore these intestinalderived 'T-like' lymphocytes may play an important role in the first line of defence
against certain antigens (Rocha et al, 1991).
Although it has been shown that mammalian y8 cells can develop extrathymically (as
shown by their appearance in nude mice with ageing), early in life most of the y8
cells in the intestine are derived from the thymus. These cells leave the thymus
before they have fully developed and undergo development and differentiation at the
intestinal epithelium (Lin et al, 1994). The development of intestinal y8 cells in the
chicken (Dunon et al, 1993a) and sheep (Hein et al, 1990) has been shown to be
entirely thymus-dependent. Thymectomy in utero of lambs results in the ablation of
y8 intestinal T cells, whilst age-matched siblings have normal levels of these T cells

(Hein et al, 1990; Hein and Dudler, 1993).
Although some of the above mammalian experiments point to the development of
thymus-independent T cell development (Guy-Grand et al, 1993; Rocha et a!, 1995),
the

thymus-dependent

vs

thymus-independent

development

of

intestinal

lymphocytes has been the subject of considerable debate. For example, most IELs
bear the y8 TCR, express the CD8aa homodimer and lack the T cell markers CD5
and Thy-1 (Lin et al, 1993). This is in contrast to other peripheral y8 T cells which
tend to be CDS- and mostly

ens+

and Thy-1 +.

However, there are equally

convincing experiments to show that the murine thymus is crucial for gut T cell
development (Wang and Klein, 1994; Lin et al, 1995; Lefran9ois and Puddington,
1995). Wang and Klein (1994) showed that there was a complete lack of CD4,
CD8p, Thy-1, CDS and ap TCR expression in neonatally thymectomized (NTX)
mice.

If these NTX mice were treated with the neuroendocrine hormone,

thyrotropin-releasing hormone (TRH) - a hormone known to have effects on T cell
development - within just one week, emergence of CD4, CD8p, Thy-1, CDS and ap
TCR expression on gut lymphocytes could be detected. By three weeks levels of
these markers were approaching those found in euthymic mice. This emergence of
cell surface antigen expression was also accompanied by an increase in the total
number of intestinal lymphocytes in these animals. This was not simply due to a
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mitogenic effect of the hormone on lymphocytes already present in the intestine as
the hormone has been shown not to be mitogenic for murine lymphocytes.

1.3 Development and Significance of CDS+ B Cells
In recent years there has been considerable research and controversy surrounding a
small population of B cells, found in both mice and humans, that express the pan-T
cell marker, CDS.

These CDS+ B cells develop early in ontogeny, and can be

distinguished from conventional B cells in that they have a high lgM:IgD ratio, they
have a tendency to produce autoreactive antibodies, and to be located in specific
regions such as the peritoneal cavity, and have a self-replenishing capacity (Hardy,
1991; Kantor, 1991).
Much debate has surrounded the issue as to whether these CDS+ B cells constitute a
separate lineage to conventional B cells.

Most workers have adopted the

nomenclature that those B cells that express CDS are referred to as B 1 cells, whilst
conventional B cells are termed B2 cells (Hardy, 1991; Kantor, 1991; Haughton et
al, 1993 ). The B 1 population has been further divided into those cells that express
CDS, B 1a cells, and those that do not express CDS, but share other properties of B 1
cells, eg self-renewal, high lgM:IgD ratio, and these are termed B 1b cells (Hardy,
1991; HerzenbergandKantor, 1993; Haughtonetal, 1993).
The question as to whether B1 cells represent a distinct lineage is still not resolved,
with some workers providing evidence for a distinct lineage origin (Hardy, 1991;
Kantor, 1991), whilst others (Wortis et al, 1991, 1992; Ying-zi et al, 1991) suggest
that ens+ B cells are a result of B cell activation, and that any naive B cell has the
potential to express CDS. Studies have shown that CDS expression on B cells (both
human and murine) can be induced by in vitro stimulation with phorbol esters (Zupo
et al, 1994; Miller and Garlow, 1984; Freedman et al, 1984). However, it has been
shown that not all B cells are capable of induced CDS expression (Hardy, 1991;
Haughton et al, 1993; Kawamura et al, 1994), which may suggest that CDS is not
simply an activation marker for B cells.
In mice, conventional (or B2) cells are replenished throughout life from progenitors
found in the bone marrow.

In contrast, B1 cells rely on self-replenishment of

existing B 1 cells that have developed in the first 3-6 weeks of life (Herzenberg and
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Kantor, 1993). The early development of B1a cells was shown when fetal liver
transferred to irradiated mice was able to give a normal distribution of CDS+ B
cells, whilst the transfer of adult bone marrow gave 10-20 fold less CDS+ B cells
(Hardy, 1991 ). Further studies, involving the transfer of fetal pro-B cells or adult
bone marrow pro-B cells into severely combined immunodeficient (SCID) mice,
showed that three weeks after reconstitution there were low levels of IgD expression,
but high levels of CDS when fetal pro-B cells were transferred.

In contrast,

increased levels of IgD, expression but few cells expressing CDS, occurred when
bone marrow pro-B cells were used (Hardy and Hayakawa, 1991). The ability of
fetal omentum to replenish the CDS B cell population, but not the conventional B
cell pool was shown by Solvasson et al (1991).

This ability of fetal tissue to

replenish the CDS B cell population led to suggestions that B 1a cells and y'6 T cells
are the most primitive type of lymphoid cells, whilst conventional B cells and

aB

T

cells are the 'most developed'. This was further supported by the fact that Vy3 T
cells can arise only from fetal but not from adult haemopoietic stem cells (Kantor,
1991; Havran et al, 1991 ).

Unlike B 1a cells, B 1b cells are able to replenish

themselves from progenitors found in both fetal liver and adult bone marrow,
however, this only occurs in irradiated mice that have been given bone marrow.
B 1 cells tend to show a limited range of variable heavy chain (V H) gene usage, with
VH11 and VH12 being common among these early developing cells. These Bl cells
also show very little N-region insertions during rearrangements of their Ig genes,
whereas later in development, B cells that have arisen from the bone marrow,
virtually all show N-region insertions (Kearney, 1993). These N-region insertions
lead to differences in the specificity of the CDR3 region of the encoded
immunoglobulins (Ig). Those B cells produced early in life (noN-region insertions),
show a very limited range of specificities, whilst those produced after birth, when Nregion insertions are common, show a greater range of specificities.
Ishida et al (1992) showed that if continuous treatment of mice with anti-interleukin
(IL) 10 was given from birth into adulthood, there was a dramatic reduction in the
level of CDS+ B cells, whilst the level and functions of conventional B cells
remained unaffected. If the anti-IL-10 treatment was stopped at any time, CDS B
cells began to reappear several weeks later, indicating that the deletion is not
permanent. It was suggested that the depletion of CDS B cells may be due to
increased levels of interferon (IFN) y, which was found to increase following antiIL-l 0 treatment.
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The functional role of CDS+ B cells has still not been resolved, but the fact that in
normal mice, the levels of CDS+ B cells is consistent between strains, and that these
cells predominate in early life indicate that these cells play an important role in the
immune system (Hayakawa et al, 1983). The ligand for CDS, CD72 is found on
both B1 and B2 cells (although not expressed on plasma cells), suggesting that it
may be important in T-B cell interactions (Vander Weide, 1991). The presence of
CDS on B1a cells may suggest that these cells play a role in regulating the functions
of other B cell populations by interacting with CD72 found on the surface of B cells
(Kawamura et al, 1994).

There appears to be different signalling mechanisms

between B 1 and B2 cells, as shown by the need for phorbol ester alone to induce
proliferation in B 1 cells, but the requirement for both phorbol ester and ionomycin
by B2 cells. It was also found that B1 cells do not respond to anti-Ig stimulation like
B2 cells, but that their response to LPS is the same for both cell types (Kearney,
1993).
The presence of CDS+ B cells has also been shown in the rabbit, but unlike mice
and humans, virtually all of the peripheral B cells in the rabbit are ens+ (Raman
and Knight, 1992). Most B cell development in the rabbit occurs early in ontogeny
and these cells are self-replenishing therefore reducing the requirement for B cell
development in the adult, a situation similar to that found in chickens (Ratcliffe,
198S). In contrast, no ens+ B cells have been detected in the rat (Vermeer et al,
1994), horse (Blanchard-Channell et al, 1994) or cat (Ackley and Cooper, 1992),
although CDS expression can be induced on the surface of B cells in the horse and
cat following in vitro stimulation with phorbol ester.

1.4 Apoptosis in :U:mmune System IDevenopment
Apoptosis (programmed cell death) occurs not only amongst lymphoid cells but also
in all other cell types. Apoptosis occurs in primary lymphoid organs such as the
thymus, liver and bone marrow to remove non-functional or aberrant cells (Krammer
et al, 1994). In B cell development 9S% of B cells that develop are destroyed by
apoptosis if their immunoglobulin (Ig) receptors are self-reactive, or if they have
non-functional Ig gene rearrangements (Cohen, 1993). Likewise, apoptosis plays a
central role in T cell education in the thymus during negative selection (Von
Boehmer, 1992; Korsmeyer, 199S).

Apoptosis also occurs in the peripheral

lymphoid organs such as the spleen and lymph nodes. In these organs the role of
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apoptosis is to down-regulate the immune response or to maintain self-tolerance,
thereby preventing damage or disease to the host (Krammer et al, 1994).
Apoptosis is a form of cell death that is controlled and specifically induced by a
number of genes. It is distinct from necrosis, another form of cell death, whereby
death is usually induced by damage to the cell itself. In necrosis, once the cell has
been damaged ions are able to enter, causing the cell to take up water and swell.
This continues until finally the cell ruptures, releasing the contents of the cell into
the surrounding area, which will then usually initiate an inflammatory response
(Farber, 1990). Apoptosis is an entirely different process, which is initiated by a
whole range of stimuli, usually coming from the microenvironment, including
deprivation of essential growth factors, signalling via certain surface receptors,
exposure to hormones, eg. glucocorticoids, or DNA-damaging agents (Schwartz and
Osborne, 1993; Nufiez et al, 1994). Once the 'death signal' has been identified,
apoptosis is induced and the cell begins to get smaller, there is blebbing of material
from the plasma membrane releasing 'apoptotic bodies', and the chromatin condenses
and finally there is cleavage of DNA into small 180 base pair fragments (Korsmeyer,
1995).

The apoptotic bodies are phagocytosed by nearby macrophages thereby

preventing any chance of an inflammatory response (Savil, 1993).
There are two main stages to apoptosis, the first of which is the latent phase. This is
a time when cells become committed to cell death but are visually no different from
other viable cells. These cells can even undergo a further round of DNA replication
and cell division. The second stage, the execution phase, is when the cells become
visibly detectable as apoptotic and can take as little as 15 minutes to occur.
(Earnshaw, 1995). The change from the latent to the execution phase can take
several hours, therefore if a sample of cells are taken from culture, there will only be
a minor population of cells (20-40%) that will appear to be in the execution phase,
ie. visually appear to be apoptotic. Lazebnik et al (1993) has shown that the factors
that cause the induction of the execution phase are located in the cytoplasm and not
in the nucleus. This is further supported by the fact that mitochondria, which are
found in the cytoplasm, are important for the induction of the execution phase
(Newmeyer et al, 1994).
During T and B cell development, apoptosis plays a major role in removing any
lymphocytes that contain aberrant gene rearrangements for either the TCR or
immunoglobulin surface receptor (von Boehmer, 1992; Deeman et al, 1990).
Induction of apoptosis can be induced in mature T cells by binding of their CD3-
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TCR complex, or following PHA stimulation (Kabelitz et al, 1993). Resting T cells
tend to be less susceptible to Ag-induced apoptosis, but following stimulation
become more susceptible (Salmon et al, 1994).

It can be seen therefore that

following stimulation ofT cells, activated cells can go down one of two pathways that of proliferation or apoptosis. This may be one way of controlling the immune
response such that a proportion of Ag-activated T cells will undergo apoptosis and
therefore limit the number of responding T cells. Wang et al (1993) have shown that
upon activation of Th 1 cells, the threshold of Ag-induced apoptosis is lowered, and a
fine balance between cytokine production and apoptosis is in operation. If these
cells are to survive, then cytokine production must predominate, otherwise the cell
will die by apoptosis. With Th2 cells, Ag stimulation increases the threshold for Aginduced apoptosis, therefore whether the cell dies by apoptosis or not, cytokine
production by these cells is unaffected.

Activated cytotoxic T cells require

interleukin 2 (IL-2) in order to avoid apoptosis, and the source of IL-2 is usually
from nearby helper T cells. However, repeated stimulation of helper T cells results
in the loss of the helper cells ability to produce IL-2, which in turn would result in
the death of activated cytotoxic T cells by apoptosis. Unless more naive helper T
cells were recruited, the immune response would be terminated (Akbar and Salmon,
1995).

This means that different antigen presenting cells (APCs) can stimulate

different Th subsets which will result in either cytokine production or Ag-induced
apoptosis, which will ultimately control the inflammatory response.
There have been several genes identified that are involved in apoptosis and its
regulation which include, bcl-2, c-myc, p53 and Fas (or AP0-1 in humans) amongst
others. The genes c-myc and p53 have been found to promote apoptosis (Y onishRouach et al, 1991; Milner et al, 1993). Fas/AP0-1 also induces apoptosis upon
stimulation (Cohen, 1993; Krammer et al, 1994). Fas is expressed in high levels on
the surface of activated T cells, whilst resting T cells display only low levels or none
at all (Klas et al, 1993). In contrast, bcl-2 seems to be involved in preventing
apoptosis, and is found expressed on most mature T cells (Krammer et al, 1994).
One of the most extensively studied genes is bcl-2, which produces a 26kDa integral
membrane protein (Bcl-2) that is found in the outer membrane of mitochondria, the
perinuclear membrane, and smooth endoplasmic reticulum (NUfiez et al, 1994) The
protein is anchored to the membrane whilst the majority of the protein is directed
into the cytosol. It was found that increased levels of Bcl-2 in lymphocytes led to
cell survival, protecting the cell from undergoing apoptosis (Akbar and Salmon,
1995; Korsmeyer, 1995).

Bcl-2 is found expressed on most mature T cells
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(Krammer et al, 1994) and work by Korsmeyer has revealed that there is a close
interaction between Bcl-2 and another related protein, Bax (Bcl-2 associated X
protein). Bcl-2 and Bax tend to form heterodimers within the cell and counter the
effects of each other. If Bcl-2 predominates, homodimers of Bcl-2 form and the cell
survives; if Bax predominates, homodimers of Bax form and the cell enters
apoptosis. Bax shows homology to Bcl-2 in two main regions, termed BH1 and
BH2, and these regions are important for dimerization. Studies have shown that if
mutations are introduced into either of these regions, Bcl-2 is unable to protect the
cell from apoptosis. These mutations appear to have no effect on the ability of Bcl-2
to form heterodimers with Bax, or for Bax to form homodimers, indicating that it is
the formation of Bcl-2 homodimers that is critical for cell survival.
Nufiez et al (1994) have shown that Bcl-2 is involved in positive selection of
thymocytes in the thymus. As CD4+cn8+ thymocytes mature into single positive T
cells, expression of Bcl-2 is increased. However, immature lymphocytes are still
deleted by negative selection, as shown in studies using transgenic mice (Korsmeyer,
1995), which would imply that apoptosis is mediated and controlled by a range of
genes and is not controlled by bcl-2 alone (Akbar and Salmon, 1995).

1.5 Use of Xenopus for .n:nvestigation of Lymphocyte Development
The work carried out in this Thesis is based on the animal model, Xenopus laevis, an
anuran amphibian.

At first this may seem an unusual choice of species for

immunological studies, when as shown above, our understanding of components of
the immune system of higher vertebrates is considerable. However, the immune
system of Xenopus is not dissimilar to that of higher vertebrates, and includes
several lymphoid organs including thymus, spleen, gut associated lymphoid tissue
(GALT), the lymphomyeloid peripheral layer of the liver, and the mesonephros of
the kidney (Manning and Horton, 1982; Plytycz and Bigaj, 1983; DuPasquier et al,
1989). There is a division of lymphocytes into T and B cells, and both cytotoxic and
helper T cell activity has been demonstrated, as well as the existence of three classes
of immunoglobulin (IgM, lg Y and lgX - corresponding to the mammalian
equivalents of lgM, IgG and IgA respectively) (DuPasquier et al, 1989; Horton,
1994). Xenopus is the most primitive vertebrate with a defined MHC (DuPasquier et
al, 1989), which is referred to as Xenopus leukocyte antigen (XLA). The Xenopus
MHC was discovered through skin allograft rejection studies, with both class I and

14

class II MHC proteins are found in Xenopus, but their expression pattern is different
from that found in mammals (see Chapter 2).
One superior feature of Xenopus over higher vertebrates is the ease with which the
Xenopus thymus can be removed at a very early point in its histogenesis, before T

cell maturation has occurred. Such an effective thymectomy is possible because
larvae are independent of direct maternal influences, and the thymus can be easily
visualised under the transparent skin of the head. In higher vertebrates thymectomy
is possible but usually at a stage in development when T lymphocytes have matured
and have already escaped into the periphery. The use of strains of mice which have
no thymus (nude mice and rats) abolish the need for operations to remove the
thymus, but these animals have defects after their thymic loss (Lin et al, 1994) and
furthermore, they have been shown to develop thymic tissue with ageing, possibly
allowing the development ofT cells to occur in older animals (Kennedy et al, 1992).
The use of severely combined immunodeficient (SCID) mice has also been used for
studies on T cell development due to the absence of both T and B cells. However, in
such an immunocompromised animal model, the results must surely be questioned
as to whether the findings are as a result of a lack ofT cells, or due to the combined
effects of the immunodeficieny overall.

1.6 Aims of the Thesis
The major aim of this Thesis is to investigate whether an extrathymic pathway ofT
cell development exists in the amphibian, Xenopus laevis. The work carried out in
this Thesis aimed to study the emergence of T cell surface antigen expression in
normally developing and metamorphosis-inhibited animals; to investigate the
thymus-dependent nature of these cell surface antigens and their stability following
in vitro stimulation; to probe the consequences of in vitro stimulation with regards to

the induction ofT cell surface antigens, and the occurrence of apoptosis; and finally
to study the development ofT lymphocytes at sites known to support the generation
of extrathymic T cells in mammals.
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The South African clawed toad, Xenopus,

is an ideal animal model

for

immunobiological studies. It is an entirely aquatic anuran amphibian that is easy to
breed and maintain in the laboratory. The immune system of Xenopus has been studied
in considerable depth (DuPasquier et al, 1989; Horton, 1996), and bears a remarkable
resemblance to that of higher vertebrates. Anatomically this includes several lymphoid
organs or lymphoid cell accumulations, including thymus, spleen, gut-associated
lymphoid tissue (GALT), the lymphomyeloid peripheral layer of the liver, and the
mesonephros ofthe kidney (Plytycz and Bigaj, 1983; DuPasquier et al, 1989).
The Xenopus thymus is the organ responsible for the production ofT cells, as is the case
for mammals, and is the first lymphoid organ to develop. The paired thymus is situated
on either side of the head behind the eyes. The thymic anlage buds from the pharyngeal
epithelium (Horton and Manning, 1982; Turpen and Smith, 1989) at about 3 days of age
and lymphoid stem cells enter the thymus at about 4 days and budding occurs. By 7
days there are approximately 1,000 lymphoid cells in the thymus, which are mostly
immature as indicated by their large size (Manning and Horton, 1969). At this point
there is no cortex/medulla differentiation. The overall structure of the mature larval and
adult thymus is like that of mammals, consisting of an outer cortical region and an inner
medulla. However, unlike mammals there is a boundary layer separating the cortex and
medulla (Clothier and Balls, 1985). The cortex is full of proliferating lymphocytes in
contrast to the medulla, which contains fewer lymphocytes but many diverse thymic

stromal cell types (Clothier and Balls, 1985). During metamorphosis there is involution
of the thymus and the number of thymocytes is drastically reduced (DuPasquier et al,
1989). Also at this time the thymus moves position from behind the eyes backwards
towards the ear. After metamorphosis a second wave of stem cells enter the thymus and
this wave reaches a peak after about 2-3 months (Turpen and Smith, 1989). This new
wave of cells is thought to coincide with the emergence of adult-type T cells (RollinsSmith et al, 1992). As Xenopus becomes sexually mature, the thymus begins to regress
once more, this time becoming embedded in fatty tissue (Manning and Horton, 1982).
Although the ontogeny of the immune system in Xenopus has been studied functionally
(Williams and Horton, 1980; Horton, 1994), there has to date not been any in-depth
analysis made of antibody-defined changes in immunocyte phenotype during
development.

For this reason this Thesis has begun with an ontogenetic study of

Xenopus laevis, concentrating on the emergence of immunologically significant antigens

that appear on the cell surface of tadpole splenocytes and thymocytes, and probing the
changes that occur over metamorphosis and into adult life.

This Chapter employs

several new monoclonal antibodies directed against cell surface determinants on
Xenopus T cells. The emergence of monoclonal antibody-defined cell populations are

followed from 7 day old larvae through to 8 month old adults. This study aimed to
provide a database of information regarding the development of T cells in two major
lymphoid organs (thymus and spleen) of Xenopus, which would not only be of value for
further studies in this Thesis, but also of use to other workers studying the immune
system of Xenopus.
As an amphibian, Xenopus undergoes a metamorphic change from its tadpole form into
an adult frog. This period of change has been extensively studied, work facilitated by
the method of blocking tadpoles from metamorphosing (Rollins-Smith and Blair, 1990;
DuPasquier and Flajnik, 1990). This is achieved by adding sodium perchlorate to the
aquaria} water which blocks the action of the thyroid gland and its hormones, preventing
tadpoles from acquiring adult characteristics. This technique has been used to probe
immunological changes that occur during metamorphosis, such as the emergence of
class I and II MHC antigen expression, and determine whether these changes are
dependent upon metamorphosis, or are simply age-dependent.
In parallel a second ontogenetic study was carried out on perchlorate-blocked larvae.
By inhibiting metamorphosis, this investigated whether any major differences occurred
with respect to ontogeny of lymphocyte surface antigen expression. The patterns of
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expression of MHC class II surface antigens have been studied in perchlorate-blocked
larvae (Rollins-Smith and Blair, 1990; DuPasquier and Flajnik, 1990). However, some
of the data obtained with respect to lymphocytes was by inference due to a lack of mAbs
available. Furthermore, the present study employs the extremely sensitive technique of
flow cytometry, where surface antigen expression of a large number of cells can be
analysed rapidly, and also probes a range ofT cell surface antigens. Two-colour flow
cytometric analysis was performed in these studies, thereby providing a more accurate
analysis of the phenotype of developing T cell populations.
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2.2.li Annnllllllall IHlun§lbanndlwy
Adult outbred Xenopus laevis were primed with 50 units of human chorionic
gonadotrophin (HCG) injected into the dorsal lymph sac a day before breeding.
Ovulation and mating was induced by injecting a final dose of 500 units of HCG via the
dorsal lymph sac the next day. Pairs of frogs, after receiving the final dose, were placed
into tanks containing cotton gauze and were left in the dark undisturbed overnight. The
next day the gauze, containing the eggs, was transferred to tanks (90cm x 50cm x 25cm)
filled with aerated dechlorinated water at 23±20C.
Larvae were fed on nettle powder; the initial density was around 2-3 larvae per litre, but
from 2 weeks of age they were kept at about one tadpole per litre.

The stage of

development was determined each week (Nieuwkoop and Faber, 1956) and the first
experimental time point to be taken for flow cytometric analysis was stage 48, one week
after fertilisation. From this point onwards larvae were taken at approximately weekly
intervals for flow cytometric analysis. Larvae completed metamorphosis at around 8-9
weeks.
Adults were placed into smaller tanks (38cm x 25cm x 30cm), about 6 individual frogs
per 3 litres of water at 23±20C, and were fed twice weekly. Their diet consisted of
either Xenopus Pellets (Blades Biologicals) Diet No.1 for metamorphosing or young
animals until 5-6 months, or Diet No.2 for larger animals. In both cases the diet was
further supplemented with bloodworms. Adults were taken for analysis at 3-4 months
and again at 6-8 months of age.

2.2.2 Perchlorate Blocked! Larvae
Some larvae were blocked from metamorphosing by the addition of sodium perchlorate
(Sigma) at lg per litre aquarial water beginning at 3 weeks of age (Rollins-Smith and
Blair, 1990). Water was then changed and fresh perchlorate added twice a week to
maintain the block.

Blocked larvae only reached stage 54 (in terms of limb

development) and were taken for experimental analysis at several time points from 5
weeks to 8 months of age.
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Animals were heavily anaesthetised in a solution of 3-aminobenzoic acid ethyl ester
(MS222) (Sigma).

Spleens were dissected out with forceps and micro-scissors and

placed into a 3.5cm petri dish (Costar) containing 2ml amphibian phosphate buffered
saline (APBS) containing 0.1% NaN3 and 0.1% BSA ("FACS" medium see Appendix
A). Thymuses were exposed by removing the overlying skin and were removed using a
pair of tungsten needles and placed into 2ml FACS medium. Due to the small size of
tadpoles and correspondingly low lymphocyte numbers, many tadpoles were used for
each experimental time point, spleens and thymuses being pooled (see Results for
details).
Cells were released from the organs by gentle teasing with tungsten needles in ice-cold
FACS medium. The cell suspension was then transferred from the petri dish to a 5ml
Falcon tube, the petri dish was then washed with a further lml FACS medium and the
washings added to the tube. The suspension was then pipetted vigorously to further
help release cells before larger pieces of tissue debris and clumps were allowed to settle
before transferring the supernatant containing the cells to a fresh 5ml tube. The cells
were then centrifuged for 10 minutes at 300g at 40C and resuspended in fresh FACS
medium and counted in a Neubauer haemocytometer.

2.2.4! Monodonai Antibodlies
Details concerning the monoclonal antibodies (mAbs) used are shown in Table 2.1. The
origin of these anti-Xenopus mAbs is also shown in the table.

2.2.5 Dua] Labelling of CeUs for Flow CytQmetric A_nalysis
After the cells had been adjusted to 1x106 lymphocytes per millilitre, 2x105 cells were
added to wells of a 96 well round bottomed plate. Replicate wells were eventually
stained with different antibodies. Only every other well was used, to reduce the risk of
cross-contamination during the washing steps. The plate was centrifuged for 10 minutes
at 300g at 40C and the supernatant discarded.

The pellets (2x105 cells) were

resuspended in 50f.ll appropriate primary monoclonal antibody (mAb) and the plate was
incubated on ice in the dark for 20 minutes.

Any remaining unbound mAb was

removed by two successive washing steps with 200f.!l FACS medium, centrifugation
and discarding the supernatants.

The pellets were then resuspended in 50f.ll 1:20

dilution of fluorescein isothiocyanate [FITC]-conjugated [F(Ab)2] rabbit anti-mouse
immunoglobulins (DAKO) and incubated on ice in the dark for 20 minutes.

This
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antibody had previously been adsorbed with 5% Xenopus serum to remove any nonspecific anti-Xenopus activity. The FITC anti-mouse Ig step allows visualisation of
mAb's that are unconjugated hybridoma supernatants and strengthens the signal when
FITC-labelled, purified mAb's are used. The cells were then washed twice with FACS
medium containing 1:100 heat-inactivated mouse serum (Sigma) to block any unbound
anti-mouse Ig sites.

The pellets were then resuspended in 50Jll appropriate

phycoerythrin [PE]-conjugated mAb and incubated on ice in the dark for 20 minutes.
The cells were finally washed twice in FACS medium and resuspended in 600Jll FACS
medium and transferred to 5ml Falcon tubes for analysis on the flow cytometer.

2.2.5.li N~garrftv~ Connrr~roll§
Due to the variable intensities of fluorescence stammg on cells, it is important to
distinguish what is deemed positive staining. This is achieved by staining cells with a
non-Xenopus specific, "isotype-matched" antibody for both green and red fluorescence

and setting markers to exclude 98% staining with these particular antibodies.
Throughout the surface staining studies in this Thesis, the control mAbs used were CT3
for green fluorescence, and Ig-PE for red fluorescence. CT3 is a mouse mAb of IgG1
isotype specific for the chicken CD3 complex and therefore should not bind to Xenopus
lymphocytes. It is not conjugated with fluorescein, and therefore must be amplified
with the secondary FITC rabbit anti-mouse immunoglobulin (see section 2.2.5). Ig-PE
is a mouse immunoglobulin of the IgG isotype (DAKO) that is directly conjugated with
phycoerythrin.

Most mAb's used were of the IgG isotype of these two "control"

reagents; the exceptions being the anti-CD8 mAb's (see Table 2.1) which are IgM.

2.2.6 IFnow

Cyltomet~ritc

Amudy§i§

Samples were analysed on either a Coulter Epics Profile II or a Coulter Epics XL-MCL
flow cytometer. The ELITE software that runs the Coulter Epics XL-MCL cytometer
and analyses the data produced allows manipulation of the data, both during acquisition
of the data and also at a later time point if the data is saved onto computer disk. Details
concerning quality control of the cytometer are shown in Appendix B.

2.2.6.li Jl))arra Annaiy§i§
A protocol was generated to analyse surface fluorescence staining on lymphocytes from
Xenopus using the ELITE software. This took the form of various types of histograms

as shown in Figure 2.1.
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Cells are shown by their physical characteristics on the screen by way of their
forward scatter profile (cell size) against their side scatter profile (granularity).
Therefore on the basis of cell size and granularity, the populations representing
lymphocytes, granulocytes and erythrocytes can be distinguished - Figure 2.1 A.
During flow cytometric analysis of a cell suspension it is preferable to visualise
only the information on lymphocytes. A gate can be drawn around the desired
population within the forward scatter vs side scatter dot plot, and the
fluorescence staining on only these cells which are known to contain mostly
lymphocytes but also some macrophages (J.D. Horton, personal communication)
can be analysed - Figure 2.1A(ii). During acquisition of data the cytometer was
set to continue to run until 10,000 gated cells had been analysed.

During

subsequent data analysis, information on ungated cells (also stored on the
computer) could be investigated as appropriate.

The "lymphocyte gate" set

excludes dead cells and debris. Dead cells can be visualised by the addition of
0.25mg/ml propidium iodide (Flukka) to tubes just before analysis using the FL3
detector (Figure 2.1 C).
2 - QU11adran1t Plot Showing Gree1111 Fluorescence vs Red! Fh110rescernce

Cells can be represented in the form of a quadrant plot, showing those cells that
either display only FITC (green- box 4) or only PE (red- box 1) fluorescence,
together with those that are dual stained with both fluorochromes (box 2), and
those cells that are negative for both fluorochromes (box 3).

Each cell is

represented by a dot, the more concentrated the dots the greater the number of
cells with that particular staining characteristic - Figure 2.1B(i).
3 - Histogram Showing Green Fluorescence

This is a histogram showing those cells that are stained with FITC fluorescence
(detected by the FLl detector) with increasing fluorescence intensity along the xaxis and relative cell number along they-axis- Figure 2.1B(ii).
4 - Histogram Showing Red Fluoresence

This is a histogram showing those cells that are stained with PE fluorescence
(detected by the FL2 detector) with increasing fluorescence intensity along the xaxis and relative cell number along the y-axis - Figure 2.1 B(iii).
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2.2.6.2 Cohn.nll" Compen§atnollll

See Figure 2.2
Throughout the cell surface staining studies used in this thesis, antibodies labelled with
fluorescein and phycoerythrin have been used. There is some natural overlap between
the emission spectra of these two fluorochromes at the upper end of the FITC spectrum
and the lower end of the PE spectrum. This means that when dual colour analysis of
cells is performed some cells emitting a high FITC fluorescence intensity may be
wrongly detected as emitting PE fluorescence by the FL2 detector, and vice versa. This
overlap must be removed. In order to ascertain what amount of the signal should be
subtracted, cells are singly labelled with FITC or PE, and colour compensation checked
each time the machine is used, before any experimental samples are analysed.
Compensation is checked by running a sample of FITC-labelled cells through the
cytometer and the quadrant dot plot selected. The mean Y values for quadrants 3 and 4
should be as close as possible and these values can be changed by subtracting the FITC
signal from the PE channel, ie. green colour compensation. This is then followed by a
san1ple of cells labelled with a PE-conjugated mAb checking that the mean X values for
quadrants 1 and 3 are as close as possible. These values are changed by subtracting the
PE signal from the FITC channel, ie. red colour compensation.
Once these values have been set, they should not need to be changed from day to day,
but it is important to run these two samples every time to make sure that the colour
compensation is set correctly.
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Total thymocyte and splenocyte numbers in thymus and spleen of normallydeveloping Xenopus are shown in Figure 2.3A.
Thymocyte numbers increased rapidly from about 4000 cells at 7 days up to
2.6x 1o5 cells by 18 days. This level was then maintained, dropping slightly at
metamorphosis. Thymocyte numbers then increased rapidly reaching levels of
27x1o6 by 8 months. Splenocyte numbers were around 4000 cells at 12 days
and increased to 9x1 o4 cells by 24 days. Splenocyte numbers then increased
slowly until metamorphosis (2x1 oS); thereafter a rapid expansion occurred and
levels of 12x 1o6 splenocytes were achieved by 8 months.
IBlloclkedl LaJrVae

Total thymocyte and splenocyte numbers in blocked larvae are shown in Figure
2.3B.

In blocked larvae, thymocyte numbers remained around 3x105 until 9 weeks,
before expanding to 2.4x106 by 8 months, ie. ten-fold less than in siblings
developing normally.
There is a rapid expansion of splenocyte numbers from just under 7000 cells at 2
weeks up to 7x 1oS by 5 weeks. During the time that metamorphosis would have
occurred (9 weeks) there was a slight drop in splenocyte numbers. By 4 months
splenocyte numbers were increasing, reaching levels of 4.2x106 by 8 months
(this compares with 12x106 in normally-developing siblings).

2.3.2 IFHow CCytometrfic Amnlly§R§ oif liillldlnvndlllll~ll CCellll §llllriface Mall'lker§ illll
NoriiD1lall arrnd Blloclked Xeuwpus
See Figure 2.4

2.3.2.li Noll'mal (Cmlltll"oll) Xenopus
ClDl5
Expression of CDS was assessed using the mAb 2B 1. The intensity of fluorescence
with 2B 1 on larval thymocytes was very dull (Figure 2.5) making it difficult to

24

determine the exact proportion of CDS+ cells.

By 12 days 40% thymocytes were

recorded as expressing CDS; the percentage increased gradually during development, to
50-60% in the adult. 2B 1 staining of larval (and adult) splenocytes was of a greater
intensity (Figure 2.5) facilitating assessment of the level of CDS+ cells. By 12 days
CDS surface expression was found on 30% splenocytes, this level being maintained
until metamorphosis when levels increased, reaching 50-60% by S months.
CJ[))§

CDS expression was determined using the mAbs AM22 and F 17, both of which stain
larval and adult thymocytes and splenocytes with a bright intensity.
At 7 days thymocytes showed no surface expression of CDS, but just 5 days later the
percentage of CDS+ thymocytes had increased to 70-SO%. This dropped to 60% by 3
weeks and this level was then maintained throughout development. Splenocytes were
first assessed at 1S days when CDS+ cells were less than 10%. During development the
level of cns+splenocytes gradually increased, reaching 30% by s months.

X1'JLA-Jl
XTLA-1 expression was determined using the mAb XT -1. In the thymus at 7 days 20%
thymocytes stained with XT-1. By 12 days 95-100% thymocytes are XTLA-1+. This
high level of expression was then maintained throughout development.

Only 10%

splenocytes expressed XTLA -1 by 1S days. The percentage of XTLA -1 + splenocytes
then increased during ontogeny, reaching around 30% by S months.

D4.3
Only 5% of thymocytes were recorded as D4.3+ by 1S days, and this percentage was
then maintained through the period of larval and adult life examined. In contrast in the
spleen, by IS days the level of D4.3+ cells was 20%.

The percentage of D4.3+

splenocytes then increased throughout development reaching around 50% by S months.
The intensity of staining of splenocytes with D4.3 is greater than with thymocytes (data
not shown).

D12.2
There was virtually no detectable expression of D12.2 on thymocytes throughout
ontogeny. The level of D 12.2+ splenocytes was minimal, remaining relatively constant
at around 5%.
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llgM
The mAb's 8E4:57 and ns were used to identify slgM+ B cells in the spleen and
thymus. No B cells were detectable in the thymus, levels of staining not being above
background staining with an isotype-matched control mAb.

At 12 days 40%

splenocytes were lgM+ and by 4-5 weeks this had increased to 50%. Levels of lgM+ B
cells in the spleen dropped to 30% by the end of metamorphosis and remained around
this level well into adult life (8 months).

MHC Cllm§§ llll
The intensity of staining of both larval and adult thymocytes with AM20 (which detects
MHe class II) is quite dull (Figure 2. 7) and does not identify a distinct population,
making accurate assessment difficult.

By 2 weeks the percentage of class n+

thymocytes was estimated to be around 20% increasing to 30-40% during larval life.
After metamorphosis there is an increase in the percentage of thymocytes expressing
class II, reaching 50-60% by S months. Splenocytes stain more distinctly with AM20,
making assessment of the number of class 11+ cells more accurate. By 2 weeks 40%
cells were AM2o+, increasing to 60% by mid larval life. There was a slight drop in
class n+ splenocytes during metamorphosis to around 50% before a rapid increase
following metamorphosis, reaching levels of S0-90% class n+ cells in the adult spleen.

2.3.2.2 JB~ockedl lLmnrme
Perchlorate block was initiated at 3 weeks (stage 54).

CDS
Levels of ens+ thymocytes at 5 weeks - just 2 weeks after the block was initiated,
reached 60% before dropping to around 45% at the time that metamorphosis would have
occurred. From this point onwards the percentage of ens+ thymocytes increased and
reached 80% by S months. In the spleen at 5 weeks some 35-40% splenocytes were
ens+ and this increased to around 50-60% by s months in the blocked larvae.
CDS
The level of ens+ cells in the thymus of blocked larvae was more variable than in
controls, fluctuating between 60-70% with a noticeable decline to around 50% around
the time that metamorphosis would have occurred (9 weeks).

In the spleen there was

an increase in ens+ cells from 15-20% at 5 weeks up to 20-30% by 8 months.
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X'fJLA-li

XTLA-1 expression m both spleen and thymus was virtually identical to that of
normally developing animals. Levels of XTLA-1 in the thymus remained constant at
90-100%, and in the spleen

increased from 15% at 5 weeks to around 30% by 8

months.
1!}413

Levels ofD4.3 cells within the thymus were minimal remaining constant around 5-10%.
In the spleen by S weeks D4.3 levels were around 40% and increased to around 60% by
8 months.
Dli2.2

There were virtually no detectable D12.2 cells in the thymus of blocked larvae. In the
spleen there were around 4% D12.2 cells throughout the study.
ITgM

There were no detectable sigM+ B cells in the thymus. In the spleen of blocked larvae
by S weeks there were around 40% B cells with a general decline to around 30% by 8
months.
MHC CUassH
In the thymus by S weeks the level of AM20+ cells reached 4S% and remained around
this level up until 8 months. The intensity of staining with AM20 was quite dull,
making accurate assessment of levels of class n+ cells in the thymus difficult. In the
spleen by S weeks levels of AM20 were around 60% and remained at this level till 8
months. In neither organ in blocked larvae was there any increase in the percentage of
class n+ cells, thereby contrasting the situation in adult siblings that had
metamorphosed normally.

2.3.3 Duan CoRour AnaUysis of Lymphocyte Subsets
2.3.3.Jl MHC CRass II Expression on T and B Lymphocytes
A) Control Xenopus
Dual fluorescence studies (Figure 2.6) showed that cos+ cells (the putative T cell
population) in the spleen were essentially MHC class n- until metamorphosis had
occurred. From this time onwards MHC class II molecules were found to be expressed
on many ens+ splenocytes.

There was class II expression in the spleen before
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metamorphosis but this was found on non-T cells - on IgM+ B cells (as shown by dual
staining with AM20 and DS - see Figure 2.6) and also on Ig- leukocytes - probably
macrophages which are known to fall within the "lymphocyte" gate (J D Horton,
personal communication). Class II expression is brighter on adult B cells than on adult
T cells (Figure 2.6).
In the thymus there is a sizeable population of MHC II+cos+ double-positive cells (up
to 20%) after metamorphosis, and a low percentage of MHC n+cns+ thymocytes are
also seen in larvae. That this class II expression is on T cells was shown by CD8/class
II double-positive staining (Figure 2.7). The CDS antigen served to illustrate this point,
since CD5 staining of thymocytes is weak.
B) Blocked Larvae
MHC class II expression on splenic T cells of perchlorate blocked larvae was prevented
during and after the time that metamorphosis would normally have occurred (see Figure
2.S). By 6 months, when about 50% cos+ splenocytes were beginning to express class
II in control toadlets, there was only a minimal level of CD5+MHC n+ splenocytes
(5%) in blocked larvae. Only in long term blocked larvae, 8 months or more, is there a
suggestion of class II molecules appearing on CD5+ T cells.

2.3.3.2 n4.3 Expression on ens+ and ens+ Cells
In post-metamorphic animals dual staining with the mAb's 2B 1 and D4.3 indicate that

all D4.3+ splenocytes are also CD5+ with only a minor splenocyte population (4-6%)
that are CD5+D4.3- (Figure 2.9A). CD8+ cells are virtually all also CD5+ and 04.3+
(see Figures 2.9B and D).

2.3.3.3 n12.2 Expression on ens+ and ens+ Cells
Dl2.2 stains only around 5% of adult control splenocytes. Splenocytes incubated with
Dl2.2 and 2Bl show a small dual-stained population (3%) (Figure 2.9C). A small
population (2%) of CD5-Dl2.2+ cells is also often evident, although not readily
apparent in the traces shown. Adult splenocytes co-stained with D 12.2 and AM22 show
that CDS+ cells tend not to express Dl2.2 (Figure 2.9D).
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2.3.3.41

lLymrnpllno~Cyt~e §unb§~e[§ lDln§1l:nnngunn§lln~edllffiy IExpir~e§§Jionn

o1f X1flLA-ll, ClDl§

anndl ClDl§
A) Connftiroll Xenopus

The percentage of CDS+ T cells in the spleen gradually increases during ontogeny (see
previous section). The proportion of CDS+ T cells co-expressing CD8 was about 33%
in larvae, reached 40% in 2-4 month old adults and approached 4S-SO% in 6-9 month
adults (see Table 2.2A). The XTLA-1 antigen in the larval spleen was found on a
higher percentage of CDS- than CDS+ T cells (almost 2: 1). In contrast, in the adult
spleen (at 6-9 months), XTLA-1 was now expressed predominantly on T cells that were
CDS+. In adults, the vast majority (7S%) of CDS+ T cells were XTLA-1+, whereas
most (77%) CDS- T cells were XTLA-1-.
In the thymus there were only two noticeable populations staining for XTLA-1 and CDS
-those that were XTLA-1 +ens+ and XTLA-1 +ens-. These populations were found to
be at a ratio of 2:1 throughout ontogeny (60%:30%). It is difficult to ascribe CDS
staining with these populations as CDS staining in the thymus is very weak and it is
therefore difficult to obtain accurate levels of CDS (see Figure 2.S).
JB) BlloclkedllLanrae

The preference for CDS+ cells to co-express XTLA-1 seen in non-blocked Xenopus by
6-9 months of age occurs also in blocked larvae by this age (see Table 2.2B).

2.3.4 Emergence ofT !Lymphocyte§ in the 'lfllnymlllls with a "Matllllre" T
Cellll Staining PatteJrl!11
In S month old adult control frogs, small populations in the thymus appear to have a
staining intensity with the reagents to CDS, CD5_and MHC class II more reminiscent of
splenocytes (see Figure 2.1 0). Staining intensities of thymocytes with these mAb's
(especially CDS and MHC class II) are usually quite low, whilst in the spleen the
fluorescence intensity with the same reagents is much brighter, with more distinct
populations of cells. In the S month thymus a very small, but distinct CDsbright
population is revealed (see Figure 2.S). This is further highlighted by populations of
cnsbrightcnsbright and cnsbrightcns-, which show splenocyte-like staining
intensities compared to the major thymocyte populations that are cnsdullcnsdull,
CDs-cnsdull and CDsdullcn8- (Figure 2.10C quadrant 2 and 3). Thymocytes from 8
month thymus dual stained for CDS and MHC class II reveal a population of cells
(18%) that are CDsbrightMHC IIbright indicating a mature T cell phenotype (Figure
2.10D). A small (5%), but distinct population of cells that are XTLA-I-CD8bright is
29

seen in the 8 month thymus (Figure 2. 1OB) that is absent in the 4 week thymus (Figure
2.10A).

2o3o5

:X'IT'JLA~ Jl

V2!l"nabninty

One phenomenon that was noted during the ontogenetic study was that pooled
thymocyte preparations from several X laevis larvae showed two distinct levels of
intensity ofXTLA-1 staining from the same pool of animals. This phenomenon was not
observed in the spleen, the equivalent splenocyte profiles always showing a single
population of XTLA-1 + cells. This XTLA-1 bright and XTLA-1 dull thymocyte staining
was only seen in pooled populations, not within individual animals (Figure 2.11 ). Thus
the phenomenon presumably does not relate to T cell maturational differences, but to
distinct levels of expression of XTLA-1 ("high" or "low") by different individuals.
Furthermore, in some X laevis batches XTLA-1 expression was absent in both spleen
and thymus of individual animals (data not shown).
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This Chapter has provided new, in depth information on T cell antigen expression
during development in the amphibian, Xenopus laevis. Previous work investigating T
cell antigen expression was limited to the mAbs AM22 (Flajnik et al, 1990), XT-1
(Nagata, 1988) and AM20 (Flajnik et al, 1990) and included only single colour flow
cytometric analysis, or fluorescence microscopy. With recent availability of additional
mAbs, namely 281, F17, D8, D4.3 and D12.2, more extensive analysis ofT cell
development has become possible. In particular two colour flow cytometric analysis has
been performed, which has led to more precise determination of the phenotypes of
Xenopus T cell subsets and their development.

The mAb, 281, which detects the CDS homologue in Xenopus (Jiirgens et al, 199S),
proved to be a useful T cell marker, lgM+ 8 cells from the spleen failing to stain with
this marker. There is a difference in CDS fluorescence staining intensity between most
lymphocytes from the thymus and spleen. The same concentrations of antibody were
used for spleen and thymus, yet thymocytes consistently showed only cnsdull staining,
compared to CDsbright splenocytes.

This led to problems determining the exact

percentage of ens+ cells within the thymus, and it is most likely that all lymphocytes in
the thymus express a low level of CDS on the cell surface (see JUrgens et al, 199S),
which is upregulated once the T lymphocytes have exited the thymus. The small but
distinct population of cnsbright cells found in the thymus of animals aged 8 months
and above suggests that T cell maturation (with respect to CDS expression) may be
"completed" prior to T cell exodus from the thymus.
Dual-colour analysis of peripheral T cells confirms that there are two major populations
ofT cells - those that are CDs+cn8+ (ie. the cytotoxic T cells), and those that are
CDs+cn8- which are presumably the helper T cells.

This latter population

(representing some two thirds of T cells) cannot be identified directly as there is no
mAb available that detects the Xenopus CD4 homologue.
Studies presented here with the mAb, D4.3 have proved interesting. The cell surface
antigen recognised by D4.3 has not been fully characterised, but it was originally
suggested that D4.3 is directed against the

a~

T cell receptor

(TCRa~)

of Xenopus.
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Thus Ibrahim et al (1991) found that D4.3 had specificity to a cell surface determinant
that was a dimer consisting of two sub-units of relative molecular weight, 40kDa and
60kDa.

Immunohistological staining suggested that the tissue distribution of this

determinant was similar to the distribution of both mammalian and avian TCRap+
lymphocytes. The present ontogenetic study revealed that, like 2B 1, expression of this
marker in the thymus is relatively dull, whereas splenocytes showed a brighter
fluorescence staining intensity, and a much higher percentage of D4.3+ cells. Those
splenocytes that are D4.3+ all co-stain with 2B1, indicating that D4.3 is expressed on T
cells.

Indeed, it was found that D4.3 labels between 90-95% T cells in Xenopus,

suggesting further evidence that D4.3 might detect the TCRap.
Another mAb that was used in the present studies was D 12.2, which detects a receptor
with relative molecular weight of 57kDa and which stains lymphocytes in the red pulp
areas of the spleen, and the intestinal epithelium (Ibrahim et al, 1991 ).

Levels of

012.2+ cells in both the thymus and spleen are consistently low and do not appear to
increase during ontogeny. It has been suggested that the mAb, D12.2 might detect the
TCRy8 in Xenopus (Ibrahim et al, 1991). In mammals and birds y8 T cells are spawned
early in the thymus (Zorbas and Scollay, 1993; Dunon et al, 1993; Mackay and He in,
1991) and levels of up to 4% y8 lymphocytes can usually be found in the thymus. It has
also been suggested that some y8 T cells develop extrathymically (Rocha et al, 1992);
however experiments on sheep that were thymectomized in utero show a consistent
depletion of y8 T cells (Mackay and Hein, 1991). In Xenopus dual staining studies
revealed that D12.2 expression is not restricted to CDS+ T cells, suggesting that D12.2
may be expressed on some non-T cells. This issue is investigated in more detail in
Chapter 5.
Since it is known that B lymphocytes are initially spawned in the Xenopus spleen
(Hadji-Azimi et al, 1990) it is not surprising that slgM+ cells are the predominant
lymphocyte type found in the spleen of pre-metamorphic larvae.

Following

metamorphosis, the percentage of slgM+ cells declines in the spleen as the percentage
ofT cells increases, suggesting that the role ofT cells is now becoming more important
in adult life.
Dual-colour analysis revealed a tendency for XTLA-1 expression to be associated with
CDS- lymphocytes in young larvae, whereas following metamorphosis, XTLA-1
expression predominated on CD8+ cells. This may therefore suggest that XTLA-1 is an
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activation marker rather than a lineage marker forT cells. During larval life when only
MHe II expression can be seen, the ens- T cells will be the active T cell subset.
However, following metamorphosis and the emergence of MHe I expression (Flajnik et
al, 19S7), ens+ T cells will now become an active population, thereby acquiring
XTLA-1 expression. Another possible role of XTLA-1 expression is one of a
maturation marker, being present only on immature T cells. This would account for the
high levels ofXTLA-1 expression seen in the thymus (nearly 100%), and also the small
population of putative 'mature' thymocytes that are ensbrightxTLA-1-.
Another interesting feature concerning the expression of XTLA-1 in the thymus was the
appearance of two levels of staining intensity.

This was only ever seen in pooled

preparations of several thymuses, and was not seen in an individual animal. These two
levels of brightness were not evident in the spleen, where only a single fluorescence
intensity was found. It is possible that the bright level of XTLA-1 staining could relate
to expression of two dominant XT -1 coding alleles, whereas the lower intensity reflects
one dominant and one recessive XT -1 allele. Some X laevis were found during the
study that did not express any XTLA-1, and it could be that this reflects the phenotype
of a double recessive XT-1 allele. Previous studies using the mAb, XT-1 (Varley,
1990), revealed that one species, Xenopus tropicalis, entirely lacks expression of
XTLA-1 epitope on its thymic and splenic lymphocytes altogether (Varley et al, 1991).
It will be interesting to further probe the role of XTLA-1 in immune functions of

Xenopus although this is outside the scope of this Thesis. The variability in XT -1

expression illustrated in the work presented here on X laevis indicates that one cannot
rely on the use of this T cell marker to detect a particular T cell subset.
The dual-colour flow cytometric studies, especially those with perchlorate-blocked
larvae, confirmed previous experiments indicating that MHe class II expression on
Xenopus T cells was metamorphosis-dependent

(Rollins-Smith and Blair, 1990).
Furthermore, the present findings reveal for the first time that in metamorphic animals,
B and T lymphocytes show a differential staining intensity of MHe class II expression.

It was found that T cells express a low intensity of staining for MHe II, whilst B cells

(and other non-T cells) show a distinctly brighter intensity of staining.
The effect of the perchlorate-block did not appear to affect the emergence of any of the
cell surface determinants studied except for MHe II expression, discussed above. The
perchlorate block routinely affected lymphoid cell numbers in the thymus and spleen,
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cell numbers never being as high in perchlorate blocked larvae compared to agematched non-blocked siblings throughout ontogeny. Despite this, considerable
expansion of lymphocyte numbers is seen in perchlorate-blocked larvae at a time when
control froglets are also rapidly increasing thymocyte and splenocyte numbers. Overall,
the present studies suggest that this increase in lymphocyte numbers and mAb-defined T
cells seen in 3 month and older Xenopus is not dependent upon metamorphic events per
se, and is independent of such phenomenon as MHC II emergence on adult T cells.
An ontogenetic study of the type presented in this Chapter has not been possible until

now due to the lack of mAbs available for specific Xenopus T cell markers. Use of such
mAbs has provided a detailed picture of the emergence of T cell subsets in both the
thymus and spleen from larvae from as early as 2 weeks old, just one week after the
spleen anlage has developed, throughout metamorphosis and into adult life.

This

provides a useful database concerning T cell ontogeny, and provided a good background
for studies described in subsequent Chapters in this Thesis.
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JFigwre Z.1

A. Examples of forward scatter (cell size) vs side scatter (granularity)
traces produced by the ELITE software to illustrate different cell
populations: (i) whole spleen preparation containing lymphocytes,
granulocytes, erythrocytes and macrophages; (ii) same preparation as in (i)
but now an analysis gate has been drawn around the lymphocytes and
macrophages; (iii) erythrocytes purified on a Percoll density gradient to
identify where they are located; (iv) leukocytes purified on a Percoll
density gradient to confirm their location within the analysis gate; (v)
preparation ofthymocytes to show that they have the same forward scatter
and side scatter characteristics as splenocytes (note the absence of
erythrocytes and granulocytes); lB Example of dual colour fluorescence
measurements: (i) quadrant plot showing FLI (FITC) vs FL2 (PE); (ii)
. histogram showing cells sta~ed with FITC with increasing fluorescence
intensity along the x-axis and relative cell number along the y-axis; (iii)
histogram showing cells stained with PE with increasing fluorescence
intensity along the x-axis and relative cell number along they-axis; <C (i)
Identification of dead lymphocytes by propidium iodide (PI) uptake those cells that have incorporated PI are positive for FL3 and fall within
the upper box whilst viable cells will not take up PI arid remain FL3
negative and are found within the lower box; (ii) FS vs SS trace produced
by back-gating on only those cells that are PI negative; (iii) trace produced
by back-gating on those cells that are PI positive. The gated lymphocytes
are >98% viable. These traces indicate that non-viable cells do not
predominate within the lymphoid gate ( <2% ).
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Figure 2.2

Effect of colour compensation. Sets of traces showing one sample that
has been stained for two mutually-exclusive populatiuns (ie~ells known
to bind to one of the mAbs used. but not to both mAbs). In A where no
colour compensation has been used - note the population of cells in trace
1, quadrant 2 which are showing up falsely as dual-positives, further
shown in trace 3 where the level of cells stained with PE is far greater
than expected; B Traces showing the same sample. except that colour
compensation has been applied - note that there are no dual positive cells
and the number of positive cells in trace 3 is now the expected level.
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A Graph showing the number of lymphocytes (x 1o-6) in the spleen and
thymus during the normal development of Xenopus laevis from 7 day old
larvae to 6~8 month old adults. Each data point represents the mean
number oflymphocytes per organ from pooled animals (twenty 7-day old
larvae, ten 60-day old larvae and up to 3 adults)~ B Graph showing the
number of lymphocytes (xJ0-6) in the spleen and thymus in perchlorateblocked larvae from 18 days to 8 month old adults. Each data point
represents the mean number of lymphocytes per organ from pooled larvae
(fourteen 18 day-larvae, six 45-day larvae and uo to 3 8-month old larvae)
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Figure 2.5

Reprentative fluorescence staining with the mA.b 2B I (CD5) in the larval
(4 week) and adult (8 month) spleen and thymus. The staining of CD5 on
splenocytes is distinct, with much brighter fluorescence compared to
thymocytes, which show only a very dull staining intensity. In the 8
month old thymus there is a small but distinct population of cells that bear
a bright, splenocyte-like staining intensity \vith 2B 1..
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MHC Class II

Appearance ofivlHC class II on T cells following metamorphosis. Larval
splenocytes dual-stained for CD5 and class II and for IgM and class II
show that class II molecules are not expressed on larval T cells (A) whilst
their B cells freely express class II (B). After metamorphosis adult
splenocytes stained for these same markers now indicate that both T and B
cells express class II (C and D), but that B cells stain for class II with a
greater intensity than T cells.
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Expression ofMHC class II on thymocytes from 4 week larvae and 3
month old adults. The majority of thymocytes do not express class II
before metamorphosis (A). However in adult frogs (lB) l\1HC class II is
expressed in larger amounts on two major populations~ CD8+ctass u+
(27%) and CD8-ciass u+ (22%). There is a population ofCD8+class ncells which are presumably immature thymocytes having not yet acquired
class II expression.
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Expression ofMHC class II on .Xenopus T cells is metamorphosisdependent. Confirmation that class II expression on adult T cells is
metamorphosis-dependent is shown by dual-staining splenocytes from 6
month old control adults and 6 month old perchlorate-blocked larvae for
CDS and MHC class II and for IgM and class II. In control animals their
T cells (57%) and B cells (18%) are class rr+ (A and B) whilst in
perchlorate-blocked larvae of the same age their T cells (61 %) are still
class n- (C) while their B cells (22%) are class u+ (D). Note B cells of
normal adult express more class II than do T cells.
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Dual staining experiments on adult splenocytes with the mAbs, D4.3,
DI2.2, CDS and CDS. (E) Approximately a third of adult ens+ cells coexpress CDS. {A) Co-staining for D4.3 and CDS indicates that aU D4.3+
cells are ens+. (B) Dual staining for D4.3 and CDS shows all ens+ cells
co-express D4.3. {C) Splenocytes dual stained for Dl2.2 and CDS (D)
Splenocytes dual stained for Dl2.2 and CDS.
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Emergence ofT cells with a "mature" phenotype in the 8 month adult
thymus. Dual staining studies show~ a small population of
CD8brightxTLA-i- (5%) is found in the 8 month thymus (B) that is not
present in the larval thyrUUS (A); populations of CDsbrightcogbright and
ens brightens- (C) and a population of class u+cnsbright cells (D)
found at 8 months all bear the bright staining intensities more reminiscent
of peripheral splenocytes.
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Arrntiilbodly
Name

lr§otype

IEpUope
RecogJID.i§ed!

§pecifidty

Rdererrnce

2B1
AM22

IgG1
IgM

CDS (71-82 kD)
CDS (30kD/35kD)

Pan T cell marker
T cell subset

F17
XT-1
8E4:57

IgM
IgG2
IgG

CDS (30kD)
XTLA-1 (120 kD)
IgM

T cell subset
T cell subset
Pan B cell marker

D8
D4.3
D12.2
AM20

IgG3
IgG1
IgG1
lgG2a

IgM
40kD and 60kD
57kD
MHC class II

Pan B cell marker
Not characterised
Not characterised
B cells (strong)
T cells (weak)

MD Cooper
M F Flajnik & L
DuPasquier
MD Cooper
S Nagata
R H Clothier & L N
Ruben
MD Cooper
MD Cooper
MD Cooper
M F Flajnik & L
DuPasquier

Table 2.1

Table showing the anti-Xenopus monoclonal antibodies
used, their isotype, the epitopes they recognise and their
specificity.

A

Conn~ll"oll

Xenopus laevis

Lymphocyte Subset
CDS+CD8+XTLA-1CDS+CD8+XTLA-1 +
CDS+CD8-XTLA-1 +
CDS+CD8"XTLA-1Total CDS+

§]plllennocy~es

3-6 week old
larvae
4.4±2.S
6.7±2.4
10.S±3.S
10.8±4.9
32.3±7.7

B .!Perclnnorate Blioclkedl Xenopus laevis

Lymphocyte Subset
CDS+CD8+XTLA-1CDS+CD8+XTLA-1+
CDS+CD8-XTLA-1+
CDS+CD8-XTLA-1Total CDS+

TalbDe 2.2

3-6 week old
larvae
4.4±2.S
6.7±2.4
10.S±3.S
1.08±4.9
32.3±7.7

2-4 month old
adults
6.0±4.2
13.7±3.9
9.S±6.4
19.9±6:s
49.1±4.7

6-9 month old
adults
6.S±S.3
21.2±4.9
7.4±4.S
23.S±9.8
S8.7±7.2

§]pllie[Wcy~es

2-4 month old
adults
3.7S±l.3
17.3±6.8
11.0±2.S
12.3±7.6
44.3±2.2

6-9 month old
adults
4.3±2.3
26.3±3.8
7.7±2.1
24.3±S.S
62.7±6.8

Table showing lymphocyte subsets in control and perchlorateblocked animals stained for CDS, CDS and XTLA-1. For control
animals the number of repeat experiments for each time point were
twelve J-6 week old larvae, fifteen 2-4 month old adults and
eleven 6-9 month adults. For perchlorate-blocked larvae the
number of repeat experiments for each time point were twelve 3-6
week old larvae, four 2-4 month larvae and three 6-9 month larvae.
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The initial aim of this Chapter is to determine what effect removing the thymus at 5-7
days has on T cell marker development. At 7 days the thymus is still in its infancy,
containing only up to 1,000 cells which have not yet reached maturity (Manning and
Horton, 1969; see also Chapter 2). Many workers have examined the effect of early
thymectomy on the overall functioning of the immune system of Xenopus. Tochinai and
Katagiri (1975) showed that animals thymectomized soon after the thymus bud first
appears (at around 4 days of development) are unable to reject skin allografts and
revealed no signs--of lymphocyte infiltration into allografts, whilst euthymic Xenopus
rejected skin grafts from the same donors after only 16-37 days. Thymectomy at 7 days
prevents splenic lymphocytes from displaying a mixed lymphocyte reaction (MLR)
indicating that alloreactive T cells may not develop in thymectomized (Tx) animals
(DuPasquier and Horton, 1976). On the other hand, several authors have revealed that
however early thymectomy is performed, some Tx Xenopus can still chronically reject
skin allografts (Horton and Manning, 1972; Tompkins and Kaye, 1980; Nagata and
Cohen, 1983 ).

Furthermore, following skin allograft rejection by Tx animals,

splenocytes are able to mount a MLR, not only against donor stimulator cells, but
against third party cells as well (Nagata and Cohen, 1983). It is doubtful that sufficient
T cells could have emigrated from the thymus before thymectomy due to the earliness of

the operation. It seems more likely that the thymus can promote some degree of 'T-like'
cell development in the form of thymic hormone influence on extrathymically-derived
precursors, as recently suggested in the mammalian situation (Wang and Klein, 1994;
Lin et al, 1995).
Early larval thymectomy abrogates antibody production against thymus-dependent
antigens such as sheep red blood cells and human gamma globulin. However, the
responses of Tx Xenopus to thymus-independent antigens such as E coli
lipopolysaccharide and purified protein derivative from tuberculin, remain unaffected
(Manning et al, 1977). In Tx Xenopus in vitro responses of splenocytes to the T cell
mitogen, concanavalin A (ConA), were reduced to a very low, almost non-existent level
(Manning et al, 1977), whilst the response to phytohaemagglutinin (PHA), another T
cell mitogen, was lost completely following thymectomy (DuPasquier and Horton,
1976). The low level residual ConA response is consistent with the finding of chronic
skin allograft rejection in Tx animals, supporting the possibility that an extrathymic
pathway ofT cell development could exist. The possible presence of such a pathway in
Xenopus has been discussed elsewhere (Turner et al, 1991; Horton et al, 1996).

This Chapter initially examines the thymus dependency of the panel of anti-Xenopus T
cell-specific mAbs used in Chapter 2, by comparing cell surface antigenic expression in
control and Tx splenocytes. These T cell markers are also investigated after in vitro
stimulation with a variety of mitogenic agents, to probe if changes in antigen expression
occur following stimulation, and to determine whether T cell surface markers can be
induced on the splenocytes from Tx animals. This will assess whether progenitor cells
or immature cells exist in Tx XenQpus_ that

~an

be pushed along the T cell development

pathway by in vitro stimulation. To back up the flow cytometric findings, thymidine
incorporation assays will also be carried out to examine whether splenocytes are
induced to proliferate by these mitogenic agents. Stimulation of in vitro cultured cells
will be attempted using agents such as calcium ionophore and phorbol esters (to activate
both T and B cells), concanavalin A (to stimulate T cells) and E coli lipopolysaccharide
(to stimulate B cells).
Since in vivo mitogen stimulation of Xenopus cells can lead to apoptosis (Ruben et al,
1994a,b), the present study will also probe whether apoptosis is being induced in
mitogen-stimulated splenocytes in vitro. Apoptosis in mammals has been studied in
great detail over recent years and is a common form of cell death that is distinct from
50

necrosis in that it is an active process requiring ATP and protein synthesis (Earnshaw,
1995). Necrosis is a form of cell death whereby the cell ruptures and releases its
contents into the surrounding area which ensures that an immune response is initiated by
nearby lymphocytes. Apoptosis on the other hand results in a decrease in cell size, a
break-up of the cell's DNA and blebbing from the plasma membrane (Cohen, 1993;
Korsmeyer, 1995). This ensures that the contents of the cell remains within these
'apoptotic bodies' which are then phagocytosed by macrophages, thereby avoiding an
inflammatory response (Savil et al, 1993).
Two approaches are used in this Chapter to identify apoptosis in mitogen-treated
lymphocytes from control Xenopus. These were flow cytometric analysis of DNA (to
illustrate the cell cycle and identify a sub-diploid 'apoptotic' peak (Milner et al, in
press)) and fluorescence microscopy of acridine orange stained cells. A novel antibody
that is specific to an apoptosis specific protein (ASP) in humans (Grand et al, 1995) is
also briefly assessed for its capacity to identify apoptosis in Xenopus thymus tumour
cells.
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Outbred Xenopus laevis were used throughout, and were bred and reared in the
laboratory under standard conditions (Horton and Manning, 1972). Animals used in
these experiments were aged between 6 and 14 months.
3.2.li.2 1I'IInymelC\tomy
Thymectomy operations were carried out by microcautery on tadpoles of 5-7 days of age
by J D Horton as previously described (Horton and Manning, 1972).

When

thymectomized (Tx) animals were taken, the thymic region was routinely checked under
the microscope for any signs of remaining thymic tissue or thymic regeneration - such
animals were rarely found and were excluded from these experiments.
3.2.li.3 §plleeiiD CeHn JP>rep21ratiollll§
Animals were heavily anaesthetised in a solution of 3-aminobenzoic acid ethyl ester
(MS222). The body was sprayed with 70% alcohol before transferring to a dissecting
microscope in a laminar air flow cabinet. The spleen was then dissected out using
forceps and micro-scissors and placed into a sterile 3.5cm Costar petri dish containing
2ml amphibian culture medium. Cells were released from the organ by gentle teasing
with a pair of tungsten needles. The cell suspension was then transferred to a sterile 5ml
Falcon tube, and the petri dish was washed with a further 1ml medium and the washings
added to the tube. The suspension was then pipetted vigorously to further help release
cells, before larger pieces of tissue debris and clumps were allowed to settle before
transferring the supernatant suspension to a fresh tube.

Splenocytes

-were tlien

centrifuged at 300g, 40C for 10 minutes and resuspended in I ml fresh medium and
counted using a Neubauer haemocytometer.

3.2.2 Amphibian Culture Medium
The culture medium used was adapted from a recipe for channel catfish medium (Luft,
Clem and Bly, 1991) that was diluted to amphibian strength. Equal parts of AIM-V
(Gibco), L-15 (Gibco) and autoclaved double distilled water were added to a 1OOml
bottle with the addition of 1.25mM L-glutamine, 0.01M Hepes buffer and heatinactivated foetal calf serum (FCS) (either 1% for thymidine assays or 5% for culture of
lymphocytes prior to flow cytometric analysis).

This amphibian medium was then
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filtered through a 0.2!J. Gelman filter into an autoclaved bottle. Medium was stored at
40C for up to a maximum of 2 weeks. Just prior to culture, sodium bicarbonate was
added to the medium at 0.16M.

3.2.3 1I'Irnltfi211tte((fi 1rllnyllll1lfi((fifinnte §tun((fifie§

({])liD Mn\t({])gtenn~ 1I'Ire211tte((fi

§]plltennm::ylte§

ifirmrrn C({])rrn\tir({])ll arrn((fi 1rllnyllll1lted({])llll1lll?lte((fi Annnllll1l2lil§
Proliferative assays were assessed by the amount of tritiated thymidine (3H-TdR)
incorporated into the cells DNA after mitogenic stimulation.

J.2.J.li <Collll~a~mavallnllll A
Concanavalin A (ConA) (Sigma) was reconstituted in APBS to a concentration of
1mg/ml and stored at -200C in 100!J.l aliquots. Splenocytes were counted and adjusted
to 1x 1o6 lymphocytes per millilitre in amphibian culture medium containing 1% FCS.
Aliquots of 1x105 cells in 100!J.l were added to wells of a 96-well flat-bottomed plate
(Greiner) set up in triplicate.

Experimental wells were given lO!J.l of different

concentrations of ConA (final in-well concentrations were IOO!J.g/ml, 10!J.g/ml, 2.5/J.
g/ml, 1!J.g/ml and 0.1 !J.g/ml), whilst medium control wells were given an equivalent
volume of medium. One hundred microlitres of distilled water was added to all wells
surrounding experimental wells - this helped prevent evaporation from cultures. Plates
were incubated at 27°C with 5% C02 in air for 18-20 hours, after which medium was
changed in all wells. The plate was then incubated for a further 24 hours before each
well received a one microCurie (!J.Ci) (specific activity = 5 Ci/mmol) pulse of 3H-TdR
(Am~r~ham).

Cells_ w~r~

b~rve~t~Q__ J8:20 h()_ll!s_l~tt_er

ortto
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using a Skatron cell harvester. Filters were then dried at 60°C before individual filter
discs containing the samples were placed into 5ml scintillation vials. Four millilitres of
scintillation fluid (Betafluor) was added to each vial and the amount of incorporated
thymidine was calculated on a Packard Liquid Scintillation analyser.
The level of incorporated tritiated thymidine was calculated by working out the
stimulation index for each experimental sample using the disintegrations per minute
(dpm):
Stimulation Index (SI) = Mean dpm Mitogen Stimulated Samples
Mean dpm Medium Control Samples
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Once the optimal concentration of ConA had been determined, all future proliferative
assays with ConA were carried out using this optimal concentration (see Figure 1).

3.Z3.Z JP'Ilnoirlbloll IVilyirn§tmt~ A~~tmte mnn«ll Cmll~nmumn ITonnopllnoir~
Phorbol myristate acetate (PMA)(Sigma) was reconstituted in DMSO to a concentration
of 0.5mg/ml and stored at -20°C in 50J.!l aliquots. Calcium ionophore (Calon), A23187
(Sigma) was reconstituted in DMSO to a concentration of 1mg/ml and stored at -2ooc
in 50J.Ll aliquots. Splenocytes were adjusted to 1x106 lymphocytes per millilitre and set
up in a 96-well flat bottomed plate as described above (3.2.3.1). Experimental wells
were given 1OJ.Ll PMA (final in-well concentrations of 1OOng/ml, 50ng/ml, 1Ong/ml or
5ng/ml) together with 1OJ.Ll Calon (final in-well concentrations of 0.5J.Lg/ml, 0.25J.Lg/ml,
0.1J.Lg/ml and O.OlJ.!g/ml). Plates were incubated at 270C with 5% C02 in air for 18-20
hours, after which medium was changed in all wells to remove the mitogens and stop
any toxic effects of these chemicals.

After a further 24 hours incubation all wells

received a 1J.LCi pulse of 3H-TdR and were incubated for 18-20 hours before being
harvested for liquid scintillation counting (see 3.2.3.1).

3.Z.3.3 Lftpopoiysaccharide
E coli lipopolysaccharide (LPS) (Sigma) was reconstituted in autoclaved double
distilled water to a concentration of 2mg/ml and stored at 4°C.

Splenocytes were

adjusted to 1x106 lymphocytes per millilitre and set up in a 96-well flat-bottomed plate
as described in 3.2.3.1.

Experimental wells received 12.5J.Ll LPS to give a final

concentration of 250J.Lg/ml (previously shown to be optimal, data not shown) and
cultured and harvested as described in 3.2.3.1.

3.2.4 Flow Cytometrnc Analysis of Ceil Surface Allltigens Fonllowing
Mitogenic Stimulation
3.2.4.1 Mitogens Used
a) Concanavalin A
Splenocytes from control and thymectomized animals were counted and adjusted
to lx106 cells per mililitre in amphibian culture medium containing 5% FCS.
For these flow cytometric studies, cells were cultured in 24-well plates
(Greiner), each well containing lx106 lymphocytes in lml. One hundred
microlitres of ConA was added to experimental wells at a final (optimal - see
Figure 3.1)

concentration

of 2.5J.Lg/ml whilst control wells received an

equivalent volume of medium.

The plate was incubated in a humidified
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incubator at 27°C with 5% C02 in air. Medium was changed after 18-20 hours
and fresh medium added. Cells were usually taken for flow cytometric analysis
after a further 24 hours. If cells were to be cultured for longer periods of time,
medium was changed on all experimental and control wells after every 3-4 days.
1b) JP>llnytoh3tenmngglluntiHllillll

Phytohaemagglutinin (PHA-P) (Flow, ICN) was reconstituted with autoclaved
distilled water to a concentration of 1mg/ml and lOOJ.1l aliquots were stored at20°C.
Splenocytes were cultured as in 3.2.4.la, with PHA being used at a final
concentration of 1J.1glml, which had previously been shown to be optimal in
terms of3H-TdR incorporation (data not shown).
c) lLipopolysaccharide

Splenocytes were cultured as m 3.2.4.la, with 125J.1l LPS being added to
experimental wells to give a final concentration of 250J.1g/ml.
d) PMA and! Calcium Honophore
Splenocytes were cultured as in 3.2.4.1a, with PMA being used at a final
concentration of 1Ong/ml and Calon being used at 0.1J.1g/ml.

3.2.4.2 Flow Cytometry
Splenocytes were taken from the culture plate well and placed into a 5ml Falcon tube.
The well was then washed out with lml FACS medium (see Appendix A) and the
washings added to the tube.

The cells were then centrifuged at 300g, 40C for 10

minutes and adjusted to lxl06/ml with fresh FACS. The cells were then labelled with
fluorescent-labelled mAbs as detailed in Chapter 2 section 2.2.5.

3.2.5 Identification of Apoptosis in Mitogen-Treated! Splenocytes
3.2.5.1 Flow Cytometric Analysis of Cell Cycle and DNA Changes During
Apoptosis
B3B7 Xenopus thymus tumour cells (Robert et al, 1994) were initially used to show all
the phases of the cell cycle as these tumour cells are constantly replicating their DNA
and dividing. This is in contrast to medium cultured splenocytes which show only
minimal DNA replication, with only a major peak at the G0G1 phase of the cell cycle.
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Splenocytes were cultured with either ConA or PMA to induce apoptosis. For DNA
analysis, aliquots of 200f-Ll were dispensed into 5ml Falcon tubes. Cells were then either
processed on a Coulter DNAPrep machine, or manually using reagents prepared in the
laboratory - both methods gave similar results.
3.2.§.Jl.Jl lPII"opni!l!Jiunm. lloi!l!Jidle §tmnrrnnrrng of ]))NA
m) ]))NAlPII"eJP

Samples were processed automatically on the Coulter DNAPrep machine,
receiving a 200f-Ll aliquot of lysing and permeabilising reagent (LPR), followed
by 2ml propidium iodide solution containing RNAse.

The sample was

thoroughly vortexed between each addition and was ready within about 30
seconds. Samples were then left in the dark for up to 15 minutes to allow the
propidium iodide staining to saturate the nucleic acid.

Samples were then

analysed on a Coulter Epics XL-MCL flow cytometer.
lb) MmmunlllPII"eJPmll"mfrnorrn

Samples were first permeabilised by using 50f-Ll of saponin solution [APBS
containing 0.1% saponin (Flow Labs) and 0.1% BSA, pH 7.4]. Five hundred
microlitres of propidium iodide solution (0.25mg/ml propidium iodide (Flukka)
in APBS) was then added, followed by 500f-Ll APBS and a 50f-Ll aliquot of
RNAse (stock solution made up in APBS at 1mg/ml using type I-AS RNAse
(Sigma) and stored at -200C in 200f.ll aliquots).

Samples were thoroughly

vortexed and stored in the dark for up to 15 minutes before being analysed on a
Coulter Epics XL-MCL flow cytometer.
3.2.5.Jl.2 JI))NA ArrnmDysns

A protocol designed for DNA analysis was set up which consisted of 5 histograms (see
Figure 3.9):1 - lF§ vs §§ which was identical to that used for surface fluorescence
studies, containing an analysis gate to include lymphoid cells.
2 - lFL3 vs lFL3 Pemk - this histogram was used to ensure that only single
cells were analysed. It is possible for two cells to pass through the
analysis point so close together that the result would appear to be one
cell with twice the DNA ie. a cell in the G2;M phase, therefore this is a
check that doublets are not analysed.
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3 - §nnglle cola:mr JFJL3 lln.nstogram (gated!) - this histogram analyses the
amount of propidiurn iodide associated with DNA. Increasing
fluorescence intensity is recorded along the x-axis (on a linear scale)
with relative cell count along the y-axis. A linear scale is used for DNA
analysis so that the stages in the cell cycle can be seen clearly - a
logarithmic scale would condense these stages so that identification
would become very difficult.
4- §ftngie collmu 1FL3 lllistogram (UIIIlgaterll) -this histogram is identical
to histogram 3 except that all cells are analysed, ie. those both inside and
outside the analysis gates.
5 - Time vs FL3 - this histogram ensures that PI binding has saturated the
DNA - this line should be and remain horizontal for the analysis time,
any deviation either upwards or downwards means that optimal PI
binding has not been achieved.
Samples were analysed on low flow rate at a concentration of no greater than 100
events per second for a period of 5 minutes.

3.2.5.2 Apoptosis Monitored I!Jy Fluorescence Microscopy of Acridine Orange
Stained Splenocytes from Control Xenopus
An aliquot of 200111 was taken from the cell culture and resuspended in APBS to a
concentration of 2x 1o6 then placed in an 1ml Eppendorf and centrifuged at 300g at 4oc
for 10 minutes. The supernatant was removed and the cells resuspended in 1OJ.!l APBS,
before 1OJ.!l acridine orange (1 OJ.!g/ml) was added.

The cells were thoroughly

resuspended before adding 1OJ.!l to an alcohol cleaned slide and a coverslip placed on
top.

The slides were then viewed under a Nikon Optiphot microscope fitted with

episcopic fluorescent attachments using the immunofluorescence FITC filter set.

3.2.6 Use of ASP Antibody to Identify Apoptotic Xenopus Tumour Cells
Cytocentrifuge preparations were made of Xenous thymus tumour cells during log phase
growth. One million cells were centrifuged at 300g at 40C for 10 minutes before being
resuspended in a 1:1 mixture of APBS and FCS at a concentration of 2x 1o6/ml.
Cytocentrifuge chambers were assembled using alcohol cleaned slides and Shandon
filter mats. An aliquot of 1OJ.!l FCS was added to each chamber and centrifuged at full
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speed for one minute to coat the slide to give protection to the cells. Seventy five
microlitres of cell suspension was then added to each chamber and centrifuged at
500rpm for 5 minutes. The slides were then carefully removed and samples allowed to
air dry for 5 minutes, prior to staining with anti-ASP antibody. Slides were fixed in
acetone (BDH) for 5 minutes before being incubated for 30 minutes in blocking buffer
(APBS + 1% BSA). Slides were then washed 3x with wash buffer (APBS + 0.1% BSA)
and an aliquot of rabbit anti-ASP antibody (1:100 made up in APBS + 10% goat serum)
was added to each slide and incubated for one hour at room temperature in a humidified
chamber. The slides were then washed 3x with wash buffer before the goat anti-rabbit
IgG-FITC conjugated antibody (1:50) was added to the slides, and incubated for 30
minutes at room temperature as before. The slides were washed 3x with wash buffer
and propidium iodide (0.25mg/ml) was added to the slides for 2 minutes before washing
briefly with wash buffer. Slides were mounted in PBS/glycerol (Citifluor) and viewed
under a Nikon Optiphot microscope fitted with FITC filters. Apoptosis-specific staining
was seen as green fluorescence, whilst the counter-stain PI appeared red.
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Following thymectomy performed on 5-7 day old larvae there are profound,
reproducible changes amongst monoclonal antibody-defined cell surface markers (see
Figure 3.2). Cell surface antigens CDS, CD8, 04.3 and XTLA-1 cannot be detected by
flow cytometric analysis on splenocytes taken directly from the thymectomized froglets
up to 8 months old. The percentage of slgM+ B cells is increased proportionately, due
to the loss ofT cells, but the actual number of B cells is lower in these particular spleens
of thymectomized animals than in age-matched siblings. For example, the percentage of
slgM+ splenocytes in a control animal (not shown in Figure 3.2)

=

49.6% ~ 2.70x106

lymphocytes, whilst in an age-matched thymectomized sibling the slgM+ percentage =
69.3% ~ 2.46x106 splenic lymphocytes. The percentage of 012.2+ cells increased in
thymectomized animals, as shown in Figure 3.2 (11% in the thymectomized animal
compared to just 4% in the control).
The percentage of macrophages in the spleen was often elevated in thymectomized
animals (data not shown).

Thus studies with the mAb, 04.1 - against Xenopus

macrophages, revealed levels of to 20% positive cells in control animals, but this was
doubled in several thymectomized Xenopus.

3.3.2 In Vitro Stimulation of Contll"ofi and Thymectomized!
Sph.mocytes with 'f Cell Mitogens
3.3.2.1 CeiH Size and Proliferation
Cytospins revealed that splenocytes from control Xenopus aged 8 months respond to
PHA and ConA with increased cell size (Figure 3.3). This was confirmed by flow
cytometric analysis of forward scatter vs side scatter plots (see Figure 3.4B).
Splenocytes from Tx siblings cultured with T cell mitogens showed no noticeable
increase in cell size (Figure 3.40).
The level of 3H-TdR incorporation was used as a measure of cell proliferation and
stimulation indices were calculated in order to compare different experiments (see Table
3.1). For control splenocytes, stimulation with ConA induced cells to proliferate as
judged by stimulation indices from 23 to 72 (a stimulation index of 1.0 indicates no
proliferation). PHA gave stimulation indices of 18 to 51 (data not shown) indicating
that both these T cell mitogens had profound effects on control splenocytes.
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Splenocytes from thymectomized animals showed no indication of a proliferative
response to either ConA (see Table 3.1) or PHA (data not shown). The stimulation
indices achieved with these mitogens on thymectomized splenocytes were

~

1.

3.3.2.2 lFllow <Cy~omrnte~n-nc <Ctellll §unn-ffmcte Annmlly§n§
Following 48 hours culture of splenocytes from 8 month old control animals in the
presence of ConA or PHA, there were no apparent changes in the percentages of cells
stained with the panel of monoclonal antibodies, but there were changes in the staining
intensities. There was a general lowering in staining intensity for CDS, CDS and D4.3,
as well as a noticeable broadening of fluorescence intensities with CDS and CD8 (see
Figure 3.S), compared to medium controls. The staining intensity of MHC class II
frequently increased following splenocyte culture in medium alone. After stimulation
with the T cell mitogen, the mean intensity of MHC II staining was occasionally even
more pronounced (Figure 3.6), but this was not always apparent (Figure 3.S). There
appeared to be no changes to slgM+ B cells.
ConA stimulation of splenocytes from Tx Xenopus did not induce the expression of T
cell markers- eg. CDS and CD8 (see Figure 3.7). Dl2.2 and slgM staining was usually
comparable in medium cultured and ConA stimulated Tx splenocytes.

3.3.3 In Vitro StimuRation of Contron ami Thymectomnzedl
SpHenocytes with a :B Cell Mitogen
3.3.3.1 CelH Size and Proliferation
Following 48 hours culture in LPS, there was a slight increase in lymphoid cell size in
control (Figure 3.4C) and Tx (data not shown) splenocyte suspensions.
Table 1 reveals that control splenocytes responded to LPS stimulation with stimulation
indices of 3 to S. Splenocytes from thymectomized animals responded to LPS with
stimulation indices from 2 to 9.

3.3.3.2 Flow Cytometric Cell Surface Analysis
There is no appreciable change in the cell surface markers CDS, CD8 or D4.3 -there is
no diminution of the staining intensity that was seen when the T cell mitogens were
used. After LPS treatment, the percentage and staining intensity of slgM+ B cells was
comparable to medium cultured cells. The percentage of MHC class II+ splenocytes
does not increase following stimulation, but a population of cells with increased
fluorescence intensity of AM20 staining is noticeable (Figures 3.S and 3.6C). Dual-
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colour flow cytometry showed this bright MHC II population to be slgM+ B cells.
Expression ofD12.2 appears to be unaffected by stimulation with LPS.
For Tx splenocytes, there was no significant change in the percentage of slgM+ B cells
following stimulation with LPS (Figure 3.7). The percentage of D12.2+ splenocytes
does not alter significantly, and there is no suggestion of the appearance of T cell
markers (Figure 3. 7).

3.3.4 In Vitro Stimulation of Splenocytes from Control and!
Thymectomized Animals with Phorbol Myristate Acetate and
Calcium Ionophore
3.3.4.1 Cell Size and Proliferation
Phorbol myristate acetate (PMA) and calcium ionophore (Calon) were used in
conjunction with each other in initial studies on control Xenopus.

Optimal

concentrations of these agents were determined in 3H-TdR dose response assays in 4
and 7 day cultures (see Figure 3.8). In a four day culture there is no one single optimal
dose of PMA, as 100, 50 and 1Ong/ml all result in a high level of proliferation, but it
was found that 5ng/ml was sub-optimal.

However, the dose of Calon appeared

critical with 0.1!J.g/ml proving optimal at 4 days. Doses either side of this resulted in a
dramatic drop in proliferation (down from a stimulation index of 200 to just 100 for
0.25!J.g/ml and to just 12 for 0.011J.glml.
Harvesting at 7 days revealed a need for more Calon to be present in the culture 0.251J.glml now being optimal. This is accompanied by a decreased optimal amount of
PMA - the optimal concentrations now being 10 or 5ng/ml.
Three day assays revealed that PMA could successfully achieve excellent incorporation
of 3H-TdR on its own (Table 3.1) without the need for Calon co-stimulation.
Moreover, cells cultured for 48 hours in PMA alone looked to be in better health than
cells cultured with both PMA and Calon or Calon on its own. This can be seen by more
events appearing below the analysis gate, indicating that these cells are damaged and
therefore dead or dying (compare figures 3.4D, E and F).

In the 3 day culture

experiments, PMA in combination with Calon gave SI's of only up to 38. The use of
Calon by itself resulted in a SI of maximally 15, but on average SI's were around 6.
Splenocytes from thymectomized animals also responded to these mitogenic agents lymphocyte enlargement is noticeable 48 hours after PMA/Calon treatment (Figure
3.4H). Stimulation with PMA alone resulted in SI's of 7 to 21 by day 3 of culture (see
Table 3.1 ).
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3.3.4l.Z JFllow <Cy1tmmettry
In view of the forward scatter vs side scatter profiles of cells cultured for 48 hours in
PMA alone (increased cell size but little cell death) (Figure 3.4D), these studies
concentrated on the use ofPMA alone and this data is shown in Figure 3.5. IgM is lost
from the surface of B cells within 48 hours culture (or drastically reduced) of
splenocytes in PMA. In contrast, both the percentage and staining intensity of CDS is
increased. The distinction between T and B cell expression of class II MHC is increased
following PMA stimulation (Figure 3.6D), and was confirmed by dual-colour flow
cytometry.

The mean intensity of staining for CD8 is reduced following PMA

stimulation and shows a broader range of intensities compared to the intensity seen in
unstimulated cells. Expression of D 12.2 is lost upon stimulation of control splenocytes
with PMA.
Splenocytes from thymectomized animals stimulated with PMA either completely lost
expression of slgM on B cells, or in some animals slgM+ cells were drastically reduced
(for example from 60% down to 10%) (see Figure 3.7). Expression of CDS, CD8 (and
D4.3 - data not shown) is not seen in Tx animals either before or after stimulation with
PMA (see Figure 3.7) (or PMA/Caion).

Expression of D12.2 is reduced or lost

completely upon PMA stimulation.

3.3.5 Identification of Apoptosis in Splenocytes from Control Xenopus
Stimulated with Mitogemts
3.3.5.1 Background Information on Techniques
The cell cycle (see Figure 3.1 0) consists of three stages, GoiG}, where there is just one
copy of the DNA (ie. n = 1), S phase where the DNA is in the process of replicating and
can contain anything between one and two copies of the DNA (n > 1 and <2), and G2/M
where the DNA has been replicated and the cell is about to divide (n

=

2). Any cells

which have less than the full complement of DNA (n<1) appear to the left of the G0 G1
peak. This represents not only dead and dying cells, but more importantly those cells
undergoing apoptosis. Typical traces of non-proliferating cells can be seen in Figure
3.9, showing non-stimulated splenocytes which are all within the G0 G1 phase.

In

contrast, Figure 3.10 shows Xenopus thymic tumour cells to illustrate proliferating cells
which demonstrate all the phases of the cell cycle.
Splenocytes stained with acridine orange and analysed by fluorescence microscopy were
also used for identification of apoptosis.

Activated viable cells have a single

yellow/green (DNA+) nucleus with orange/red (RNA+) cytoplasm, whilst activated, but
apoptotic cells have a fragmented nucleus with some orange/red cytoplasm.
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3.3.5.2 Experimental Findings
Splenocytes were stimulated with ConA or PMA and samples taken for flow cytometry
at 24, 48 and 72 hours, and for fluorescence microscopy at 48 and 96 hours.
a) Medium Cultured
Flow cytometric analysis of DNA showed few, if any cells undergoing apoptosis
by 24 hours culture (Figure 3.11A). This level increased during the culture
period, reaching levels of 16% by 72 hours culture. This can be clearly seen as a
peak (region E) to the left of the major G0 G1 peak of cells. Acridine orange
staining of medium cultured splenocytes at 4 days culture revealed nonfragmented green nuclei (indicating no break down of the genetic material), and
only a low level ofRNA (red staining) in the cytoplasm (Figure 3.12A).
b) Concanavalin A Stimulated
Stimulation with the T cell mitogen ConA appeared to induce more splenocytes
into the suicide pathway of apoptosis (Figure 3.11 B). Initially by 24 hours there
was little apoptosis detectable, but by 48 hours apoptosis had increased to 24%
(compared to just 12% in medium cultured cells).

By 72 hours only 19%

splenocytes were apoptotic. Four day ConA treated splenocytes stained with
acridine orange had transformed into blast cells (Figure 3.12B) with RNA+ red
cytoplasm. However, very few apoptotic (fragmented green nuclei) could be
detected.
c) PMA + Calon Stimulated
The effects of PMA + Calon emerged by 48 hours, when the level of splenocyte
apoptosis had reached 19%, and increased further to 25% by 72 hours (Figure
3.11 C). Figure 12C shows splenocytes stained with acridine orange 4 days after
stimulation with PMA + Calon. Although there are some transformed blast cells
with active red (RNA+) cytoplasm, there is also a noticeable proportion of cells
with a fragmented green nucleus, distinctive of cells undergoing apoptosis.

3.3.6 Identification of Apoptosis in Thymus Tumour Cells Using the
Specific Anti-ASP Antibody
Analysis of Xenopus thymic tumour cells with the anti-ASP antibody showed that a low
level of apoptosis was occurring in these cycling cells. Figure 3.13 shows thymus
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tumour cells stained with the anti-ASP antibody. Healthy cells can be identified as
having an intact red-stained nucleus and unstained cytoplasm.

The cytoplasm of

apoptotic cells stains green/yellow (identifying the apoptosis specific protein) and these
cells have a fragmented, red-staining nucleus.
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The initial a1m of this Chapter was to examine monoclonal antibody-defined
lymphocyte surface antigen expression on splenocytes following early larval
thymectomy. The effects of in vitro mitogen stimulation on cell surface antigen
expression on splenocytes was then investigated and responses to the mitogens being
confirmed by tritiated thymidine incorporation. Finally, the consequences of in vitro
stimulation were examined in terms of induction of apoptosis.
Removal of the thymus from 5-7 day old larvae resulted in a dramatic loss of the T cell
markers CD5, CD8, D4.3 and XTLA-1 from the spleen. At 8 months of age there is no
suggestion that these markers are emerging, confirming the effectiveness of the
operation in terms of T cell depletion. Splenocytes from control and Tx animals were
subsequently stimulated in vitro with a variety of mitogenic agents to probe for changes
in antigen expression and determine whether T cell markers could be induced on the
surface of Tx splenocytes. Stimulation of control splenocytes with the T cell mitogens
ConA and PHA, induced a reduction in the fluorescence intensity of staining for CD5
and CD8. This reduction is likely due to an increase in splenocyte cell size (as shown
by an increase in their forward scatter vs side scatter profiles) but no significant increase
in cell surface expression of these markers, which would result in fewer receptors per
unit area. Neither ConA nor PHA resulted in any phenotypic changes in Tx splenocytes
- there was no suggestion of any T cell marker expression being induced. There was no
proliferative response of Tx splenocytes to the T cell mitogens, ConA or PHA,
confirming the lack ofT cell development following early thymic ablation. However,
splenocytes from Tx animals continued to display a response to LPS and PMA.
More dramatic changes in cell surface antigen expression and tritiated thymidine
incorporation were seen when splenocytes were stimulated with PMA. There was a loss
of slgM and D12.2 expression in both control and Tx frogs, confirming activation of
splenocytes by this phorbol ester (Aman and Klein, 1984) and confirmed by thymidine
incorporation. In control spleens stimulated with PMA there was an increase in the
percentage of ens+ cells, with the emergence of a population of cnsdull splenocytes.
No such emergence of cnsdull cells was seen in PMA stimulated Tx spleens. The
increase in CD5 expression in control Xenopus was not altogether surprising, since
stimulation of mammalian lymphocytes with phorbol esters results in an increase in
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CD5 expression (Miller and Garlow, 1984; Zupo et al, 1994). However, the increase in

ens+ cells in Xenopus was not accompanied by an increase in the expression of other T
cell markers such as CD8 or D4.3. CD5 expression could well be appearing on non-T
cells following PMA stimulation, since the increased expression of CD5 on PMA
stimulated mammalian lymphocytes is on B cells (Clevers et al, 1985; Rothstein et al,
1986; Freedman et al, 1989a). This suggestion is probed in depth in Chapter 4, as is the
finding that CD5 expression could be induced in PMA stimulated splenocytes from
control Xenopus, but failed to appear in Tx animals.
One interesting finding highlighted during the flow cytometric analysis of mitogen
stimulated splenocytes from control Xenopus, was the change in MHC II expression.
As was shown in Chapter 2, T and B cells in adult Xenopus express different levels of
MHC II molecules on their surface (T cells being dull and non-T cells being bright).
Single colour flow cytometric analysis of MHC II does not readily distinguish these two
populations.

However, in vitro stimulation with either LPS or PMA promotes the

MHC-staining distinction between these two populations, and it has been shown that
phorbol ester stimulation increases MHC II expression on human B cells (Clevers et al,
1985).
Stimulating Xenopus splenocytes in vitro with mitogenic agents provides no information
on whether these agents were causing deleterious effects on the cells, such as inducing
cell suicide (apoptosis). Preliminary studies investigating this matter were carried out
by flow cytometric analysis of DNA content. These studies were limited to splenocytes
from control animals, due to the unavailability of sufficient Tx animals.

Culturing

splenocytes for up to 3 days in medium alone resulted in some cells undergoing
apoptosis (as defined by a peak of cells at the sub-diploid position). Stimulation with
ConA gave a peak of apoptotic cells by 48 hours, but this began to decline by 3 days,
whilst PMA gave increased levels of apoptosis with increasing culture period.

A

fluorescence microscopic examination of splenocytes stained with acridine orange
confirmed the flow cytometric findings, identifying increased numbers of putative
apoptotic cells with fragmented nuclear material. Light microscopic observations of
mammalian lymphocytes stained with acridine orange show healthy cells as having an
intact green nucleus whilst apoptotic cells show the characteristic fragmented green
nuclear material (A Milner & J D Horton, personal communication).
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Apoptosis in thymocytes of adult Xenopus laevis can be induced by glucocorticoid,
lectin and altered self-antigen stimulation in vitro (Ruben et al, 1994). This correlates
with findings in mammalian thymocytes whereby apoptosis can be induced by
glucocorticoid or lectin activation. However, larval thymocytes differ from those of
adult frogs in that apoptosis cannot be induced by glucocorticoids, but can still be
induced by lectin or altered self-antigen activation (Ruben et al, 1994). The effects of in
vivo injection of ConA and LPS on apoptosis in Xenopus has recently been carried out

(Grant et al, 1995). The work revealed that ConA induces a greater level of apoptosis in
the spleen, and that LPS, although not as effective, is capable of inducing apoptosis in
the thymic medulla and red pulp of the spleen.
Identification of apoptotic Xenopus lymphocytes appears to be possible with the recently
described antibody that has activity against an apoptosis specific protein (ASP)(Grand et
al, 1995) in cultured mammalian cells.

This antibody showed cross-reactivity to

Xenopus, and the Xenopus protein detected by this antibody has very recently been

shown to have molecular weight characteristics similar to that identified in human and
mouse cells (J D Horton & A Milner, personal communication). Due to the recent
availability of this mAb, these studies were limited to Xenopus thymus tumour cells.
Evolutionary conservation of the apoptotic specific protein is suggested from the
preliminary findings presented here. Future studies on apoptosis in Xenopus will be
aided by this straightforward histological approach.
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Figure 3.1

Dose response assay to ascertain the optimal dose of
concanavalin A to use in cell proliferation assays. Splenocytes
from outbred control Xenopus laevis (8 months) were cultured
for 48 hours with or without various doses of ConA before
receiving a pulse of 3H-T dR and harvested 18-20 hours later.
The level of incorporated thymidine was assessed by liquid
scintillation counting by recording the number of
disintegrations per minute (DPM). Representative of 4 replica
experiments.
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Representative flow cytometric single colour histograms comparing cell
surface markers on splenocytes of control and thymectomized outbred
adult Xenopus laevis (non-cultured cells). Analysis markers were set at
2% with isotype-maiched control mAbs. Animals were aged 8 months.
Representative of 4 experiments.

JFigure 3.3

Cytocentrifuge preparations of splenocytes from 8 month old control (A,
<C and E) and Tx (R, IDl and JF) cultured for 48 hours in amphibian culture
medium alone (A and B), with the addition of2.5J.Lg/ml ConA (C and D)
or with the addition of lOng/ml PMA + O.l!J.g/ml Calon (E and F).
Wright-Giemsa stain, magnification xl250
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Forward scatter vs side scatter dot plot profiles of splenocyte
preparations from 8 month old outbred control Xenopus /aevis cultured for
48 hours in amphibian culture medium alone (A), with the addition of
2.5J.!g/ml ConA (B), 250J.!glml LPS (C), IOng/ml PMA (D), O.lJ.!glml
CaJon (E) or IOng/ml PMA ~ O.lJ.!g/ml CaJon (F).
Splenocyte preparations from thymectomized Xenopus laevis cultured for
48 hours in culture medium alone (G) and PMA + CaJon (H).

Figure 3.5

Representative flow cytometric single-colour histograms of splenocytes
from 8 month old control adult Xenopus laevis cultured for 48 hours. I
variety of cell surface markers were compared when splenocytes were
cultured in medium or stimulated with either ConNPHA, LPS or
PMA+Caion at optimal concentrations.
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Effects of in vitro stimulation upon lvfHC class II expression on
splenocytes from 8 month old control Xenopus. Representative flow
cytometric single-colour histograms of splenocytes cultured for 48 hours
in amphibian culture medium (A), with the addition ofConA or PHA (B),
LPS (C) or PMA (D)
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Representative flow cytometric single-colour histograms of splenocytes
from 8 month old outbred thymectomized adult Xenopus laevis, cultured
for 48 hours. Effects on cell surface markers were compared when
splenocytes were stimulated with either ConA., LPS or PMA+Calon at
optimal concentrations.
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Figure 3.8

Tritiated thymidine incorporation following 4 days (A) or 7 days
(B) in vitro stimulation with phorbol myristate acetate (PMA) and
calcium ionophore (Calon). Splenocytes from 8 month old
outbred Xenopus laevis were cultured in 96-well plates with
varying concentrations of PMA and Calon, and received a pulse of
3H-TdR 18-20 hours before harvesting the cells and carrying out
liquid scintillation counting.
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Figure 3.9

Example of traces employed during flow cytometric DNA data analysis
of splenocytes. Forward scatter vs side scatter, with an analysis gate
around lymphocytes (A), FL3 vs FL3 Peak to ensure only single cells are
analysed (B), single colour analysis for FL3 (propidium iodide) looking at
cells that fall within both the lymphocye gate (in histogram A) and the
single cell gate (in histogram B) (C), single colour analysis for FL3
looking at all cells, ie. no gating (D) and time vs FL3 to ensure optimal
binding of propidium iodide has been achieved, ie. should be a straight
line (E). Only cells in GofGI are readily detectable in these medium
cultured splenocytes.
The regions shown inC and Dare further explained in Figure 10.
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by propidium iodide staining of the DNA of )(enopus thymic tumour cells.
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Figure 3.11A Flow cytometric profiles of DNA content of splenocytes from 8
month old control Xenopus cultured for 24, 48 and 72 hours in
medium
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Figure 3.11B Flow cytometric profiles of DNA content of splenocytes from
8 month old control Xenopus cultured for 24, 48 and 72 hours in
the presence of 2.5 J..lg/ml ConA.
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Figure 3.11C Flow cytometric profiles of DNA content ofsplenocytes from
8 month old control Xenopus cultured for 24, 48 and 72 hours in
the presence of lOng/ml PMA + O.l).lg/ml Calon.

figure 3.12

Cytocentrifuge preparations of splenocytes from 8 month old Xenopus
cultured for 48 hours in amphibian culture medium alone (A) or in the
presence of2.5).1.g/ml ConA (B), or lOng/ml PMA + O.l~tg/ml Calon (C).
Preparations were stained with acridine orange, healthy cells can be
identified by their intact yellow/green nucleus, whilst apoptotic cells show
a fragmented yellow/green nucleus. Activated cells can be identifed by
their RNA+ red cytoplasm
Magnification x500

A

B

c

Figure 3.13

Cytocentrifuge preparation of Xenopus thymic tumour cells stained with
the anti-ASP antibody and counter stained with propidium iodide.
Healthy cells can be identified by their homogeneous red stained nucleus,
whilst apoptotic cells can be identified by the presence of a fragmented
red nucleus and yellow/green cytoplasm.
Magnification x 1250
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TABLE 3.1

8 months
12 months
14 months
8 months
12 months
14 months

738±25
1,232±277
819±160
689±48
1,449±420
2,208±1,162

49,209±58
182,133±10,508
63, 132±4,517
6,822±356
38,310±2,771
21,715±1,336

66±2
142±38
79±21
10±1
27±11
15±7

Representative data indicating the level of in vitro stimulation
of splenocytes from control and Tx Xenopus following
stimulation with either 2.5J.lg/ml ConA, 250J.lg/ml LPS, or
1Ong/ml PMA.
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from Controi and Thymectomized
Xenopus
4L ]_ Introduction
The role of the 67-kDa glycoprotein CDS (also known as Leu-1 in humans and Ly-1 in
mice) is still poorly understood in mammals (Kripps, 1989). CDS is a panT cell marker
whilst its ligand, CD72 is found on B cells (van de Velde et al, 1991). The binding of
CDS with CD72 is thought to facilitate binding and therefore interactions between T and
B cells. Studies have shown that the binding of anti-CDS mAbs to both human and
murine T cells causes an increase in interleukin 2 production and their proliferation
(Ceuppens and Baroja, 1986). In mammals CDS expression is not restricted to T cells
alone (Kripps, 1989; Haughton et al, 1993; Kearney, 1993). In humans and in mice
there is a small but distinct population of B cells (up to 10% splenic B cells) that
constitutively express CDS on the cell surface (Kipps, 1989; Kawamura et al, 1994).
These CDS+ B cells are thought to be derived from a distinct lineage and have been
termed B 1a cells as opposed to conventional B cells which have now been termed B2
cells (Herzenberg and Kantor, 1993). In the rabbit virtually all of its peripheral B cells
are found to express CDS (Raman and Knight, 1992), whilst in the rat there has been no
detection of CDS+ B cells despite the fact that CDS is found on its T cells (Vermeer et
al, 1994). CDS+ T and B cells have also been identified in cattle (Yang et al, 199S).

With the recent production of a monoclonal antibody that identifies the amphibian
(Xenopus) CDS homologue (JUrgens et al, 199S), further investigations into the

expression of this marker are carried out here. Studies in humans and mice have shown
that CDS expression can be induced on B cells by in vitro stimulation with phorbol
esters (Rothstein et al, 1986; Zupo et al, 1994). In the previous chapter it was shown
that CDS expression is increased on splenocytes from control Xenopus /aevis following
stimulation with the phorbol ester PMA, whilst splenocytes from thymectomized
animals failed to show any signs of CDS expression.

This chapter probes which

splenocytes display this increased expression of CDS, and what conditions promote
CDS emergence on B lymphocytes. Splenocytes from control animals were separated

into populations of B cells (and non-8 cells) to mimic the situation found in
thymectomized animals, and subsequently stimulated with phorbol ester.

These

experiments indicate that T cells or T cell factors are required to enable B cells to
express CDS. This finding has led to cell mixing experiments, combining splenocytes
from thymectomized animals with T cells and stimulating these cell mixtures with PMA
to see if CDS expression could be induced on B cells from the thymectomized animal.
Finally, since it has been shown that PMA stimulates mammalian T cells via protein
kinase C (PKC) activation (Nishizuka, 1984), experiments were carried out using a
protein kinase C inhibitor to confirm that the increased CDS expression induced by
PMA on Xenopus splenocytes was acting through the protein kinase C pathway.

86

4e2 Materials and Methods
4.2.1 Animals and Operations
4l.2.1.X Animals
Outbred Xenopus laevis were used throughout, and were bred and reared in the
laboratory under standard conditions (Horton and Manning, 1972). Animals were aged
between 6-12 months.

4.2. 1.2 Thymectomy
See 3.2.1.2

4.2.1.3 Preparation of Spleen Cell Suspension
See 3.1.2.3

4.2.2 Amphibian Culture Medium
As detailed in section 3.2.2.

4.2.3 PMA Stimulation of Control and Thymectomized Splenocytes
Splenocytes were centrifuged at 300g, 40C for 10 minutes and resuspended m
amphibian culture medium at a concentration of 1x106/ml and plated into a 24-well
plate with each well receiving 1ml.

Experimental wells were given

100~1

PMA

(1 Ong/ml) whilst an equivalent volume of medium was added to control wells. The

plate was incubated in a humidified incubator at 27°C with 5% C02 in air for 18-20
hours. After this time the medium was changed on all wells and the plate incubated for
a further 24 hours before being analysed by flow cytometry (4.2.8).

4.2.4 Complement Mediated Lysis To Deplete T Cells
A splenocyte cell suspension was prepared (see 4.2.1.3) and the cells adjusted to 1x106
cells/mi. One million cells were added to a Falcon tube and centrifuged at 300g, 40C
for 10 minutes. The pellet was resuspended in 100~1 appropriate mAb (AM22 or 2B 1)
and incubated on ice for 20 minutes. Halfway through this incubation the cells were
resuspended to ensure optimal coating of cells. The cells were then washed twice and
resuspended in culture medium containing complement (guinea pig or rabbit
complement was used at various concentrations- see Results) and incubated at 270C for
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45 minutes (this lower temperature was used and not 37°C as this temperature would
have been harmful to amphibian cells). After this time the cells were washed twice and
a viable count was made using trypan blue. Those cells that had taken up the dye were
termed dead as their membranes were no longer intact presumably through the lytic
action of complement-mediated lysis.

41.2.5 lP'21mnrrrrng 1fi[J)

JErrn~rrr<elln

ifm· 1ffi CC!!!llll§

All procedures were carried out in a laminar air flow cabinet using aseptic techniques
and sterile or autoclaved media.
~.2.5.Jl

<Cmntfinng lP'dirn Jl))i~dn

Standard microbiological size (85mm) sterile petri dishes (Sterilin) were coated with
anti-mouse IgG by the method of Wysicki and Sato (1978) and Bleicher and Cohen
(1981 ). Anti-mouse lg (20Jll anti-IgG) was added to 6ml carbonate/bicarbonate buffer
(pH 9.7) (see Appendix A) giving a final concentration of 10Jlg/ml Ab. This was then
pipetted onto a sterile petri dish, making sure that the bottom of the dish was covered
with the medium, and incubated at 4°C overnight. The contents of the petri dish were
then discarded and 6ml blocking buffer added to the dish (carbonate/bicarbonate buffer
containing 1% BSA) and incubated at room temperature for 20-30 minutes.
Immediately before the cells were to be added to the dish, the blocking buffer was
discarded and the dish carefully washed three times with FACS medium (see Appendix
A) to remove any residual blocking buffer and reduce the pH back to 7.4 so as not to
damage the cells.

4.2.5.2 Panning Procedure
A splenocyte cell suspension was prepared and the concentration adjusted to 1x 1o6/ml.
An aliquot of cells was put aside that was not treated, ie. non-panned population. If the
cells were not analysed the same day, they were resuspended in culture medium and put
into culture until analysed. The remaining cells were split into 5ml Falcon tubes each
containing 1x 1o6 cells. These were centrifuged at 300g, 4oc for 10 minutes and the
pellets resuspended in 100Jll anti-Jl (8E4:57) mAb, and stored on ice for 30 minutes.
Halfway through the incubation, the cells were agitated to ensure optimal coating with
the Ab. The cells were then washed twice with FACS medium to remove any unbound
mAb before the cells were pooled in a total volume of6ml. The cells (6xi06) were then
added to the antibody-coated petri dish and incubated at 4°C for 40 minutes. After this
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time the plate was gently swirled to maximise the number of cells binding to the plate,
and the dish incubated for a further 30 minutes. The non-adherent fraction of cells was
then carefully removed by pi petting and the plate washed very gently with fresh FACS
medium several times to ensure that all the non-adherent cells had been recovered. At
this time the petri dish was examined under an inverted microscope to ensure that all the
non-adherent cells had been removed. Finally, the adherent population was removed by
adding FACS medium and harshly pipetting the bottom of the dish at an angle so that
the bonds between the anti-mouse lgG and the anti-J..t Ab would be broken, thereby
releasing the cells from the plate. This was repeated several times until there were no
more cells bound to the plate as observed under the inverted microscope. Both nonadherent and adherent populations were then centrifuged and counted before being
resuspended in amphibian culture medium and cultured overnight in a humidified
incubator at 270C with 5% C02 in air. An aliquot of cells were analysed the next day
by flow cytometry (4.2.8) to check how efficient the panning procedure had been. The
remaining cells were then used in cell mixing experiments as described below.

4.2.6 CeH Mixnng Experiment§
4.2.6.Jl Mixing of Panned Population§
Splenocytes from individual control animals were panned by the method in 4.2.5 to
obtain a B-cell-rich adherent population.

The purity of the panning procedure was

checked after overnight culture by flow cytometry. At this time the following cultures
were set up in 24 well plates, with each well containing 1ml cell suspension at
1x106/ml:i) 1x 1o6 adherent (B-cell rich) splenocytes ± 1OOj..tl PMA (1 Ong/ml) and 1OOJ.ll
Calon (0.1 J.lg/ml)
ii) 1x106 adherent (B-cell rich) splenocytes + 1x106 non-adherent (T-cell rich)
splenocytes ± 100j..tl PMA (10ng/ml) and 100J.ll Calon (O.lj..tg/ml)
iii) 1x 1o6 non-panned splenocytes ± 1OOj..tl PMA ( 1Ong/ml) and 1OOj..tl
Calon (0.1 J.lg/ml)
The plate was cultured in a humidified incubator at 27°C with 5% C02 in air for 18-20
hours, after which the medium was changed in all wells, and the plate incubated for a
further 24 hours. After this time (approximately 3 days total culture) cells were taken
for analysis by flow cytometry (section 4.2.8). Calon was used in the culture because
the cells were to be overall cultured for up to 72 hours and in the previous chapter it was
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shown that the cells benefit from the presence of Calon when cultured for this length of
time.

4!.2.6.2 Mhdnng §pllerrno~yfte§ ifll'om 1I'Ilnymedomfi7lea:ll A.rrnnmall§ wnttlln a CilJl§+ 1I'
CCellll §mu~e
To determine if the presence of T cells or T cell factors were required by splenocytes
from thymectomized animals for the induction of CDS expression following PMA
stimulation, two types of cell mixing experiments were used.
a) lU§te of WeHR ITI!ll.§ert§

Splenocytes from a thymectomized (Tx) animal were plated at lxto6 cells/ml in 24 well
plates as detailed in section 4.2.3). A 24-well plate well insert (Falcon cell culture insert
with a pore size of 3Jlm) was placed into the wells containing splenocytes from the Tx
animal, and lxto6 splenocytes from a control animal were added to the insert. To
experimental wells 200Jll PMA (10ng/ml) was added (2ml volume in wells therefore
requires twice the amount of PMA), whilst an equivalent volume of medium was added
to control wells. The plate was then incubated in a humidified incubator at 27°C with
5% C02 in air for 18-20 hours after which the medium was changed in all wells, and
the plate incubated for a further 24 hours. After this time the well inserts containing the
control splenocytes were discarded and the thymectomized splenocytes were analysed
by flow cytometry (section 4.2.8).

lb) lUse of Xenopus Thymic Tumour Cell§
For experiments employing the thymic tumour cells, cultures were set up using tumour
culture medium (see Appendix A).
Splenocytes from a thymectomized animal were mixed with CDS+ Xenopus tumour
cells (the B3B7 clone of Robert, Guiet and DuPasquier (1994)) at a ratio of 1:1. The
mixed cells were then plated at 1xto6/ml in 24 well plates, and to experimental wells
1OOJ.!l PMA (I Ong/ml) were added, whilst control wells received an equivalent volume
of medium. The plates were then cultured in a humidified incubator at 27°C with 5%
C02 in air for 18-20 hours, after which the medium was changed on all wells. After a
further 24 hours culture the cells were taken for flow cytometric analysis (section 4.2.8).

4.2. i Protein Kinase C Inhibition Studies
4.2.7.1 Dose Response Assay
The protein kinase C (PKC) inhibitor, RO 31-8220 was a generous gift from Roche
Laboratories. It was reconstituted in DMSO at a concentration of I mM and stored at
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-2ooc in 50J.!l aliquots.
Splenocytes from control Xenopus that were to receive the PKC inhibitor were adjusted
to 1x106/ml and aliquoted into 5ml Falcon tubes, each receiving 1x106 cells. These
were then centrifuged at 300g, 40C for 10 minutes. Each pellet was resuspended in 1ml
amphibian culture medium containing a different concentration of inhibitor (0.5J.!M,
0.25J.!M, O.lJ.!M, 0.01J.!M or no inhibitor for control samples), and incubated on ice for
30 minutes.

Splenocytes were then centrifuged and resuspended in fresh medium

containing the appropriate concentration of inhibitor. Splenocytes were then plated in
triplicate in a 96 well flat bottomed plate, with two identical plates being set up. One
plate received 1OJ.!l PMA (1 Ong/ml) to all wells whilst the second plate received an
equivalent volume of medium. Both plates were then incubated for 48 hours before a
pulse oftritiated thymidine was added for 18-20 hours (as detailed in section 3.2.3)- the
inhibitor being present throughout the entire culture period.

4.2. 7.2 <Celn §wurface Analysis
Splenocytes were treated as above, except that the cell pellets were resuspended in the
optimal concentration of inhibitor as determined from the PKC inhibitor dose response
assay. Splenocytes were plated at 1x106/ml in 24 well plates± 100J.!l mitogen (PMA
10ng/ml, PHA 1J.!g/ml or 125J.!l LPS 250J.!g/ml) and cultured for 18-20 hours in a
humidified incubator at 27°C with 5% C02 in air. After this time medium was changed
on all wells and fresh medium added - to those cells receiving the PKC inhibitor, the
blocker was maintained at the appropriate concentration.

After a further 24 hours

culture the splenocytes were taken for flow cytometric analysis (4.2.8).

4.2.8 Flow Cytometric Analysis
Splenocytes were taken from the culture plate well and placed into a 5ml Falcon tube.
The well was then washed out with 1ml FACS medium and the washings added to the
tube. The cells were then centrifuged at 300g, 40C for 10 minutes and adjusted to
1x106/ml with fresh FACS medium. The cells were then labelled with fluorescently
labelled mAbs as detailed in Chapter 2 section 2.2.5.
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Dual staining studies with the mAbs 2Bl (anti-CDS) and 8E4:S7 (anti-IgM) showed that
following stimulation for 48 hours with PMA, lgM was lost from the surface of splenic
B cells and a population of cells expressing CDsdull appeared (Figure 4.1A). Also
observed was that the staining intensity of CDS expression on T cells was also slightly
increased. Dual staining studies with 2B1 and AM22/F17 (anti-CD8) or D4.3 showed
that the population of CDsdull cells were CDS- and D4.3- (Figures 4.1B and C),
indicating that these cells were not T cells. MHC class II expression was used as a
marker to determine if the CDsdull cells were likely B cells. Dual staining for MHC II
and CDS showed that following PMA stimulation, it is a population of MHC IIbright
cells that become CDsdull (Figure 4.1D). Previous studies in Chapter 2 have shown
that adult Xenopus B cells are the major MHC nbright population in the spleen, whilst
adult T cells are MHC ndull. This difference in MHC II expression ofT and B cells
was confirmed here for 48 hours cultured cells (Figure 4.2). The suggestion that it is B
cells that acquire CDS expression upon stimulation with PMA is strengthened by flow
cytometric observations made 24 hours after PMA stimulation.

At this time some

slgMdull,cDsdull cells are found (data not shown; Jurgens et al, 199S).

4.3.2 FHow Cytmnetric Anaiysis of PMA §timlll!llatedl §pHenocytes fll"om
Thymectomized! Animal§
Splenocytes from thymectomized siblings of the above 6-8 month old controls were
stimulated with PMA in identical conditions to control cells. It was found that in all
cases B cells from these animals failed to express CDS.

There was no change in

phenotype of thymectomized splenocytes following PMA stimulation except for the loss
of slgM (Figure 4.3). An occasional 12 month old Tx animal was found that possessed
a low percentage of CDsbright splenocytes (Figure 4.4). When such splenocytes were
stimulated with PMA there was still no increase in CDS expression (Figure 4.4). In
such 'old' Tx frogs, residual CDS-staining, as with residual CDS (AM22) staining, was
in fact reduced within 48 hours of PMA stimulation.
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Experiments were carried out to obtain pure B cell populations from control splenocytes
to probe how these would respond to PMA stimulation in the absence or presence of cocultured T cell-enriched splenocytes.
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Experiments using complement to lyse those cells labelled with anti-T cell mAbs did
not prove successful.

Varying concentrations of complement were used, as were

different types of complement (commercial guinea-pig and rabbit complement, as well
as complement obtained from fresh rabbit blood). There was some level of killing but
not to the anticipated level.

After numerous attempts to optimise conditions the

technique was abandoned.

4.3.3.2 Errnrrnclbtment of B CeRn§ By JP>annnng
Initial panning experiments, where the petri dish was coated with the mAb 8E4:57 and
unlabelled cells were added directly to the plate ('direct' method), proved to be only
partially successful. The adherent population of splenocytes was enriched from 30% to
50% slgM+ cells, but still had about 40% contaminating T cells. The 'indirect' method
was later used, which involved coating the petri dish with an anti-mouse IgG and then
adding to the petri dish splenocytes that had been incubated with the mAb 8E4:57.
Using this method the adherent (B cell rich) population resulted in purities of >90%
(Figure 4.5).
The following points were found to be beneficial to the panning technique for use with
Xenopus splenocytes:-

1 coating the petri dish overnight at 40C with the anti-mouse IgG - if the dish
was coated at room temperature for several hours the efficiency was reduced.
2 incubating splenocytes on ice with 8E4:57 at 1:60 for 30 minutes, mixing the
cells after 15 minutes to ensure optimal binding
3 washing cells twice after labelling cells and before adding cells to the petri
dish - failure to do so resulted in sites on the dish being taken by unbound
mAb and therefore reducing the efficiency of labelled cells binding to the
plate
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4 adding up to 6x 1o6 cells to any one petri dish to ensure optimal binding
5 the use of one single pan of 70 minutes with gentle swirling after 40 minutes
proved to be just as effective as a double pan, ie. adding the non-adherent
cells

to a second petri dish after 30 minutes

4.3.4 Phorbol Ester Stimulation of Panned Populations from Control
Animals
4.3.4.1 Unmixed Populations
Splenocytes from control Xenopus were panned to obtain a population of adherent B
cells which were subsequently stimulated with PMA and Calon. Following stimulation
the population of pure B cells (87% pure) lost surface IgM expression but there was no
indication of CDS expression (Figure 4.6). Stimulation of both the non-panned and
non-adherent (T cell enriched) populations resulted in an increase in the level of CDS
expression (59%=> 76% and 78% => 85% respectively) (Figure 4.6).

4.3.4.2 Cell Mixing Experiments
Having obtained a 90% pure population of B cells by panning, an aliquot of adherent (B
cell-enriched) and non-adherent (T cell enriched) were mixed back together at a ratio of
1:1 to ensure that the procedure of panning does not affect the ability of B cells to gain
CDS expression following PMA stimulation. As shown in Figure 4.7, when B cells
alone were stimulated with PMA they lost their surface IgM expression but showed no
signs of CDS expression. When the adherent B cells were mixed back with the nonadherent population and then stimulated with PMA, it can be seen that now as well as
losing surface IgM, there is an increase in CDS expression (from 43% => 63%)
indicating that it is not the physical act of panning that prevents the B cells from
acquiring CDS expression.

4.3.5 Cell Mixing Experiments with Thymectomized Splenocytes and
ens+ Lymphocytes
4.3.5.1 Use of Well Inserts to Separate a CDS Cell Source from
Thymectomized Splenocytes
Experiments employing the use of well inserts containing

ens+

control splenocytes

showed that PMA stimulation of splenocytes from a year old Tx frog was not impeded
by the insert itself, as shown by the loss of surface IgM (Figure 4.8A). However, there
was no significant increase in CDS expression (16% up to 19%- Figure 4.8B) by the Tx
splenocytes.
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These experiments were carried out using amphibian tumour medium (see Appendix A)
instead of the amphibian culture medium as used previously. To ensure that the results
obtained in these experiments were not affected by the tumour medium (with its various
additives), initial stimulation studies (as in 4.2.3) were carried out substituting the
tumour medium in place of the amphibian culture medium. Results showed that there
was no difference in the outcome of the experiments regardless of which medium was
used (data not shown).
When splenocytes from a thymectomized animal were mixed with B3B7 thymic tumour
cells, CDS expression of gated splenic lymphocytes (based on their forward vs side
scatter characteristics) increased following stimulation with PMA, from levels of 12%
to 50% (Figure 4.9A). However, there was no increase in CD8 expression, and lgM was
lost from the surface of these stimulated cells (Figures 4.9B and C).
One of the major problems with these particular cell mixing experiments is that flow
cytometric analysis of forward scatter vs side scatter-gated cells cannot exclude all
B3B7 tumour cells from the analysis. However, unlike splenocytes, the tumour cells do
not express any MHC II molecules, even after PMA stimulation (Figure 4.1 0), and
following PMA stimulation, the mean fluorescence intensity for CDS is decreased on
some of the cells (Figure 4.1 0). Therefore analyses were carried out using dual-staining
of MHC II in combination with CDS and CD8 (using the mAb F17). Those cells that
are MHC II+ are splenocytes from the thymectomized animal, by virtue of their MHC II
expression. As shown in Figure 4.11, following PMA stimulation CDS expression of
Tx splenocytes (MHC n+) increased from 3% to 18%.

The percentage of CD8

expressing (F 17+) thymus tumour cells decreased after PMA stimulation and no CD8
appeared on the stimulated Tx splenocytes.

4.3.6 PKC Inhibitor §tudie§ on lLympllwcytes :!from Control Xenopus
A dose response assay with Xenopus splenocytes showed that the optimal concentration
of RO 31-8220 to inhibit PMA stimulation was between O.l).!M and 0.01).!M (Figure
4.12). At 0.1 ).!M the stimulatory effect of PMA was inhibited, but it appeared that DPM
values for medium-cultured cells were being impaired. Figure 4.13 shows the forward
scatter vs side scatter flow cytometric profiles of cells cultured for 48 hours in medium
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alone and with varying concentrations of the inhibitor to see what physical effect the
inhibitor was having on the gated cells. Dead and dying cells can be seen falling below
the analysis gate. At a concentration of O.Olf.!M the splenocytes have similar physical
characteristics to medium cultured cells and appear healthy.

At 0.01f.!M inhibitor,

stimulation with PMA is not completely ablated, but is drastically reduced, mean DPM
values of 6S,978 without the inhibitor are down to 9,439 in the presence of the inhibitor
(see Table 4.1 ). This dose of inhibitor did not have such dramatic effects on LPS or
PHA stimulation (see Table 4.1 ). The response (SI) to PHA is cut by half indicating
that the protein kinase C pathway is important in PHA-induced T cell activation, but is
not the sole activation pathway.
The effect of the PKC inhibitor on blocking PMA induced surface antigen changes was
monitored by flow cytometry (Figure 4.14). The inhibitor alone caused a drop in the
percentage of splenic B cells, but an increase in the percentage of ens+ (Figure 4.14A i
& ii). In contrast to cells cultured in PMA on its own, the presence of PMA + inhibitor

did not increase the percentage of ens+ cells (Figure 4.14B ii). Surface lgM was lost
from B cells cultured in PMA + inhibitor, indicating that B cell stimulation was still
occurring (Figure 4.14B ii).

However, dual-colour analysis of MHC II with CDS

showed that the inhibitor prevented PMA from inducing the B cells (MHC IIbright) to
become ens+ (Figure 4.14B iv).
LPS stimulation (in the presence or absence of inhibitor) interestingly appeared to result
in an increased percentage of splenic cns+,MHC IIdull T cells (compare Figures 4.14A
iii and 4.14C iii & iv). This was accompanied with a decline in the percentage ofslgM+
B cells (Figure 4.14C i & ii). This may be caused by B cells being stimulated and
induced to die. This loss in slgM expression would have the effect of making the level
ofT cells appear to increase.
The inhibitor seems to affect the stimulation with PHA. Cells dual-labelled with MHC
II and CDS, show an apparent decrease in CDS expression in the presence of the PHA +
inhibitor (Figure 4.14D iv). This is likely to be due to an increase in MHC II expression
which impedes the binding of the anti-CDS mAb, thereby giving the appearance of a
lack of CDS expression (Figure 4.14D iv). This reduction of CDS expression was not
seen when the same cells were dual-labelled with slgM and CDS where there is no
chance of steric inhibition by the two mAbs (Figure 4.14D ii). Previous dual-labelling
studies with the mAb, AM20 have shown this steric inhibitory effect and was therefore
not entirely surprising (data not shown).
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Therefore it can be seen that in the presence of the inhibitor CDS expression induced by
PMA stimulation is inhibited, whilst in general, the inhibitor has very little effect on
stimulation via LPS or PHA.
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The aims of this Chapter were to characterise the population of CDdull cells that
emerges following in vitro stimulation of splenocytes from control Xenopus with
phorbol ester. Dual-colour flow cytometry, the use of B cell-enriched lymphocytes and
cell mixing experiments with splenocytes from both control and Tx animals have
indicated CDsdull expression occurs on PMA activated B cells, but only in the presence
of neighbouring T lymphocytes.

The biochemical pathway of PMA activation of

amphibian lymphocytes is also probed here, by use of a PKC inhibitor.
Following in vitro stimulation of splenocytes from euthymic Xenopus with phorbol
ester, two main phenotypic changes occur (see also Chapter 3). There is a general loss
of IgM from the surface of B cells, and the appearance of a population of CDsdull cells
that contrasts with the CDsbright T cells.

Dual-colour flow cytometric analysis

presented in this Chapter indicates that this dull expression of CDS was found on B
cells. In these studies, direct dual staining of slgM and CDS was not possible due to the
loss of slgM upon stimulation. However, the use of MHC class II expression was used
in combination with CDS to visualise B cells. Studies in Chapter 2 indicated that B
cells (together with putative macrophages) are MHC nbright whilst T cells are MHC
ndull. Here it was found that the CDsdull cells following PMA stimulation were MHC
nbright (ie. non-T cells). The likelihood that the cosdull population was not aT cell
population was also shown by the absence of CDS and D4.3 on the CDsdull
splenocytes. However, whether CDS was simply dropping offthe stimulated T cells and
sticking to activated B cells could not be determined from these dual-labelling studies.
Xenopus splenocyte culture supernatants from PMA stimulated splenocytes were first

tested for the presence of CDS by an ELISA. These preliminary results indicated that
whilst this technique could detect Xenopus serum IgM, no CDS could be detected in the
PMA stimulated cultures. The emergence of CDS expression on B cells by phorbol
ester stimulation has been shown to occur in mice (Rothstein et al, 1986) and humans
(Zupo et al, 1994). These studies have shown that mRNA coding for CDS has been
found in activated B cells, suggesting that CDS expression on B cells is being generated
de novo and not simply dropping off activated T cells (Freedman et al, 1989b). Miller et

al (1984) also provided evidence that CDS expression on B cells was produced de novo
following PMA stimulation by the use ofbiosynthetic labelling studies.
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Lymphocytes from Tx Xenopus were also stimulated with phorbol ester to determine
whether their B cells could be induced to express CDS. The findings revealed that in
the absence ofT cells, IgM was lost from the surface of B cells, indicating that they had
been stimulated, but these Tx B cells failed to show any sign of CDS expression. Was
this failure of CDS expression by Tx B cells due to the lack of T cells in these
splenocyte cultures following thymectomy? If this was so, were T cells required
physically, ie. was direct T-B cell contact needed, or were T cell factors (cytokines)
alone sufficient for the B cells? On the other hand, perhaps B cells from Tx animals
were somehow different from those of euthymic Xenopus?
To try and begin to answer these questions studies were first carried out to find out if
PMA stimulated B lymphocytes from euthymic Xenopus were capable of expressing
CDS in the absence ofT cells. Cell enrichment studies (based on the 'panning' protocols
of Bleicher and Cohen, 1981; Wysaki and Sato, 1978) provided a population of 90%
pure B cells, which when stimulated in vitro with phorbol ester, failed to express CDS,
like the situation found in Tx animals. When splenocytes enriched for T cells were
added back to these purified B cells, CDS expression could once again be induced
following PMA stimulation. These experiments showed that the purification procedures
did not alter the B cells' ability to respond to phorbol ester, and suggested that T cells or
T cell factors were required by the B cells (from control Xenopus) for the induction of
CDS. This contrasts findings that showed that human and murine B cells do not require
T cells or accessory cells for their induced CDS expression (Bertoglio, 1983; Rothstein
et al, 1986; Freedman et al, 1989a,b). Indeed, Zupo et al (1994) showed that in the
presence ofT cells, CDS- B cells failed to become CDS+ following PMA stimulation,
whereas when T cells were absent, CDS expression was induced on CDS- B cells.
The possibility that T cell derived factors were sufficient for Xenopus B cell expression
of CDS was investigated by the use of well inserts.

When Tx splenocytes were

physically separated from a T cell source by a membrane that allows the diffusion of
soluble factors but prevents the T cells themselves passing through, there was a loss in
surface IgM expression from the PMA stimulated Tx cells, but a minimal increase in
CDS expression. This suggests that direct T-B cell contact, rather than soluble factors
alone is crucial for the induction of CDS on Xenopus B cells. Restoration of the ability
of Tx B cells to display PMA induced expression of CDS was demonstrated when Tx
cells were mixed directly with thymic tumour cells which could be distinguished from
Tx splenocytes by virtue of their MHC n-, CDsbright, CD8bright staining features.
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This contrasts the findings of Zupo et al (1994) when CDS- B cells were mixed with
murine EL4 T cells (a murine thymoma cell line) in the presence of PMA and failed to
express CDS.
Phorbol esters stimulate mammalian T cells via protein kinase C (PKC) activation
(Clevers et al, 198S; Nishizuka, 1984). Usually PKC is activated by the breakdown
product of phosphatidylinositol 4,S-bisphosphate (PIP2), diacylglycerol (DAG)
(Kikkawa et al, 1983). The breakdown of PIP2 is usually initiated by binding of the
TCR with its ligand, production of DAG occurring within a very short time. The other
breakdown product of PIP2 is inositol 1,4,S-trisphosphate (IP3), which causes a release
of intracellular calcium. The combination of DAG and ca2+ causes the activation of
PKC. Phorbol esters act upon PKC bringing about the activation ofT cells, mimicking
the effects of TCR binding. Confirmation that PMA is activating Xenopus T cells via
PKC was shown when the PKC inhibitor, RO 31-8220 was able to block tritiated
thymidine incorporation and prevent the induced expression of CDS on B cells,
although it failed to prevent loss of slgM of PMA stimulated cells. The proliferative
action of LPS was not affected by the presence of the inhibitor. Stimulation with PHA
was somewhat affected by the PKC inhibitor, as noted by a drop in the level of
activation in thymidine incorporation studies.

This partial inhibition of PHA

stimulation may not be that surprising, as stimulation via PKC is likely to be a major
pathway ofT cell activation. However, it is not the only pathway, as T cells can also be
activated by calcium-dependent kinases which ultimately lead to transcription ofT cell
activation genes (Geller et al, 1987).
Although Xenopus is a primitive vertebrate, its B cells can be induced to express CDS
following in vitro stimulation with phorbol ester. The fact that only a low proportion of
Xenopus B cells begin to express CDS following PMA stimulation is not altogether

surprising, as in mammals, not all B cells are capable of CDS expression (Hardy, 1991;
Haughton et al, 1993; Kawamura et al, 1994). Indeed, only a small percentage of the
human B cell population express CDS following in vitro stimulation with phorbol ester
(Zupo et al, 1994). However, the work presented in this Chapter highlights the fact that
Xenopus differs from humans and mice in that Xenopus B cells require T cells for CDS

expression. The immunological role of CDS on T and B cells is still not understood in
higher vertebrates. The fact that ens dull B cells be induced in Xenopus shows that this
cell type is evolutionary conserved and that CDS is likely to be of immunologic
importance to both T and B cell populations.
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Trace showing splenocytes from control adult (6-8 month) cultured for -+8
hours in medium and dual stained for either MHC II plus CD5 or ivlliC II
plus slgl'v1, showing that whereas T ceUs (approximately 60%) stain less
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splenocytes) stain brightly with l'v-1HC II (ie. NffiC uonght).
[Macrophages, approximately 16%, also stain brightly for ~IHC II (data
not sho'-"n))
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Figure 4.4

Single colour flow cytometric analysis of splenocytes from a
thymectomised adult (12 month) that have been cultured for 48 hours in
the presence and absence ofPtvlA (lOng/ml). This particular animal had
some CD5 expression, but failed to increase this level following
Ptv1A stimulation.

Figure 4.5

Flow cytometric analysis of splenocytes from a control adult (6-8 month)
showing the efficiency of'indirect' panning with 8E4:57 (anti-IgM)
incubated cells. Splenocytes were cultured overnight following the
panning procedure before being analysed by flow cytometry. Mean of 12
repeat experiments.
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Flow cytometric analysis of splenocytes from a control adult (6-8 month)
that have been panned to obtain a pure population of B cells ('adherent'
population) and a 'non-adherent', T cell-enriched population.
Following the panning procedure and overight culture, each population
type wus cultured tor a further 48 hours in the presence or absence of
PMA ( 1Ong/ml) and Cal on (0.1 ~g/ml) before being analysed by flow
cytometry. Representative of 6 repeat experiments.
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Flow cytometric analysis of splenocytes from a control adult (6-8 month)
that have been panned to obtain a pure population of B cells ('adherent'
population) and aT cell-enriched 'non-adherent' population.
Following the panning procedure and overnight incubations, an aliquot of
adherent cells were mixed 1:1 with an aliquot of the non-adherent cells,
and all populations were cultured for a further 48 hours in the presence
and absence ofPlYIA and Calon. Representative of2 repeat experiments.
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CD8

Single colour flow cytometric analysis of splenocytes from a
thymectomised adult (12 month) separated from control splenocytes by a
well insert, and cultured for 48 hours in the presence and absence of PW.
Representative of 2 experiments.
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Single colour flow cytometric analysis of lymphocyte gated splenocytes
from thymectomized adult (12 month) that have been cultured in the
presence ofB3B7 thymic tumour cells for 48 hours in the presence and
absence of PIVIA Mean of 3 repeat experiments.
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14000
Do IPilliA

12000

D~

PilliA

10000
Mean DPilli

8000
6000
4000
2000
0
0.5

0.25

0.1

0.01

0

Cone of PKC Inhibitor (uiVl)

Figure 41.12

Dose response assay of the protein kinase C
inhibitor to ascertain the optimal concentration
for use with amphibian splenic lymphocytes.
Animals were aged 8 months. Mammalian
studies show an optimal concentration of 0.5~M.
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Dual-colour flow c~tometric analysis of control adult (6-8 monthl X laevis
to show the effect of the protein kinase C inhibitor. RO 3 1-8220 on
mitogenic stimulation. Splenocytes were cultured for 48 hours in medium
(A). I Onglml Pi'v!A (B). 250J.Lg/ml LPS (C) or I J.Lg/ml PHA (D) both in the
presence and absence of the PKC inhibitor. Those cells receiving a dose
of the inhibitor were pre-incubated on ice in medium containing 0 0 IJ.LM
inhibitor. Inhibitor was also added to the cell cultures.

Mitogen
PMA

LPS

PHA

Table 4.1

MeanDPM
No inhibitor
65978
5972
32746

Stimulation
Index
103
9
51

MeanDPM
Inhibitor
9439
4394
16757

Stimulation
Index
15
7
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Table showing the effect of the protein kinase C inhibitor used at a
concentration of 0. 01 ~I upon stimulation of splenocytes from control
adult (6-12 month) X laevis with the__ mitogens PMA (lOng/ml), LPS
(250~-tg/ml) and PHA (0.1 ~-tg/ml). Cells were cultured for 48 hours before
receiving a pulse of 3H-TdR and harvested for scintillation counting
18-20 hours later.

Chapter 5
Ch~anracteiri§ati®n

of lLymphq]}~yte§ iin
the Spleen 9 Gut and Liver of ControR
and Thymectomized Xenopus~ A
Search for Extrathymic T Cell
Development
Sal Introduction
Although the thymus plays a very special, perhaps unique role in T cell development
the possibility of extrathymic T cell maturation is currently an issue of considerable
debate.

Recent work has led to the discovery that T-like cells can arise

extrathymically in both congenitally athymic mammals (nude mouse and rat) (Lake
et al, 1991; Vaessen et al, 1986), and in some animals that have been thymectomized
at an early age (Lin et al, 1994). Extrathymic T cells have also been observed in
euthymic mammals; indeed this population is a major gut lymphocyte subset (Rocha
et al, 1992). Extrathymic T cells are cells that have cell surface determinants that
are usually associated with T cells, but which have developed either outside of the
thymus, or in the complete absence of a thymus. These T-like cells are usually
found within the intestine or liver, both derived from endoderm tissue like the
thymus (Rocha et al, 1995; Poussier and Julius, 1994).
Much research has been carried out on lymphocytes from the intestine, and it has
been concluded that the intestine is a site ofT cell development, and also houses the
largest collection ofT cells in the body (Poussier and Julius, 1994). Within the
intestine there are many complex phenotypes ofT cells that are reminiscent of those

found in the thymus (Poussier et al, 1992). There are several theories surrounding
the development of these T cells and whether or not the thymus has any influence
upon their development. Of the many different T cell populations found in the gut,
it has been shown that some of these have been derived from the thymus and
migrated to the intestine, whilst others have developed in situ (Guy-Grand et al,
1991; Poussier et al, 1992; Guy-Grand et al, 1993). The thymus-dependent (TD)
cells tend to bear the phenotypes, TCRa.j3+CD4+ and TCRa.j3+CD8a.j3+,
originate in the thymus and migrate to the Peyers patches early in life. These cells
continually recirculate until they become activated, when they leave the Peyers
patches and migrate to the lamina propria (Guy-Grand et al, 1993). The thymusindependent (TID) gut lymphocytes are usually identified by their expression of the
CD8a.a. homodimer and are located within the intestinal epithelium, being described
as intraepitheliallymphocytes (IELs). These populations can be found expressing V
j3 families that are normally deleted in the thymus-derived lymphocytes (Guy-Grand
et al, 1993; Umesaki et al, 1993) suggesting that the same selection procedures that
occur in educating thymus-derived T cells do not occur here. The TID IELs may
bear the TCRa.j3 but do not have a functional TCR and do not proliferate upon
stimulation with anti-TCR mAbs, unlike TD IELs (Poussier et al, 1992; Croitoru
and Ernst, 1993). Early in life the major population ofiELs are those bearing the y8
T cell receptor (TCR), and these also tend to express CD8 in the CD8a.a.
homodimeric form. As the animal ages these TCRy8 IELs become outnumbered by
IELs expressing TCRa.j3. However, this expansion of TCRa.j3 IELs only occurs in
those animals exposed to a conventional diet- if the animals are reared in germ-free
conditions, the TCRy() IELs remain the predominant population (Poussier and
Julius, 1994; Umesaki et al, 1993).

However, it is important to note that recent

work indicates that the IELs in euthymic animals are in fact all derived from the
thymus, or through thymus-derived factors (Lin et al, 1995; Wang and Klein, 1994 ).
In contrast to the situation in mice, in birds it has been shown that the intestinal
lymphocytes are derived exclusively from the thymus (Kasahara et al, 1993). The
major population ofT cells in the intestine are TCRy8 cells, and it has been shown
that early thymectomy in chickens completely ablates TCRy<> development (Chen et
al, 1989). The same situation is also found in sheep that have been thymectomized
in utero, causing a complete ablation of TCRy8 cells (Hein et al, 1990).
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The liver also appears to be a possible site of extrathymic T cell development. Ilai
et al ( 1992) found that cells bearing TCRs of intermediate intensity appear to be of
extrathymic origin. These TCRintermediate cells were found to increase with
thymic atrophy and involution, whereas TCRbright (ie. thymus derived) cells
decreased in numbers. These TCRintermediate cells were also found in the liver of
nude and thymectomized mice. It was also found that these TCRintermediate cells
could develop in the liver of euthymic mice (Okteki et al, 1992), and that these Tlike cells show a high level of autoreactive clones, once again suggesting that these
cells have not undergone the usual selection procedures that T cells emerging from
the thymus have.
Lymphocytes in the liver that bear TCRintermediate have been shown to bear the
CD8aa homodimer (Ohtsuka et al, 1994; Sato et al, 1995) suggesting that they are
like those putative extrathymically-derived lymphocytes in the intestine. However,
although putative extrathymic T lymphocytes from the liver and intestine share the
expression of CD8aa, those extrathymic T lymphocytes from the intestine bear a
TCRbright phenotype (Ohtsuka et al, 1994). Those extrathymic T lymphocytes
from the liver also differ from those in the intestine in that lymphocytes from the
liver migrate into the periphery with ageing, whilst lymphocytes in the intestine of
extrathymic origin remain in the intestine and do not migrate (Ohtsuka et al, 1994).
The possibility of extrathymic T cells is not restricted to rodents, the appearance of
extrathymic T cells has been suggested in humans. Thus Poggi et al (1993) isolated
lymphocytes from human fetal liver at a time before mature thymus-derived T cells
have developed in the liver.
This Chapter explores the possibility of an extrathymic pathway of T cell
development in the amphibian, Xenopus. Having shown in Chapter 3 how effective
thymectomy of 5-7 day old larvae is at preventing T cell development in the spleen,
analysis of the intestine and liver of Tx Xenopus should show whether an
extrathymic pathway exists in this primitive animal. This Chapter aims to explore
the nature of T cell populations found in the intestine and liver of control animals
and compare this to the picture found in Tx animals. Animals were analysed by
dual-colour flow cytometry at two time points, 4-6 months of age and again when
approximately 8-12 months old, in order to begin to address the ontogeny of any
putative extrathymic T cells seen. Spleen, liver and gut lymphocytes from year old
animals were stimulated in vitro with the T cell mitogen concanavalin A and also
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with phorbol myristate acetate to determine whether these lymphocytes could be
induced to proliferate. Immunohistochemistry on gut was also carried out to backup

the

flow

cytometric

analysis.
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§.2.11 Annnmall§ ann«ll
5.2.ll.ll

OIPteira~nmn§

Allllnm~ll§

Outbred Xenopus laevis were used throughout, and were bred and reared in the
laboratory under standard conditions (Horton and Manning, 1972). Adult frogs aged
between 4 and 12 months were used for the majority of studies carried out in this
Chapter. However, some 5 week old larvae were also used in the flow cytometric
analysis.

5.2.ll.2 'fllnym~edomy
Details are given in section 3.2.1.2

§.2.2 JPr~epair~tnmn of §pReellll Celll lPn-epmn-atiollll
Details are given in section 3.2.1.3

§.2.3

JEx~~ra~diollll

oft" lLympllwcyte§ if~rom Xerwpu!i 1IIlllte§tnlllle

The extraction process was generally in 3 stages - extraction of the cells from the
gut, nylon wool purification and discontinuous Percell gradient separation (see
Figure 5.1 ).

§.2.3.ll lExtractnollll of lmtraepitheiimn Lymphocyte§ 1from the Inte§tnne
Animals were heavily anaesthetised in MS222, the abdominal cavity was opened
and the intestine dissected out, both small and large intestine being removed. The
intestine was placed into Ca2+ and Mg2+ free (CMF) medium [10ml Hanks
Balanced Salt Solution (Gibco) + 1Oml 1Ox HEPES-bicarbonate buffer + 2ml FCS
and made up to 1OOml with distilled H20 - see Appendix A] before being gently
flushed through with 20ml CMF medium using a 1Oml syringe fitted with a 21gauge needle to remove the gut contents. The gut was then placed onto some eMFmoistened tissue, cut open longitudinally then cut into small pieces (<50mm) and
placed into a 1Oml conical tube containing fresh CMF. The tube was inverted 3
times and the gut pieces allowed to settle before discarding the supernatant. Fresh
medium was added and the procedure repeated two more times. This step helps to
remove any remaining faecal matter or mucus from the gut. The gut pieces were
then transferred to a siliconised conical flask containing 20ml CMF medium
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containing O.lmM EDTA and 10% FCS (CMF/EDTNFCS). The flask was covered
with Nesco film and placed onto a magnetic stirrer, at a speed just fast enough to
allow gentle agitation of the tissue, for 20 minutes. After this time the contents of
the flask were transferred to a universal and vortexed on high speed for 15 seconds.
Once the gut pieces had settled the supernatant was transferred to a 50ml conical
centrifuge tube and stored on ice. A further 20ml CMFIEDTNFCS was added to
the universal and vortexed, and this supernatant was also added to the centrifuge
tube.

The gut pieces were transferred back to the conical flask and 20ml

CMFIEDTNFCS added, the flask sealed and put back on the stirrer for a further 20
minutes. Supernatants were collected into a second centrifuge tube as above. The
two centrifuge tubes were then centrifuged at 300g, 40C for 10 minutes, the
supernatants were discarded and the pellets combined in 4ml sterile APBS.
The gut pieces can now be treated for the extraction of lamina propria lymphocytes
(LPL).

5.2.3.2

IEx~Il"adnoun

oft' ILmmnlllla lPI!'o]pl!rfta Cellll§ 1fll'om IInllftte§ltnllllte

This extraction was carried out after the IELs had been removed. The gut pieces
were placed into a universal containing 1Oml APBS with 0.25% trypsin (Gibco) and
0.1mM EDTA and incubated at room temperature for 15-20 minutes with occasional
vortexing.

The trypsin digestion was stopped by the addition of 1Oml

CMF/EDTAIFCS. The universal was vortexed on high speed for 15 seconds and the
supernatant transferred to a 50ml centrifuge tube.

A further 20ml medium was

added to the universal and vortexed and the supernatant combined with the first.
The cells were then left on ice until needed.
The IELs and LPLs were either passaged separately over nylon wool and Percoll
density gradients as described below, or they were pooled together as total gut
lymphocytes and then passed over nylon wool and Percoll.

5.2.3.3 NyBmu Wooll Pmrifncation
This step removes any large pieces of tissue, clumps of cells and the larger epithelial
cells. Columns were made up in advance and autoclaved. Nylon wool (Leuko-Pak
Leukocyte Filter, Fenwall) was boiled in dH20 six times and dried at 37oc.
Aliquots of 0.3g nylon wool were teased apart to remove any knots or clumps and
placed into 1Oml nylon syringes (Vandermic) and compressed using the plunger.
The plunger was removed before the column was wrapped in tin foil and autoclaved.
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Just before use, the column was hydrated with sterile APBS. The cell suspension (in
4ml APBS) was added to the column, directly followed by lOml APBS. The eluate
was collected in a universal tube. Before the column could dry out, a further 1Oml
APBS was added to the column and the eluate collected in the same universal.
Eluted cells were stored on ice ready for density gradient separation.

5.2.3.4! II»n§~onntiinnUIIoUII§ lP'ell"~ollll II»enn§nty Gll"~clftennt §epall"atnonn
Percoll gradients were used to enrich for lymphocytes. A stock solution of 90%
Percoll was made up using lOx APBS. Solutions of 70% and 40% Percoll were
made by diluting the 90% solution with amphibian culture medium (see Chapter 3).
Density gradients were made up in 1Oml conical tubes by layering 2ml 90% Percoll
at the bottom of the tube, overlayed with 2ml 70% followed by 4ml 40% Percoll
(see Figure 5.1). Two gradients were used for each gut extraction procedure. The
eluate from the nylon wool purification was centrifuged at 300g, 40C for 10
minutes. The pellets were resuspended in 2ml APBS and lml layered onto each
density gradient. Tubes were then centrifuged at 1800rpm at room temperature for
20 minutes.

The lymphocytes were found at the 40%-70% interface and were

collected into a fresh lOml tube. Lymphocytes were washed 2-3 times with APBS
to remove any contaminating Percoll and then prepared for cell culture (see 5.2.5).
[Dead cells and some epithelial cells could be found in a mucoid film at the top of
the gradients.]

5.2.4 Extraction of Lymphocytes from Xenopus Liver
Animals were heavily anaesthetised in MS222 and the two lobes of the liver
dissected out taking care not to take the gall bladder. The liver was placed into a
sterile 3.5cm petri dish (Costar) containing 2ml sterile APBS and teased apart using
a pair of tungsten needles. The resulting cell suspension was transferred to a sterile
5ml Falcon tube, the dish washed out with a further lml APBS and the washings
added to the tube. The cell suspension was then pipetted vigorously to help release
any clumps of cells and then left for about a minute for large pieces to settle. The
supernatant was then transferred to a fresh 5ml tube and centrifuged at 300g, 4°C
for 10 minutes.

The pellet was then washed 4 times with APBS before being

resuspended in 2ml APBS. The cells were then layered onto Percoll discontinuous
density gradients (as given in 5.2.3.4).
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§.2.§ Cunlltunrre oJf Lyrnmpllno~ytte§ lEKtrr3ldtedl Jfrrornm Gunt 9 §pllteteiill aiilldl
Lnverr
Freshly prepared lymphocytes were centrifuged at 300g, 4°C for 10 minutes and
resuspended in amphibian culture medium (supplemented with fungizone, penicillin
and streptomycin due to the increased chances of microbial infection from the gut)
at a concentration of 1x106 lymphocytes per millilitre. Cells were plated out in 24well plates (see section 5.2.7 for culture of cells for functional studies) and
incubated in a humidified incubator with 5% C02 in air overnight. The next day
cells were taken for flow cytometric analysis (see 5.2.6).
§.2A~

IFllow

Cyiomtetll"R~

AIIllally§n§ oJf §pRteiillR~ 9 Gunt a1111dl lLnverr

LymJPlho~yte§

Cells were transferred from the 24-well plate into a 5ml Falcon tube, and the well
washed out with 1ml FACS medium. Tubes were centrifuged at 300g, 4°C for 10
minutes and the pellets resuspended in FACS medium to a concentration of 1x 1o6
lymphocytes per millilitre. Lymphocytes were incubated with the appropriate mAbs
(see section 2.2.5).

§.2.7 'lfll"ntiatedl1fhymidi1Ille Illllco~rJPloratnmrn §tlllldie§
Proliferation was assessed by the amount of tritiated thymidine incorporated by
DNA-replicating cells after mitogenic stimulation.
Splenocytes were cultured in triplicate at 1 X 1o6/ml in 96-well flat bottomed plates
(1x105 cells/well). Ten microlitres of either ConA (2.5J.!g/ml) or PMA (lOng/ml)
were added to experimental wells, whilst 1OJ.!l medium was added to control wells.
The plate was cultured in a humidified incubator at 27°C, 5% C02 in air. Medium
was changed on all wells after 18-20 hours to remove the mitogen and replaced with
fresh medium. After a further 24 hours cells were given a 1J.!Ci pulse of 3H-TdR
before being harvested 18-20 hours later. Cells were harvested onto fibreglass
filters (Whatman) using a Skatron cell harvester. Filters were then dried at 60°C
before individual filter discs containing the samples were placed into 5ml
scintillation vials. Four millilitres of scintillation fluid was added to each vial and
the amount of incorporated tritiated thymidine was calculated as degenerations per
minute (DPM) on a Packard Liquid Scintillation analyser.
The level of incorporated tritiated thymidine was calculated by working out the
stimulation index for each experimental sample, as follows:
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Stimulation Index (SI)

= Mean dpm Mitogen Stimulated Samples
Mean dpm Medium Control Samples

5.2.8 Cryostat Sectioning and Immunoperoxidase Staining of
Xenopus Intestine
5.2.8.1 Gut Preparation
The intestine was dissected out of heavily anaesthetised animals and placed into
CMF medium. The gut contents were washed out with 20ml CMF medium using a
1Oml syringe and 21-gauge needle. Intestines from individual animals were placed
into foil "boats", containing OCT compound (Tissue-Tek) and were slowly lowered
into liquid nitrogen to freeze the OCT. The tin foil was then removed and the block
was mounted onto a chuck, being left inside the cryostat for 15-20 minutes to
equilibrate to cutting temperature(~ -200C). Six micrometre sections were captured
onto poly-L-lysine coated slides and following immediate fixation in acetone for 2
minutes were placed in a slide box kept inside the cryostat. Slides were occasionally
taken for haemotoxylin and eosin staining, in which case the sections were
processed for H&E staining (see Appendix A). All slides were stored at -sooc prior
to immunoperoxidase staining.

5.2.8.2 Immunoperoxidase Staining
All incubations were carried out in a humidified chamber at room temperature,
sections never being allowed to dry out. All reagents were made up fresh and stored
on ice. Sections were taken from -800C and 2ml blocking buffer (APBS + 1%
BSA) was immediately added to the slide and incubated for 30 minutes. Blocking
buffer was then drained from the slide and any excess dried with tissue taking care
not to touch the section.

One hundred and fifty microlitres of primary mouse

monoclonal antibody (2B1, F17, 012.2 all used at 1:4, or AM22 used at 1:200- for
specificities of mAbs, see Table 1 in Chapter 2) was then added to the section and
incubated for 30 minutes. Slides were then washed three times by addition of wash
buffer for about one minute before draining the slide and adding fresh buffer. After
the third wash excess buffer was carefully removed with tissue before 150fll
biotinlylated anti -mouse lgG or lgM (1: 134) Ab (Vector Labs) was added to the
section.

Slides were then washed three times with wash buffer before 1-2ml

methanol/hydrogen peroxide solution ( 1:100 dilution of 30% H202 in methanol)
was added to each slide (to remove endogenous peroxidase) and incubated for 20
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minutes. Slides were then washed three times with wash buffer before 150J.tl ABC
solution (Vector Labs - Avidin-Biotin-peroxidase Conjugate) was added to each
slide and incubated for 30 minutes. After this time a further 150J.tl ABC solution
was added to each slide to help enhance the peroxidase signal, and incubated for 30
minutes. Slides were again washed three times with wash buffer. Finally 150J.tl
DAB (3'3'-diaminobenzidine + 1:10 dilution of 30% H202) substrate was added to
each slide and incubated for 5-15 minutes - sufficient time to allow a brown
precipitate to form. This reaction was stopped by washing slides three times with
distilled water. Slides were then counter-stained for 15 minutes with methyl green.
Following dehydration through alcohol and xylene, slides were mounted in
histomount and viewed under a Nikon Optiphot microscope.
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A comparison of single colour flow cytometric traces for spleen, intraepithelial
lymphocytes (IELs) and lamina propria lymphocytes (LPLs) from 6-8 month old
euthymic Xenopus laevis was carried out (see Figure 5.2). Staining for ens+ cells
revealed similar levels in all 3 cell populations, 67%, 69% and 74% respectively in
the representative experiment shown.

However, the major difference between

lymphocytes from the spleen and those from the gut was the intensity of staining.
Both the IELs and LPLs showed a broader pattern of staining, with a mean
fluorescence intensity of about 4-5 units, compared to splenocytes, where mean
fluorescence intensity of CDS was about 7-8 units. The percentages of IELs and
LPLs expressing the CD8 epitope recognised by AM22 were consistently higher
(46% and 43%) than the percentage of splenocytes (27%) expressing this
determinant.

However, mean fluorescence intensities of AM22 staining were

significantly lower in the IEL (11 units) and LPL (6 units) compared with the spleen
(20 units). In contrast to AM22, F17 staining identified a similar level of staining of
this CD8 epitope amongst splenocytes, IELs and LPLs. F 17+ cells in the gut also
stained with low mean fluorescence intensities compared with the F 17+ splenocyte
population. Staining for D 12.2 in the spleen reached levels of only 5-10%, whilst
D12.2+ IELs represented 25%, and LPLs represented 14% of the lymphocyte
population found at these sites.

Cells from all 3 tissues showed a very broad

intensity staining pattern with Dl2.2, with the spleen showing the greatest mean
fluorescence intensity. The level of slgM+ B cells found within the gut lymphocyte
population was minimal, with just 5% slgM+ cells recorded in the IELs and 4% in
the LPLs, compared to levels of 26% in the spleen.
Jl)mnll-Colloun- Annallysns

Dual-colour flow cytometric analysis of CDS and CD8 (AM22) expressiOn
confirmed that there were 2 major lymphocyte populations in all 3 locations, namely
CDs+cn8- and CD5+CD8+ (Figure 5.3). Both IELs and LPLs contained a high
proportion (50% or more) of CDS+ cells that co-stained with AM22 compared with
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around 40% CD8+ T cells in the spleen. Also evident in the IELs and LPLs, but not
in the spleen, was a small population of ens-ens+ cells (7% and 8% respectively).
Dual staining for CDS and D12.2 confirmed that not only was the level of D12.2+
cells increased in both the IELs and LPLs, but revealed that most D 12.2+ cells coexpressed CDS+, ie. were T cells (Figure 5.3). However, distinct D12.2+ enslymphocyte populations were also found in the two gut locations.
Having shown that the IEL and LPL populations were similar to each other both in
levels and intensity of surface staining, both populations were subsequently pooled
and analysed as a single population of gut lymphocytes. This was necessary because
of low numbers of lymphocytes recovered; by pooling the populations it enabled
functional studies to be carried out alongside the flow cytometric studies.

5.3.2 Comparison of Lymphocyte Surface Antigens in Spleen 9 Gut
and Liver of Control and Thymectomized Xenopus
5.3.2.1 4-6 Month Old Animals
A) Control Lymphocytes
Representative traces are shown in Figure 5.4, mean percentages and mean
fluorescence intensities are shown in Tables 5.1 and 5.2. The data below shows
percentages from a representative experiment, but mean percentages are given in
square brackets for comparsion.
Flow cytometric analysis revealed that the level of ens+ cells in all organs were
virtually identical (57% [57.7%], 56% [58%] and 56% [53%] for spleen, gut and
liver respectively). Although the percentages of stained cells were similar, the mean
fluorescence intensities differed. For spleen and liver an almost identical single
peak was found with a mean intensity of 11-14 units. In contrast, the gut
lymphocytes showed a broad range of intensities with a suggestion of two CDS
peaks, with a mean fluorescence intensity of 7-9 units.
Levels of CD8+ cells detected by the mAb, AM22 were found to be around 27%
[28%] for spleen, 32% [34.7%] in the liver and 35% [37.3%] in the intestine.
Staining intensities with the mAb, AM22 ranged from 20 to 28 units for both the
spleen and liver, whilst two peaks of AM22 staining were seen in the gut, the mean
fluorescence intensity being only 11 units. Staining with the mAb, F17 also directed
against the CD8 homologue, generally gave similar staining patterns to AM22, for
all 3 lymphocyte sites. In these particular 4-6 month old animals, there was no
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significant decrease in the percentage of F17+ gut cells compared with AM22+ gut
cells- contrast the situation with that of 6-8 month old animals (see Figure 5.2).
D4.3+ cells were comparable in both spleen and liver in terms of both percentages
(53% [53.7%] for spleen and 51% [52.3%] for liver), and mean fluorescence
intensities (6 units for spleen and 8 units for liver). The intestine on the other hand,
routinely showed a lower level of D4.3+ cells (21% in the example shown) with a
mean fluorescence intensity of just 2.5 units. For both spleen and liver the level of
D4.3+ cells was only just below that of the total level of CDS+ T cells, whereas
there were many CDS+ T cells in the gut that did not express D4.3. Dual-colour
analysis (see Figure 5.5) with the mAbs, AM22 and D4.3 showed similar staining
patterns in both the spleen and liver, indicating two major populations - those that
are AM22+D4.3+ and those that are AM22-D4.3+. In the gut, as well as these two
populations, a further population is seen that is AM22+D4.3- (up to 26%) - this
population is only minimal in the spleen or liver.
Staining with the mAb, D12.2 showed a very minor population of D12.2+ cells in
the spleen (3% [5%]) which increased to 10% [9.3%] in the liver. In contrast, levels
of up to 40% [36.7%] D12.2+ cells were found in the gut. The mean fluorescence
intensity of staining was similar for all three populations at around 3-5 units.
Figure 5.7 compares the level of slgM+ B cells found in the spleen, liver and gutthe spleen shows the highest level of B cells (41% in control animals), with the
proportion of B cells in liver approximately 50% of that found in the spleen (19%),
whilst levels of B cells were consistently low in the gut - 3 to 9%.

B) Thymectomized Lymphocytes
Representative traces are shown in Figure 5.6.
In thymectomized animals the levels of CDS+ cells were reduced to just 5% [6.3%]
in the spleen and 12% [ 11%] in the liver. In contrast 42% [3 7. 7%] ens+ dull cells
were still found in the intestine. The mean fluorescence intensity of CDS staining
was very low Gust 3 units) in all 3 organs after thymectomy (this compares to 11-14
units in control spleen and liver and 7-9 units in control gut).
Levels of AM22+ (CD8+) cells in spleen, liver and gut of Tx animals were reduced
to 4% [4%], 9% [10%] and 27% [26.3%] respectively.

Moreover, the mean

fluorescence intensities of these populations were 3, 8 and 6 units (contrast this to
20-28 units for control spleen and liver, and 11 units for control gut).
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Interestingly, F17+ cells (ie. ens+ cells detected by the mAb, F17) were virtually
absent in spleen, liver and gut of Tx frogs. Moreover, there were no detectable
levels ofD4.3+ cells in spleen, gut or liver following thymectomy.
Levels ofn12.2+ cells were only 4% [6.3%] in the Tx spleen, whereas 1S% [11.3%]
liver and 32% [37.3%] intestinal lymphocytes were D12.2+ following thymectomy.
The mean fluorescence intensity of staining in the Tx spleen was just 3 units, ie.
comparable to the level seen in control animals, but this was elevated in the Tx liver
and intestine from 3 to S and 6 units respectively.
There are high levels of B cells in the Tx spleen (S6%), up to 42% in the liver, and
levels from 6 to 23% in the gut (see Figure S.7).

5.3.2.2 8-12 Month Old Animals
A) Control Lymphocytes

Mean percentages and mean fluorescence intensities are shown in Tables S.l and
S.2. The data below shows percentages from a representative experiment, but mean
percentages are given in square brackets for comparsion.
Figure S.S illustrates typical patterns of staining with the mAbs, 2B1, AM22, F17,
n4.3 and n12.2 for spleen, liver and gut of S-12 month old euthymic Xenopus. The
proportion of ens+ cells is comparable in spleen and gut, with around 7S% [70%
and 7S.3%] lymphocytes expressing this T cell marker.

This percentage has

increased from that found at 4-6 months; such an increase in T cells is less evident
in the liver. Fluorescence intensities of ens+ lymphocytes are comparable in the 3
tissues studied (S-12 units). The mAb's AM22 and F 17, both directed against the
ens homologue showed similar levels of ens+ cells in the spleen and liver (3S%
[32.7%] AM22, 36% [33%] F17 [spleen] and 33% [32.7%] AM22 and 31% [31%]
F17 [liver]). Staining intensities with the anti-ens mAbs were also comparable in
spleen and liver. In contrast, gut lymphocytes stain less intensely with both the
AM22 and F17 mAbs.

Furthermore, while there were 42% AM22+ gut

lymphocytes in the example shown, only 27% gut cells were F17+. This difference
in the percentage of gut lymphocytes stained by these two mAbs is consistent in
different animals of this age - see also Figure 2 for 6-S month old animals.
Although the actual levels of ens staining vary slightly in different individuals,
there is always a greater proportion of gut lymphocytes that are stained with AM22
compared with F 17.
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Splenocytes and liver lymphocytes stained with the mAb D4.3 reveal populations of
D4.3+ cells almost equal to the total level of CDS+ T cells (75% [67.7%] for spleen
and 57% [56%] for liver). In contrast, in the gut there is only a small population of
lymphocytes that stain with D4.3, whereas the total level of CDS+ cells is around
75%. Percentages of D4.3+ gut cells were not consistent between animals of this
age, ranging from 0 to 20%.
Levels of D12.2+ cells in both the spleen and liver were minimal (both around 4%
[4.3% and 5.7%]), whilst in the gut levels of between 14% and 40% [27%] are seen.
Dual staining studies with CDS and D12.2 (see Figure 5.10) show that in the spleen
and liver of control Xenopus, there is minimal dual staining, the major population
being CD5+D12.2- (76% for spleen and 58% for liver). However, in the gut the
majority of D 12.2+ cells co-stain with CDS (11%) whilst there is a small population
of cells (4%) that are DI2.2+, CDS-. Dual staining studies with CD8 (AM22) and
D12.2 show a similar staining pattern with virtually no AM22+D12.2+ lymphocytes
found in the spleen or liver, whilst a population of dual positives (6%) can be seen
in the intestine (Figure 5.11).

B) Thymectomized Lymphocytes
Figure 5.9 illustrates that in animals thymectomized between 5-7 days of age that are
approximately 12 months of age lymphocytes staining for CDS and AM22 are
readily evident. In these older animals, populations of cells that stain with the mAb
2B 1 have emerged that were not evident in 4-6 month old Tx animals (contrast with
Figure 5.6). Some 9% [6%] CDS+ cells were found in the Tx spleen, but there were
31% [21.3%] in the liver and 42% [32%] in the gut. However, the mean staining
intensity of 2B 1 staining on these lymphocytes in Tx Xenopus was not as great as
that found in age-matched controls (compare 5 units in Tx frogs with 8-12 units in
controls).
Distinct staining of lymphocytes from all 3 organs was also noted with the mAb,
AM22, 8% [4.7%] in the Tx spleen, and 26% [20% and 26.7%] in both liver and
gut. Mean AM22 staining intensity is duller in Tx animals compared to controls
(compare 3-9 units in Tx frogs with 13-24 units in controls).
Staining with the other anti-CD8 mAb, F17 reveals no positive cells in Tx spleen,
liver or gut (levels of 2% equalling those of isotype-matched non-specific mAbs).
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Similarly, there are no D4.3+ cells detectable in spleen, liver or gut of these Tx
animals.
Compared with 4-6 month old Tx Xenopus, levels of D12.2+ cells are increased in
year old Tx animals, with levels of 6% [9.7%] in the spleen, 27% [20%] in the liver
and 26% [28.7%] in the gut. Dual staining studies with AM22 and D12.2 indicate
that in Tx animals, most of the 012.2+ cells were eng+ (Figure 5.11). This was
also seen when lymphocytes were dual stained for CDS and D12.2 where the
majority of D 12.2+ lymphocytes co-stained with CDS (Figure 5.1 0).
5.3.2.3 X'fiLA-1 lEll:.pnssiorn lllrn §pReellll 7 Gunt amll ILD.ve1r

Expression of XTLA-1 was not followed extensively in this study, but the following
findings are of note.

In both spleen and liver, the percentage of XTLA-1 +

lymphocytes were comparable (about 2g%) as shown in Figure 5.12. However, in
the gut, the level of XTLA-1 + lymphocytes reached gQ-90% (levels this high have
only ever previously seen in the thymus- see Chapter 2). Dual staining studies with
the anti-CD8 mAb, F17, showed that only about 30% of gut cells were duallabelled, leaving a population of XTLA-1 +eng- cells of up to 50%. In spleen and
liver this population was only 7% and 5% respectively.

5.3.3 Flow Cytometric AnaRysis of Larval Spleen and Liver
Larval (5 week old) lymphocytes from the spleen and liver of control Xenopus were
examined to determine if there were major differences in lymphocyte populations
compared to the adult. Gut lymphocytes were not examined since the larval gut
contains a dearth of lymphocytes (J D Horton, unpublished). The spleens and livers
of eight 5-week old larvae were pooled and their lymphocytes extracted by the
methods given in 5.2.2 and 5.2.4.
Figure 5.13 illustrates single colour analysis with the mAbs, 2Bl, AM22, 04.3 and
Dl2.2. The level of staining with the mAbs on larval splenocytes was as expected
from the work carried out in Chapter 2. The staining of larval liver lymphocytes
revealed significantly lower levels of CDS+, eng+ and D4.3+ lymphocytes
compared with spleen.

5.3.4 JimmmmohistochemicaD Studies Olll Intestine of One Year Olldl
Cmntroi and Thymectomized Xenopus
In order to provide histological support for the flow cytometric findings on T cell
development in the gut, sections of intestine from year old control and Tx Xenopus
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were examined for the presence of cos+, cos+ (using AM22) and 012.2+
lymphocytes. The findings are shown as representative sections in Figure S.14.
ens+ lymphocytes frequent the intestinal epithelium, lying just above the basement
membrane. They are also found in larger numbers scattered in the lamina propria,
and large nodules of ens+ lymphocytes are also found in this region of the gut
(Figure S.14A,C). cos+ lymphocytes were drastically reduced in number following
thymectomy, with only a scattering of cosdull cells now being seen within the gut
epithelium (Figure S.140). There were no cos+ lymphocytes seen in the lamina
propria of these Tx animals.
AM22+ lymphocytes were also found in plentiful numbers in the intestine of control
animals, both in the intestinal epithelium (Figure S.l4E) and in the lamina propria
and nodular lymphocyte collections (data not shown).

Following thymectomy,

distinct AM22+ cells were no longer seen, but there were some diffuse staining seen
both in the epithelium and lamina propria (Figure S.14 F).
Compared with controls, there were slightly greater numbers of012.2+ lymphocytes
in the intestine ofTx animals (compare Figure S.l4 G and H). These 012.2+ cells
appeared to be restricted to the gut epithelium.

5.3.5 Proliferative Assays Using Lymphocytes from Control and
Thymectomized One Year Old Xenopus
See Figure S.lS
Proliferative assays were carried out on lymphocytes from control and
thymectomized animals aged 8-12 months.

Responses to ConA stimulation in

control animals showed stimulation indices from 4 to 66 for gut, from 4 to 8 in the
liver, compared to SI's from 23 to 72 in the spleen.

This contrasted to ConA

stimulation indices in thymectomized animals, which were less than 1 for all 3
organs. Stimulation with PMA gave indices from 22 to 120 in the gut, and up to 5
in the liver, compared to SI's from 67 to 113 in the spleen. In thymectomized
animals SI's of up to 2.4 (gut), 22 (liver), and from 7 to 18 (spleen) were obtained.
It can be seen that although in these older Tx animals there are lymphocytes in all 3

organs that are cosdull and C08 (AM22)dull, there appears to be no response to
the T cell mitogen, ConA. However, these lymphocytes can respond to a non-T cellspecific mitogen such as PMA.
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This Chapter has explored the possibility of an extrathymic pathway of T cell
development in Xenopus. In higher vertebrates there is considerable debate as to
whether or not extrathymic T cells can develop in the gut and liver of both euthymic
and athymic animals (see Introduction 5.1 ). These organs were therefore explored
for signs of an extrathymic pathway ofT cell development in Xenopus. The work
presented here is the first to probe whether extrathymic T cell development is a
major pathway of lymphopoeisis in an ectothermic vertebrate.
One interesting feature emerging from this study was the similarity between the
staining patterns and intensities of mAb staining in the spleen and liver of euthymic
Xenopus. This was true for both 4-6 month and S-12 month old animals, with no

significant differences in either the proportion of stained lymphocytes, or the mean
fluorescence intensity of staining. However, a different pattern of mAb staining
emerged in the gut, first identified in the younger animals.

In particular, the

intensity of staining with several mAbs was consistently lower.

Indeed, the

lymphocytes from the gut differed from those found in the spleen and liver in
several ways. Firstly, in the spleen and liver there appeared to be a correlation
between n4.3+ and ens+ populations, there being only a low percentage of
cns+n4.3- lymphocytes.

In contrast, in the gut there were many cns+n4.3- cells

noticeable at 4-6 months of age, and levels of 04.3+ cells varying between animals.
Secondly, in the gut (but not in spleen and liver), a difference in the percentage of
ens+ lymphocytes was revealed following staining with the anti-Cns mAbs,
AM22 and F17. This difference was only seen in older animals (S months and
above) when there was usually 10-20% more ens+ lymphocytes detected by the
mAb AM22 compared with F17+ cells. In younger animals, AM22 and F17 stained
similar levels of gut lymphocytes. Almost two thirds of lymphocytes found in the
gut, even in 4-6 month old animals, lack coexpression of 04.3, whereas a large
majority of splenic and hepatic AM22+ lymphocytes were also n4.3+. It has been
well documented that in the gut of higher vertebrates there exists a form of ens that
is particular to the intestinal epithelium.
consisting of an a and

As well as the normal ens molecule

p chain, there is also a form of COS consisting of 2 a

chains,

ie. cnsaa (Guy-Grand et al, 1991 ). This CnSaa molecule is thought by many
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workers to arise extrathymically in both euthymic animals (Rocha et al, 1992) as
well as in those animals lacking T cells (Lin et al, 1994). It is possible that the mAb,
AM22 is able to recognise an epitope on the a chain of the Xenopus CD8 molecule,
whilst F17 detects a different epitope not associated with the a chain. This might
account for the extra level of CD8+ staining seen with AM22 in the gut, which is
shown here to increase with ageing - a characteristic of extrathymically derived gut
lymphocytes. This point is returned to below in the section dealing with
thymectomized animals.
From the studies carried out in Chapter 2, levels of D 12.2+ lymphocytes in the
spleen of euthymic Xenopus were consistently low (less than 5%). It was therefore
interesting to find that the liver and in particular the gut, housed larger populations
of Dl2.2+ lymphocytes. The data suggests that D12.2 marks a major subset of gut
lymphocytes. In the main, D12.2+ cells in the gut coexpress CD5 and CD8. In
mammals, the gut houses a large collection of yfJ TCR+ lymphocytes (Viney and
MCDonald, 1990). Whether these gut yfJ TCR+ lymphocytes are thymus-derived
remains uncertain.

It appears that early in life, most yfJ TCR+ IELs in both

mammals and birds do arise from the thymus (Pardoll et al, 1988; Lin et al, 1994;
Kasahara et al, 1993). However, studies based on Vy segment usage suggests that
the Vy families found in the gut are rare in thymus (Zorbas and Scollay, 1993) or
may leave the thymus very early and undergo differentiation at the intestinal
epithelium (Lin et al, 1994). One point that seems to be agreed upon is the fact that
in later life yfJ TCR+ can and do develop extrathymically, as shown in studies using
nude or thymectomized mice (Pardoll et al, 1988; Lin et al, 1994; Lefran9ois, 1991;
Umesaki et al, 1993). Ibrahim et al (1991) implied that the mAb, D12.2 may be
directed against the Xenopus yfJ TCR based on initial studies in characterising its
molecular weight and tissue distribution. The finding here of large numbers of
D12.2+ lymphocytes in the Xenopus gut is consistent with this view. The fact that a
general increase in D12.2+ cells is not seen in older Xenopus may simply be an
effect of dilution of D 12.2+ cells by the expansion of other CDS+ T cell subsets.
One of the major goals of this Chapter was to probe for the presence of T cell
markers in thymectomized animals. In young Tx animals (aged 4-6 months) there
was a distinct lack of staining with the mAbs, D4.3 and F17 in the spleen, liver and
gut. These two T cell markers were also absent in older animals (aged 8-12
months). In contrast, 2B1dull and AM22dulllymphocytes were found in the spleen
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and liver of young Tx froglets, and the levels of these increased slightly as the
animals aged. By about a year of age, the percentage of 281 dull lymphocytes in the
spleen was about 10%, whilst percentages in the liver were steadily rising, reaching
about 30% at 12 months. A similar ontogenetic pattern was found for AM22dull
lymphocytes. The gut of young Tx animals showed high levels of 281 dull and
AM22dulllymphocytes (around 40% and 28% respectively), which did not increase
with age.

The lack of gut lymphocytes expressing F 17 indicate that the CDS

molecule in Tx animals is not recognised by this mAb, fitting with earlier comments
about the possible thymus-independence of AM22+F17- gut lymphocytes.
The percentages of D12.2+ lymphocytes in the spleen and liver of Tx animals was
increased compared to age-matched euthymic 8-12 month old Xenopus. Levels of
D12.2+ lymphocytes in the gut of Tx animals remained at the high levels found in
euthymic Xenopus. Also highlighted in Tx animals was the fact that most D12.2+
lymphocytes are also CDsdull,
Rather than being a marker for the

y()

TCR, it has recently been suggested that

D12.2+ cells might represent natural killer (NK) cells. Thus D12.2+ cells sorted by
FACS and stained with Wright-Giemsa contained many lymphoid cells displaying
cytoplasmic granules reminiscent of NK cells (Horton, personal communication).
Natural killer cell activity in the murine intestine has been demonstrated (Tagliabue
et al, 1982; Petit et al, 1985), these cells having cytoplasmic granules and showing
spontaneous cytotoxic activity.

These intestinal NK cells appear to share some

characteristics to murine splenic NK cells, but are a distinct cell type (Tagliabue et
al, 1982).

Current work at Durham probing NK cell activity in Xenopus has

indicated that NK-like activity against MHC-deficient allogeneic thymus tumour
cells (Robert et al, 1994) can be shown in lymphocytes from the spleen, liver and
gut of Tx animals (Horton et al, 1996 in press). Splenic NK-like activity has also
been demonstrated in euthymic Xenopus, but only following tumour cell injection or
following in vitro culture of splenocyte effector cells. It may not be surprising to
find a higher level ofNK-like activity in the Tx animals, as they lack conventional T
cells and may therefore rely heavily on NK-like cells for their immune defence. To
date there has been no evidence to link this NK-like activity in Xenopus with
D 12.2+ cells, but such studies using D 12.2 enriched cells are in progress.
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A lack of functional T cells in Tx Xenopus is indicated by experiments showing the
absence of in vitro stimulation of lymphocytes from spleen, liver and gut with
ConA.

This lack of response to this T cell mitogen still occurred in the older Tx

animals, when expression of CDS and CD8 (AM22) was readily evident in spleen,
liver and gut. A proliferative response by lymphocytes from these organs to the
mitogen, PMA still occurred in Tx frogs, attesting to the viability of cells in these
animals. This rather variable response by gut lymphocytes to mitogenic stimulation
demonstrated here may not be that surprising in view of the fact that studies have
shown that murine gut lymphocytes respond very poorly to stimulation with ConA
and also PMA (Mowat et al, 1989; Sydora et al, 1993).
This is the first time that lymphocytes from the liver and intestine of Xenopus have
been studied in any depth immunologically.

The findings indicate that the

lymphocytes in the liver bear a remarkable resemblance in terms· of cell surface
phenotype to those from the spleen.

In contrast the intestine houses a large

collection of ens+ lymphocytes that have a complex phenotype that is specific to
this tissue. Studies on thymectomized Xenopus revealed loss ofT cell markers in 46 month old frogs, but with ageing, expression of CDsdull and eng dull (AM22dull)
began to emerge in the spleen, and more specifically in liver and gut. Whether these
cells can be defined and classified as extrathymic T cells cannot be confirmed.
Although these Tx lymphocytes express CDsdull and cngdull, other T cell markers
such as D4.3 and the CD8 epitope labelled by F17 are not seen. Furthermore, these
T-like cells do not respond to conventional T cell mitogens. Whether these T-like
cells (as judged by flow cytometry) are true T cells remains doubtful.

Studies

probing TCR molecules are required to determine whether T cells developing
extrathymically can be identified in Tx Xenopus. Initial studies do indicate that fulllength rearranged TCR

p transcripts

are found (at very low levels compared to

euthymic Xenopus) amongst intestinal lymphocytes from year old Tx animals, but
are absent in most Tx splenocytes (Horton and Cooper, manuscript in preparation).
If extrathymic T cell development exists in Xenopus, the findings presented here and
above indicate that this is not a major pathway. Normal T cell lymphopoeisis in
Xenopus undoubtedly requires the presence of an intact thymus.
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LPLs

)\

~

Trypsin Digestion

.

IELs
Non Enzymatic extraction

Nylon Wool Filtration
Percoll Density Gradient

Figure 5.1

Diagramatic scheme of the intestinal lymphocyte extraction
procedure. Briefly, the intestine was dissected out and flushed
through with medium before being cut into small (0.5mm) pieces.
Intraepithelial lymphocytes were extracted by non-enzymatic
disruption on a magnetic stirrer, and once these had been
extracted, the lamina propria lymphocytes were then extracted
by trypsin digestion. Lymphocytes were filtered over a nylon
wool column to remove large epithelial cells, and the eluate
was layered onto a Percol1 density gradient to enrich for
lymphocytes.
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with the mAbs, 281 (anti-COS), AM22 and Fl7 (anti-CD8), 012.2
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Traces are representative of 3 separate experiments on 6-8 month old
control Xenopus. Animals shown in this figure were aged 8 months.
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months.

~

Lnvco·

."

n•n
AM22

+'

+'

"

"

::1

::1

( ~n~s 3

}

~ ~
8
.. I

8

2j

8

~ , '"'~'1... "1'1..mll

4.'DH~
~' ...r.
~··
fl•'!7 8

a•r~ln::-rrr~'J~..

8

~~
~1.1....,.,. '\II"'271

+'

•J

"
::1

~

+'

; au a

8

~
.
I

.1

A

J~

~'fl.~t

[4t;lFillt~'''n:~'1'dU&
Jl
t-=-----·---t

3~ '

.1

!I~.J j ~;,,,,,,"I""' ,.,:J l l,i{,,,. "I~ J l ~'"'"' "'~J
j li:,.,,,,, '"I"" ..·:...J j ~,:,,.A J j
. 1

1

1<1

mt

U ""

. I

, 1

1

Ht

""

1(;tl;tf.t

.1

J

Ht

Bl2.2

figure 5.6

I.

HI

"" J

~0.

""!.!I

.1

1

10

IU"

I UUit

Ho"lt

Single-colour tlow cytometric analysis of lymphocytes from tht:
spleen, gut (pooled IELs and LPLs) and liver ofTx Xenopus aged 5
months. CellswerclabclledwiththemAbs, 281, AM22, Fl7. 04.3
and Dl2.2.
Traces representative of 3 separate experiments of animals aged 4-6
months.

Control
~1 I

d

§plltetelill

Thymectomized

a

d

..,...
.1

sigM

lliveJr

siaM
e-

191

""'

.

d

-...
0

(,3

w

slgM

sigM

d

G1Ultc

6

...,

I

..0

:.;

~"
.1

slgM

Figure 5. 7

l.

19

siglV!

Single-colour flow cytometric analysis of lymphocytes from
spleen, gut and liver of control and Tx Xenopus aged 5 months
stained with the mAb, 8E4:57.

'13.l

199 1999

Sph~eun

{:us

··c
"

AI\Dll

{ :n~
Fl7

I

I I !iii rill

j

I

rml tl

u

~ Fl~!ii!t rr

.I

1 I~,··~
.l

8g

0

'lf..;'.~',ll:u

. I

I

l

:: fl\.1

.lU

"
u
::l

1<1<1<1

~
"J ~ ~
~~~'JU:t
.I

~7

u

J~

"~'tfl...-'r~·.nw
8 ·
.
.

.. l

·I
=

t

u

::l
0

u

8

II l"l

J

n» 12.2 "~

<1<1

J<l

::l
0

0

.."

:. . . .L'J

.."

....

H-8..l

• 1

J(l

¥

"

::l
0

u

11

l'~:l.-.. ~u:~.

' m .i'JZ/u
··~

'

Cuol

..

~ l~-----8~....

7H

1-

.§

CD~

ll .iv{~o·

u

rt

l'r~';·":~:lt

j

I

Hi .

nj
'l'mli"'Jl/l)

ki -;lft-~•-r~~j

.I

..

"
~

0

u

J"

Figure 5.8

Single-colour flow cytomctric analysis of lymphocytes from the
spleen, gut (both IELs and LI'Ls) and liver of control Xenopus agc.:d
II months. Cells were labelled with the mAbs, 28 I, AM22, Fl7,
D4.3 and D 12.2.
Traces representative of 6 separate experiments of animals aged 812 months.
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Traces representative of 6 separate experiments of animals aged 812 months.
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aged 11 months. Cells were dual-labelled with the mAbs 2B I and
Dl2.2 to highlight the minimal dual-staining population in control
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Traces representative of 6 separate experiments of animals aged 812 months.
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highlight the minimal dual-staining population in control animals,
. but that this is a major population in Tx animals.
Traces representative of 6 separate experiments of animals aged 812 months.
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Single-colour flow cytometric analysis of lymphocytes from the
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Organs from eight larvae were pooled to obtain this data.

Figure 5.14

Cryostat sections of control (A, B, C, E and G) and Tx (D, F
and H) intestine (6~m) stained with 2Bl (anti-CD5) (A, C
and D), with AM22 (anti-CD8) (E and F), and with Dl2.2
(specificity unknown) (G and H) using the
immunoperoxidase technique and counter stained with
methyl green. B shows a section of intestine stained with
methyl green to show the structure of the gut.
Magnification xl250
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Graph showing mean DPM values for lymphocytes from spleen, liver
and gut of control and Tx animals aged 11 months, stimulated in

vitro with either ConA or PMA. Lyphocytes were cultured for 48
hours before receiving a pulse of 3H-TdR 18-20 hours before
harvesting and canying out liquid scintillation counting.
Data shown is from one experiment.
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Control

Spleen
Liver
Gut
Spleen
Liver
Gut

Tx

Animal
Control

Tx

'falble

§.].

2JBJl
57.7±2.1
58±2.6
53±12.8
6.3±2.3
11±1
37.7±5.9

Meal!] Penell]~age oJf §~anll]edl Cellll§
AM22
lFJl7
28±1.7
23.7±0.6
53.7±4
34.7±2.5
28±3
52.3±7.1
19.7±4.2
37.3±8.7
32.3±4
2.3±0.6
2.3±0.6
4±0
10±1
3.3±1.5
2.7±1.2
26.3±23
7.7±6.4
2.7±1.2

liH2.2
5±1.7
9.3±4
36.7±7.6
6.3±2.1
11.3±3.5
37.3±4.7

2Bl
70±13
59±2.6
75.3±2.5
6±2.6
21.3±10.6
32±10

Mean Percentage of Stained! CeHs
AM22
F17
D4l.3
32.7±9.2
33±7
67.7±12.7
56±2.6
30.3±3.1
31±3.5
34.7±8
17.3±11
48.7±8.3
4.7±2.9
2±0
2±0
5.3±4.2
20±7.9
3.7±1.5
4±2.6
26.7±7
5.3±4.9

DJI.2.2
4.3±1.5
5.7±2.9
27±12.1
9.7±4.7
20±8.2
28.7±3.8

O~rgall]

Spleen
Liver
Gut
Spleen
Liver
Gut

Table showing mean percentage(± SD) ofmAb staining with 2B1
(anti-CD5), AM22 and F17 (anti-CD8), D4.3 and Dl 2.2
(specificity unknown). A- animals aged 4-6 months where n=3 for
spleen, liver and gut of control and Tx; B - animals aged 8-12
months where n=3 for spleen, liver and gut of control and Tx.

A 4-6 Mol!lltb§
Animal

Orgai!R

Control

Spleen
Liver
Gut
Spleen
Liver
Gut

Tx

Meai!R Fluorescence Intensity of §taininl!:
'17
2Bl
D12.2
D4.3
13±1.4
22±4.2
24±11.3
6.5±2.1
3±0
11±2.8
20±8.9
28±1.4
8.5±2.1
8.5±3.5
12.6±0.6
9.3±0.6
11±2.8
2.5±0.7
3.5±0.7
3±0
1.5±0.7
3±0
3±0
3.5±0.7
2.5±0.7
8.5±0.7
2.5±0.7
4.5±0.7
2±1.4
5±3.1
3.25±0.9
6±3.7
5.8±1.6
2±0

B 8-12 Months
Animal

Organ

Control

Spleen
Liver
Gut
Spleen
Liver
Gut

Tx

Table 5.2

Mean Fluorescence Intensity of Staining
2Bl
AM22
F17
D4.3
D12.2
12.3±2.1
11±2.2
5.5±2.4
22.25±2.2
8±0
12±2.8
12±4.4
23.75±2.9
7.5±1.3
5.25±0.9
8±2.9
5.5±2.5
4.5±0.6
13±4.4
2±0
3.75±0.5
3.25±0.5
1.75±0.9 14.25±2.9
2.5±0.6
5.75±1.7
8.75±0.5
1.75±0.9 2.25±0.5
8.25±4.3
5±0.8
7±1.2
4.75±1.3
2±0
1.5±0.6

Table showing mean fluorescence intensities (± SD) of mAb staining
with 2B1 (anti-CD5), AM22 and F17 (anti-CD8), D4.3 and D12.2
(specificity unknown). A- animals aged 4-6 months where n=3 for
spleen, liver and gut of control and Tx; B - animals aged 8-12
months where n=4 for spleen, liver and gut of control and Tx.

The work presented in this Thesis attempted to investigate whether an extrathymic
pathway ofT cell development exists in the amphibian, Xenopus laevis.
An ontogenetic study was carried out in Chapter 2 on thymocytes and splenocytes

from control Xenopus in order to probe the emergence of T cell surface antigens
characterised by a panel of T cell-specific monoclonal antibodies available in the
laboratory. This study provided a useful database of information on the ontogeny of
T cell surface antigen expression. The findings present new insight into Xenopus T
cell development, since such a panel of T cell-specific mAbs has not been available
until recently. One important feature of the work in this Thesis has been the use of
dual-colour flow cytometry.

Previous studies have generally used single colour

fluorescence studies, much of which has been microscopy work. The use of dualcolour flow cytometry here has revealed directly for the first time that there is
differential staining of MHC II on Xenopus B and T cells. Thus, T cells express only
a low intensity of MHC II expression, whilst B (and some other non-T cells) express
a brighter intensity of staining with MHC II. Work in Chapter 2 also revealed that
the inhibition of metamorphosis, by the addition of sodium perchlorate to the
aquaria! water, had little effect on lymphocyte surface antigen expression. Not only
was the emergence of T cell surface marker expression similar, but also the
percentage of cells stained with the individual mAbs was comparable in normal and
metamorphosis-inhibited Xenopus.

The present work confirmed that MHC II

expression on T cells was metamorphosis-dependent (see Rollins-Smith and Blair,
1990).

One important effect of inhibiting metamorphosis was that of total

lymphocyte numbers.
Having characterised the emergence of T cell surface antigen expression in spleen
and thymus during ontogeny, studies were carried out in Chapter 3 in order to
examine the effect of early larval thymectomy (5-7 days) on these markers.
Removal of the thymus at a time before any T cell markers have differentiated on
thymocytes results in the ablation ofT cells from the spleen at 10 months of age, as
defined by the lack ofT cell-specific markers recognised by the mAbs, 2B1 (anti-

CDS), AM22 (anti-CD8), F17 (anti-CD8), D4.3 (putative

anti-a~

TCR) and XT-1

(XTLA-1 ). The loss of proliferative responses by splenocytes to the T cell mitogens,
concanavalin A (ConA) and phytohaemagglutinin (PHA) also confirmed the lack of
T cells functionally. These findings confirm that the thymus plays an essential role
in T cell development (at least with respect to the spleen) in the amphibian, Xenopus.
Chapter 3 also investigated whether in vitro stimulation of thymectomized (Tx)
splenocytes could induce the expression of T cell surface antigens. These flow
cytometric studies employed the T cell mitogens ConA and PHA, the B cell mitogen
lipopolysaccharide (LPS), and a mitogen that stimulates both T and B cells, phorbol
myristate acetate (PMA). In vitro stimulation with ConA and PHA had no effect on
T cell marker expression in Tx animals. However, PMA stimulation, while again
achieving no induced expression of T cell markers, was able to cause the loss of
surface IgM from Tx splenocytes.

It was therefore concluded that in vitro

stimulation of Tx splenocytes with either T cell mitogens or the potent mitogenic
agent, PMA, was unable to induce T cell surface antigen expression. In contrast,
PMA stimulation of splenocytes from control animals, as well as causing the loss of
slgM expression, also resulted in the emergence of cnsdull expression.

This

finding was further probed in Chapter 4.
As a separate focus of attention in Chapter 3, the effects of in vitro activation of
splenocytes from control animals were analysed to determine whether cells were
being pushed down the cell suicide pathway (apoptosis). Apoptosis was initially
monitored by establishing flow cytometric analysis of propidium iodide stained
lymphocytes and looking for sub-G1 cells in cell cycle histograms.

When

lymphocytes were cultured for up to three days in medium alone, there was a low
level of sub-G1 cells induced. When lymphocytes were cultured in the presence of
ConA, the level of sub-G1 cells initially increased, suggesting that the mitogen may
be exerting a toxic effect, since 24 hours after its removal, the level of apoptosis
began to decline. Lymphocyte activation was being induced by ConA as shown by
an increase in cell size and the detection of RNA in the cytoplasm of these
lymphocytes. In contrast, stimulation of splenocytes with PMA indicated that this
agent induced a higher level of apoptosis. PMA, like ConA induced an increase in
cell size and achieved RNA-rich cytoplasm, but unlike stimulation with ConA,
acridine orange staining revealed fragmentation of the cell's DNA, indicative of
apoptosis (Korsmeyer, 1995). Future studies probing the induction of apoptosis (in
both control and Tx animals) would be aided greatly by the use of an anti-apoptosis
specific protein antibody that recently became available at the end of these studies
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(Grand et al, 199S).

Preliminary experiments revealed this antibody can detect

putative apoptotic Xenopus thymic tumour cells.

Furthermore, Western blot

experiments indicate the emergence of proteins in Xenopus cells with similar
molecular weights as emerge in mammalian apoptotic cells (A Milner & J D Horton,
personal communication). It would be interesting to examine whether there is a
greater basal level of apoptosis occurring in vivo in lymphocytes from Tx animals,
and to determine whether in vitro mitogen stimulation results in a greater proportion
of lymphocytes entering the suicide pathway. Apoptosis is a mechanism that shapes
the development from larval-type tissue to adult-type tissue during metamorphosis,
eg. tail reabsorption. It would therefore prove interesting to monitor the levels of
apoptosis occurring in both thymocytes and splenocytes during metamorphosis in
both normally developing and metamorphosis-inhibited animals.
Having established in Chapter 3 that in vitro stimulation of splenocytes from control

Xenopus with phorbol ester could induce the expression of the T cell marker CDS,
experiments were set up in Chapter 4 to investigate the nature of this expression.
The fact that this phenomenon only occurred in control animals suggested that T
cells may be an important factor in the induction of CDS expression.

'Panning'

experiments carried out to obtain a pure (>90%) population of B cells from control
animals showed that B cells by themselves were not capable of induced CDS
expression. When T cells were added back to these purified B cells, CDS expression
could once again be induced and demonstrated by flow cytometric analysis. This is
in contrast to similar studies in higher vertebrates where it has been shown that
induced CDS expression on B cells requires neither T cells nor any other accessory
cells (Bertoglio, 1983; Rothstein et al, 1986; Freedman et al, 1989a,b). Cell mixing
experiments carried out on B lymphocytes from Tx Xenopus suggested that CDS
expression could also be induced following phorbol ester stimulation, but again only
in the presence of a T cell source (either T cells from control animals, or Xenopus
thymic tumour cells). Future studies regarding the induction of CDS expression
should probe more precisely whether CDS expression is being synthesised de novo,
as is the case in mammals (Freedman et al, 1989) (by the use of RNA probes specific
for CDS, or by the use of biosynthetic labelling studies), or whether the CDS
molecule is simply dropping off the T cells and sticking to the B cells. This latter
possibility appears unlikely from the studies carried out in Chapter 4, but
nevertheless, needs to be probed further.
Confirmation that PMA activates T cells via protein kinase C pathway was also
confirmed in studies carried out in Chapter 4. The stimulatory action of PMA was

1S4

also inhibited by use of the protein kinase C inhibitor, RO 31-8220, both in terms of
CDS expression and induced lymphocyte proliferation. In contrast, the inhibitor had
no effect on LPS stimulation, but reduced the proliferation with ConA or PHA by
half. The fact that there was an effect of the inhibitor on stimulation with T cell
mitogens is not that surprising, and indicates that the protein kinase C pathway,
although being a major pathway in T cell activation, is not the sole pathway, as T
cells can be stimulated via calcium-dependent kinases (Geller et al, 1987).
One important aspect for future work is to take further the information provided
from these cell surface analyses.

Functional studies should be undertaken to

determine what the presence of these cell surface markers has on the lymphocytes
functional capabilities. Will lymphocytes respond to T cell mitogens even before
certain cell markers have been expressed, what effect will pre-incubating the
lymphocytes with certain mAbs, to block the marker, have on the cell? Cell sorting
experiments could be carried out to isolate different populations of lymphocytes, eg.
D 12.2+ cells, and to determine if this cell type behaves like a true y8 T cell, or is
more natural killer cell-like.
The phenotypic analyses have only just started to reveal a more intimate picture of
the lymphocyte make-up of Xenopus, which now needs to be followed up by
functional and molecular characterisation for the complete picture to emerge.
The issue of extrathymic T cell development, which forms the major focus of this
Thesis, was returned to in Chapter 5.

This explored in some detail the T cell

populations found in the intestine and liver of both control and Tx animals. Initial
flow cytometric experiments on mAb-stained cells concentrated on the developing T
cell populations in control Xenopus. Surface antigen markers on liver lymphocytes
of these animals were very similar to those found in the spleen, in terms of mean
fluorescence intensity, and percentages of mAb-defined populations. However, in
the intestine, lymphocytes stained with several anti-T cell markers had a somewhat
reduced mean fluorescence of intensity compared with spleen and liver.
Furthermore, in older animals dual-fluorescence studies showed the emergence of
populations of gut lymphocytes that were not present in the spleen or liver.
When Tx animals were examined there was no staining with the mAbs D4.3
(putative

ap

TCR) or Fl7 (anti-CD8) in either the intestine or the liver. This was

consistent both for young animals (4-6 months) and for older animals (8-12 months).
In contrast, in both young and older Tx frogs, surface staining on liver and gut was
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seen with the mAbs, 2Bl (anti-CD5) and AM22 (anti-CD8). However, the staining
intensity with both these mAbs was duller than that found in control animals. The
presence of these CD5dull and cngdull (AM22dull) lymphocytes in Tx animals
suggests that these cells express low levels of certain T cell markers and may be 'Tlike' cells developing in situ within the gut and liver. The discrepancy between
levels ofCD8+ lymphocytes detected by the two anti-CD8 mAbs, namely AM22 and
F 17 is intriguing. It could be interpreted that the AM22 mAb detects a determinant
on the a chain of the CD8 molecule and that the F17 mAb detects a determinant not
found on this chain.

In mammals the majority of CDS molecules found in the

intestine consist of a homodimeric a chain, and it is lymphocytes bearing this
homodimer that are though to be of extrathymic origin (see Chapter 1 and 5.1).
Perhaps those lymphocytes in Tx animals expressing dull AM22 may be of
extrathymic origin.

However, until further characterisation of the determinant

detected by the mAbs, AM22 and F 17 is carried out, care must be taken when
interpreting this possibility.
One interesting feature to emerge from the study in Chapter 5 on both liver and
intestine from control and Tx Xenopus was the increased level of D 12.2+
lymphocytes compared to that of the spleen. This mAb was previously thought to be
directed against the Xenopus yf> TCR (Ibrahim et al, 1991), however, further
characterisation of this mAb was never undertaken. The findings of high levels of
D12.2+ lymphocytes in the intestine and liver of Xenopus are interesting since

yo

TCR+ lymphocytes form a major intestinal population in mammals (see Chapter 1).
It will be very worthwhile to carry out further work on intestinal and hepatic

lymphocyte development in Xenopus.

Indeed only two ages were used in these

studies, 4-6 months and 8-12 months. For a more detailed picture of the emergence
of 'T-like' cells in Tx frogs, more time points need to be carried out between these
two ages. One method to investigate the development of extrathymic T cells in the
intestine could possibly make use of Xenopus borealis. The lymphocytes from these
animals can be identified by the use of quinacrine staining, giving a characteristic
speckled staining pattern (Thiebaud, 1983). The combined use of Xenopus laevis
and Xenopus borealis in thymus implant studies may identify those cells that are
host-derived (thymus-independent) and those that are donor-derived (thymusdependent).
The whole issue surrounding extrathymic T cell development in Xenopus is still in
its infancy. This was the first piece of research attempting to phenotype intestinal
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lymphocytes in the amphibian, Xenopus laevis. It has revealed many interesting
features detailed above, but has left a lot of avenues open for future work. Not only
should more time points be taken between the ages used in this study, but more
importantly later time points should be examined. One further site that could be
examined for extrathymic T cell development is the skin, another site that has been
implicated with extrathymic T cells.
Extrathymic T cells develop with ageing - animals of a year old may still be in their
infancy regarding extrathymic development. Therefore it would be very interesting
and indeed essential to probe whether extrathymic T cells are developing in animals
aged 2 or 3 years and even up to 5 years and beyond, to be sure that T-like cells are
not developing.

The possibility of extrathymic T-like cell development in Xenopus is currently being
explored with molecular probes that can detect rearranged TCR

~

transcripts

(Dzialo, R; Cooper, MD; Horton, JD- work in progress). These studies indicate that
a low level of TCR

~

transcripts can sometimes be recorded in the intestine (but not

spleen) of Tx animals that had been thymectomized in this laboratory.

Such

molecular approaches on T cell receptor expression and the nature of the CDS coreceptor molecules are the way ahead to explore the extent to which T -like cells can
develop extrathymically. At present, it is concluded that at the amphibian level of
evolution, an extrathymic T cell pathway is nnot a major pathway of T cell
development.
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Appendix A
Solution§ and Reagents
Amplb.ftbhm §trength JPillosphate Buffered §alliDlle (APB§)
Make a 1: 13 dilution of 1Ox PBS stock solution (Gibco) with dH20
Adjust to pH 7.4
Filter sterilise
Carbonate/Bicarbonate Buffer
Make up stock solutions of: 0.2M Na2C03 (Solution A)
0.2M NaHC03 (Solution B)
Just prior to use, mix 4.5ml solution A with 8ml solution B and make
up to a final volume of 50ml with dH20
Adjust to pH 9.6

lOx HEPES-bicarbonate Buffer
23.8g HEPES

( 1OOmM final cone)

2l.Og NaHC03

(250mM final cone)

Make up volume to 1OOOml with dH20
Adjust to pH 7.2
Autoclave and store at room temperature for up to 1 month

FACS Medium
6.6g

NaCl

1.5g

Na2HP04

0.2g

KH2P04

1OOOml double distilled H20
Add 0.1% BSA (1 g per litre)
0.1% NaN3 (1g per litre)
Adjust to pH 7.4 and filter sterilise

Staining and Blocking Buffer
50ml10x PBS
600ml dH20
Add 200j.tl phenol indicator

Adjust pH with 1-2M NaOH until solution turns a pale peach colour
Add 0.65g NaN3
For staining buffer:
Add 0.55g bovine serum albumin (BSA) to 550ml solution
For blocking buffer:
Add lg BSA to remaining lOOml solution
If necessary adjust pH with NaOH

Serum Free Medium (used to make tumour medium)
500ml Iscoves
5ml

Non essential amino acids (NEAA)

5ml

Penicilin/Streptomycin

0.5ml

Insulin

0.5ml

2 Mercaptoethanol

1.5ml

Primatone

This was filter sterilised
Tumour Medium

400ml Serum free medium (see above)
120ml double distilled H20
40ml A6 supematant (A6- a fibroblast cell line)
lOml FCS
1.3ml Kanamycin
This was filter sterilised

Wright-Giemsa Stain

1.53g Wright's stain

}

2.50g Giemsa stain

} dissolved in 1 litreof methanol

IOOml Glycerine (or glycerol)

}

Flood slide with Wright-Giemsa stain for 5-10 minutes, then briefly rinse twice
in dH20, dehydrate in alcohol and xylene, and mount in DPX
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Appendix B
Quality Control in Flow Cytometry
Quality control in flow cytometry is a very necessary and important procedure that
needs to be performed every time the machine is used. Only when the machine is
performing to the highest standard can the results be accepted with any confidence.
Coulter lay down their recommendations as to how best to quality control the
cytometer. This has been carried out using ImrnunoCheck Beads and ImrnunoBrite
Beads purchased from Coulter. These beads are run through the machine each time
it is to be used to make sure that the laser is correctly aligned and that all the
fluorescence detectors are functional and are working properly. The quality control
is carried out after the laser has warmed up (approximately 45 minutes).

ImmunoCheck Beads
These beads are of a uniform size (1 011m dian1eter) and are coated with a fluorescent
dye that emits fluorescence at all wavelengths from 525 to 700nm when excited by
an argon laser at 488nm, with a peak emission of about 560nm.
An aliquot of beads is dispensed into a 5ml Falcon tube and analysed on the flow
cytometer using the QC 'startup' protocol set up by the Coulter engineer when the
cytometer was installed. The beads are analysed on a low flow rate and 10,000
events are accumulated. The important details to note are the half peak coefficient
of variation values (HPCVs) and the mean channel of fluorescence. The HPCV
gives an indication of how uniformly the beads are travelling down the centre of the
stream, and Coulter state that this value should not exceed 2.5. The mean channel
gives an indication of how effectively both the fluorescence and side scatter of the
beads is being detected. If HPCV s are too high, repeated cleansing of the flow cell
will help to correct the alignment.

ImmunoBrite Beads
These beads are used to check that the logarithmic amplifiers and photomultiplier
tubes (PMTs), eg. FL1-FL4 detectors,.are linear. The beads are packaged in five
separate vials with each vial containing beads with a different fluorescence intensity
- blank, med-low, reference-med, med-hi and brite. The beads again emit
fluorescence at all wavelengths from 525-700nm.

Four drops of each level are added to a Sml Falcon tube, mixed and analysed on the
flow cytometer on the QC 'immunobrite' protocol set up by the Coulter engineer
when the cytometer was installed. This protocol records the fluorescence of each
level of beads for every PMT. The voltages should be set so that the level V beads
(brite) are at the end of the fourth log decade. As for ImmunoCheck beads, the
sample is run at a low flow rate and 10,000 events are recorded. The mean peak
channel for each level is recorded and these should be plotted on log graph paper.
When each of these four points (one for each PMT) are joined together they should
form a straight line indicating that the machine is linear.
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