Kinetic Differences in Unresponsiveness of
Thymus and Bone Marrow Cells

Abstract. Both thymus and bone marrow cells of adult mice can be made
specifically unresponsive to human gamma globulin, but each cell population dis-
plays a distinct kinetic pattern for both the induction and spontaneous loss of
the unresponsive state. These kinetics appear to be much slower in the bone
marrow cells than in the thymus cells. In addition, the dose of deaggregated
human gamma globulin needed to induce unresponsiveness in bone marrow cells
is much greater than that needed to induce unresponsiveness in thymus cells. Ap-
parently, unresponsiveness in only one cell type is sufficient for the tolerant

state to be exhibited by the intact animal.

Investigations of the cellular events
manifested in the induction process of
the state of immunological unrespon-
siveness have been limited to studies of
whole animals or heterogeneous lymph-
oid cell populations, such as those
obtained from the spleen or from the
peripheral blood (/). These in vivo
studies have indicated that this induc-
tion period is short, from 24 hours to
4 or 5 days depending on the antigen
and the test system used. In view of the
collaboration between thymus cells and
bone marrow cells in the immune re-
sponse to a number of different anti-
gens (2) and the subsequent demon-
stration that unresponsiveness can exist
at each of these cellular sites (3), cel-
lular events in the induction of unre-
sponsiveness now demand new study.
We now report that in adult mice there
exists a distinct kinetic pattern for both
the thymus and the bone marrow cell
populations with regard to both the in-
duction and spontaneous loss of the
unresponsive state to human gamma
globulin (HGG). In addition, our data
demonstrate differential susceptibility of
thymus cells and bone marrow cells to
varying doses of tolerogen (a physical
form of antigen that induces toler-
ance).

Synergism has been observed in the
response to HGG when both thymus
and bone marrow cells were obtained
from normal mice, but not if either
cell type came from tolerant mice (3).
From these data, the prediction can be
made that unresponsiveness in one cell
type would be sufficient to make an
intact animal appear tolerant. To test
whether such a cellular dichotomy ex-
ists, the kinetics of the induction and
spontaneous loss of immunological un-
responsiveness to HGG were deter-
mined separately for thymus cells and
for bone marrow cells.

Groups of adult A/J male mice (4)
were injected with 2.5 mg of HGG
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deaggregated by ultracentrifugation (5)
and each group was killed at a specified
time. Suspensions of their thymus cells
(90 X 10%) or bone marrow cells
(30 x 10%) were injected intravenously
along with normal bone marrow cells
(30 X 106) or thymus cells (90 X 109),
respectively, into lethally irradiated re-
cipients (3). At the same time and again
10 days later, these irradiated mice were
challenged with 0.4 mg of aggregated
HGG (6) and, 5 days after the second
injection, their spleens were assayed for
plaque-forming cells (PFC) to HGG (7).
Since very few, if any, direct PFC
were found by this system, the data
are expressed only as indirect PFC
detected with the use of goat anti-
serum to mouse gamma globulin at a
concentration shown to be optimal.

The percentage of suppression of the
response obtained in the recipients re-
ceiving one cell type from donors
injected with tolerogen (deaggregated
HGG) and one cell type from normal
donors compared to the response ob-
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Fig. 1. Kinetics of the induction and spon-
taneous loss of unresponsiveness in thymus
and bone marrow cells. Calculations of
the values obtained for unresponsiveness
in both cell types are described in (8);
DHGG, deaggregated human gamma glob-
ulin.

tained in animals receiving both normal
cell types was then calculated (8) and
plotted as shown in Fig. 1. Thymus
cells from tolerogen treated animals
were essentially unresponsive by day 2
and remained so for the duration of the
experiment (day 49). In contrast, bone
marrow cells from the same tolerogen
treated donors did not begin to show
unresponsiveness until day 11 and were
totally unresponsive only after 21 days.
In addition, by day 49 bone marrow
cells had returned to the responsive
state. The induction of unresponsiveness
in the intact animal paralleled the in-
duction of unresponsiveness in thymus
cells. Thus, the kinetics of the induction
of unresponsiveness with this experi-
mental protocol are much faster in
thymus cells than those seen in bone
marrow cells, and the state of unre-
sponsiveness persists much longer in
thymus cells. It is also of interest that
an animal with an unresponsive thymus
cell population may appear tolerant,
although it can possess bone marrow
not yet rendered unresponsive (for ex-
ample, day 5) or having recovered from
unresponsiveness (for example, day 49).
These data could account for the fact
that Taylor (9) was unable to demon-
strate specific unresponsiveness in bone
marrow cells 24 hours after he ad-
ministered a tolerogenic regimen of
bovine serum albumin (BSA).

To determine the effect of varying
the dose of tolerogen on the induction
of unrespensiveness in thymus and bone
marrow cells, mice were injected with
0.1, 0.5, or 2.5 mg of deaggregated
HGG. Eleven days later, cell - suspen-
sions of their thymus (90 X 105) or
bone marrow (30 X 106) were injected
along with normal bone marrow (30 X
10%) or thymus (90 X 106) cells, re-
spectively, into irradiated recipients. As
before, mice were challenged with ag-
gregated HGG on the day of transfer
and again 10 days later, and their
spleens were assayed for PFC 5 days
after the second injection. The results
of this experiment show that thymus
cells obtained from each tolerogen
treated group of mice were equally un-
responsive (Fig. 2) although bone mar-
row cells obtained from the same
tolerogen treated donors—that is, in-
jected with 0.1, 0.5, or 2.5 mg of
deaggregated HGG—were 9, 56, and
70 percent unresponsive, respectively.
In summary, bone marrow cells require
higher doses of tolerogen for the induc-
tion of unresponsiveness, they require a
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longer induction period, and in these
cells the unresponsive state is of shorter
duration than that in thymus cells.

The distinct kinetic pattern for the
induction of unresponsiveness in each
cell population probably reflects a dif-
ference in the mechanism by which
the unresponsive state is achieved. It
may be that qualitative differences exist
to account for the temporal differences
seen in the kinetic data. While thymus
cells may be rendered unresponsive
simply by the passive interaction of
tolerogen with cell, bone marrow cells
may require an active process, such as
cell division, differentiation, or antibody
formation, to reach a tolerogen-sensitive
stage. On the other hand, the kinetic
differences might be quantitative so that
more tolerogen is needed to confer un-
responsiveness in the bone marrow pop-
ulation compared to the thymus popula-
tion because either more antigen reac-
tive cells are involved or more tolerogen
per antigen reactive cell is required. By
the same logic, the maintenance of un-
responsiveness in bone marrow would
necessitate continued high doses of
tolerogen. When the dose falls below
the threshold of this effective concen-
tration, the bone marrow would be
expected to return to a normal state,
whether this recovery involves the de-
repression of unresponsive cells or the
generation of new antigen reactive cells.
The data on dose variation presented
above (Fig. 2) and some recent findings
by Mitchison (/0) are compatible with
such a hypothesis, as is the observation
that there is a paucity of receptor sites
on thymus as compared to bone mar-
row cells (Z1).

These data offer an insight into the
cellular mechanisms operating both in
the termination of induced immuno-
logical unresponsiveness (2) and in ex-
perimental autoimmunity (the termina-
tion of natural unresponsiveness) in
rabbits (/3). Each of these unresponsive
states could be terminated by injection
with either cross-reacting antigens or
altered tolerated antigen, indicating
that these tolerant animals still had the
capacity to produce antibody specific
for the tolerated antigen but lacked
the ability to recognize the antigen as
an immunogenic molecule. The obser-
vation would be explained by the in-
volvement of two cell types: (i) the
thymus cell which recognizes the im-
munogenic cross-reacting molecule and
(ii) the bone marrow cell which is
responsive to the tolerated antigen and
which produces antibody. In view of
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Fig. 2. The effect of tolerogen dose on the
unresponsiveness of thymus and bone mar-
row cells. Each point represents the arith-
metic mean of the individual response
(PFC) obtained in six mice: NT, NBM;
thymus, bone marrow obtained from nor-
mal donors. TT, TBM; thymus, bone
marrow obtained from tolerogen injected
donors which received 0.1 mg @, 0.5 mg W,
or 2.5 mg A of deaggregated human
gamma globulin. [] Both thymus and bone
marrow cells were from normal donors.

the results from the studies presented
above, rabbits in which unresponsive-
ness to a heterologous serum protein
had been induced at birth would be
expected to contain at the time of test-
ing (90 days after treatment with
tolerogen) thymus cells that were un-
responsive but bone marrow cells that
had recovered from the unresponsive
state. However, since thymus cells con-
taining receptors for cross-reacting
antigens would be present in the un-
responsive animals, interaction could
occur between these thymus cells (via
determinants specific to the terminating
antigen) and the bone marrow cells (via
determinants cross-reacting with the
tolerated antigen) resulting in a normal
response to such cross-reacting deter-
minants. The stimulation of bone mar-
row cells in this manner would result
in their proliferation, differentiation,
and subsequent synthesis of antibody
with a specificity analogous to the re-
ceptor sites on the cells. It is known
that in the case of natural unrespon-
siveness to thyroglobulin there are low
levels of circulating antigen (/4) which
would, in a situation analogous to the
dose response described above, be suf-
ficient to render the thymus cells, and
thus the entire animal, unresponsive to
thyroglobulin but not sufficient to ren-
der bone marrow cells unresponsive.

In accord with this hypothesis, cross-
reacting or chemically altered thyro-
globulins could be recognized as im-
munogenic by thymus cells and could
stimulate the bone marrow cells to
produce antibody specific for native
thyroglobulin. These observations are
compatible with the suggestion that
thymus and bone marrow cells each
may react with different determinants
on an antigen (/5).
JacQues M. CHILLER
GaiL S. HABICHT
WiLLiaM O. WEIGLE
Scripps Clinic and Research
Foundation, 476 Prospect Street,
La Jolla, California 92037
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Sex Attractant in a Brown Alga:

Abstract. The male-attracting substance
marine brown alga Ectocarpus siliculosus

dien-2',5'-yl)-butene-1.

Cellular chemotaxis is widely dis-
tributed in lower plants. Many cases of
interaction on the gamete level are
known, but so far there is only one sys-
tem, the active compound of which is
known; this compound is sirenine,
which is produced by the female
gametes of the water mold Allomyces
(/). We shall report on the identification
of the substance which is secreted by
the female gametes of the marine brown
alga Ectocarpus siliculosus (Dillw.)
Lyngb. as an attractant for the male
gametes. The sexual reaction in this
species has been observed by many
workers. Motile gametes are
morphic. Female gametes, when settled
on a surface, attract numerous male
gametes which become attached to the
female cell with the tip of their front
flagellum. After one male gamete has
fused with the female, the zygote loses

Table 1. Kovats indices of hexahydrogamone
and authentic hydrocarbons for comparison.
Columns used were: (A) 3.8 percent UCW
98 (methyl vinyl silicone gum); (B) 10 per-
cent OV 225 (cyano silicone gum); (C) 2.5
percent Apiezon L; and (D) Apiezon L plus
2 percent Igepal. . .

Kovats indices

Tem-
Col- pera-
umn  ture ]flexa— Amlyl- Butlyl-
(°C) ydro- cyclo- cyclo-
gamone hexane heptane
A 100 1165.14 . 1136.20 1165.01
B 60 1210.98 1166.88 1210.76
C 100 1191.24 1167.80 1191.15
D 172 1216.83 1176.43 1216.72
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Chemical Structure

produced by the female gametes of the
was identified as allo-cis-1-(cyclohepta-

its attraction for the other male gametes
and they disperse. At the time that the
attractant was first detected and isolated
(2) only microgram quantities could be
isolated by gas chromatography and
assayed for its biological activity. By
increasing the capacity of the cultiva-
tion apparatus, we have now obtained
sufficient quantities of the gamone to
identify its chemical structure.

For the production of the gamone,
the female gametophytic clone D-A2
was used and grown in large quantities,
essentially by the procedure described
in (2). Between June 1968 and August
1970, 14,900 culture dishes were inocu-
lated and harvested. The total harvest
during this time was 1041 g of fresh
gametophyte material, which corre-
sponds to 154 g dry weight. Because
of its high volatility, the gamone could
be removed from the cultures by means
of a stream of purified air, and con-
densed in a stainless steel trap at —80°C.
This condensate was then flushed with a
stream of N, through a drying tube
containing CaCl, and into a glass trap
at —78°C; the dry condensate was then
dissolved in CCl,. This procedure
yielded a starting material of already
good purity. The few contaminant com-
pounds were then removed by prepara-
tive gas chromatography (Fig. 1A). The
resulting pure gamone fraction was
used for the analytical procedures.
Quantitative assay of the gamone was
made by gas chromatographic compari-
son with n-nonanal (2). During the 2

years of mass production, 92 mg of
gamone were obtained. Our results in-
dicate that the female gamone of Ecto-
carpus siliculosus is allo-cis-1-cyclohep-
tadien-2’,5’-yl)-butene-1. This conclu-
sion is based on the following evidence.

Mass spectrometry (Fig. 1B) shows
that the mass of M+ is 148. Compari-
son of the intensities of the masses 148
and 149 gives values between 10.2 and
11.6 for the number of carbon atoms
per molecule. This means that the em-
piric formula is C;;H,4 The peaks at
mass-to-charge ratios (m/e) of 133,
119, 105, and 91 indicate the successive
loss of C; fragments. Peak 91 possibly
represents the tropylium ion. The peak
at m/e 146 arises from dehydrogena-
tion in the inlet system. It is absent if
the sample is introduced directly into
the ion source. Elementary analysis
suggests a hydrocarbon of the compo-
sition C;;H,4, and thus confirms the
mass spectrometric data.

Proton magnetic resonance spec-
troscopy (Fig. 1C) confirms the
presence of 16 protons per molecule.
The following structural details are
evident: one methyl triplet with chemi-
cal shift (r) equal to 9.0 ppm, one ter-
tiary proton (r =6.6 ppm), six olefinic
protons (r=4.4 to 4.8 ppm), two
methylene protons between two double
bonds (r=7.2 ppm, VI), and four
methylene protons (= = 7.9 to 8.0 ppm,
VII). These data imply that the four
unsaturation equivalents corresponding
to the empiric formula C{H,, are rep-
resented by three double bonds and
one ring system. The tertiary proton
occupies the branched carbon atom
holding the side chain.

The infrared spectrum (ultramicro-
cell, 50 um path length, microillumi-
nator) confirms the absence of func-
tional groups. There is no band around
970 cm—1, which means that there is
no trans configuration at any of the
double bonds. Two bands of medium
intensity at 730 and 690 cm—1 indicate
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