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emitting diode) was illuminated as a signal to start
the correct movement. Initially, the subject had to
guess which of the two choices was correct. Perform-
ing the correct movement was rewarded with a drop
of fruit juice, and the correct movement remained
unchanged in a block of trials, so that the monkey
was required to keep selecting the same movement.
The amount of the reward remained constant (0.1
ml) for four to 12 successive trials, unless the subject
made a mistake and selected the wrong movement,
in which case an audible warning tone replaced the
reward. Subsequently, the amount of the reward
decreased by 30% for each correct trial. At this stage,
monkeys were free to select the alternate movement.
They usually did so after the first to the third decre-
ment (30 to 65.7% decrease in reward). If they did,
the alternate movement was then defined as the
correct movement, the reward reverted to the full
amount, and a new series of constant-reward trials
began, with the redefined correct movement.
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After completion of recording cellular activity, re-
cording sites were marked with microlesions (by
passing small currents through recording electrodes).
Thereafter, the primary motor cortex was carefully
mapped with intracortical microstimulation. A chem-
ical tracer, wheat-germ agglutinin—horseradish per-
oxidase (WGA-HRP, 0.2 pl), was injected into four
sites within both the proximal and distal forelimb
areas of the primary motor cortex. In the recording
sites in the CMAs, HRP-positive cells were found with
a standard technique (70). Because we found no
spread of injected WGA-HRP into the face area, we
concluded that the portions of CMAr and CMAc from
where we recorded cellular activity coincided with
the areas that projected to arm representation areas
of the primary motor cortex.

Intracortical microstimulation was delivered with 20

to 40 pulses of 0.2-ms duration at 333 Hz at 20 to 50

uA. Responses of cells to somatosensory stimulation

(responses to joint manipulations or stroking the

skin) also helped to find that the recording sites were

forelimb representation areas and not face or neck
areas.

. Neuronal activity was quantitatively analyzed after

constructing a peri-event histogram by summing the

data from at least 10 trials for each condition. We
defined the activity as task-related when the number
of discharges in at least three successive 20-ms bins
of the peri-event histogram during the four task
periods deviated from the mean value during a con-
trol period by more than 2 SDs. The task periods
included preparatory (from the time the handle was
held in the central position to the trigger signal),
premovement (from the trigger signal to the onset of
movement), postmovement (from the onset of
movement to delivery of the reward, 400 ms after
the execution of the movement), and reward (500 ms
after reward delivery). The control period was the last

500 ms of the intertrial interval. We performed anal-

ysis of variance (ANOVA) to test whether the activity

in the reduced reward condition differed from that in
the ordinary reward condition for the data obtained
on a trial-by-trial basis.

We performed ANOVA to test this difference.

This finding suggests that the activity of these selec-

tive cells influences a motor decision process (facili-
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tating selection of one movement and suppressing
the other), rather than reflecting an affective aspect
of the reward.
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Control of Neonatal Tolerance
to Tissue Antigens by
Peripheral T Cell Trafficking

Judith Alferink, Anna Tafuri,* Dietmar Vestweber,
Rupert Hallmann, Giinter . Himmerling, Bernd Arnold}

Self tolerance is acquired by the developing immune system. As reported here,
particular properties of the neonatal tissue contribute to this process. Neonatal
skin, but not adult skin, was accessible for naive CD8 T cells. In mouse bone
marrow chimeras generated at different ages, recent thymic emigrants were
tolerized to a skin-expressed major histocompatibility complex class | antigen
only during a neonatal period but not during adulthood. Blockade of T cell
migration neonatally prevented tolerance induction. Thus, T cell trafficking
through nonlymphoid tissues in the neonate is crucial for the establishment of
self tolerance to sessile, skin-expressed antigens.

Differences in tolerance induction during the
neonatal and adult periods of life have fasci-
nated immunologists since the pioneering
work of Billingham, Brent, and Medawar (7).
Neonatal mice, in contrast to adults, develop
lifelong tolerance to allogeneic skin grafts
when exposed to allogeneic cells of the same
donor strain; hence, self tolerance is actively
acquired. The newborn immune system can
also mount an immune response when chal-
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lenged (2). Thus, there appear to be quanti-

* tative but not qualitative differences among

the cells generating an immune response (2).

Although these investigations have fo-
cused on systems in which mobile antigen-
presenting cells pick up antigen and carry it
to lymphoid organs for T cell recognition, the
role of differential T cell migration in toler-
ance induction to sessile self antigens ex-
pressed exclusively on extrathymic tissues is
undefined. Large-scale trafficking of virgin T
cells through extralymphoid tissues has been
observed in fetal sheep, in contrast to the
restricted circulation in the adult animal (3).
To test whether differential T cell migration
through neonatal versus adult tissue would
influence tolerance induction to tissue-specif-
ic self antigens, we used a transgenic mouse
model expressing the major histocompatibil-
ity complex (MHC) class I antigen K® under

13 NOVEMBER 1998 VOL 282 SCIENCE www.sciencemag.org



control of the constitutively expressed keratin
IV promoter on skin keratinocytes. These
2.4KerTV-K® mice exhibit peripheral toler-
ance characterized by the presence of K°-
specific T cells that do not reject KP-positive
grafts and hence are functionally tolerant (4).

We first investigated whether K® ex-
pressed on keratinocytes in the adult mouse
could induce T cell tolerance. The following
bone marrow (BM) chimeras were estab-
lished: Adult 2.4KerIV-K® mice on the Rag-
2~ background (5) were reconstituted with
T cell-depleted BM cells from K®-specific T
cell receptor (Des-TCR) transgenic mice
(Des-TCR — 2.4KerIV-K® Rag-27"). Efficient
reconstitution visualized with the anticlono-
typic antibody Désiré-1 (6) was obtained 2 to
3 months after transfer of Des-TCR BM cells
(Fig. 1). Des-TCR — Rag-2~~ chimeras were
included to test the K® responsiveness of
Des-TCR T cells in the absence of the K°
transgene. Tolerance was assessed by inject-
ing chimeric mice with K®-positive P815 tu-
mor cells (4) 2 to 3 months after re-
constitution. P815.K® tumors are rejected by
single-transgenic Des-TCR mice and ac-
cepted by tolerant double-transgenic Des-
TCRx2.4KerIV-K® mice (7). The chimeric
mice that had been reconstituted as adults
rejected the P815.K® tumor (Table 1, group
A) and were therefore not tolerant. This was
confirmed in another assay system. After
grafting Des-TCR — 2.4KerlV-K® Rag-2-"~
chimeras with skin autografts from their tails
onto their lateral thoracic walls, rejection be-
came visible in all seven recipients after 14
days (8). These findings show that tolerance
to the KP® self antigen is not induced when the
antigen is expressed by mature peripheral
tissue in the adult environment.

Is there a critical time window during

Fig. 1. T cell phe- A
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early development for tolerization to the
skin-expressed K® antigen? We injected
2.4KerlV-KP.Rag-2”~ mice with Des-TCR
BM cells either at birth or at the age of 15
days (Fig. 1, B and C) (5) and assessed
tolerance after 2 to 3 months. In the neonatal
chimeras, Des-TCR T cells were already
found in the peripheral blood on day 19 after
reconstitution and rapidly increased after-
ward. Tolerance was observed in these chi-
meras (Table 1, group C). This result is con-
sistent with the observation that K°-specific
tolerance is induced in Des-TCRx2.4KerIV-
K" mice expressing K® on keratinocytes and
the Des-TCR constitutively from birth. In
contrast, 2.4KerIV-K® Rag-2~~ mice recon-
stituted at 15 days of age rejected the
P815.K® tumor cells (Table 1, group B).
Thus, tolerance induction to skin-expressed
K" antigen appears to occur only during an
early period after birth.

Support for this view was also derived
from the following experimental approach:
Elimination of Des-TCR T cells with the
anticlonotypic antibody until day 15 after
birth abolished tolerance induction in Des-
TCRx2.4KerIV-K® mice. Six of seven mice
that had received the antibody treatment re-
jected P815.K® tumor cells grafted as adults,
compared to 1 of 18 that did not receive
antibody (9). The Désiré antibody-treated
mice displayed on day 18 less than 1% and on
day 24 only 4 to 5% Des-TCR T cells in the
peripheral blood. Thus, the reconstitution and
the antibody treatment experiment indicate a
time window of about 3 to 4 weeks after birth
as a rough approximation for the tolerance-
sensitive period.

Tolerance induction in the neonate, in
contrast to that in the adult, could be attrib-
utable either to intrinsic properties of T cells
leaving the neonatal versus adult thymus or to

Table 1. Tumor acceptance in BM chimeric mice. Recipients were reconstituted at various ages, with
(group D) or without (groups A, B, and C) thymectomy and engraftment with a neonatal 2.4KerlV-K®
thymus. Mice in groups A, B, and C were injected subcutaneously with 10° P815.K® tumor cells 10 to 14
weeks after reconstitution with Des-TCR BM cells (5). Mice in group D were thymectomized and grafted
with a neonatal thymus from 2.4Ker-K® mice at the age of 5 weeks, followed by reconstitution with
Des-TCR BM cells; P815.K® cells were injected subcutaneously 6 weeks later (5). Mice in group E were
nonchimeric controls injected with P815.K® cells at the age of 8 to 12 weeks.

Experimental Recipient mice Age at Acceptance of
group P reconstitution P815.K° tumor cells

A 2.4KerlV-K® Rag-2"~ 5 weeks 3/15
Rag-27/~ 5 weeks 4/21

B 2.4KerlV-KP Rag-2~/~ 15 days 1/4
Rag-27/~ 15 days 0/4

C 2.4KerlV-K® Rag-2~/~ 24 hours 4/4
Rag-27/- 24 hours 0/3

D 2.4KerlV-K® Rag-2~/~ 5 weeks 7
Rag-27/~ 5 weeks 0/4

E Des-TCRx2.4KerlV-K® - 22/24
Des-TCR - 1/24

notype of 2.4KerlV-
KP.Rag-27~ and Rag-
27~ mice 10 to 14
weeks after reconstitu-

tion with Des-TCR BM
cells. (A to C) Two-
color immunofluores-
cence of B cell-de-
pleted splenocytes (5)
from 5-week-old (A),
15-day-old (B), and neo-

natally (C) reconstituted
Des-TCR — 2.4KerlV-
K°Rag-2~"~ BM chimeras

stained for CD8 (verti-
cal axis) and the clono-
typic Des-TCR (horizon-
tal axis). (D) Another
group of 5-week-old thy-
mectomized 2.4KerlV-
Kb.Rag-27~ mice were
grafted with thymic

W

TCR Clonotype

lobes from neonatal 2.4KerlV-K® transgenic mice before BM inoculation. (E) Untreated Des-TCRx2.4KerlV-K® double-transgenic mice. (F to 1) Corresponding
control groups of Rag-2~/~ mice were injected at 5 weeks (F), 15 days (G), on the first day after birth (H), or after thymectomy and grafting at the age of
5 weeks with a thymus from neonatal 2.4KerlV-K® transgenic mice (1). (J) Des-TCR single-transgenic mice.
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characteristics of the target tissue in the new-
born mouse. To distinguish between these
possibilities, we constructed thymus-BM chi-
meras by replacing the endogenous thymic
rudiment of 5-week-old 2.4KerIV-K°Rag-
27~ or Rag-27" mice with the thymus of
newborn 2.4KerlV-K® animals, followed by
reconstitution with Des-TCR BM cells (5)
(Fig. 1, D and I). These chimeras rejected
P815.K® cells and were therefore not tolerant.
Two conclusions can be drawn from these
results. First, a neonatal 2.4KerIV-K® thymus
does not elicit K°-specific tolerance in Rag-
27~ mice, thereby excluding the possibility of
transient K® expression in the neonatal thy-
mus: Second, the age of the thymic tissue in
which the T cells develop does not control
their capacity to become tolerized by periph-
eral tissue antigens. Instead, the maturity of
the peripheral tissue appears to be critical.
Because the neonatal thymus graft was not
irradiated, low numbers of recent thymic em-
igrants could already be detected in the pe-
riphery a few days after transplantation. Such
T cells represent neonatal T cells emigrating
during the tolerance-sensitive time window
mentioned above.

Various characteristics of the neonatal tis-
sue may account for tolerance induction in
the neonatal Des-TCR — 2.4KerlV-K® Rag-
27~ chimeras. Differential K® expression on
keratinocytes of the neonatal and adult skin
could be excluded by immunohistological
analysis (/0) and skin transplantation. The
survival time of grafts from neonatal and
adult 2.4KerIV-K®Rag-27~ donors trans-
planted on Des-TCR mice was similar (/7).
Alternatively, an enhanced trafficking of na-
ive T cells through peripheral tissues in the
neonate may facilitate efficient encounter of

Table 2. Effect of E- and P-selectin mAbs on
KP-specific tolerance induction (76).

Acceptance
Recipient mice Treatment  of P815.KP
tumor cells
Des-TCRx2.4KerlV-K®  mAbs to 3/10
selectins
Des-TCRx2.4KerlV-K®  Control Ab 3/3
Des-TCRx2.4KerlV-K®  None 17/18

o
>

Fig. 2. Enhanced migration of Des-TCR
T cells into the skin of newborn
2.4KerlV-K® mice (solid bars) versus
5-week-old 2.4KerlV-K® mice (open
bars). 'Cr-labeled B cell-depleted spleen
and lymph node cells from Des-TCR
mice were injected intravenously into
six or seven mice per group, and various
organs and remaining body were tested
4 hours after transfer (72). Data are
shown as percentage of total counts per
minute (measured per mouse) and are
representative of three experiments. 0

Total radioactivity recovered (%)
- n w B B
o EN N o @

©
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the skin-expressed K antigen. Therefore, we
investigated the homing pattern of lympho-
cytes in newborn and adult 2.4KerIV-K®
mice by injecting radiolabeled lymphocytes
from Des-TCR mice (/2). Four hours after
transfer, 38% of >!Cr-labeled T cells could be
detected in the adult spleen, versus less than
1% in the neonatal spleen, similar to data in
newborn rats (/3). Instead, inoculated T cells
accumulated in nonlymphoid tissues of neo-
natal recipients, such as lung and skin (Fig.
2). For example, 14% of injected lympho-
cytes entered the skin of neonatal 2.4KerIV-
K® mice, compared to only 2.3% in the skin
of adult recipients; this ratio was independent
of the number of injected cells. Intradermal
trafficking of lymphocytes at the single-cell
level, observed by means of vital fluoro-
chromes (/4), confirmed that neonatal skin is
more accessible for naive T cells than adult
skin.

The intradermal trafficking of naive T
cells in the newborn animal may have impor-
tant implications for self-tolerance induction.
Therefore, we asked whether blockade of T
cell interaction with endothelia in the neona-
tal skin during the tolerance-sensitive phase
would prevent tolerance induction. E- and
P-selectin have been suggested to function as
skin-selective adhesion molecules for T cells
at sites of inflammation (/5). In an orienta-
tion experiment, a single dose of antibodies
to E- and P-selectin (20 wg), simultaneously
given with *!Cr-labeled T cells to neonatal
2.4KerlV-K® mice, reduced homing to the
skin by 39% after 12 hours but did not influ-
ence the migration pattern to other tissues.
Therefore, newborn Des-TCRx2.4KerlV-K®
mice were treated for 15 days with antibodies
and tested for tolerance at the age of 6 weeks
(16). Most of these animals rejected K®-pos-
itive tumor grafts, indicating that tolerance
was abrogated, whereas newborn mice that
were injected with control antibodies or re-
ceived no injection accepted the P815.K®
tumor (Table 2) (17, 18). There was no sign
of an impaired thymic maturation caused
by the selectin monoclonal antibody (mmAb)
treatment, because the T cell phenotype
was unchanged (/0) and the respective T
cells were functionally active in rejecting
the P815.K® tumor (Table 2). Thus, block-

Skin Intestine Thymus Spleen Lung Liver Body

ing T cell migration to the neonatal skin
prevented tolerance induction to K® ex-
pressed on keratinocytes.

Because recognition of cutaneous anti-
gens by naive CD8 T cells is apparently
limited to the perinatal period, maintenance
of self-protection in the adult must be con-
trolled by alternative mechanisms, as naive T
cells continue to leave the thymus in adult
life. Further studies will be required to de-
termine whether regulation as described in
various animal models (/9) or other pro-
cesses might account for the inability of
the naive anti-K® T cells in the adult Des-
TCRx2.4KerlV-K® mice to reject grafts. Re-
cent reports indicate that self antigens ex-
pressed by intact peripheral organs may be
presented to CD8 T cells in the draining
lymph nodes after uptake by dendritic or
similar cells via an exogenous class I-
restricted pathway. However, this phenom-
enon of cross-presentation was only ob-
served when the tissue antigen was ex-
pressed in large amounts in the kidney and
pancreas (20). In the present mouse model,
however, we used a “foreign” MHC class I
antigen and a corresponding T cell receptor
recognizing only the intact K® antigen but
not a processed form of that antigen.
Hence, our results exclude the possibility
that antigen-presenting cells of the skin
pick up the K® antigen and present it in the
neonate but not in the adult animal. The
results indicate that the tolerance induction
described here is dependent on migration of
T cells into the skin. It is therefore different
from cross-presentation and may represent
a mechanism for tolerance induction to cu-
taneous antigens in situations where the
expression of tissue antigens is too low for
cross-presentation.
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