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A major histocompatibility complex class Ib protein, CD1d, is expressed by human intes-
tinal epithelial cells (IECs) and is a ligand for CD8* T cells. CD1d was found to be
expressed on the surface of human IECs as a 37-kilodalton protein that was B,-micro-
globulin (B,M) independent with no N-linked carbohydrate. Transfection into a B,M~ cell
line confirmed that CD1d could be expressed at the cell surface in the absence of M.
These data indicate that IECs use a specialized pathway for CD1d synthesis and that a

B.M-independent class Ib protein may be the normal ligand for some intestinal T cells.

The major histocompatibility complex
(MHC) has a family of B,M-associated
membrane glycoproteins that includes
MHC class Ia and Ib proteins. The MHC
class Ia proteins are polymorphic molecules
that are ubiquitously expressed and play a
central role in the immune system by bind-
ing peptide antigens for presentation to
CD8* T cells (1). The MHC class Ib pro-
teins are relatively nonpolymorphic and may
be specialized for binding specific antigens
for presentation to particular subpopulations
of T cells (2). Although some MHC class I
proteins can be expressed on the cell surface
independently of B,M (3), these appear to
be nonfunctional byproducts of the domi-
nant pathway that generates B,M-associated
proteins for antigen binding (4). Mice
deficient in B,M (B,M /") express low or
undetectable amounts of cell surface MHC
class I proteins and lack CD8* T cells in
most sites except the intestinal mucosa
(5). The intestinal mucosa of B,M~/~
mice contains normal numbers of CD8* T
cells with the y8 T cell antigen receptor
(TCR), which suggests the local expres-
sion of a B,M-independent ligand for
CD8* T cells.

In addition to MHC class Ia proteins,
IECs in the murine and human intestinal
mucosa express MHC class Ib proteins en-
coded by the CD1 locus (CD1d in humans)
(6) and, in mouse, by the TL locus (7). To
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determine the structure of CD1d on the cell
surface of human IECs, we radiolabeled
normal colonic IECs with %I and immu-
noprecipitated their proteins with two
monoclonal antibodies (mAbs) to CD1d,
3C11 and 1H1 (Fig. 1A) (8). Both mAbs
were generated in rat to the murine ho-
molog of CD1d, but they also recognized
human CD1d (6, 9). Under nonreducing
(NR) conditions, both mAbs immunopre-
cipitated single, major bands of ~100 kD
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from IEC lysates. In contrast, immunopre-
cipitation of MHC class Ia proteins from
these lysates resulted in a heavy chain of
~44 kD in association with B,M. Under
reducing (R) conditions, the 1H1 and
3C11 immunoprecipitates resolved as single
bands of ~37 kD, suggesting that CD1d
was expressed on the cell surface as a
disulfide-linked multimer.

Other immunoprecipitations have indi-
cated that CD1d was expressed as a 48- to
54-kD protein, consistent with its predicted
size and four sites for N-linked glycosylation
(6, 10). To determine whether the smaller
size of CD1d on the surface of fresh IECs
may be caused by proteolysis occurring in
the intestine, we immunoprecipitated
CD1d from two intestinal epithelial cell
lines, HT29 and T84. A band of 37 kD was
observed with the 1H1 and 3C11 mAbs
under R conditions from both surface-la-
beled HT29 (Fig. 1A) and T84 cells (11),
so the 37-kD size was not the result of
proteolysis in the intestine.

To confirm that the 37-kD molecule
detected on the surface of IECs was CD1d,
we performed immunoprecipitations with
mAb NOR3.2, a murine mAb generated to
human CD1d (10, 12). The results were
similar to those obtained with the 1H1 and
3C11 mAbs: the NOR3.2 immunoprecipi-
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Fig. 1. Identification of CD1d on the surface of human IECs. (A) Immunoprecipitates of cell surface
proteins from normal human IECs or the human IEC line, HT29, with the mAbs to CD1d, 3C11 (lanes
1) and 1H1 (lanes 2); the MHC class | framework mAb, W6/32 (lane 3); and nonimmune normal rat
serum (lanes N), resolved by SDS-PAGE under NR or R conditions. CD1d under NR conditions
(arrow 1) and R conditions (arrow 2) and B,M (arrow 3) are designated. Autoradiography is shown
after a 5-day exposure. (B) Immunoprecipitates of radioiodinated proteins from normal human IECs
with the mAb to CD1d, NOR3.2 (lane 2), or an isotype-matched control mAb (immunoglobulin G1),
Leu4 (lane 1), resolved by SDS-PAGE under R conditions. CD1d is designated by an arrow. (C)
Reimmunoprecipitation of the 37-kD band in (A) (arrow) with normal rabbit serum (lane 1) or a rabbit
antipeptide antiserum (lane 2). (D) Staphylococcus aureus V8 protease digestion of bacterially
expressed CD1d (lanes 1) and the 37-kD protein (lanes 2) identified in (A) (arrow 2) at the indicated
concentrations of V8 protease under R conditions. Bands identical in the two different preparations,
indicated by arrows at 500 ng of V8 protease, are shown. The same bands are also observed with
5 ug of V8 protease. The bands were detected by a phosphorimager (Molecular Dynamics) after a
3-day exposure. Molecular size markers are indicated on the left in kilodaltons.
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Fig. 2. Characterization of IEC CD1d by two-dimensional SDS-  E
PAGE analysis. (A) Resolution of the 100-kD band from 3C11 f
and 1H1 immunoprecipitates (Fig. 1A, arrow 1) by SDS-PAGE AGe
under R conditions. Two-dimensional NR-R SDS-PAGE of immu-
noprecipitates was performed as described (28) from iodinated
normal human IECs with the 3C11 mAb (B), iodinated crude
plasma membranes with the NOR3.2 mAb (C), and nonimmune 30>
normal mouse serum (D). A 37-kD band running below the

NR

diagonal is indicated by the arrows. Autoradiography is shown

after a 6-day exposure. (E) Two-dimensional NR-R protein immunoblot of a 3C11 immunoprecipitate
from unlabeled normal colonic IEC plasma membranes with a rabbit antipeptide antiserum detected
by enhanced chemiluminescence (Amersham) after a 1-min exposure. A major 37-kD band on the
diagonal, consistent with a monomer, is indicated by the arrow. Molecular size markers are

indicated on the left in kilodaltons.

tated a single, major band of 37 kD under R
conditions (Fig. 1B). Further confirmation
that the 37-kD protein was CD1d was
obtained by reimmunoprecipitation with an
antipeptide antiserum raised in rabbits to
the al and a2 domains of CD1d (Fig. 1C)
(13) and by peptide mapping (Fig. 1D)
(14). At least three identical peptides were
observed when both the 37-kD band and
metabolically labeled CD1d expressed in
bacteria were subjected to V8 protease di-
gestion, indicating that the bacterially ex-
pressed CD1d and the 37-kD protein are
closely related or identical.

To address the possible multimeric nature
of CD1d, we extracted the 100-kD band
precipitated by the 1H1 and 3C11 mAbs
under NR conditions and subjected it to
electrophoresis under R conditions (Fig. 2)
(15). A single molecular species of 37 kD was
observed (Fig. 2A). Similarly, immunopre-
cipitates from iodinated normal colonic IECs,
when resolved by two-dimensional, NR-R
polyacrylamide gel electrophoresis (PAGE),
had identical patterns, each with a dominant
37-kD band below the diagonal (Fig. 2B)
(11). Immunoprecipitations from radiolabeled
crude plasma membranes and two-dimension-
al gel analysis did not reveal any additional
major bands running off the diagonal with
CDl1d, suggesting that CD1d was not linked
to another protein exposed only at the cyto-
plasmic face of the membrane (Fig. 2C) (16).

These results suggested that CD1d was
expressed as a disulfide-linked homotrimer on
the cell surface of IECs. However, despite our

use of iodoacetamide in the lysis buffer, we
could not entirely rule out artifactual cross-
linking during the labeling or immunoprecip-
itation steps. Therefore, a two-dimensional
NR-R protein immunoblot of a 3C11 immu-
noprecipitate from unlabeled, crude, normal
colonic IEC plasma membranes was per-
formed with a rabbit antipeptide antiserum
(17). In contrast to the results obtained with
the iodinated material, the dominant CD1d
band was observed on the diagonal, consistent
with a monomer (Fig. 2E). Minor molecular
species below the diagonal, consistent with a
dimer and trimer, were seen only after a long
exposure (I11). Therefore, although CDI1d
may form a noncovalently associated multi-
mer on the cell surface, the disulfide-linked
multimeric form of CD1d observed here is
largely due to artifactual cross-linking induced
by the oxidative conditions present during
labeling.

The apparent molecular size of CD1d on
IECs was only slightly larger than the predict-
ed molecular size of 35,500 for a mature,
nonglycosylated form of CD1d (6). This small
difference in molecular size could be observed
when the mobility of CD1d isolated from
IECs was compared directly with that of bac-
terially expressed CD1d, although distinct
labeling methods could account for some dif-
ferences in mobility (Fig. 3A). This suggested
that underglycosylation could account for the
smaller size of CD1d. To determine whether
any of the four potential sites for N-linked
glycosylation were used, we treated 3Cl11
immunoprecipitates from normal colonic
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Fig. 3. N-Glycanase resistance of
cell surface CD1d. (A) ¥S-la-
beled CD1d protein (lane 2), ex-
pressed in bacteria from the
CD1d cDNA as de-
scribed for Fig. 1D
(14), was co-resolved
with the 3C11 immuno-
precipitate of iodinated
normal human IECs
(lane 1) under R condi-
tions on a 12.5% poly-
acrylamide gel. The re-
sultant bands were de-
tected by a phosphor- 22

imager after a 3-day ex-

posure. The 37-kD protein from a 3C11 immu-
noprecipitate of iodinated normal human IECs
is indicated by the arrow. (B) Immunoprecipi-
tates of iodinated normal human IECs with
nonimmune normal rat serum (lanes 1), mAb
3C11 (lanes 2), mAb W6/32 (lanes 3), and the
mADb to B.M, A88 (lanes 4), resolved by SDS-
PAGE on a 12.5% gel under R conditions
before (—) or after (+) digestion with N-glyca-
nase. The location of CD1d (arrow 1) and M
(arrow 2) are indicated. Molecular size markers
are indicated on the left in kilodaltons. Autora-
diography is shown after a 3-day exposure.

IECs with N-glycanase (18). The results indi-
cated that the 37-kD cell surface form of
CD1d does not contain any N-linked carbo-
hydrate (Fig. 3B). As a control, MHC class Ia
proteins, containing one N-linked carbohy-
drate side chain, were immunoprecipitated
and digested with N-glycanase (Fig. 3B). As
we expected, removal of the single N-linked
carbohydrate chain from the MHC class Ia
proteins was observed.

Another feature of the immunoprecipi-
tates with the CD1d-specific mAbs was the
absence of B,M, suggesting that the 37-kD
form of CD1d was not associated with B,M.
We investigated the possibility of an associa-
tion with B,M that could be disrupted by the
CD1d-specific mAbs by immunoprecipita-
tions with a mAb to human B,M, A88. This
antibody immunoprecipitated B,M and the
N-glycanase—sensitive MHC class Ia heavy
chains, but not CD1d, from the cell surface of
radiolabeled colonic IECs (Fig. 3B). These
results indicate that the 37-kD form of CD1d
was expressed on the cell surface of normal
IECs without B,M, although a weak associa-
tion with B,M could not be entirely ruled out.

To confirm that CD1d can be expressed
at the cell surface in the absence of B,M,
we transfected the CD1d complementary
DNA (cDNA) into a human melanoma cell
line, FO-1, that does not express B,M (19).
After transfection, Geneticin sulfate—resistant
clones were analyzed by flow cytometry with
the 1H1 mAb. Expression of CD1d was de-
tected on the cell surface of each of the seven
clones analyzed (Fig. 4); thus, CD1d can be
expressed on the cell surface independently of
B,M. The murine homolog of CD1d, CD1.1,
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Fig. 4. The B,M independence of cell surface CD1d. Indirect immunofluorescence of the
B,M-negative cell line, FO-1, transfected with the human CD1d cDNA and the murine CD1.1 cDNA.
Staining with the 1TH1 mAb is shown for the nontransfected FO-1 cell line (A) and a representative

CD1d (B) and murine CD1.1 transfectant (C).

can also be expressed at the cell surface in the
absence of B,M (Fig. 4).

The data presented here show that CD1d
on the surface of IECs has a structure that is
distinct from other class Ia or class Ib proteins.
Surface expression of MHC class I proteins in
B,M-negative cell lines and B,M ™/~ mice has
been demonstrated, but this expression is at
low amounts with only some class I alleles and
does not appear to be a functional pathway for
antigen presentation (I, 3-5). Some class I
proteins can also be expressed at the cell
surface in association with B,M in the pres-
ence of specific inhibitors of N-linked gly-
cosylation and may be functional (20).
However, there is no evidence that these
forms are normally expressed. There is evi-
dence that other CD1 proteins may associate
weakly with B,M (21), but all other studies
of CDla through CD1d and of murine
CD1.1 expressed in a variety of cell types
have demonstrated B,M-associated mem-
brane glycoproteins (6, 10, 22). These ob-
servations indicate that synthesis of the
CD1d isoform described here may be due to
tissue-specific processing of CD1d.

Tissue-specific differences in glycosyla-
tion have been reported for a number of
glycoproteins, but these generally reflect dif-
ferences in processing of the high-mannose
core by glycosyltransferases, rather than a
complete failure to add this core (23). The
data presented here suggest that IECs have a
mechanism to specifically block the addition
of the high-mannose core, presumably
through cotranslational association of CD1d
with proteins in the endoplasmic reticulum.
The lack of association with B,M may be
dictated by the conformation of nonglyco-
sylated CD1d and indicates that a conven-
tional site for binding peptide antigens may
not be present. This suggests that CD1d
expressed on the surface of IECs does not
function as a conventional antigen-present-
ing molecule and may have a different im-
munological role in the intestinal mucosa.

Studies have demonstrated that CD1d can
be recognized by CD8* T lymphocytes (24,
25). IECs stimulate the proliferation of CD8*
T cells, and this proliferation can be blocked

by the mAb to CD1d, 3C11 (24). Specific
recognition of CD1-transfected target cells by
CD8* T cells from the intestinal mucosa has
also been demonstrated (25). The intestinal
mucosa is a specialized immunological com-
partment composed largely of CD8* cytolytic
T cells (26) with an oligoclonal TCR reper-
toire (25, 27). The target antigens recognized
by these mucosal T cells and their biological
function have not yet been determined. The
results reported here indicate that alternative
isoforms of CD1d or CDI1d that present a
limited array of nonconventional antigens
may be the target ligands for these T cells.
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Induction of an Olfactory Memory by the Activation
of a Metabotropic Glutamate Receptor
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Female mice form an olfactory memory of male pheromones at mating; exposure to the
pheromones of a strange male after that mating will block pregnancy. The formation of this
memory is mediated by the accessory olfactory system, in which an increase in norepi-
nephrine after mating reduces inhibitory transmission of y-aminobutyric acid from the
granule cells to the mitral cells. This study shows that the activation of. mGluR2, a me-
tabotropic glutamate receptor that suppresses the y-aminobutyric acid inhibition of the
mitral cells, permits the formation of a specific olfactory memory without the occurrence
of mating by infusion of mGIuR2 agonists into the. female’s accessory olfactory bulb. This
memory faithfully reflects the memory formed at mating.

Female mice form an olfactory memory of
the pheromones of the male with which
they mate. Subsequent exposure to the
pheromones of a strange male will block a
female’s pregnancy, but exposure to the
pheromones of a male of the same strain as
the original male does not block pregnancy
(1, 2). The synaptic changes underlying
this memory formation occur in the acces-
sory olfactory bulb (AOB) (2-6). In the
AOB, the mitral cells, when activated by
vomeronasal nerve inputs, depolarize gran-
ule cells by means of glutamate released at
dendrodendritic synapses (2) (Fig. 1). This
depolarization in turn releases y-aminobu-
tyric acid (GABA) from granule cells and
hyperpolarizes mitral cells (2).
Norepinephrine, the turnover of which
is enhanced after mating, reduces the
GABA-mediated feedback inhibition. and

induces an olfactory memory of phero-

mones present at mating (4). A metabotro-
pic glutamate receptor (mGluR), mGluR2,
is expressed predominantly at the dendrites
of granule cells and, when activated by its
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potent agonist, (2S,1'R,2'R,3’'R)-2-(2,3-
dicarboxycyclopropyl)glycine  (DCG-1V),
suppresses the GABA-mediated inhibition
of the mitral cells (7, 8). Because DCG-IV
and norepinephrine both reduce GABA
transmission from granule cells to mitral

cells, blockage of the GABA-mediated

Fig. 1. Synaptic rela-

tions in the AOB and a VN
model for the microcir-

cuitry in dendrodendritic
synapses between a
granule cell and a mitral
cell. VN, vomeronasal
nerve;- MC, mitral cell;
GC, granule cell; CF,
centrifugal fiber of nor-
epinephrine  projection
from locus ceruleus; Glu,
glutamate; GIuR, iono-
tropic glutamate recep-
tor; GABA,R, GABA,, re-
ceptor; «AR, a-adrener-
gic receptor; G, G pro-
tein; E, intracellular ef-
fector; NE, norepineph-
rine. The signaling path-

o
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gt
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feedback inhibition by DCG-IV could, in
theory, permit the formation of a specific
pheromonal memory without the occur-
rence of mating.

We investigated the role of mGIuR2 in
olfactory memory formation by designing
the following three-stage behavioral proto-
col (3, 9) (Fig. 2). Drugs were infused into
the AOB of estrous females 0 and 1.5 hours
after the beginning of a 6-hour exposure to
BALB/c male pheromones without mating.
At the next estrus, the females were mated
with a male from a CBA strain and then
reexposed to the pheromones of the
BALB/c male to test for formation of a
pheromonal memory. Under this protocol,
it can be determined that memory forma-
tion occurrs at the time of drug infusion if
the drug treatment prevents pregnancy
block by the test pheromonal exposure.
The results of a series of experiments are
summarized in Fig. 2.

Because DCG-IV, though less effective-
ly than mGIuR2, activates the N-methyl-
D-aspartate (NMDA) receptor (8), we first
tested trans-1-aminocyclopentane-1,3-di-

ways that inhibit GABA release are marked by minus symbols. As is the case in the synaptic circuitry of
the main olfactory bulb (17), the reduction of GABA transmission by norepinephrine may be caused by
the inhibition of mitral"cell excitation. A direct presynaptic action of norepinephrine on the granule cell,
however, is also possible; and two pathways for norepinephrine inhibition of GABA transmission are

indicated.
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