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Induction of an Olfactory Memory by the Activation
of a Metabotropic Glutamate Receptor

Hideto Kaba, Yasunori Hayashi, Takashi Higuchi,
Shigetada Nakanishi*

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
(I, 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
AR
me () (/

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 mGluR2 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.
Af 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 mGluR2, 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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carboxylate (tACPD), a common agonist
for all members of the mGluR family that
has no effects on either the a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionate
(AMPA)-kainate receptors or on the
NMDA receptors (10). In the control ex-
periment, phosphate-buffered saline infu-
sions during pheromonal exposure caused
significant pregnancy block (group 1). In
contrast, two infusions of tACPD prevent-
ed the pregnancy block that was evoked by
a second exposure to the original phero-
mones (group 2). This protection was re-
duced by decrease of the infused doses of
tACPD (group 3). A single infusion of
tACPD was not sufficient to prevent preg-
nancy block (group 4), which is consistent
with the previous observation that the sus-
tained excitation of mitral cells is necessary
for memory formation (4). These results
indicate the involvement of an mGluR in
olfactory memory formation.

We then used DCG-IV to define the
mGIuR subtype that is involved in olfac-
tory memory formation. DCG-IV infused
during the females’ exposure to male pher-
omones significantly reduced pregnancy
block (group 5). As was consistent with
the greater effectiveness of DCG-IV over
tACPD as an mGIluR2 agonist (8), a
pheromonal memory was formed by a low-
er concentration of DCG-IV than of
tACPD. DCG-1V itself did not increase
spontaneous pregnancy block (group 6).
DCG-IV infused without pheromone
failed to prevent pregnancy block (group
7), which indicates that memory forma-
tion requires the concomitant action of
DCG-1IV and of pheromonal inputs. No-

tably, this memory is specific to the pher-
omones to which the females were exposed
during DCG-1IV infusions, because a sig-
nificant pregnancy block was brought
about by exposure to pheromones from a
different mouse strain (group 8). Thus,
this finding shows that DCG-IV produces
pheromone-specific memory, and it rules
out the possibility that the DCG-IV-me-
diated reduction in pregnancy block is
caused by a nonspecific impairment of the
AOB circuitry. The a-adrenergic antago-
nist phentolamine had no effect on the
DCG-IV-mediated memory formation
(group 9), which supports the view that
this memory formation results from the
direct action of DCG-IV on mGluR2 rath-
er than from the enhancement of norepi-
nephrine actions.

We also tested whether an mGIuR an-
tagonist, (+)-a-methyl-4-carboxyphenyl-
glycine (three infusions of 10 nmol each),
could affect naturally occurring pheromonal
memory formation, but we failed to detect
the inhibition of this memory. However,
because of the relatively weak potency of
this compound as an antagonist to mGluR2
(11), it remains to be determined if this
failure reflects the possible difference in
extracellular signaling pathways in which
the GABA modulation is used by the nat-
urally occurring and the mGluR2-mediated
memory formations (Fig. 1).

Memory formation at mating is blocked
by the nonselective ionotropic glutamate
receptor antagonist, <y-D-glutamylglycine,
but not by the selective NMDA receptor
antagonist, D-2-amino-5-phosphonovaler-
ate (D-AP5) (12). The AMPA-kainate re-
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Fig. 2. Olfactory memory formation by mGIuR activation in the AOB. Failure of the test exposure to
male pheromones to block pregnancy was used to evaluate the formation of an olfactory recognition
memory (9). M, mating; arrows, drug or phosphate-buffered saline infusions; shaded blocks,
exposure to pheromones from the BALB/c male; filled blocks, exposure to pheromones from the
CBA male; Phent, phentolamine; and E, estrus. The numbers in parentheses indicate numbers of
animals tested. *P < 0.05, **P < 0.01, and ***P < 0.005, when compared with group 1. tP < 0.05,
1P < 0.01, when compared with group 5. Data were analyzed with the Fisher exact probability test.
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ceptor-selective antagonist, 6-cyano-7-nit-
roquinoxaline-2,3-dione (CNQx), pre-
vented the DCG-IV-mediated memory for-
mation (group 10), whereas the NMDA
antagonist D-AP5 was without effect (group
11). Thus, all of the above results indicate
that DCG-IV—-induced memory formation
conforms to the characteristics of the mem-
ory formed at mating.

DCG-1V is a very potent agonist for
both mGluR2 and mGluR3. However, no
appreciable expression of mGluR3 mRNA
was observed in the adult AOB, nor was
any localization of mGIuR2 at the mitral
dendritic synapses (8, 13). Thus, our data
indicate that the activation of mGluR2 at
the presynaptic sites of granule cells permits
formation of an olfactory memory through
reduction of GABA release. As is consis-
tent with this conclusion, the GABA,
receptor antagonist bicuculline also pro-
duces an olfactory memory (3). However,
this memory, unlike DCG-IV—-induced
memory, lacks the pheromone specificity.
This difference may be because mGIuR?2 is
restrictedly expressed in granule cells, as
opposed to the wide distribution of the
GABA , receptors in the AOB (14). The
formation of an olfactory memory depends
on the stimulation of both mGluR2 and the
AMPA -kainate receptor but seems not to
require the NMDA receptor. The mecha-
nism underlying the associative actions of
mGIuR2 and of AMPA-kainate receptors
remains elusive. It has been reported that
the expression of immediate-early genes
increases in both the mitral cells and the
granule cells during the period of memory
formation that occurs at mating (15). It is
thus possible that olfactory memory forma-
tion may require the excitation of both the
granule cells and the mitral cells by means
of the AMPA-kainate receptors and
mGIluR2.

Because DCG-IV seems not to activate
norepinephrine actions that are critical for
mating-induced =~ memory  formation,
mGIluR2 may not be directly involved in
the olfactory block to pregnancy. However,
there are many forms of olfactory memory
and learning, which may differ in their
synaptic bases (16). Our data further indi-
cate that the persistent activation of
mGIuR2 is necessary for the mGluR2-me-
diated memory formation. This feature
would be important in distinguishing tran-
sient olfactory stimuli from those experi-
enced continuously. Thus, mGluR2 could
be critical in a different form of odorant-
mediated neuronal plasticity in the AOB.
In conclusion, this study demonstrates that
synthetic chemical agonists for a specific
receptor can induce a recognition memory
and that a specific metabotropic receptor is
involved in evoking neuronal plasticity in
the olfactory brain functions.
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TECHNICAL COMMENTS

Resistance to Murine Acquired
Immunodeficiency Syndrome (MAIDS)

I have performed genetic studies on murine
acquired  immunodeficiency  syndrome
(MAIDS) susceptibility that suggest an al-
ternative explanation for the results report-
ed by O. Kanagawa et al. (I). My results
raise the possibility that immune suppres-
sion caused by the murine retrovirus (LP-
BM5 MuLV) may not result from a change
in the pattern of cytokine expression of
helper T cells from Ty1 to T2 phenotype,
as Kanagawa et al. suggest. The IL-4-defi-
cient mice appear resistant to disease, while
their IL-4—sufficient littermates are sensi-
tive. Kanagawa et al. conclude that IL-4
deficiency interferes with disease progres-
sion by preventing the Ty1 to T2 conver-
sion, which implies that the immune re-
sponse to the virus is pathogenic, but there
are genetic factors that could be at work in
this system. The embryonic stem (ES) cell
line used to generate the “knock-out” mice
is derived from a 129 strain mouse (2).
Therefore, all IL-4~/~ progeny must be
homozygous for the 129-derived chromo-
some 11, and conversely, all IL-4*/* prog-
eny must carry both copies of the C57B1/
6-derived homolog.

Inbred mouse strains vary in their sensi-
tivity to LP-BM5 MulLV disease; C57B1/6
is a sensitive strain, but I have found that
129/ mice are resistant to LP-BM5 disease.
There are three documented bases of resis-
tance in mice: MHC (H2D9), Fv-17, and
R, but there is evidence that other loci
may be involved (3). In F1 crosses between
resistant and sensitive strains, sensitivity to
disease is dominant, rather than resistance.
The precise reason for resistance in 129
mice is not known, but IL-4™/~ mice may
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be resistant to MAIDS because they are
homozygous for the 129-derived chromo-
some 11, rather than the defective IL-4
gene.

The 129-derived chromosome 11 could
confer resistance by any of a variety of mech-
anisms. For example, 129 mice carry an en-
dogenous ecotropic retrovirus on chromosome
11 (4) that can be expressed as infectious
virus. Prior infection -of sensitive C57B1/6,
mice with a nonpathogenic ecotropic virus
renders them resistant to LP-BM5 disease (5).
If the 129-derived virus is expressed in the
IL-4-deficient mice, then these mice could be
resistant as a result of an endogenous infec-
tion, not of IL-4 deficiency.

A second possibility is that 129 mice
carry another retrovirus resistance locus on
chromosome 11. In selecting IL-4~/~ mice,
Kanagawa et al. may have selected mice
that were resistant because they were ho-
mozygous for a potential resistance locus,
not because they were IL-4—deficient.

The absence of resistance in the IL-4+/*
littermates should also be addressed. The F1
parents of these mice are Fv-17/P. Fv-1
should segregate indepéndently of IL-4, be-
cause these loci are -on different chromo-
somes. One-quarter of the F2 IL-4*/* lit-
termates should be Fv-1"", and therefore be
resistant to LP-BM5 disease, yet 100% (28/
28) of the +/+ mice were sensitive.

IL-4 deficiency could indeed be the rea-
son for LP-BM5 MuLV resistance in these
mice; in fact, there are many reasons to
expect that interfering with immune func-
tion may inhibit disease (6). However, the
genetic factors of viral resistance, or endog-
enous retroviruses, or both, need to be
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MAIDS is a retrovirus-induced disease of
mice with many similarities to HIV-induced
disease in humans (I, 2). Studies of both
infectious processes have shown that the pro-
gression of disease can be associated with a
switch from a cytokine profile of a Type 1 T
helper cell (Tyl) (high IL-2, low IL-4, and
IL-10) to one in which the cytokines of Type
2 T helper cells (Ty2) IL-4-and IL-10 domi--
nate (3). The hypothesis that the balance
between Tyl and Tyl cytokines may be
critical to the pathogenesis of-these immuno-
deficiency syndromes (3) appears to be sup-
ported by several recent findings. First, [L-12,
an agent that stimulates Ty1 differentiation
and the production of Tyl cytokines, has
been found to inhibit the development of
MAIDS (4) and to restore in vitro cell-
mediated immune responses in individuals
that are positive for HIV (5). Second, studies
of IL-4—deficient (129/Sv X B6)F, mice
showed them to be resistant to MAIDS (6).
Susceptibility and resistance to MAIDS
are genetically determined with prominent





