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New Routes to Early Memories

Davip KucHARSKI* AND W. G. HALL

Stimulation of one side of the olfactory system during training with odor-milk pairings
in neonatal rats results in their ability to recall an odor memory by using the trained
but not the untrained side of the brain. In 12-day-old rats, olfactory learning can be
recalled by stimulation of either the trained or untrained side. The development of
bilateral recall reflects the maturation of olfactory commissural pathways that provide
access to the olfactory memory stored on the contralateral side. Furthermore, the
commissural pathways need not be present at the time of memory formation but can
establish new and specific access to already existing olfactory memories.

ORMALLY, THE RIGHT AND LEFT

sides of the brain are in communi-

cation through a series of commis-
sures, fiber systems that cross the midline to
form reciprocal connections between corre-
sponding bilateral structures. Sectioning the
major commissure, the corpus callosum,
causes animals to behave in many situations
as if they have two separate brains (1). With
hemispheres disconnected, for example,
cach half of the brain can exhibit relatively
independent  perception, learning, and
memory when the inflow of sensory infor-
mation is restricted to one side. We have
recently shown that newborn rats behave as
a “natural split-brain preparation” in an
olfactory learning protocol (2). Specifically,
in rats younger than 12 days of age, the
memory for a learned odor is confined to
one side of the brain if a single naris is
stimulated during pairings of an odor and
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milk reward. Such pups show increased
preference for the odor in a choice task
when tested with the same naris that was
open during training; they show no such
preference when tested with the other naris
open. In contrast, when pups 12 days of age
or older are trained unilaterally, they show
learned preference with either naris open. This
bilateral response develops simultaneously
with the maturation of specific components of
the anterior commissure (3), the olfactory
system’s crossed projection pathway. Indeed,
the anterior commissure pathways are crucial
for bilateral olfactory learning in older pups
because cutting them before training restores
unilateral conditioning (2, 4). However, even
in older pups showing bilateral preference, the
olfactory memories are still stored unilaterally,
as demonstrated by a unilateral preference
when the commissure is sectioned after train-
ing.
Although these findings indicate that
commissural fibers can provide access to
unilateral olfactory memories and confirm
that the functional maturation of these path-
ways occurs between 6 and 12 days after

birth, they raise an additional question. Do
the newly formed crossed connections gain
access to already formed memories, previ-
ously inaccessible to one side of the brain, or
does bilateral access require existence of
connections at the time of learning? To
study this question we examined the recall of
unilateral learning in 12-day-old rat pups
that had been trained at 6 days of age.
Unilateral training thus occurred in the ab-
sence of commissural projections to target
layers in the contralateral anterior olfactory
nucleus and piriform cortex (3). Pups were
then tested at 12 days, when projections
providing bilateral access had developed. To
ensure that any bilateral access observed was
the result of new access to memories (and
not, for example, a duplication of learning
on the untrained side), we sectioned the
anterior commissure in some pups to con-
firm unilateral storage of the olfactory pref-
erence memories.

Forty-cight 6-day-old pups (5) received
ten training trials consisting of a 20-second
exposure to cedar odor, provided to one
naris, starting 15 seconds before and con-
tinuing during the brief 5-second infusion
of milk (6, 7). Cedar-milk pairings occurred
every minute for 10 minutes. Milk rewards
were delivered through small cannulas in-
stalled in pups’ mouths (7, 8). We confined
odor to one naris by inserting a soft rubber
plug into the opposite nostril (9). After the
conditioning, the nose plug was switched to
the other naris for half of the pups and was
sham-switched (removed and reinserted into
the same naris) for the other half. Half an
hour after pups had received the training
treatment, they were tested for their re-
sponse to cedar odor in a two-choice prefer-
ence test (10) in which they were allowed to
spend time over cedar-scented or unscented
shavings. The number of seconds spent over
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Fig. 1. Mean number of seconds over cedar
during each preference test (maximal score, 30
seconds) as a function of naris open during the
preference test administered at 6 days of age. T,
trained naris; U, untrained naris. Error bars repre-
sent SEM. This finding of unilateral olfactory
learning at 6 days of age replicates the results of
our previous studies (2).
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Fig. 2. Bilateral access to early, unilaterally stored
memories for sham-lesioned pups but not for
pups that received transection of the anterior
commissure. (A) Reconstruction of lesions (and
associated necrotic tissue) from subjects that re-
ceived transections of the anterior commissure
either after training at 6 days of age (top) or prior
to testing at 12 days of age (bottom). The lesions
are reconstructed on diagrams derived from Pax-
inos and Watson [plates 56, 58, and 60 (11)]. The
striped regions correspond to lesions sustained by
one or more animals, and the black regions corre-
spond to lesions sustained by all animals. In all
cases, the anterior commissure was transected. In
addition, some animals sustained damage as far
rostral as the nucleus accumbens and as far caudal
as the third ventricle. The side of lesion was
counterbalanced (right or left) in this study;
however, for schematic purposes, the lesions are
represented on the right side. Abbreviations: AC,
anterior commissure; Acb, accumbens nucleus;
BST, bed nucleus of stria terminalis; ic, internal
capsule; CPu, caudate putamen; PO, primary
olfactory cortex. (B) Mean number of seconds
over cedar during each preference test for lesioned
and sham control pups as a function of experi-
mental group (conditioned or naive controls) and
naris open during the preference tests.

cedar was recorded during each test session.
After this first preference test, nose plugs
were switched and, 0.5 hour later, pups
were given a second test to assess their
preference with the other naris open. This
testing sequence was repeated when these
same pups were 12 days of age, again in a
counterbalanced order. Half of the pups
from each of the six litters received sham
surgery, while the other half received tran-
sections of the anterior commissure (11).
Surgery was performed after training at 6
days of age or prior to testing at 12 days of
age.

Pups showed unilateral preference during
the initial test of learning at 6 days of age
(Fig. 1), spending 81% more time over
cedar when tested with the trained naris
open than when tested with the untrained
naris open [F(1,5) = 33.23, P < 0.01; lit-
termates’ scores were averaged so that num-
ber of litters represents the unit of analysis].
In contrast, when the preference tests were
repeated at 12 days of age, the pups that
received sham surgery showed bilateral
learned preference. They spent an equivalent
amount of time over cedar when tested with
the trained (mean number of seconds over
cedar during each test = SEM, 13.2 * 2.0)
or untrained naris open (14.7 + 1.5) and
showed an increased preference for cedar
compared to the control animals (12). Thus,
12-day-old pups could access the previously
unavailable memory when tested with the
untrained naris.

On the other hand, animals that received
transections of the anterior commissure (11)
(Fig. 2A) either just after training at 6 days
[F(1,5) = 19.36, P < 0.01] or just prior
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to testing at 12 days [F(1,5) = 32.49,
P < 0.01] showed a greater preference for
cedar when tested with the trained naris
open (14.8 = 1.1) than when tested with
the untrained naris open (5.1 = 0.7) (Fig.
2B). This finding confirmed that memories
were still stored unilaterally on the trained
side (13) and further indicated that the
unilateral representation of the memory
trace does not change during development.
If the memory trace had become bilaterally
represented, then these transections would
have been ineffective in restoring unilateral
conditioning. These data thus confirm the
role of the anterior commissure in providing
access to the unilaterally represented early
memories and suggest that it is the forma-

tion of new connections by this pathway
that creates new access routes to the earlier
stored: olfactory memories.

A capacity to access contralateral olfactory
memories develops postnatally. The timing
of this change is telling. After the last stage
of anterior commissure development, when
fibers have extended into the anterior olfac-
tory nucleus and piriform cortex, rats be-
come capable of bilateral retrieval of the
learned information. If fibers are prevented
from communicating with these areas, ani-
mals cannot retrieve the information. Other
crossed projections carried in the anterior
commissure (for example, fibers from anteri-
or olfactory nucleus to the contralateral ol-
factory bulb) are not likely to be involved in
the developmental change in memory access
because they appear to mature before 6 days
of age (3). Thus, the anterior olfactory
nucleus and piriform cortex are implicated
as structures that, once innervated, provide
critical sites for, or pathways to, olfactory
preference memories. Further, these path-
ways can provide access to preexisting mem-
ories even though they were not functional
at the time of memory formation and are
unlikely to have ever experienced the stimu-
lus odor after becoming functional.

The finding that unilaterally represented
memories remain unilateral even after bilat-
eral retrieval processes have developed is
consistent with experiments (2) that indicat-
ed that memories for conditioned olfactory
preferences are stored unilaterally (when
olfactory input is restricted to one naris
during conditioning), even in older pups
with mature commissural systems, and are
accessed bilaterally via the anterior commis-
sure. There have been other reports of uni-
laterally, rather than bilaterally, stored mem-
ories that are accessed via commissural sys-
tems (I4). Indeed, it has been suggested that
one function of commissural systems is to
restrict memories to a single side of the brain
(15). By this account, the commissural sys-
tem provides bilateral access to memories
but prevents bilateral representation of
memories and so increases the mnemonic
storage capacity of the brain. Our results
demonstrate the natural development of ac-
cess to a unilaterally stored memory, provide
a demonstration of new and specific access
to earlier learning, and point to neural re-
gions involved in one type of olfactory
memory.
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A Novel Thyroid Hormone Receptor Encoded by a
cDNA Clone from a Human Testis Library

Doris BENBROOK AND MAGNUS PFAHL*

The c-erbA gene belongs to a multigene family that encodes transcriptional regulatory
proteins including the v-erbA oncogene product, steroid hormone receptors, and the
vitamin Dj receptor. A v-e#bA DNA probe encoding the DNA-binding region of the v-
erbA protein was used to screen a human complementary DNA testis library. One of
the clones isolated, erbA-T-1, was found to encode a 490—amino acid protein (erbA-T).
The erbA-T polypeptide shows high homology with the proteins encoded by both the
chicken c-e#bA and the human c-erbA-B genes but is most closely related to the chicken
gene. The chicken c-erbA and the human c-erbA-B genes encode high-affinity receptors
for thyroid hormone, and here it is shown that the erbA-T protein binds specifically to
3,5,3'-triiodo-L-thyronine with a dissociation constant of 3.8 = 0.2 x 107°1. These
data imply that more than one thyroid hormone receptor exists in humans and that
these receptors might have different tissue- and gene-activating specificities.

HE erbA GENES ENCODE A CYS-

teine-rich domain that shows high

homology with the putative DNA-
binding domain of steroid hormone recep-
tors (I-8). The amino acid sequence of this
domain is almost fully conserved for the
glucocorticoid receptors of the mouse, rat,
and human (9, 10) and for the estrogen
receptors of the chicken and the human
(11). The chicken (7) and human erbA (8)
proteins, which are both thyroid hormone
receptors (7, 8), share only 90% homology
in this region and may therefore correspond
to different genes encoding proteins with
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similar but not identical functions. To iso-
late further members of the erbA gene fam-
ily, we used a 600-bp Ava I-Pst I DNA
fragment from v-erbA (12) encoding the
cysteine-rich domain to screen human com-
plementary DNA (cDNA) libraries. Two
¢cDNA clones, which hybridized strongly
with the *?P-labeled v-erbA probe, were
isolated from a testis library (13). Both
clones also hybridized with a probe from the
3' end of v-erbA. We subcloned and se-
quenced two Eco RI inserts of the larger of
these clones (e76A-T-1) (14). The 2112-bp-
long sequence of erbA-T-1 contains a long
open reading frame of 490 amino acids with
an initiator methionine codon at nucleotide
334 and a terminator codon at nucleotide
1804 (15).

The predicted polypeptide encoded in the
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