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Enhanced Neural Response to Familiar Olfactory Cues

Abstract. Norway rat pups have an enhanced olfactory bulb response to a familiar
odor. A specific complex of glomeruli showed increased carbon-14-labeled 2-deoxy-
p-glucose uptake in response to peppermint odor in 19-day-old pups exposed to
peppermint on days 1 to 18 after birth, relative to control pups that had been exposed
to clean air. The increased activity was not due to increased respiration of the

familiar odor.

Norway rat mothers emit an odor that
attracts their young from the second
through the fourth postpartum weeks (1),
a period that corresponds to the time
when the pups return to the mother to
nurse (2). Mothers initially emit the at-
tractant in low quantities, inducing the
pups to orient toward it during the first 2
weeks (3). The principal source of the
maternal odor is the cecotrophe portion
of the maternal anal excreta (4). Synthe-
sis of the cecal odor depends on cecal
bacteria populations (5, 6), the composi-
tion and metabolic products of which
differ with different diets (7). Since there
is no single maternal odor, the pups must
become attracted to the odor that they
will approach through postnatal experi-
ence. Leon (6) found that pups raised
with mothers on a particular diet are
attracted specifically to the odor of
mothers eating that diet. In fact, brief
daily experience of young rats with ei-
ther a maternal or an arbitrarily selected
odor induces a preferential response by
the pups (8, 9).

It seemed possible that this early ol-
factory experience could induce the de-
veloping olfactory system to have a spe-
cial, perhaps enhanced, response to that
odor. If one accepts the proposition that
elevated use of glucose by neurons re-
flects neural activity and that 2-deoxy-D-
glucose (2DG) uptake reflects glucose

24 AUGUST 1984

use, then 2DG autoradiography is a pow-
erful technique for determining the loca-
tions of differentially active cells (10).
We used this technique to determine
whether there is a differential neural re-
sponse to familiar and unfamiliar odors
by young rats.

An artificial odor, peppermint, was
chosen as the olfactory stimulus because
its presentation could be controlled more
precisely than maternal odors. We gave
young rats experience with peppermint
odor in a manner similar to that which
had previously induced a strong behav-
ioral preference (9). For 10 minutes each
day for the first 18 days after birth, eight
rat pups were exposed to peppermint-
scented air delivered through a flow-
dilution olfactometer (/7). Exposure was
accompanied by perineal stimulation, a
procedure that mimics the licking that rat
mothers do as part of their maternal care
and facilitates the acquisition of an olfac-
tory preference in neonates (/2). Six
control pups were exposed daily to clean
air in the olfactometer while receiving
perineal stimulation.

We then used 2DG autoradiography to
determine whether these different olfac-
tory experiences had influenced the re-
sponsiveness of the olfactory bulbs to
peppermint. On day 19, both the pups
experienced with peppermint and the
naive pups received, for the only time, a

single subcutaneous injection of '“C-la-
beled 2DG (200 wCi/kg). Both groups
were then exposed to peppermint odor
for 45 minutes, without perineal stimula-
tion. We used a 45-minute exposure peri-
od to avoid the artifact associated with
measuring unphosphorylated 2DG (13).
At the end of the exposure period, pups
were decapitated and their brains were
quickly removed and frozen in Freon-12
at —40°C. Autoradiographs of the olfac-
tory bulbs were prepared and developed
according to standard techniques, which
included exposing a set of calibrated '“C-
labeled standards with each film (/4).
The sections then were counterstained
with thionin.

Autoradiographs, coded to prevent ex-
perimental bias, were analyzed with a
computer-based image processor that al-
lowed pseudocolor imaging and two-di-
mensional quantitative optical densitom-
etry. Because the autoradiographs could
be aligned by the image processor with
the matching thionin-stained sections,
2DG uptake could be associated with
specific lamina in the olfactory bulb (15).
As a first step in quantifying 2DG up-
take, the computer constructed a calibra-
tion curve that related the gray value of
each '“C-labeled standard exposure to its
previously determined '*C-labeled tissue
equivalent. It then linearized this func-
tion so that the gray values of the autora-
diograph could be translated into 'C
concentrations, and hence 2DG taken up
by the tissue.

The entire bulb was scanned for areas
of relatively high 2DG uptake. When an
active glomerular complex was noted,
sections throughout it were analyzed and
the average uptake of 2DG by the com-
plex was calculated. In every section,
five readings (each of 40 pixels) were
taken in each area of high activity within
the glomerular layer, five readings were
taken from the rest of the glomerular
layer, and five more readings were taken
within the periventricular core of the
bulb. After the uptake of '*C by an area
of interest was determined, it was ex-
pressed relative to '“C uptake in the
periventricular core of the same section.
Expressing uptake in terms of this ratio
minimizes errors due to variations in
section thickness or to nonuniformity of
background illumination. Previous re-
ports have shown that 2DG uptake in the
core of the bulb is consistently low
regardless of the odor stimulus used (16).
Even short-term unilateral closure of a
naris during odor presentation does not
alter 2DG uptake in this region (17). We
observed no significant difference in the
concentration of "C in the periventricu-

lar core between experienced (X =
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standard error of the mean, 0.19 *= 0.07
wrCi/g) and naive (0.29 = 0.02) rat pups,
further justifying our use of this value as
a baseline. We chose this method of
semiquantitative '“C-labeled 2DG auto-
radiography, as others have (16, 18),
because we were interested in the rela-
tive, not the absolute, levels of glucose
utilization in the olfactory bulb [(/9), and
see (10) for a discussion of the choice of
an appropriate analysis for 2DG autora-
diography]. The relative measures are,

uptake, and blue areas indicate lowest uptake.
response to peppermint odor in a specific group of glomeruli located 1.5 to 2.2 mm from the
rostral pole of olfactory bulbs from experienced and naive rat pups. Uptake is expressed as a
ratio of glomerular to periventricular core activity.

however, linearly related to glucose utili-
zation in unanesthetized rats (20).
Figure 1 shows a pair of typical pseu-
docolor images from the same level
through the olfactory bulbs of an experi-
enced (peppermint-peppermint) and a
naive (air-peppermint) pup. In response
to the peppermint test stimulus on day
19, both groups consistently showed
2DG uptake in three distinct areas in the
glomerular layer located on the lateral
aspect of the bulb, 1.5 to 2.1 mm from

Relative 2DG uptake
(Glomerull complex/periventricular core)

Afr= Peppermint-
peppermint peppermint
Glomerull

Fig. 1 (left). Computer-generated pseudocolor
images of 2DG autoradiographs from coronal
sections taken at the same level of the olfac-
tory bulb of 19-day-old Norway rat pups that
either had or lacked experience with pepper-
mint odor. Red areas indicate sites of highest

Fig. 2 (right). Uptake of '*C-labeled 2DG in

peppermint

Fig. 3. Respiration rate of ex-
perienced and naive rat pups
measured during test exposure
to peppermint on day 19 after
birth. Measurement periods
are successive 4.75-minute in-
tervals separated by 1-minute
air changes.
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the rostral pole. Experienced pups, how-
ever, showed 64 percent more uptake
throughout the three areas than did the
naive pups (Fig. 2) [«(12) = 2.70,
P < 0.01]. There was no statistically sig-
nificant difference between pups that
were familiar (2.46 = 0.60) or unfamiliar
with the peppermint odor (2.03 + 0.41)
in 2DG uptake in the background
glomerular region outside the reliably
identified areas of high activity. These
data demonstrate the topographical
specificity of the enhanced activity and
support the notion that the baseline mea-
surements were stable.

The increased neural activity suggest-
ed that the group differences in olfactory
experience had induced differences in
neural responsiveness. It was possible,
though, that the increase in neural activi-
ty reflected greater exposure to the odor
during 2DG uptake resulting from in-
creased respiration of the familiar odor.
To evaluate this hypothesis, we again
exposed eight pups to peppermint odor
and eight to clean air for 18 days. On day
19, we exposed all of them to peppermint
for 45 minutes while we recorded their
respiration rates with a pressure-sensi-
tive transducer (21). There was no statis-
tically significant difference between the
respiration rates of the groups (Fig. 3).
Since the control and experimental
groups differed only in the odor they
were exposed to during the 18 days prior
to the test exposure, it seems that early
olfactory experience was responsible for
the enhanced neural response to the fa-
miliar odor.

Shepherd and his co-workers demon-
strated that exposure to different odors
leads to different patterns of 2DG uptake
in the glomerular layer of both adult and
young rats (22, 23). Increasing the con-
centration of the odor increases the den-
sity of 2DG uptake, suggesting that in-
creased local activity may, in part, code
for odor intensity. Perhaps the increased
activity that we observed in response to
familiar odors increases the intensity of
the perceived odor for the pups.

The glomerular layer is diffusely orga-
nized at birth (23, 24); Friedman and
Price (24) have suggested that the even-
tual segregation of the glomeruli may
depend on neural activity. Enhanced ol-
factory bulb activity of the type reported
here may further mold glomerular orga-
nization to reflect specific olfactory ex-
periences. Indeed, the neural changes
that occur in the development of olfac-
tory preferences may be analogous to
Freeman’s (25) model for the formation
of olfactory representations in the adult
nervous system. He has suggested that
the olfactory system forms templates to
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which incoming odors can be matched,
allowing a special responsiveness to
meaningful odors. The special neural re-
sponsiveness to a previously experi-
enced odor may represent the function-
ing of an olfactory template.

We have shown that early olfactory
experiences, of the type that reflect nor-
mal differences in sensory experience for
the developing rats, can alter subsequent
responses of olfactory bulbs. To date,
our understanding of how mammalian
sensory systems develop has been based
largely on sensory deprivation or deaf-
ferentation (26). We hope that analyses
like this one will enable us to learn more
about how development is affected by
normal variation in sensory experience.

ROBERT COOPERSMITH
MicHAEL LEON
Department of Psychobiology,
University of California, Irvine 92717
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Illumination Induces Dye Incorporation in Photoreceptor Cells

Abstract. lllumination of fly photoreceptors in the presence of the fluorescent dye
Lucifer yellow initiates incorporation of the dye, which stains each cell down to its
synaptic terminal. Unilluminated cells do not become stained. Experiments on
animals in vivo show that selected cells can be stained without loss of viability.
“Induced endocytosis’’ provides a plausible mechanism underlying this phenome-

non.

Several investigators have recently re-
ported that certain classes of neurons
autonomously take up various fluores-
cent dyes while other cells in the same
matrix do not (I, 2). Although this cir-
cumstance allows tagging of specific
cells, the reason for its specificity re-
mains obscure. We now report that illu-
mination can induce photoreceptor cells
to take up Lucifer yellow from the extra-
cellular space. From a combination of
optical experiments in living, unanesthe-
tized animals and histological examina-
tions, we infer that dye is internalized
through ‘‘induced endocytosis.’” Beyond
its use as a novel approach to the study
of axonal wiring and visuotopic projec-
tion, this phenomenon may be used to
enhance pharmacological treatment.

The retina of the fly’s eye provides a

decisive advantage in the study of a
neural matrix because the array of pho-
toreceptor inputs can be easily visual-
ized in vivo. One method uses each
corneal lenslet as a magnifying glass to
observe the superimposed virtual images
of the photoreceptors, an optical effect
called the deep pseudopupil (DPP) (3).
Alternatively, the corneal lenslets can be
optically neutralized by a drop of water
placed between the microscope objec-
tive and the cornea, which permits each
individual photoreceptor cell to be seen
(4). Using epi-illumination microscopy,
one can simultaneously observe and se-
lectively stimulate the photoreceptors.
Beneath each facet lens of the fly’s
eye, the unit structure called an omma-
tidium contains eight photoreceptor
cells. Each cell has an isolated, special-
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