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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 speciJic complex of glomeruli showed increased carbon-14-labeled 2-deoxy- 
D-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 (I), 
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 

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 (11). 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 (12). 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 
nai've pups received, for the only time, a 

single subcutaneous injection of 14C-la- 
beled 2DG (200 ~Ci lkg) .  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 14C- 
labeled standards with each film (14). 
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 I4C-labeled standard exposure to its 
previously determined I4C-labeled tissue 
equivalent. It then linearized this func- 
tion so that the gray values of the autora- 
diograph could be translated into 14C 
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 14C by an area 
of interest was determined. it was ex- 
pressed relative to 14C 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 (1 7). We 
observed no significant difference in the 
concentration of 14C in the periventricu- 
lar core between experienced (;iTk 
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standard error of the mean, 0.19 + 0.07 
~Cilg)  and naive (0.29 + 0.02) rat pups, 
further justifying our use of this value as 
a baseline. We chose this method of 
semiquantitative 14C-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 [(19), and 
see (10) for a discussion of the choice of 
an appropriate analysis for 2DG autora- 
diography]. The relative measures are, 

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 
glomemlar layer located on the lateral 
aspect of the bulb, 1.5 to 2.1 mm from 

PRE-EXPOSURE R I R  
2-DL TEST E X P l $ U l l  PEPPEPHINT ~ 

PPE-EXPDSUPE P E P P E R K I N 1  
?-DL TEST EXPOSURE PEFPEPUIYT 
LEVEL 1628 UN 

Arr- Peppermlnt- 
peppermlnt peppermlnt 

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 

uptake, and blue areas indicate lowest uptake. Fig. 2 (right). Uptake of "C-labeled 2DG in 
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. 

[rj~lr-peppermint Peppermlnt- 
peppermlnt 

1 2 3 4 6 6 7 8  

Test Interval 

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. 

the rostral pole. Experienced pups, how- 
ever, showed 64 percent more uptake 
throughout the three areas than did the 
naive pups (Fig. 2) [t(12) = 2.70, 
P < 0.011. There was no statistically sig- 
nificant difference between pups that 
were familiar (2.46 + 0.60) or unfamiliar 
with the peppermint odor (2.03 2 0.41) 
in 2DG uptake in the background 
glomemlar 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 glomemlar 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 glomemlar 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 glomemlar 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, pup's perineal region was stimulated with a any differences from being observed in a rank- 
small sable hair brush (12). order index. Second, olfactory bulb 2DG autora- allowing a special responsiveness to 12. P. E. Pedersen and E. M. Blass, Dev. Psycho- diographs have very few discrete structures to 
biol. 15, 349 (1982). odors' The re- 

13. P. T. Kelly and T. McCulloch, Brain Res. 260, 
be ranked, unlike sections taken from other 
parts of the brain. Rather, one observes a rela- 

sponsiveness to a previously experk 172 (1983). tively homogeneous band, covering the glomer- 
enced odor may represent the function- 14. After being removed from the skull, the brain ular layer and extending to the granule cell 

was mounted on a cryostat pedestal with embed- lamina. Occasionally, this band is punctuated by 
ing of an olfactory template. ding matrix (Tissue-Tek, Miles) and immersed in small loci of increased u take that corresponds 

We have shown that early olfactory Freon-12 at -40°C until frozen, usually I to 2 to individual groups of gkmeruli 
minutes. The frozen brain was equilibrated to 20. F. R. Sharp et at., Brain Res. 263, 97 (1983). 

experiences, of the type that reflect nor- the cryostat temperature of -17°C for 45 min- 21. The apparatus used to measure resp~ration rate 
utes. We then cut coronal 20-km sections was a glass canister (29 by 11 cm) with an air- mal differences in sensory experience for through the entire olfactory bulb. Each section tight plastic lid that was fitted with a pressure- 

the developing rats, can alter subsequent Was immediately picked UP on a cover slip and sensitive transducer, the output of which was 
placed on a slide warmer at 60°C for 5 to 10 fed to a respiration monitor (Columbus Instru- 

responses of olfactory bulbs. TO date, minutes. We glued the cover slips to a sheet of ments). Odor entered the chamber as  a 2 liter1 
our of how mammalian cardboard and exposed them to Kodak SB-5 x- min stream of a 1: 10 dilution of peppermint or a 

ray film for 10 days at 22°C in an exposure clean airstream at the same flow rate, through 
sensory systems develop has been based cassette. A set of I4C-labeled methylmethacry- the flow-dilution olfactometer. The airstream 

late standards (Amersham), previously calibrat- was admitted for 1 minute, followed by 4.75 largely On Or deaf- ed to 14C uptake in 20-km brain sections, was minutes in which no air was admitted and the 
ferentation (26). We hope that analyses exposed with each sheet of film. respiration rate was measured. This cycle was 

15. The image processing system consisted of a PDP repeated for 45 minutes. Respiration rate was like this one will enable us to learn more 11/23 computer in conjunction with a D~ integrated over successive 15-second periods, 
about how development is affected by video image processor and a high-resolution and these values were averaged over each of the 

video camera. The video image of the autoradio- eight measurement intervals. 
normal variation in sensory experience. graph was digitized by assigning an eight-bit 22. W. B. Stewart, J .  S. Kauer, G. M. Shepherd, J .  

R~~~~~ cOOPERSMITH gray level value to each element of a 512 by 512 Comp. Neurol. 185, 715 (1979); M. H. Teicher, 
pixel array. The digitized image was then stored W. B. Stewart, J .  S.  Kauer, G. M. Shepherd, 

MICHAEL LEON for further analysis. Next, a calibration function Brain Res. 194, 530 (1980). 
Department of Psychobiology, was constructed by plotting the gray levels of 23. C. A. Greer, W. B. Stewart, M. H .  Teicher, G. 

the exposure standards against their previously M. Shepherd, J .  Neurosci. 2, 1744 (1982). 
Urtiver~ify of California, Irvine 92717 determined 14C-labeled tissue equivalents. This 24. B. Friedman and J. L. Price, J .  Comp. Neurol. 

curve was then fitted to a linear function. A new 223, 88 (1984). 
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Exp. Biol. 40, 2353 (1981). Abstract. Illumination offly photoreceptors in the presence of the fluorescent dye 

11. We used three procedures to minimize extrane- 
ous odor experience by the pups, (i) ~ h ~ i ~  Lucifer yellow initiates incorporation of the dye, which stains each cell down to its 

were maintained On a sucrose-based synaptic terminal. Unilluminated cells do not become stained. Experiments on 
diet sufficient in fat (Teklad Diet TD69446, Mad- 
ison, Wis.) after parturition to suppress the animals in vivo show that selected cells can be stained without loss of viability. 

Odor 6 ) .  (ii) Litters were "Induced endocytosis" provides a plausible mechanism underlying this phenome- kept in two vivarium rooms separate from the 
rest of the colony. (iii) All of the pups in a litter non. 
received the same olfactory experience but only 
one pup was tested from each litter to avoid 
odor contamination and the statistical problems Several investigators have recently re- decisive advantage in the study of a 
associated with using littermates in the same 
group (H. ~ b b ~ ~  and E. ~ ~ ~ ~ ~ d ,  D~, , ,  psycho- ported that certain classes of neurons neural matrix because the array of pho- 
biol. 6, 329 (1973)l. Pregnant (16- to 18-day) autonomously take up various fluores- toreceptor inputs can be easily visual- Wistar rats were obtained from Simonsen Labo- 
ratories and allowed to give birth in polypropyl- Cent dyes while other cells in the same ized in vivo. One method uses each 
ene cages (34 by 29 by l7  cm) lined with matrix do not (1, 2). Although this cir- corneal lenslet as a magnifying glass to chips. Lights remained on from 0800 to 2000 
hours and all animal rooms were maintained at cumstance allows tagging of specific observe the superimposed virtual images 
20" 2 1°C. Wayne Lab Blox and water were 

available until parturition, at which time cells, the reason for its specificity re- of the photoreceptors, an optical effect 
dams were given unlimited test diet. Litters mains obscure. We now report that illu- called the deep pseudopupil (DPP) (3). 
were culled to eight pups on day of birth. During 
daily exposure sessions, a flow-dilution olfac- mination can induce photoreceptor cells Alternatively, the corneal lenslets can be 
tometer was to  obtain either a dilution to take up Lucifer yellow from the extra- optically neutralized by a drop of water of saturated peppermint vapor (Schilling, Balti- 
more) at a flow rate of 8 literimin or a clean cellular space. From a combination of placed between the microscope obj'ec- 
airstream at the same rate. The airstreams optical experiments in living, unanesthe- tive and the cornea, which permits each were routed through separate sets of tubing and 
exposure containers to avoid contamination. tized animals and histological examina- individual photoreceptor cell to be seen 
The outlet from each stream opened into a 30- 
cm Tupperware container with an outlet port in tions, we infer that dye is internalized (4). Using epi-illumination microscopy, 
its side opposite the airstream inlet. Clean wood through "induced endocytosis." Beyond one can simultaneously observe and se- 
chips lined the floor of the container and the 
temperature in the container was 220 i lot, its Use as a novel approach to the study lectively stimulate the photoreceptors. 
Each day, the litters were m ~ o v e d  from the of axonal wiring and visuotopic projec- Beneath each facet lens of the fly's home cage and placed in the exposure chamber, 
about 10 cm from the airstream. Each pup was tion, this phenomenon may be used to eye, the unit structure called an omma- 
then individually cupped in a gloved hand so 
that heat loss was minimized and was held with enhance treatment' tidium contains eight photoreceptor 
its nose in the airstream. At the same time, the The retina of the fly's eye provides a cells. Each cell has an isolated, special- 
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