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In neonatal rats, norepinephrine (NE) is necessary and sufficient for the acquisition of an olfac- 
tory preference and its associated olfactory bulb neural modifications as assessed by [14C] 2- 
deoxyglucose (2-DG) and electropliysiology. In the present studies, we assessed the influence of 
NE on the expression of a conditioned odor preference and its associated olfactory bulb neural 
modifications in neonatal rats. On Postnatal Day 5 (PN 5), pups were trained to prefer an odor 
in a 1-h classical conditioning paradigm. Experimental paired odor-stroke pups received 20 for- 
ward pairings of a 10-sec peppermint odor and a 9-sec reinforcing tactile stimulation (stroking). 
Control pups received either random stroke-odor pairings or were naive (received neither the 
odor nor stroking). The next day (PN 6), the pups were injected with either an NE 8-receptor an- 
tagonist, (propranolol or timolol) or saline, 1 h prior to testing. The pups were tested for a be- 
havioral olfactory preference and assessed for differential olfactory bulb activity with [l4C1 2-DG 
autoradiography. The results indicate that NE is not necessary for the expression of the learned 
neurobehavioral response. 

Development and plasticity in central sensory pathways 
can be modulated by norepinephrine (NE). For example, 
in both mature and immature sensory systems, NE ap- 
pears to be critical for experiencedependent changes in 
functional organization of the visual (Kasamatsu & Pet- 
tigrew, 1976; Singer, Tretter, & Yinon, 1982) and ol- 
factory systems (Ge~a i s ,  Holley, & Keverne, 1988; 
Gray, Freeman, & Skinner, 1986; Rosser & Keverne, 
1985; Sullivan, McGaugh, & Leon, 1991; Sullivan, 
Wilson, & Leon, 1989). However, although NE is criti- 
cal for the induction of experiencedependent changes, 
in most cases the expression and maintenance of those 
changes are not NEdependent (Bliss, Goddard, & Riives, 
1983; Kasarnatsu & Pettigrew, 1976; Rosser & Keverne, 
1985). 

The developing olfactory system is a particularly attrac- 
tive model system with which to explore further the role 
of NE in the acquisition and expression of neurobehavioral 
plasticity. In the rat olfactory bulb, NE is present (Brunjes, 
Smith-Crafts, & McCarty, 1985; McLean & Shipley, 
1991) and functional (Wilson & Leon, 1988) during the 
1st postnatal week. Furthermore, NE has been shown to 
be necessary for acquisition of both associatively condi- 
tioned behavioral olfactory preferences and correlated 
modified olfactory bulb neural responses to the condi- 

tioned odor in newborns (Sullivan et al., 1991; Sullivan 
et al., 1989). Blockade of NE P-receptors via either sys- 
temic injections (Sullivan et al., 1989) or intrabulbar in- 
fusions (Lin, Sullivan, & Wilson, 1990) during associa- 
tive conditioning in infant rats disrupts acquisition of 
learned neurobehavioral responses in a dosedependent 
manner. In fact, recent evidence suggests that NE an- 
tagonists block a specific component of the olfactory bulb 
neurophysiological response to reward (Wilson & Sul- 
livan, in press), perhaps thereby preventing neurallsyn- 
aptic modifications required for acquisition. 

The present experiment was an investigation of the role 
of NE in the expression of learned responses following 
preweanling olfactory conditioning. The results suggest 
that NE is not required for retrieval and expression of 
previously learned olfactory neurobehavioral responses 
in newborns. 

METHOD 

Subjects 
The subjects were 213 male and female Postnatal Day 6 (PN 6) 

rat pups from 15 different litters (9-10 pupslgroup for behavior 
tests; 6-7 pupslgroup for 2dwxyglucose [2-DG] tests) born of 
Wistar rats (offspring of Hilltop Lab Animals, Scottdale, PA) in 
the vivarium at the University of Oklahoma. No more than 1 male 
and 1 female pup from a given litter was used in an experimental 
condition. D- were housed in rectangular polyprop~lene cages 
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Classical Conditioning 
On PN 5, pups were removed from the litter and randomly as- - - 

signed to a training condition. During the I-h training session, pups 
received 20 presentations of the 10-sec olfactory conditioned stimu- 
lus (CS) and reinforcing unconditioned stimulus (US) with an 
intertrial interval (ITI) of 3 min. The conditioning groups were: 
(1) paired odor-stroke-pups received 20 pairings of a 10-sec pep 
permint odor while being vigorously stroked with a sable hair brush 
on all body areas during the last 9 sec; (2) random stroke-odor- 
pups received 20 odor presentations with a 3-min ITI, while the 
stroking was randomly presented once during each ITI; and 
(3) naive-pups received neither of the stimuli. The tactile stimu- 
lation produced by stroking was used to mimic maternal stimula- 
tion and has reinforcing properties in infant rats as robust as intra- 
oral infusion of milk (Sullivan & Hall, 1988). The odor was 
peppermint extract (Schilling, Baltimore, MD) presented in a I: 10 
dilution at 2 Ilmin with a flow-dilution olfactometer. Pups remained 
with the dam until 10 min prior to training, at which time they were 
placed in individual 1,000-ml glass cylinders. Following a 10-min 
adaptation period in which pups recovered from experimental han- 
dling, training began. Following training, the pups were returned 
to the dam for 24 h. 

Behavioral Testing and Drugs 
On PN 6.60 min prior to the odor preference test, the pups were 

injected with (Caza, 1984; Sullivan et al., 1989) DL-propranolol 
(10.20, or 40 mg/kg, i.p.), timolol(3.0 mglkg s.c., a dose provid- 
ing potency comparable to the 2Gmglkg dose of propranolol without 
the anesthetic propedes of propranolol; Goodman & G i ,  1985; 
Sullivan et al., 1989), or saline (volume of 5 ccntg). The pups were 
returned to the dam 5 min following the injection and remained with 
her for 55 min. Pups were then given a two-odor choice test to as- 
sess the expression of an odor preference (Cornwell-Jones & 
Sobrian, 1977). The test consisted of a two-odor choice between 
the conditioned peppermint odor and a familiar pine odor. The test 
apparatus was an opaque Plexiglas box (40 x 21 x 15 cm) with 
a small grid wire-mesh (1 x 1 cm) floor divided in half by a 2cm- 
wide "neutral zone," which ran the length of the box. Two trays 
(20 x 20 X 5 cm), each containing 500 ml of pine shavings, were 
placed beneath each half of the wire-mesh floor. One tray had pine 
shavings scented with 1 ml of peppermint extract, and the other 
was filled with plain pine shavings. A 1-min trial test began when 
the pup was placed in the neutral zone. When the pup's head and 
forepaws crossed from the neutral zone into either half of the test 
box, the experimenter started recording the time. At the end of the 
test, the total time the pup spent over each of the two odors was 
recorded by a microcomputer. Each pup was tested for five trials, 
and between the 1-min trials, the pup was taken out of the test box. 
The direction in which the pups were placed into the box was coun- 
terbalanced across trials. Data were collected blind with respect 
to drug and conditioning group. 

2-DC Autoradiography and Drugs 
On PN 6, 60 min prior to the 2-DG test, the pups were injected 

with either DL-propranolol (20 mglkg in physiological saline, a 
dose capable of blocking ucquisition of this neonatal neurobehavioral 
response) or vehicle. 

For the 2-DG test, the pups were injected with 14c 2-DG 
(20 gCi1100g) immediately prior to odor delivery and placed in a 
glass test canister (20 x 10 cm). Odor was delivered at a flow rate 
of 2 Ilmin and a concentration of 1: 10 of saturated vapor. 

Following odor exposure, the pups were decapitated and their 
brains were quickly removed and frozen in methylbutane at -40" C. 
The frozen brain was equilibrated to - 17' C in a cryostat for 45 min 
and cut coronally in 20-gm sections. Each section was immediately 
picked up on a cover slip and placed on a slide warmer at 60OC 
for 5-10 min. Coverslips were glued to a sheet of cardboard and 

exposed to Kodak SB-5 X-ray film for 7 days at 22°C in an ex- 
posure cassette. A set of I4c labeled methy lmethacrylate standards 
(American Radiolabeled Chemicals), previously calibrated to 14c 

uptake in 20-gm brain sections, was exposed with each sheet of 
film. Autoradiographs were developed according to standard tech- 
niques. 

Autoradiograph Analysis 
The autoradiographs were analyzed with a computer-based digi- 

tal image processor (MCID; Imaging Research, Inc.) that allowed 
pseudocolor imaging and quantitative opacal densitommy. To quan- 
tify 2-DG uptake, the com ter constructed a calibration curve that t'" related the gray values of 4~ standards that were exposed with the 
brain sections to those of their previously determined I4c tissue 
equivalent. The computer then translated the density measures into 
I4c levels, and hence 2-DG uptake by the tissue. 

Measurements of 2-DG uptake were taken in three areas of the 
olfactory bulb: (1) the periventricular core, which has a relatively 
stable level of 2-DG uptake across conditioning treatments; (2) focal 
areas of the glomerular layer demonstrating odor-specific patterns 
of 2-DG uptake-odor presentation during 2-DG uptake produces 
an odor-specific spatial panern of 2-DG uptake in the olfactory bulb 
glomerular layer, regardless of the animal's previous experience 
with that odor (Coopersmith & Leon, 1984; Jourdan, Duveau, As- 
tic, & Holley, 1980; Sharp, Kauer, & Shepherd, 1975); density 
of uptake within these focal areas. however, varies with previous 
experience of that odor (Coopersmith & Leon, 1984; Sullivan & 
Leon, 1986; Sullivan & Wilson, 1991); and (3) areas of the glorneru- 
lar layer that did not exhibit an odor-specific pattern of 2-DG uptake. 

RESULTS 

Blockade of NE B-receptors with either propranolol 
(Figure 1) or timolol (Figure 2) during testing did not ap- 
pear to influence the expression of a learned olfactory- 
based behavior in neonatal rats. Propranolol was ineffec- 
tive at all doses tested. A 3 x 4 analysis of variance 
(ANOVA) yielded a nonsignificant drug effect and a sig- 
nificant training effect [F(2,108) = 63.3, p < .001]. Post 
hoc analysis (Tukey, p < .05) revealed that the paired 
odor-stroke saline group was not significantly different 
from any of the paired odor-stroke propranolol groups. 
However, both the paired odor-stroke saline group and 
the paired odor-stroke propranolol groups were signifi- 
cantly different from the control groups. 

As is illustrated in Figure 2, timolol was similarly 
without effect. A 2 x 3 ANOVA yielded a nonsignifi- 
cant drug effect and a Significant effect for training 
[F(2,48) = 10.7, p < .001]. Post hoc tests (Tukey, 
p < .05) revealed that paired odor-stroke saline pups did 
not significantly differ from pups in the paired odor-stroke 
timolol group. Moreover, each of these groups spent sig- 
nificantly more time over the peppermint odor than did 
the control random odor-stroke and naive groups. 

As is illustrated in Figure 3, propranolol did not block 
the expression of the olfactory bulb neural changes that 
are associated with olfactory preferences. A 2 x 3 
ANOVA yielded a significant training effect [F(2,34) = 
8.8, p < .01]; there was no significant drug x training 
interaction. Post hoc tests (Fisher, p < .01) revealed that 
pups in the paired odor-stroke saline group differed sig- 
nificantly from pups in the saline control groups. Simi- 



310 SULLIVAN AND WILSON 

L 
160 

Propranolol dose 
140 > o during test 

0 Q, 
y) 120 

c - 40 mgkg 
C L  100 
Q, 0 20 mgkg 

80 
a 0  El 10 mgkg 

Q, V) 
60 0 mgkg 

E 0 40 
i= 

20 

0 

Forward Random Naive 
Training Group 

Figure 1. Mean time (f SE) spent over peppermint odor conditioned stimulus (CS) 
in the twoodor choice test as a function of trnining condition: experbental p u p  = 
psh.ed;eontrol~ps=randomor&e.DuriDg~,ppswe~under~inlluence 
of either propramlol, an NE 8-receptor antagonist, or saline. We have prevhdy demon- 
strated that the 2(Cmg/kg dose is sufficient to block acquisition of dlactory preferences 
in newborns (Sullivan, McCaugh, & Leon, 1991). 
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Forward Random Naive 

Training Group 

Figure 2. Mean time (*SE) spent over peppermint odor conditioned stimu- 
I w ( C S ) i n t b e t w o o d o r e h o i e e t e s t a s a f u n c O i o n o f ~ e o n d i t i o n : ~ b  
tal p u p  = paired; control groups = random or naive. During testmg, pupa 
were umler the infiuence of either timoloi, an NE 8- antago&&, or saline. 

larly, the paired odor-stroke propranolol pups differed 
significantly from pups in the propranolol control groups. 
Focal 2-DG uptake levels were 3 0 2 - 3 3  % higher for 
paired odor-stroke saline pups than for saline controls and 
26 % -3 1 % higher for paired odor stroke propranolol pups 
than for propranolol controls. Thus, both saline and 
propranolol paired odor-stroke pups had enhanced 2-DG 
uptake, relative to their respective drug control groups. 

The enhanced 2-DG uptake in propranolol paired 
odor-stroke pups, however, was relative to a reduced 
overall 2-DG uptake in propranolol pups. AU pups injected 
with propranolol during testing had significantly lower 
2-DG uptake within their olfactory bulbs than did pups 
injected with saline. A 2 x 3 ANOVA yielded a signifi- 
cant drug effect [F(1,34) = 9.8, p < .05]. Post hoc 

Fisher analysis @ < .05) showed that paxed odor-stroke 
propranolol and random odor-stroke propranolol were 
significantly different from their saline controls; although 
naive propranolol pups had reduced 2-DG uptake com- 
pared to that of their saline controls, the difference did 
not quite reach statistical significance (Figure 3 ) .  

DISCUSSION 

The present results suggest that NE is not required for 
the expression of learned neurobehavioral responses in 
infant rats. Thus, despite the reduction in NE activity, 
the pups were able to discriminate between the two odors 
in the odor preference test, access the memory for the 
learned odor, and express an odor preference. The in- 
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F i  3. Mean relative ZDG uptake (*SE) in the spstislly odor-speciPLc local areas 
01 the olfactory bulb during tad exposure to peppermint odor with proprPndd or sn- 
Line. Pup had previously been trained in the psirrd odor-stroke, Radom odor-stroke, 
or naive b.ining coaditions. While proprPoolol lowered relative uptake in dl group, 
local uptake was sigdkantly enhanced in paired nnimnls ( p  < .05) in both saline (*) 
end proprnndol (#) snimaln compFed to the appropriate drug controls. 

ability of NE to alter the expression of a learned response 
is in sharp contrast to the critical role of NE in the acqui- 
sition of early olfactory memories (Sullivan et al., 1991 ; 
Sullivan et al., 1989). 

Similarly to the behavioral response, the modified 
olfactory-bulb response to the learned odor was expressed 
during NE receptor blockade. Overall bulb activity and 
responsiveness to odors, however, was reduced by 
propranolol. Thus, although focal 2-DG uptake in paired 
odor-stroke propranolol pups was less than in paired 
odor-stroke saline pups (Figure 3), the parred odor-stroke 
propranolol pups had enhanced focal 2-DG uptake rela- 
tive to the other propranolol-treated pups. This decrease 
in baseline activity may be explained by the enhanced 
granulecell-mediated inhibition that propranolol produces 
in the bulb (Jahr & Nicoll, 1982; Wilson & Leon, 1988). 
Despite the overall suppression, however, olfactory bulbs 
of conditioned animals had an enhanced response to the 
learned odor compared to the responses of the appropri- 
ate drug control group. 

These results are similar to those reported from other 
laboratories. In mature female mice, NE is necessary for 
acquiring olfactory memories associated with mating, but 
it is not required for recallinglretrieving those memories 
(Rosser & Keverne, 1985). In addition, in adult rats, le- 
sions of the NE system affect acquisition of a learned be- 
havioral/physiological response but not its performance 
(Cole & Robbins, 1987). 

However, other researchers have found an effect of NE 
depletion on performance of a learned response (Tsaltas, 
Gray, & Fillenz, 1984). Moreover, NE depletion has been 
found to modulate expression of a learned response un- 
der certain conditions. Specifically, following NE deple- 
tion, extinction of a learned response is retarded (Cole 

& Robbins, 1987; Cornwell-Jones, Stephens, & Dunston, 
1982). These data suggest that the role of NE in the per- 
formance of learned responses may be dependent on the 
precise testing conditions. 

In addition, these results strengthen the hypothesis 
(Brennan, Kaba, & Keverne, 1990; Wilson & Sullivan, 
1990) that olfactory learning modifies bulb circuitry in 
a manner similar to long-term potentiation (LTP). In the 
hippocampus, NE modulates induction of LTP, but it is 
not involved in the expression of LTP once it has been 
induced (Bliss et al., 1983). In early olfactory learning, 
once the neurobehavioral changes have occurred (in the 
presence of NE), NE is no longer required for the ex- 
pression of these learned responses. 
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