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that the problem is a multidisciplinary one, relating 
chemistry, biology, and psychology. The field of  olfac- 
tion has recently entered the medical clinic, a testimony 
both to the human significance of this sense modality and" 
to the level of  sophistication of present knowledge about 
it. 
With more sophisticated research the relationship be- 
tween subjective odor experience of humans and objec- 
tive odor-guided behavior of animals has become clearer, 
and is an indication of the development of scientific un- 
derstanding. According to the present multi-author re- 
view, this development can be summarized under four 
main headings: the olfactory stimulus, its transduction 
into a neural response, the neuroscience of the olfactory 
system, and the plasticity of the perception and behavior 
elicited by olfactory stimuli. 
Finally, Gesteland presents the conclusion, and it is a 
timely statement about the present state of the science of 

smell as revealed in present topical reviews augmented by 
his own broadly based research ranging from biochem- 
istry to psychophysics. 
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In altricial species, such as the rat, olfactory system devel- 
opment is precocious compared to other sensory systems 
and its function is necessary for early postnatal survival. 
Apart from its importance in the control of  early behav- 
iors, the developing olfactory system has a number of 
features that are of  more general interest to chemosen- 
sory scientists and developmental neurobiologists. In 
mammals, the synaptic mechanisms of the olfactory bulb 
undergo considerablepostnatal  modifications. Under- 
standing the ontogeny of the bulb provides information 
about the maturation ofinterneuronal pathways, the bio- 
logical basis of early learning, as well as the neural sub- 
strate that is necessary for, at least, the rudimentary ol- 
factory capabilities exhibited by the newborn pup. The 
olfactory bulb has afferent connections with a number of 
structures in the basal forebrain and receives efferents 
from several of its projection areas as well as from impor- 
tant cholinergic, noradrenergic, and serotonergic sys- 
tems. With its simplified morphology, the bulb presents a 
useful model system for studying the factors that control 
the formation of neuronal connections within the brain 
and the effects of neurotransmitter systems on these pro- 
cesses. 
The maturation of olfactory receptor neurons involves 
very different processes and follows a very different time 
course from that of  the olfactory bulb. In the rat, a 
substantial portion of receptor ceils exhibit mature prop- 
erties at birth. As in other vertebrate species, these neu- 
rons have an apparent lifespan of 30-60 days and thus are 

constantly being replaced and undergoing differentiation 
in animals of all ages. For the physiologist, the turnover 
of receptor cells raises two fundamental issues. First, how 
does an organism achieve perceptual constancy with the 
unending turnover of synaptic inputs driving second or- 
der neurons. Second, how do the properties of receptors 
change as they differentiate and how might these differ- 
ences bias experiments that attempt to describe the na- 
ture of  the olfactory code among those (mature) neurons 
that are synaptically connected to the brain. 
This paper will focus broadly on the developmental 
plasticity of olfactory neurons. In interest of coherence, it 
will concentrate on experiments related to the rat, a spe- 
cies for which the ontogeny of olfaction has been de- 
scribed in anatomical, physiological, and behavioral 
studies. 

The ontogeny of odor-guided behavior 

Suckling is the most conspicuous behavior exhibited by 
the newborn rat pup. During the first postnatal week 
pups depend on olfactory cues to locate their mothers' 
nipples. When suckling is measured on anesthesized 
dams, alterations in thermal (cooling the mother) or tac- 
tile (shaving the mother) cues have small effects on nipple 
attachment. In contrast washing the nipples to eliminate 
olfactory cues abolishes suckling in 3-4-day-old pups and 
reapplication of an extract :of the nipple wash or pup 
saliva re-establishes this behavior s . 
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Recent experiments have also provided evidence that 
neonatal rats can be conditioned to approach or avoid a 
novel odor. Rudy and Cheatle 68 paired novel odors with 
illness-inducing injections of lithium chloride in 2-day- 
old rats and subsequently demonstrated aversions to the 
odor six days later. Similarly, Martin and Alberts 53 have 
paired odors with the occurrence of illness or exposure to 
a cold temperature and shown conditioned changes in 
cardiac response rate. Other investigations have demon- 
strated olfactory learning in newborn rats by pairing 
exposure to an odor with a positive appetitive reinforce- 
ment. Johanson and Teicher36 demonstrated that de- 
prived 3-day-old pups can learn to approach a novel odor 
that has previously been paired with the delivery of milk 
through an intraoral cannula. Johanson and Hall 35 used a 
similar appetitive conditioning task and showed that per- 
formance depends on several variables known to affect 
conditioning in adults (stimulus-reinforcement con- 
tingency, deprivational state, use of the same stimulus for 
conditioning and testing). The demonstrations that 
suckling is mediated by olfactory cues and that odor 
aversions and preferences can be conditioned in neonatal 
pups indicate that nasal chemosensory systems are func- 
tional and capable of learning at this early stage of ontog- 
eny. At present, there are no data indicating whether the 
main or accessory (vomeronasal) olfactory systems medi- 
ate these responses and thus their neural substrate is 
uncertain. However, as there is little known about the 
physiology of the developing vomeronasal system, this 
paper will focus on the functional maturation of the main 
olfactory system. 
If rat pups exhibit conditioned aversions and preferences 
for odors, then it is possible that learning plays a role in 
the mediation of suckling by olfactory cues in the new- 
born. Blass and his colleagues have approached this issue 
by analyzing the exteroceptive stimuli which control the 
rat pup's first nipple attachments. Teicher and Blass 78 
used the anesthesized dam preparation 5 to demonstrate 
that a rat pup's first nipple attachment is impaired by 
washing the mother's nipple to remove olfactory cues. 
Subsequently, painting the nipples with wash extract, 
mother's saliva, or amniotic fluid significantly increased 
the percentage of pups completing their first attachment. 
Painting the nipples with other olfactory stimuli (includ- 
ing mother's urine and virgin female saliva) did not stim- 
ulate initial attachments. Pedersen and Blass 58 tested the 
role of learning in this process by adding citral (a lemon 
scent) to the amniotic sac (prenatal exposure) and then 
placing newborn pups in a citral scented nest and strok- 
ing them with a brush for one hour (postnatal exposure). 
In subsequent testing, treated pups attached to nipples in 
the presence of citral but not in clean air, even when the 
dams nipples were unwashed (to which untreated pups 
attached). Pedersen, Williams, and Blass 59 used an analo- 
gous procedure to study odor conditioning in 3-day-old 
pups. Pups exposed to citral and simultaneously acti- 
vated by either stroking with a brush or injecting d-am- 
phetamine exhibited subsequent suckling in the Rresence 
of citral. In contrast, pups exposed to citral without acti- 
vation, exposed to citral following activation by caffeine, 
or pups stroked or activated with amphetamine, without 
exposure to citral exhibited no such behavior. Further, 
training with citral did not generalize to testing with 

benzaldehyde (an almond-like odor) and training with 
benzaldehyde did not generalize to testing with citral. 
The effectiveness of activation by amphetamine but not 
by caffeine points a finger at catecholamine-containing 
neurons as possible mediators of this early form of condi- 
tioning. This possibility is underscored by the evidence 
(reviewed below) that the noradrenergic innervation of 
the olfactory bulb is remarkably precocious. 
Taken together, the literature provides clear evidence 
that neonatal rats depend on olfactory cues to mediate 
suckling behavior, odor preferences and aversions can be 
conditioned in 2 or 3-day-old pups, and the association of 
an odor with some forms of stimulation (stroking with a 
brush, amphetamine) can elicit subsequent suckling be- 
havior in the presence of that odor. There are two major 
limitations to apparent odor learning capabilities of neo- 
natal rats. First, they are task dependent. Other investi- 
gators have shown that olfactory control over behaviors 
such as huddling or home-nest orientation are not appa- 
rent until the second postnatal week  1'22. The task depen- 
dancy is also demonstrated by the observation that mere 
exposure to an odorant in the presence of tactile stimu- 
lation (without any stimulus response contingency) is 
sufficient to  condition suckling to the presence of that 
odorant. Given its behavioral limitations, it may be more 
reasonable to consider this early olfactory conditioning 
as a form of imprinting rather than an example of early 
associational learning. 
Second, unlike ingestive behavior in the adult, suckling in 
the neonate is not regulated by internal signals related to 
satiety. Hall and Rosenblatt a3 studied the effects of in- 
traoral food loads on suckling behavior and reported 
that rats younger than 15 days of age continued to suckle 
and receive milk even after delivery of food loads large 
enough to cause refluxes up the esophagus. Similarly, 
Cramer and Blass a provided pups with a series of anesthe- 
sized, milk replete dams (using oxytocin to induce milk 
let-down) and found that 5 and 10-day-old pups will 
consume inappropriately large volumes of milk, while 15 
and 20-day-old pups successfully regulated intake. Un- 
like, satiety, food-deprivation can increase the rate at 
which pups consume milk although it is not clear that this 
reflects a specific response to privation or a generalized 
increase in behavioral activity which is also associated 
with food deprivation in neonatal rat pups 5'79. 

Developmental differences among olfactory receptor cells 

The mature olfactory epithelium contains several types of 
cells with nuclei located in a pseudostratified arrange- 
ment. Receptor cells are bipolar neurons with cell bodies 
staggered throughout the middle third of the epithelium 
and an unbranched dendrite with a terminal end, the 
olfactory vessicle and cilia, lying in the mucus layer. 
Sustentacular cells are shaped like columnar epithelial 
cells. These have a cylindrical distal portion, cell bodies 
located closer to the epithelial surface than those of the 
receptors, a midsection that is compressed by the band of 
receptor cell nuclei, and proximal branches which end in 
contact with the basal cells. Basal cells, which lie between 
the basal lamina and the proximal ends of sustentacular 
cells, have a high rate of mitotic activity and have been 
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implicated as the stem cells for the replacement of recep- 
tor neurons 21,56. 
The maturation of olfactory receptor neurons is marked 
by fundamental alterations in morphology, biochemis- 
try, and physiology. Nevertheless, by the time of birth, 
the olfactory epithelia of rats and mice contain some 
receptor cells which appear to be mature. In mice, the 
olfactory placode is distinguishable by the tenth day of 
gestation (E-10) and primordial axons sprout and grow 
into the olfactory bulb by E-1 1 9'10'27'28. By E-12, receptor 
cell axons have penetrated deep into the olfactory bulb 
and formed synapses with second order neurons 27'28. 
Within the next several days, the olfactory receptor cells 
of the fetal mouse exhibit several other signs of maturity. 
Around E-14, these neurons begin to express the olfac- 
tory marker protein, a substance synthesized by the re- 
ceptor cell that is unique to the primary olfactory path- 
way 15. About this same time, there is an increase in the 
number and an elongation of cilia on the dendritic knobs 
of the receptor neurons 1~ Similarly, the olfactory epithe- 
lium contains Bowman's glands and exhibits signs of 
histochemical maturity by E-179. 
Although published data are limited, receptor neurons in 
the fetal rat appear to follow a developmental pattern 
similar to that of the mouse with a lag of several days. 
According to Farbman and Margolis x5 olfactory marker 
protein is first expressed on day E-18 in the rat and E-14 
in the mouse. Similarly, receptor cell axons of the rat 
arrive at the bulb on day E-16 and form synapses with 
second order neurons on E-18 ~8. 
In the rat, the stages of physiological development paral- 
lel the changes in morphology and chemistry of the 
maturing fetal olfactory receptors. Electrophysiological 
studies of mammalian receptor neurons have been 
limited by the difficulty of obtaining reliable recordings 
in adult animals. Perhaps as a result, there have been no 
systematic studies of the response properties of receptor 
neurons in rats more than 30 days old and none in mice of 
any age. Gesteland and Sigwart ~7 first succeeded in 
making in vitro recordings of receptors in tissue excised 
from postnatal rats and maintained under high oxygen 
tension in a specially designed chamber. They reported 
that these neurons have response properties similar to 
those described other species (primarily frogs) for which 
data has been published. When presented with stimuli of 
increasing concentration, the summated receptor poten- 
tial (the electro-olfactogram or EOG) increased monoto- 
nically (fig. 1). Recordings of extracellular action poten- 
tials in this preparation showed that individual neurons 
respond selectively to stimulation with different odorous 
substances and that these odorant-evoked responses 
change in a complex, yet consistent, fashion as stimulus 
concentration is varied (fig. 1). At weak concentrations, 
neural activity increases for the duration of the stimulus 
event. With stronger stimuli, evoked responses consist of 
an intense initial burst of action potentials followed by a 
period of diminished activity. At the highest stimulus 
intensities, neurons driven by odorants tend to respond 
with a single, short latency burst of activity which was 
followed by a prolonged quiet period. These concentra- 
tion-dependent response patterns are consistent with re- 
ports of single unit activity in the olfactory epithelia of 
non-mammalian vertebrates 16'33. 

Gesteland et a1.18'19 studied the electrophysiological prop- 
erties of the olfactory epithelium in rat fetuses. Like, 
Gesteland and Sigwart ~7 they used an in vitro preparation 
in which tissue was excised and rapidly placed in a cham- 
ber having a high oxygen tension and they succeeded in 
obtaining reliable recordings for up to 7 h. Recordings of 
EOG activity were obtained as early as day E-14, a time 
at which olfactory receptors are distinguishable although 
they are not connected synaptically to the brain and they 
have not yet expressed the olfactory marker protein ~5. 
These early EOG recordings are like those in more ma- 
ture rats and in other vertebrate species. In particular, 
they exhibit similar waveforms, there is a monotonic rela- 
tionship between stimulus concentration and the ampli- 
tude of the negative wave of the EOG, response magni- 
tude decreases as the electrode is driven deeper into the 
epithelium, and the responses to adaptation are similar ~8. 
Single unit responses were recorded as early as day E-16. 
Although stimulus concentration was not manipulated 
systematically for many neurons, response patterns were 
observed for different cells which were consistent with the 
concentration dependent response patterns described by 
Gesteland and Sigwart ~7 for the postnatal rat. The most 
dramatic change noted for the developing fetal receptor 
cells involved response specificity. On the earliest days 
studied (E-17 to E-20) the receptor cells were driven by 
most substances used as stimuli, with neurons responding 
to an average of 85-98 % of odorants on a given day. Just 
prior to birth (day E-21) there was a sudden increase in 
response selectivity, with neurons responding to an aver- 
age of 54 % of stimulus substances. 
The analysis of maturational processes in the olfactory 
receptor cell must be tempered by the realization that 
complete data do not exist for any single species. Never- 
theless, it appears that the formation of synapses in the 
olfactory bulb is a pivotal time in the life cycle of the 
olfactory receptor cells of fetal rodents. Within days of 
this event, there is a burst of maturational activity within 
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Figure i. A Typical electro-olfactogram activity recorded from neonatal 
rat pups during stimulation with various concentrations of ethyl n-bu- 
tyrate. B Typical responses of receptor neurons during stimulation with 
the same odorant in a similar preparation. Concentrations are in micro- 
moles/liter air. Reprinted with permission from Gesteland and Sigwart 17. 
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the receptor cell dendrite and its ciliary appendages 
(mice), olfactory marker protein is first expressed and 
seems to be localized in the most mature neurons (mice, 
rats) and there is an abrupt transition in the selectivity of 
neural responses (rats). There is other evidence that re- 
ceptor cells in the regenerating epithelium of the frog 
undergo a similarly sudden transition at about the time 
that their axons reinnervate the olfactory bulb. The olfac- 
tory epithelium of the frog contains some neurons which 
bear short motile cilia and others with much longer, ira- 
motile cilia 34'49. Mair et al. 49 have presented evidence tt/at 
the motility of the cilia is dependent on the properties of 
the cell to which they are attached and that the immotility 
of the longer cilia cannot simply be ascribed to the inner- 
tia associated with their length. Following ablation of the 
olfactory epithelium of the frog by ZnSO4, new receptor 
neurons are produced and gradually reinnervate the nose 
and there is an orderly transition from an epithelium 
containing sparse motile olfactory cilia (two weeks after 
treatment) to an epithelium covered with motile cilia 
containing sparse immotile cilia (four weeks after treat- 
ment) to an epithelium containing a mix of motile and 
immotile cilia (6 weeks after treatment). The first appear- 
ance of immotile cilia occurs at about the time that recep- 
tor axons reinnervate the olfactory bulb 49'76. Based on 
these data, Mair et al. 49 have argued that the lifespan of 
receptor neurons in the frog can be divided into two 
stages. During the initial stages of development, they 
bear motile cilia and are involved in the removal of odo- 
rous molecules from the olfactory epithelium. When they 
mature, they bear long immotile cilia (which provide a 
larger surface area for transduction processes), are in 
synaptic contact with (and thus provide olfactory infor- 
mation to) the central nervous system, and they function 
as discriminating receptors. 
Perhaps the most intriguing aspect of the constant turn- 
over of olfactory receptor neurons is the ability of 
animals to achieve perceptual constancy. There is good 
evidence for a number of species of an ability to make 
consistent responses to a given odorant over periods of 
time that rival (and even surpass) the apparent lifespan of 
the receptor neuron. If this is the case, then the olfactory 
system must be able to produce a consistent response to a 
given odorant even though most, if not all, receptor neu- 
rons have been replaced and the newly formed cells have 
made synaptic contacts within the olfactory bulb. There 
are at least two general ways in which constancy could be 
accomplished: anterograde and retrograde specification. 
In the case of anterograde specification, receptor cells are 
inherently tuned to respond to certain stimuli and percep- 
tual constancy is achieved by receptor cell axons being 

ab le  to find their way to connect with the appropriate 
mitral cell. In the alternative of retrograde specification, 
specificity resides in the mitral cells and receptors are 
tuned to respond to specific stimuli by the mitral cell with 
which they happen to synapse. Although neither hypoth- 
esis can be disproven by the evidence that exists today, 
the data seem most consistent with the retrograde hy- 
pothesis. If mitral cells control the response properties of 
the receptors with which they synapse, then developing 
receptors would be expected to exhibit an abrupt change 
in response specificity after synaptogenesis similar to that 
described by Gesteland et al. 18,19. Likewise, the abrupt 

transition in other properties of the receptor cells at 
about this same time is consistent with the idea that 
synapse formation with mitral cells has a fundamental 
impact on the maturation of these neurons. 

Development of central olfactory mechanisms: morphol- 
ogy 

Whereas the major events in the ontogeny of the receptor 
epithelium occur before birth, the olfactory bulb and the 
central olfactory pathways undergo considerable post- 
natal modification. Traditionally, the relay neurons of 
the olfactory bulb have been designated as mitral and 
tufted cells. Only a subgroup of tufted cells (primarily 
internal tufted cells) have processes the leave the olfac- 
tory bulb and these apparently have physiological prop- 
erties similar to those of the mitral cells 2~ For these rea- 
sons, the discussion of relay neurons in this paper will be 
restricted to mitral cells. The bulb of the adult rat con- 
tains approximately 45 000 :t: 2000 mitral cells 31 each of 
which receives inputs from approximately 1000 receptor 
cells and has axonal processes which travel along the 
lateral olfactory tract and terminate in a number of struc- 
tures in the basal forebrain collectively referred to as 
primary olfactory cortex. Primary olfactory cortex in- 
cludes the anterior olfactory nucleus, pyriform cortex, 
olfactory tubercle, nucleus of the lateral olfactory tract, 
the anterior and posterotateral cortical amygdaloid nu- 
clei and parts of the hippocampal rudiment and ento- 
rhinal cortex 6,tI,63,64,75. For each mitral cell, the olfactory 
bulb contains something on the order of 100 inter- 
neurons. Most of these are granule cells, small axonless 
neurons which form reciprocal dendrodritic synapses 
with mitral cells and receive dendritic inputs from mitral 
cell collaterals, other types of bulb interneurons, and 
from axons arising in other parts of the brain 6~ Apart 
from granule cells, there is at least one other class of 
interneuron, the periglomerular cells, which synapses 
with mitral cells and there are several other types of 
short-axon interneurons which synapse onto granule and 
periglomerular cells but have no direct connections with 
the relay neurons that transmit olfactory information 
from receptor neurons into other parts of the brain 6~ 
Th e  development of neurons in the olfactory bulb has 
been studied most thoroughly in the mouse, primarily by 
J.W. Hinds and his colleagues. The results of these stu- 
dies provide evidence that the afferent pathway from 
receptor neurons to primary olfactory cortex is devel- 
oped prior to the maturation of interneuronal connec- 
tions within the bulb. In the mouse, pulse labeling of 
dividing neurons with tritiated thymidine has demon- 
strated that most mitral cells are formed between the 
third and eleventh day of gestation (E-3 to E-11) whereas 
granule cells are produced primarily between E-18 and 
postnatal day 20 (P-20) 25,26. Analogous results have been 
reported for the olfactory bulb of the rat 24. 
Morphological observations provide other evidence of 
the early maturation of mitral cells. At the time of birth, 
light microscopic studies using Golgi methods have 
shown that mitral cells attain proper orientation with 
axons joining the lateral olfactory tract and dendritic 
processes forming characteristic tufts in the vicinity of 
receptor axon terminals in mice 27'32, rats 46 and opossum 
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pouch young 55. At this same time, autoradiographic stu- 
dies have shown that most granule cells have not been 
formed (in rats and mice) I-3,25,26 and those that are present 
appear to be morphologically immature (in rats and 
opossum pouch young) 46,55. In the rat, counts of cell 
bodies in Nissl stained material and analyses of morphol- 
ogy in Golgi stained material have demonstrated a dra- 
matic increase in the number of interneurons, particu- 
larly those with a mature appearance, during the first two 
weeks of postnatal life 46. By electron microscopic analysis 
of autoradiographic material, Kaplan and Hinds 37 have 
demonstrated that granule cells continue to be produced 
and added to the olfactory bulb in 3-month-old rats and 
they have calculated that the majority of granule cells in 
the bulb of a 24-month-old rat may have been produced 
after the animal was more than three months old. 
Ultrastructural studies have provided a picture of 
synapse formation in the olfactory bulb of the mouse that 
closely parallels observations made at the light microsco- 
pic level. Presumptive receptor to mitral axonodendritic 
synapses first appear in the glomerular region of the bulb 
on embryonic day 15, about the time when mitral cell 
processes reorient and innervate this area 2~3~ The num- 
ber of synapses in the glomerular layer peaks about the 
third postnatal week while the number of synapses in the 
external plexiform and granule cell layers, areas of dense 
granule cell synaptic activity, are still increasing after the 
sixth postnatal week 29. Mitral and granule cells commu- 
nicate through reciprocal dendrodendritic synapses. 
During the first postnatal week, the olfactory bulb of the 
mouse contains numerous unpaired mitral to granule 
(M/G) cell synapses, a few paired M/G and G/M 
synapses, and lacks unpaired G/M synapses 29,3~ Based on 
these data, Hinds and Hinds 29,3~ have argued that newly 
differentiated granule cells form M/G synapses on out- 
growing dendrites and only later form G/M synapses on 
processes that already bear a M/G synapse. If this is true, 
then the order in which the dendrodritic connections 
develop imposes an additional delay on the age at which 
granule cells first form synapses by which they can influ- 
ence activity of mitral cells. The picture that arises from 
the literature is of an early maturation of the direct affe- 
rent :pathway from the receptor epithelium to primary 
olfactory cortex that only later develops into the complex 
synaptic machinery characteristic of the mature olfactory 
bulb 72. Such: an arrangement might p rov ide  the bare 
bones of an afferent olfactory pathway at the time of 
birth that would presumably be capable of mediating 
primitive odor-guided behaviors. 
Leonard 39 studied the development of bulb projections in 
the golden hamster by mapping patterns of degeneration 
argyrophilia following removal of a bulb in animals of 
varying ages. For newborn hamsters, she reported short 
lasting (24 h) degeneration throughout all mature bulb 
projection areas with the exception of entorhinal cortex 
and cortical amygdala. In contrast, longer lasting (72 h) 
degenerative changes, which Leonard has related to the 
existence of functional synapses, were limited to rostral 
areas of pyriform cortex. The early development of bulb 
projections have been verified in other species with differ- 
ent anatomical methods. Schwob and Price 7~ injected tri- 
tiated leucine into the olfactory bulb of fetal and neonatal 
rat pups, Following injections on day E-17, label was 

distributed throughout the lateral olfactory tract and by 
E-19 was apparent in pyriform cortex. At birth, injections 
in the bulb produced labeling throughout all projection 
areas except for limited parts of the olfactory tubercle 
and lateral entorhinal cortex and transport patterns were 
similar to those in adults by day P-97~. Westrum 8~ exa- 
mined tissue from the pyriform cortex of newborn rats 
with electi;on microscopy and reported the appearance of 
numerous mature synapses presumably involving mitral 
cell axons at birth. According to Westrum, the number of 
synapses increases rapidly and neuropil develops such 
that the area resembles adult tissue by P-14. Similarly, 
Derer et al. ~2 have reported the occurrence of axodendri- 
tic synapses, involving lateral olfactory tract fibers, as 
early as day E-15 or 16 in mouse embryos although they 
noted that the synapses seemed to be with dendrites of 
polymorphic cells which do not ordinarily form such 
synapses in adult tissue. 
Taken together, the data provide evidence that primary 
olfactory cortex of rodents is remarkably precocious and 
forms functional connections with mitral cells at the time 
of birth although it is by no means certain that functional 
connections are formed in all bulb projection areas at this 
time. In a recent series of experiments, M.T. Shipley and 
his colleagues have used horseradish peroxidase - wheat- 
germ agglutinate to trace the afferent and efferent con- 
nections of the olfactory bulb in the rat pup. When injec- 
tions are made on the day after birth, anterograde trans- 
port of label is apparent in the normal adult projection 
areas of the bulb with the exception of the olfactory 
tubercle, which is partially innervated TM. More striking 
developmental differences are apparent among the effer- 
ent pathways from the brain to the bulb. On the second 
postnatal day (P-2), there are weak or non-existant effer- 
ent fibers from structures such as the anterior olfactory 
nucleus or the nucleus of the lateral olfactory tract that 
form substantial reciprocal connections with the bulb in 
more mature animals. In contrast, there are much more 
robust projections to the bulb from nonolfactory nuclei, 
including the locus coeruleus, the nucleus of the diagonal 
band of Broca, and the dorsal raphe nucleusT~ struc- 
tures associated, respectively, with norepinephrine, acetyl 
choline, and serotonin containing neurons. The early de- 
velopment of locus coeruleus projection is supported by 
evidence that the olfactory bulb 0f  the rat contains 225 
pmoles of NE/gm tissue at birth,: an amount that in- 
creases to 500 prr/oles at two weeks and  700 pmoles at 
three weeks of age (F. Margolis, personal communica- 
tion, 1983). On the other hand, histochemical analyses 
have shown that the bulb contains no acetyl choline ester- 
ase or choline acetyltransferase until two weeks after 
birth, and this evidence has led Ooteghem, Schmacher, 
and Shipley ~7 to argue that cholinergic mechanisms are 
immature in neonatal rat pups. 
The precocious development of NE projections from lo- 
cus coeruleus to the olfactory bulb is striking in view of 
evidence that brain catecholamines are critically involved 
in the formation of odor memories in young rats. As 
mentioned above, exposure of a non-suckling pup to an 
odorant following an injection of d-amphetamine can 
condition a subsequent suckling response during the 
presentation of that odorant 59. Marcuso et al. 52 have re- 
ported that depletion of brain catecholamines by 6-hy- 
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droxydopamine (6-OHDA) treatment impairs the ability 
of newborn rat pups to form preferences for conspecific 
odors. Similarly, Cornwell-Jones et a12 have shown that 
neonatal rats treated with 6-OHDA persist in exhibiting 
odor preferences conditioned prior to 6-OHDA treat- 
ment that are normally altered by experience, Although 
the data do not distinguish between NE and dopamine 
(DA), there are several arguments against dopamine be- 
ing critically involved in the effects of amphetamine or 
6-OHDA treatments on the activity of olfactory neurons 
in newborn rat pups. First, the olfactory bulb receives 
very limited extrinsic dopaminergic inputs and although 
it contains intrinsic dopaminergic neurons there is evi- 
dence that these are not as precocious as other DA con- 
taining cells in the brain. Specht et al. 77 mapped the activ- 
ity of tyrosine hydroxylase (an enzyme required for DA 
synthesis) and reported that it is not expressed in the 
olfactory bulb until the day before birth (E-21), a week 
after its appearance in cell bodies in the brainstem and 
diencephalon. Second, the olfactory tubercle, the one 
area of primary olfactory cortex with a dense DA input ~4, 
is one of the last to receive fibers from the bulb 39'71'74. 
The olfactory bulb can be viewed as a system under the 
control of feedback loops of increasing complexity ~ ~,66. At 
the simpliest level, there are interneuronal pathways 
within the bulb by which mitral cells can interact in a 
relatively direct manner. At a more complex level, several 
of the projection areas of the olfactory bulb contain neu- 
rons with axons terminating back in the bulb which, 
presumably, modulate mitral cell activity based on the 
activity of primary olfactory cortex. At a still more com- 
plex level, the bulb receives inputs from structures such as 
the locus coeruleus, nucleus of the diagonal band of 
Broca, and the dorsal raphe nucleus which do not have 
direct olfactory projections and presumably have func- 
tions related to other aspects of internal state condition. 
It appears that the newborn pup lacks the feedback loops 
which mediate neuronal interactions at the level of the 
olfactory bulb or the primary olfactory cortex. The pre- 
cocity of the noradrenergic, cholinergic, and serotonergic 
inputs to the bulb indicate that they may have important 
roles in the control of odor-guided behaviors that are 
apparent during the earliest stages of postnatal life. 

Development of the olfactory bulb: physiology 

The newborn rat pup has mitral cells with dendrites 
synapsing onto receptor axons and axons forming con- 
nections with neurons in primary olfactory cortex. Elec- 
trophysiological studies have provided evidence that mi- 
tral cells are functional at birth, although their response 
properties differ somewhat from those of mitral cells in 
the mature rat. This discussion will focus on three aspects 
of odorant evoked activity: quality coding, or the specif- 
icity with which cells respond to different odorants; in- 
tensity coding, or the effect of odorant concentration on 
evoked responses; and inhalation-related timing, or the 
consistency with which units respond during successive 
stimulations or sniff-cycles. 
Experimental studies have not provided a satisfactory 
description of the neural code for odor quality for either 
receptor or second order olfactory neurons in any verte- 
brate species 47. Single unit studies have demonstrated 

that neurons in the mitral cell body layer of the adult rat 
respond to approximately 20 % of substances used as 
stimulP 4,54, a degree of selectivity roughly comparable 
(given differences in experimental technique) to that ob- 
served for receptor and second-order olfactory neurons 
in other vertebrate species 47. Unfortunately, no typolo- 
hies exist that can provide a more precise definition of 
response specificity. 
Odorant evoked responses of neurons in the olfactory 
bulb of the mature rat can be classified on the basis of the 
temporal pattern of activity evoked during the stimulus 
event 4g,45. The most prevalent kind, the type I response, is 
characterized by an increase in activity within 1 s of onset 
and lasting throughout the presentation of a weak odor- 
ant (fig. 2). At higher stimulus concentrations, the type I 
response consists of two bursts of action potentials sepa- 
rated by a relatively quiet period. Type II responses are 
characterized by diminished activity during the 
presentation of a low concentration of odorant and by a 
brief period of decreased activity followed by a sudden 
burst of action potentials for stronger stimuli. The 
latency of this post-inhibitory excitation decreases in a 
monotonic fashion as stimulus concentration is in- 
creased. Type III responses are characterized by dimin- 
ished activity throughout the stimulus event at all odor- 
ant concentrations. The different concentration-depen- 
dent patterns of activity described for the rat are con- 
sistent with results reported for bulb neurons in other 
vertebrate species 24,38'51,73 and are different from those 
olfactory receptor neurons, described above. 
Macrides and Chorover 42 recorded bulb units in mature 
rodents during stimulation with long trains of controlled 
inhalations similar to the odor sampling behavior of 
these animals during bouts of exploratory sniffing. They 
demonstrated consistent, odorant-specific patterns of ac- 
tivity that were temporally synchronized to the nasal 
inhalation cycle and they argued that inhalation-syn- 
chronized timing of activity is a more consistent and 
sensitive measure of odorant-evoked activity than is the 
average rate of neural activity during the presentation of 
a stimulus. In a series of subsequent studies, Macrides 
and his coworkers have presented evidence that explora- 
tory sniffing is time locked to the limbic theta rhythm and 
they have hypothesized that the processing of olfactory 
information within the bulb and primary olfactory cortex 
is synchronized by the theta-rhythm through the efferent 
connections of its presumed generator, the medial sep- 
ram/diagonal band complex 38'39,43. Although limbic theta 
may have an important role in synchronizing the activity 
of olfactory areas of the brain, consistent, inhalation- 
related patterns of activity can also be observed when 
animals are stimulated with artificial sniffs that do not 
correspond to this rhythm. Figure 3 shows averaged 
peristimulus time histograms for two type I units driven 
by ethyl acetate during two successive stimulations 4s. For 
each histogram, the interstimulus interval is different. 
Nevertheless, the responses evoked have a consistent 
double-peaked pattern even when the number of evoked 
action potentials varies between the successive stimulus 
events. 
As in the adult, the activity of bulb neurons in the rat pup 
seems to be closely related to nasal airflow. When pups 
are allowed to sniff on their own, mitral cells respond to 
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Figure 2, Averaged peristimulus time histograms of a 
Type I response recorded from a bulb neuron in an 
adult rat evoked by various concentrations of ethyl 
acetate (EtAce) or methyl ethyl ketone (MEK). Con- 
centrations are in fractional vapor saturation. Stimu- 
lus events were two seconds in duration and are indi- 
cated by the heavy lines under each histogram. Re- 
printed from Mair 44. 

Figure 3. Averaged peristimulus time histograms of 
Type I responses recorded from two neurons during 
consecutive presentations of ethyl acetate at various 
inter-stimulus invervals. Concentration was .023 X 
vapor saturation for unit on left and two seconds in 
duration and are indicated by the heavy lines at the 
bottom of each histogram. Reprinted from Mair 4s. 
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about 19% of pure chemical stimuli presented at the 
external nares 48, Most responses are excitatory and these 
are driven in strict synchrony with the respiratory cycle 48. 
Figure 4 shows a typical record from a pup on the third 
postnatal day (P-3) for a unit driven by ethyl acetate. 
Greater numbers of action potentials are evoked by in- 
creasing concentrations of ethyl acetate and the bursts 
occur at a consistent phase of the respiratory cycle 
(shown in the lower trace of each recording). With this 
same preparation, Mair and Gesteland 48 described two 
other apparent effects of respiratory behavior on the 
activity of bulb neurons. First, spontaneous neural activ- 
ity was observed to fluctuate with shifts in the average 
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rate of respiration. Second, several cells stopped firing 
action potentials during periods of altered respiratory 
activity presumably caused by strong odorous stimu- 
lation (fig. 5). Thus in the rat pup, the timing of respira- 
tory activity has an apparent influence on the level of 
background activity as well as the timing of odorant 
evoked responses. 
The relationship between stimulus concentration and 
evoked activity was difficult to determine in preparations 
in which the pup sniffed odorants on its own. In some 
cases, the number of action potentials evoked increased 
with stimulus magnitude (fig. 4) and in others neural ac- 
tivity was suppressed and respiratory activity altered dur- 
ing the presentation of high concentrations of odorous 
substances (fig. 5). To study intensity coding in the new- 
born pup, Mair and Gesteland 48 used hypothermic 
surgery to expose the olfactory epithelium and they were 
thus able to control the duration of the stimulus event 
and to record summated receptor activity (EOG) while 
studying the response properties of units in the olfactory 
bulb. Units recorded in this preparation responded with 
approximately 28 % selectivity to the pure chemicals used 
as stimulus substances. These neurons did not exhibit the 
response types characteristic of the adult 44'45. Rather, 
their response patterns were similar to those exhibited by 
receptor neurons ~7. Figure 6 shows a typical example. 
Stimulation with .001 X vapor saturation of ethyl acetate 
resulted in small EOG deflections and a small increase in 
neural activity. At higher stimulus concentrations (.002, 
.008, and .032 X vapor saturation) the amplitude of the 
EOG increased and the number of evoked action poten- 
tials increased (.002 and .008) and then decreased (.032). 
For the strongest stimuli, bulb neurons tended to respond 
with a brief burst of action potentials followed by rela- 
tively quiet period. This pattern is similar to that de- 
scribed for receptor cells (fig. 1) and differs from respon- 
ses described for neurons in the developed olfactory 
bulb44,45. On the basis of these data, Mair and Gesteland 48 
have argued that prior to the maturation of bulb inter- 
neurons, mitral cells can respond selectively to odorous 
stimulation and transmit, with little modification, the 
temporal patterns of activity exhibited by receptor neu- 
rons. 
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Figure 4. Activitiy recorded from a rat on postnatal day 3. Each record is 
photographed directly from an oscilloscope with the lower trace showing 
respiratory activity, the middle trace action potential activity of a bulb 
neuron, and the upper trace a continuous record of log instantaneous 
activity of that neuron (spikes/second)�9 Animal was stimulated with vari- 
ous concentrations of ethyl acetate delivered to the external nares. Con- 
centrations are in fraction vapor saturation�9 Reprinted from Mair and 
Gesteland 48. 
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Figure 5. Respiratory activity (lower trace), action potential firing 
(middle trace) and log instantaneous activity (upper trace) of a bulb 
neuron in a rat on Postnatal day 3 during stimulation with an 8 second 
presentation of.  10 X vapor saturation of ethyl acetate. Reprinted from 
Mair and Gesteland 48. 
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Summary and speculations 

In the rat, presumed mitral cells, in all regions studied of 
the olfactory bulb, respond selectively to odorous stimuli 
on the first day of postnatal life 48. At this age, mitral cells 
receive inputs from receptor cells, which appear morpho- 
logically and physiologically mature, and they form 
synapses with neurons in, at least, limited regions of 
primary olfactory cortex. Thus, after just three weeks of 
gestation, the afferent pathway from receptor epithelium 
to primary olfactory cortex appears to be capable of 
mediating odor discriminations, even though it lacks 
practically all of the interneuronal pathways and many of 
the efferent connections characteristic more mature 
animals. Behavioral studies have shown that neonatal rat 
pups perform behaviors guided by chemosensory cues 
and can learn preferences and aversions for novel chemi- 
cal stimuli. Although the relative importance of the olfac- 
tory and vomeronasal systems in these early behaviors is 
not certain, it is clear that second order olfactory neurons 
are capable of mediating these discriminations. 
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Figure 6. Electro-olfactogram activity (lower trace), unitary bulb activity 
(middle trace), and log instantaneous activity (upper trace) recorded from 
a rat on postnatal day 6. Nasal cavities were opened and stimuli delivered 
directly to the exposed epithelium. Concentrations are in fractions of 
vapor saturation. Reprinted from Mair and Gesteland 48. 

If, for the sake of argument, we ignore the vomeronasal 
system and presume that the olfactory system mediates 
the early odor-guided behaviors of the rat, we can make 
several assertions about the functional properties of the 
olfactory system. First, interneuronal circuitry, including 
the extensive reciprocal pathways between the bulb and 
areas of primary olfactory cortex, is not necessary for 
simple odor discrimination learning. Although the adult 
rat undoubtedly has more olfactory capabilities than the 
newborn, the remarkable abilities of the pup places im- 
portant limitations on the types of functions which might 
be ascribed to these connections. The role of the granule 
cell is particularly intriguing. It appears that the first 
granule to mitral cell synapses are being formed around 
the time of birth and, according to Kaplan and Hinds 37, 
these cells continue to be formed in significant numbers 
and incorporated into the circuitry of the bulb through- 
out, at least, early adult life. Given the apparent dis- 
criminating capacity of mitral cells in the newborn, the 
argument that granule cells sharpen the response charac- 
teristics of mitral cells by a process like lateral inhibition 
is not convincing. If  the developmental data are taken 
seriously, then one must consider the possibility that 
granule cells have functions that appear at a later age, 
such as the mediation of centrifugal inputs; or that evolve 
throughout life, such as adjustments to different chemo- 
sensory environments or the storage of odor memories. 
Second, centrifugal inputs to the bulb mature at different 
ages and their development may correspond to the 
emergence of different odor-guided behaviors during 
early postnatal life. In newborn animals, the bulb receives 
inputs from many neurons in the locus coeruleus and 
relatively fewer cells in the nucleus of the diagonal band 
and the raphe TM. There is a body of literature that impli- 
cates norepinephrine (NE) in attentional aspects of learn- 
ing and memory for both humans and experimental 
animals 5~ The early development of noradrenergic inputs 
to the bulb is intriguing in view of evidence that treat- 
ments affecting brain NE (as well as DA) activity influ- 
ence the acquisition of odor-guided behaviors in neonatal 
rats 7'5~'59. Taken together, these data raise the possibility 
that the release of NE in the olfactory bulb is critically 
involved in the early learning processes of the rat. 
Divac ~3 has presented evidence that the neurons 
projecting to the bulb from the nucleus of the diagonal 
band are a part of the chain of the magnocelhilar nuclei 
of the basal forebrain, which contain acetylcholine and 
(collectively) send projections to areas of cortex, 
brainstem, and olfactory bulb. Although the functions of 
these cholinergic nuclei are not known, Rolls et al. 67 have 
presented electrophysiological evidence that neurons in 
these areas of the brain mediate sensory aspects of feed- 
ing behavior. If this is the case, then the appearance of 
cholinergic markers in the bulb during the second post- 
natal week may correspond to the appearance of sensitiv- 
ity to satiety that is first seen among pups of about that 
age 8,23. The adult rat has numerous centrifugal fibers that 
arise in areas of primary cortex and terminate in the 
olfactory bulb that are of unknown functional signif- 
icance. Given the time of their postnatal origin, the devel- 
oping rat pup may provide a useful preparation for 
studying their behavioral functions. 
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This  review o f  centra l  o l fac to ry  system s t ructure  and 
func t ion  will concen t ra t e  on pa thways  invo lv ing  the ver-  
tebra te  m a i n  o l fac tory  bulb.  O the r  species and issues, 
inc lud ing  the v o m e r o n a s a l  system, are discussed in o ther  
reviews of  this series. 

The olfactory periphery 

There  is a rapid ly  expand ing  l i terature  on the o l fac to ry  
receptors  and  receptor  processes  that  is outs ide  the scope 
o f  this review. H o w e v e r ,  it is i m p o r t a n t  to no te  the spatial  
loca l iza t ion  o f  o d o r  responses  and  the spatial  o rganiza-  
t ion  o f  p ro jec t ions  f r o m  the ep i the l ium to the o l fac to ry  
bulb.  
O d o r  sensit ivi ty is different ial ly  local ized on the receptor  
sheet. This  loca l iza t ion  is de te rmined  by the pos i t ion  o f  
the recep tor  cell re la t ive  to the air f low 7s and by intr insic 

proper t ies  o f  the recep tor  cell 42' 62, 76, 83. The  o l fac to ry  epi- 
the l ium projects  topograph ica l ly  to the o l fac tory  

10 15 20 50 63 bulb . . . .  ma in t a in ing  the spatial  loca l iza t ion  o f  the 
per iphera l  o d o r  response  in the first s tage o f  central  
project ion.  A crude spatial  segregat ion  of  o d o r  respon-  
siveness has also been demons t r a t ed  wi th  2-deoxyglucose  
in the o l fac tory  bulb  o f  rats  9'4~ 128 and  tree shrews 123. 

7"he olfactory bulb 

The  o l fac tory  bulb is a l amina ted  s t ructure  wi th  a gen-  
eral ly el l ipsoid fo rm in the m a m m a l .  The  f igure i l lustrates 
the layers as descr ibed in the rat  and  hamster .  Cer ta in  
differences exist in o ther  species. This  descr ip t ion  o f  the 

119 120 layers fol lows tha t  by Shepherd  ' and  m a n y  details no t  
m e n t i o n e d  here  can  be found  in his reviews. The  four  
m a j o r  cell types of  the bulb will be in t roduced  first and  
their  details deve loped  in the descr ip t ion  o f  the layers. 


