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ABSTRACT 
The locus coeruleus contains noradrenergic neurons which project widely 

throughout the CNS. A major target of locus coeruleus projections in the rat is 
the olfactory bulb (Shipley et al.: Brain Res. 329:294-299, ’85) but the orga- 
nization of the projections within the bulb has not been systematically 
examined. In this study, the laminar distribution and densities of locus coeru- 
leus-noradrenergic fibers in the main and accessory olfactory bulbs were 
determined with anterograde tracing and immunocytochemical techniques. 

Following iontophoretic injections of 1 % wheat germ agglutinin-horse- 
radish peroxidase into the locus coeruleus, the densest anterograde label in the 
accessory olfactory bulb was observed in the external plexiform layer, granule 
cell layer, and especially in the internal part of the mitral cell layer. Virtually 
no label was observed in the glomerular layer. In the main olfactory bulb, 
labelled axons were observed in the granule cell layer, in the internal and 
external plexiform layers, occasionally in the mitral cell layer, and least often 
in the glomerular layer. 

Noradrenergic fibers in the olfactory bulb were identified by using immu- 
nocytochemistry with an antibody to dopamine-P-hydroxylase. Laminar 
patterns and densities of noradrenergic innervation were determined with 
quantitative image analysis. In the accessory olfactory bulb, the densest inner- 
vation was in the innermost portion of the mitral cell layer followed by the 
granule cell layer, the superficial part of the mitral cell layer, and the external 
plexiform layer. The density of fibers in the glomerular layer was least. The 
laminar pattern of noradrenergic fiber distribution in the main olfactory bulb 
was similar to that in accessory olfactory bulb. 

The present studies demonstrate that locus coeruleus-noradrenergic 
fibers terminate preferentially in the internal plexiform, granule cell, and 
external plexiform layers. This suggests that the major influence of the locus 
coeruleus input to both the main and accessory the olfactory bulbs is on the 
predominant neuronal element in those layers, the granule cells. Additional 
studies are needed to resolve how this input influences specific olfactory bulb 
circuits. 
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The locus coeruleus (LC) projects widely throughout the 
neuraxis and has been implicated in various functions 
including learning, arousal, sleep, and psychiatric disorders 
(Jouvet, '67, '69; McCarley and Hobson, '75; Foote et  al., 
'83). Recently, LC has been hypothesized to be particularly 
important for the detection of sensory stimuli during states 
of heightened vigilance (Aston-Jones and Bloom, '81; Aston- 
Jones, '85). This functional hypothesis is consistent with 
neuroanatomical data showing that phylogenetically devel- 
oped sensory areas such as somatosensory and extrastriate 
visual cortices in primates (Morrison et  al., '84) and olfac- 
tory bulb in rats (Shipley et  al., '85) receive especially heavy 
innervation from LC. 

In the rat, all LC neurons contain noradrenaline (NE) 
(Swanson and Hartman, '75; Grzanna and Molliver, '80) and 
a t  least 40% of these neurons project to the olfactory bulb 
(Shipley et  al., '85). The rat, a nocturnal animal, probably 
relies more upon odor cues than upon other neocortical sen- 
sory modalities such as vision. Thus, the preferentially 
heavy LC innervation of the olfactory bulb is consistent 
with the idea that LC may be involved in odor vigilance 
functions in the rat. 

In recent years, the patterns and relative densities of 
LC-NE fibers in various neocortical regions have been elu- 
cidated in great detail, particularly in the primate (Morrison 
et  al., '82). I t  has become evident that NE fibers in the pri- 
mate neocortex terminate with some laminar specificity. I t  
has further been observed that in many cortical areas there 
is a degree of complementarity in the innervation of dif- 
ferent cortical layers by N E  and serotonergic (5-HT) fibers. 
For example, in the monkey visual cortex N E  fibers prefer- 
entially innervate layers 111, V, and VI whereas 5-HT fibers 
are relatively sparse in those layers but denser in layer IV 
(Morrison et  al., '82). This has led to the suggestion that NE 
and 5-HT systems may provide complementary modulation 
of cortical functions by acting preferentially on complemen- 
tary cortical layers (Morrison et  al., '82). 

We recently demonstrated that there is a striking laminar 
preferentiality of 5-HT fibers in the rat olfactory bulb 
(McLean and Shipley, '87a). Much less is known about the 
organization of LC-NE fibers in this structure. Previous 
descriptions of NE fibers in the mammalian olfactory bulb 
utilized the Falck-Hillarp technique to visualize mono- 
amines (Dahlstrom et al., '65; Lindvall and Bjorklund, '74; 
Fallon and Moore, '78; Shipley et  al., '85). However, the 
olfactory bulb contains a large population of intrinsic dopa- 
minergic neurons that are labelled by the catecholamine flu- 
orescent technique, making it difficult to characterize the 
specific distribution of NE fibers. In the present study, this 
difficulty was overcome by immunocytochemistry using an- 
tibodies to the prerequisite enzyme for NE, dopamine-beta- 
hydroxylase. In addition, the pattern of LC innervation in 
the bulb was visualized by anterograde tracing methods 
using physiologically guided injections of wheat germ agglu- 
tinin-horseradish peroxidase (WGA-HRP) in LC. 
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bulb. Rats were anaesthetized with chloral hydrate (400 mg/ 
kg, IP). A glass pipette containing 1 % WGA-HRP (in 0.1 M 
phosphate-buffered saline) was advanced stereotaxically to 
the LC. Correct placement of the electrode tip in LC was 
determined by identification of the characteristic spike 
waveform and tail-pinch-evoked response of LC neurons 
recorded via the injection pipette (Aston-Jones e t  al., '86). 
When an LC neuron was identified, WGA-HRP was ionto- 
phoretically injected (7 seconds onloff, 0.5-3 pamp) for 5-20 
minutes. 

One or 2 days after injection, the rats were deeply anaes- 
thetized with sodium pentobarbital (80 mg/kg) and per- 
fused, and the brains were processed as described previously 
(McLean and Shipley, '87a,b). Frozen sections (40 pm thick) 
were cut in either the coronal or the sagittal plane and pro- 
cessed for HRP histochemistry (Mesulam, '78) with modifi- 
cations (Shipley, '82). 

Immunohistochemistry 
Rats were perfused with ice-cold saline (2 minutes) fol- 

lowed by ice-cold 4 % formaldehyde freshly prepared from 
paraformaldehyde in phosphate buffer (pH 7.4, 30 minute 
perfusion). The brain was then removed from the skull, 
placed in fixative for 1-2 hours, and left overnight in 20% 
sucrose in phosphate buffer at 4°C. 

Thirty-micron-thick frozen coronal or parasagittal sec- 
tions of the brain were collected in cold phosphate buffer 
and then transferred into the primary antibody solution 
containing 0.1 7; Triton X-100, 2 96 normal goat serum, and 
0.02 "io sodium azide in phosphate-buffered saline. The anti- 
body to dopamine-beta-hydroxylase (DBH) was obtained 
from Eugene Tech., Inc.; its specificity has been established 
by the company by using Western blot and immunocyto- 
chemistry. In addition, we routinely compared the patterns 
of staining in other brain regions of our material to those 
obtained in previous studies of the distribution of NE fibers 
in the rat. Optimum staining of olfactory bulb tissue was 
obtained with a 1:600 dilution of the primary antisera. 

Image analysis and quantitation 
Video images of DBH-immunoreactive (IR) fibers and LC 

axons anterogradely labelled with WGA-HRP were contrast 
enhanced and charted by using reconstruction software de- 
veloped in this laboratory (McLean and Shipley, '87a,b) for 
a video-based image analysis computer system (Magiscan 
2A, Joyce Loebl) interfaced with either a Leitz Orthoplan or 
a Nikon Microphot FX microscope. Fibers were recon- 
structed in both the coronal and sagittal planes while fiber 
density measurements were made in the coronal plane 
only. 

The density of fibers was estimated by measuring DBH- 
IR fibers in one section from each animal. In each section 
the field that was examined was 350,000-460,000 gm2. The 
mean density of fibers was obtained from the olfactory 
bulbs of four rats. 

MATERIALS AND METHODS 
Adult (older than 60 postnatal days) male and female 

Sprague-Dawley rats (300-350 g) were used in all experi- 
ments. 

Wheat germ agglutinin-horseradish 
peroxidase (WGA-HRP) tracing 

WGA-HRP was used to determine the axonal trajectories 
and termination sites of LC projections to the olfactory 

RESULTS 
Anterograde WGA-HRP label 

Iontophoretic injections of WGA-HRP were usually con- 
fined to the boundaries of the LC. Anterograde axonal and 
terminal label were observed leading to the olfactory bulb 
via the medial forebrain bundle and medial olfactory tracts 
as described previously (Dahlstrom et al., '65; Lindvall and 
Bjorklund, '74; Fallon and Moore, '78). Anterograde label 
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Fig. 1. Computer reconstruction of anterograde label in the accessory (A) and main (B) olfactory bulbs 
following injection of WGA-HRP into the locus coeruleus. Bar, 200 wm. 

was observed in both the accessory (AOB) and main (MOB) 
olfactory bulbs. 

The AOB is a small structure located at  the dor- 
somedial-caudal aspect of the main olfactory bulb (MOB). 
It receives inputs from first-order olfactory neurons in the 
vomeronasal organ which parallel the inputs to MOB from 
the main olfactory epithelium. AOB is composed of several 
distinct layers including the glomerular, mitral cell, and 
granule cell layers (Fig. 2A). The external and internal plex- 
iform layers are less distinct than their counterparts in the 
MOB (Fig. 3A), and there is lack of agreement in defining an 
internal plexiform layer in AOB. Based on the distribution 
of the LC-NE input and cytoarchitectonic analysis pre- 
sented below we will designate the region between the rela- 
tively condensed band of mitral cells and the lateral olfac- 
tory tract as the internal plexiform layer of the AOB (Fig. 
2A). 

WGA-HRP-labelled fibers from LC were distributed 
mainly in the internal plexiform layer, external plexiform 
layer, granule cell layer, and mitral cell layer of the AOB 
(Fig. IA). Virtually no label was visualized in the glomerular 
layer. Heavy anterograde label was observed in the external 
and lateral subdivisions of the anterior olfactory nucleus 
which are adjacent to the AOB and caudal MOB. The ante- 
rior olfactory nucleus, which appears to receive an even 
denser input from the LC than does the AOB, will be 
addressed in a further communication. 

In the MOB, numerous labelled fibers were pres- 
ent in the granule cell and internal plexiform layers while in 
the external plexiform layer, individual fibers as well as 
punctate label were observed (Fig. 1B). Only sparse label 
was present in the glomerular and olfactory nerve layers. In 
the coronal plane, most of the fibers had a circumferential 
orientation running parallel to the surface of the MOB. In 
the parasagittal plane, the majority of inframitral fibers 
appeared to course longitudinally. Thus, in the granule cell 
and internal plexiform layers few fibers are radially 

AOB. 

MOB. 

oriented. Some fibers coursed radially through the mitral 
cell layer into the external plexiform layer; a few fibers 
reached, but rarely entered, the glomerular layer. These 
fibers were most often adjacent to the soma of periglomeru- 
lar neurons and usually did not penetrate the interior of a 
glomerulus. 

It was usually difficult to determine if the punctate label 
observed in the external plexiform layer represented axonal 
label or was an artifact of the tetramethyl benzidine (TMB) 
method. This layer is normally very active metabolically 
and probably contains endogenous peroxidases which react 
nonspecifically with the chromogen. Most of the antero- 
grade label in AOB and MOB from LC remained ipsilateral 
to the injected side. The external plexiform layer of the con- 
tralateral olfactory bulb often had punctate label nearly as 

Abbreviations 

AEPL 
AG 
AGL 
AIPL 
AML 
AOB 
AOE 
AOL 
AON 
DBH 
EPL 
EZ 
5-HT 
GCL 
GL 
IPL 
IR 
LC 
lot 
MCL 
MOB 
NE 
WGA-HRP 

external plexiform layer of accessory olfactory bulb 
granule cell layer of accessory olfactory bulb 
glomerular layer of accessory olfactory bulb 
internal plexiform layer of accessory olfactory bulb 
mitral cell layer of accessory olfactory bulb 
accessory olfactory bulb 
external subdivision of anterior olfactory nucleus 
lateral subdivision of anterior olfactory nucleus 
anterior olfactory nucleus 
dopamine-beta-h ydroxylase 
external plexiform layer of main olfactory bulb 
subependymal zone 
serotonergic, serotonin 
granule cell layer of main olfactory bulb 
glomerular layer of main olfactory bulb 
internal plexiform layer of main olfactory bulb 
immunoreactive 
locus coeruleus 
lateral olfactory tract 
mitral cell layer of main olfactory bulb 
main olfactory bulb 
noradrenergic, noradrenaline 
wheat germ agglutinin-horseradish peroxidase 
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Fig. 2. A. Brightfield photomicrograph of a coronal section through AOB stained with cresyl violet. B: 
The same section under darkfield illumination shows the distribution of DBH-IR fibers in the different 
layers. Bar, 100 pm. 
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Fig. 3. A. Brightfield photomicrograph of a Nissl-stained coronal section through MOB. B: The same 
section under darkfield illumination shows the distribution of DBH-IR fibers in the MOB. Bar, 100 Mm. 

343 
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Fig. 4. Low-magnification darkfield photomontage of MOB showing the heterogeneous distribution of 
DBH-IR fibers. Coronal section. Bar, 300 pm. 
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TABLE 1. Density of DBH-IR Fibers in Different Layers of AOB and MOB 
Density (rm/100 ym2) 

N AOB MOB 

Glomerular layer 4 1.7 0.5 0.7 * 0.3 

Mitral cell layer 4 4.0 e 0.6 3.7 t 1.4 
External plexiform layer 4 2.8 e 1.3 3.3 * 1.3 

Internal plexiform layer 4 8.2 i 0.6 7.3 t 0.7 
Granule cell layer 4 4.2 t 0.5 5.2 + 0.7 
Subependymal zone 4 - 4.7 i 1.1 

DBH-IR, dopamine-beta-hydroxylaae-immunoreactive; AOB and MOB, accessory and 
main olfactory bulbs. 

dense as that observed in the ipsilateral external plexiform 
layer; however, because no other layers in the contralateral 
bulb had significant anterograde label, we assume that most 
of the punctate label in the external plexiform layer is an 
artifact of the HRP histochemistry method. Artifactual 
punctate reaction product in the external plexiform layer of 
MOB has frequently been observed in this laboratory in 
studies that did not involve anterograde transport to MOB. 
This artifact can be reduced or eliminated by prolonged fix- 
ation or modifications of the HRP reaction protocol, but 
unfortunately, these maneuvers also reduce the bona fide 
anterograde labelling. Thus, i t  was necessary to use the dis- 
tribution of immunoreactive labelling of noradrenergic fi- 
bers to further assess the distribution of LC fibers in the 
external plexiform layer. 

DBH-IR label 
AOB. Immunoreactive fibers were located in the gran- 

ule cell (Fig. ZB), internal plexiform mitral cell, external 
plexiform, and glomerular layers as well as in the lateral 
olfactory tract. The fibers in the granule and mitral cell 
layers had no strongly preferential orientation. Fibers in the 
external plexiform layer had a mainly radial orientation. 
DBH-IR fibers coursed through the lateral olfactory tract 
but only where granule cells were also present. 

Laminar fiber densities were determined by video image 
analysis. DBH-IR fibers were densest in the internal plexi- 
form layer followed by the mitral cell layer, granule cell 
layer, and the external plexiform layer (Table 1). Some of 
the fibers that ran through the external plexiform layer 
reached the region of periglomerular cells but only rarely 
penetrated to the core of the glomeruli (Figs. 3B, 5A). The  
glomerular layer of AOB only rarely contained immunoreac- 
tive fibers (Table 1). 

The thin internal plexiform layer was the most 
heavily innervated in the MOB. Most of the DBH-IR fibers 
in that layer were oriented parallel t o  the surface of MOB 
(Figs. 3B, 4,5). The next most heavily innervated layer was 
the granule cell layer, and third was the subependymal zone. 
Most fibers in the external plexiform layer are oriented 
radially, although in the deep third of the layer many fibers 
are oriented parallel to the bulb surface. The mitral cell 
layer receives NE fibers but to a lesser extent than the 
immediately subjacent internal plexiform layer. Many of 
the fibers associated with the mitral cell layer appear to be 
passing through to the external plexiform layer. As in the 
AOB, the glomerular layer of the MOB is least densely 
innervated by DBH-IR fibers and the fibers were most often 
associated with periglomerular cells forming the wall of the 
glomeruli. 

Fiber density measurements were taken from the midros- 
trocaudal third of the bulb in sections cut in the coronal 

MOB. 

plane. The density of fibers in each layer (from highest to 
lowest density) was similar to the density of fibers in the 
homologous layer of AOB. Therefore, the densest innerva- 
tion was in the internal plexiform layer and the least dense 
in the glomerular layer (Table 1). 

The morphology of DBH-IR ax- 
ons was similar in all layers in the MOB and AOB. The 
axons were thin (0.25 pm), approaching the limits of light 
microscopic resolution. The varicosities were larger (ap- 
proximately 0.5-1.5 pm) in all layers except for the glomeru- 
lar layer, where the varicosities were only slightly larger 
than the axon diameter but were detectable because they 
stained more intensely than the rest of the axon. Intervari- 
cosity distances ranged from 1 to 5 pm in all layers of the 
olfactory bulb. 

Axon morphology. 

DISCUSSION 
Distribution of NE fibers 

We previously reported that a t  least 40% of LC neurons 
project to the rat olfactory bulb (Shipley et  al., '85). The 
present study demonstrates that the NE innervation from 
the LC to the olfactory bulb is quite heavy, consistent with 
the high percentage of LC neurons retrogradely labelled by 
injections of WGA-HRP in the olfactory bulb. In addition, 
the present findings demonstrate that there is a striking 
degree of laminar specificity in the organization of NE fibers 
to both the main and accessory olfactory bulbs: NE-LC 
fibers project substantially to the granule cell layer, sub- 
ependymal zone, and internal plexiform layers. Fewer fibers 
are found in the external plexiform layer and only rarely are 
fibers found in the glomerular layer. Thus, the NE innerva- 
tion of both the MOB and AOB is densest in the inframitral 
cell layers. 

Overall, NE innervation of the MOB and AOB is similar. 
Slight differences in the NE innervation of the two struc- 
tures may be explained in part by differences in their 
cytoarchitecture. For example, the mitral cell layer is dif- 
ferent in MOB and AOB; in MOB the output cells form 
essentially a monolayer while in the AOB the cells are 
grouped in a multilayer that makes the external and inter- 
nal plexiform layers less distinct (Switzer e t  al., '85). The 
deep part of the mitral cell layer in AOB may, thus, be 
equivalent to the internal plexiform layer since many of the 
same neuronal components (axons of mitral cells, dendrites 
of granule cells) are located in both of the regions and they 
both receive a very dense NE innervation. Therefore, based 
in part on the NE innervation pattern revealed here, we sug- 
gest that  in AOB the deepest part of the mitral cell layer 
might best be considered a mixture of mitral cell layer and 
internal plexiform layer. The impression from the orienta- 
tion of these fibers is that many of the fibers may be passing 
through to the main olfactory bulb (Fig. 5A). 

The present report is a t  variance with one of our previous 
observations (Shipley et  al., '85). Earlier, we used the glyox- 
ylic acid method to visualize catecholamine fibers in the 
bulb. The patterns of catecholamine fluorescent fibers were 
similar to those seen with DBH with one notable exception. 
In the histofluorescence material a dense fiber plexus was 
observed in the glomerular layer. We interpreted those 
results to suggest that NE fibers ramified in the glomeruli. 
We pointed out that this conclusion was tentative because 
the glomerular catecholaminergic fiber staining might be 
attributable to the processes of periglomerular dopaminer- 
gic neurons previously reported by others. However, be- 
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cause our glyoxylic acid material did not stain peri- 
glomerular dopamine cell bodies, we suggested that the 
intraglomerular fiber staining might be associated with NE- 
LC axons. The present results indicate that this surmise was 
incorrect. Neither the DBH-IR staining nor the LC antero- 
grade labelling demonstrate anything more than sparse NE 
innervation of a few glomeruli. The lack of NE innervation 
of the glomerular layer is in stark contrast to the rich 5-HT 
innervation of that  layer (McLean and Shipley, '87a). 

The densest NE innervation of the olfactory bulb is to the 
internal plexiform layer. This is a cell-poor region which 
contains axons of mitral cells and the dendrites of granule 
cells and other, less frequent non-granule inframitral inter- 
neurons. Thus, these neuronal elements could form post- 
synaptic targets for the NE axons. 

The granule cell layer of both AOB and MOB is the sec- 
ond most densely innervated target of NE fibers. Since 
granule cells are the predominant neural element in this 
layer and their dendrites are one of the most common neural 
elements in the internal plexiform layer, it  is reasonable to 
suggest that the granule cells are the most likely target of 
NE fibers. It should be noted, however, that the inframitral 
layers also contain many presynaptic fibers and terminals 
from ipsi- and contralateral association projections (Luskin 
and Price, '83); NE fibers could be presynaptic to these cen- 
trifugal fibers or to recurrent collaterals of tufted or mitral 
cells. 

The external plexiform layer also has appreciable NE 
fibers. Since this layer contains mainly dendrites of mitral 
cells and granule cells as well as centrifugal fibers, there are 
several candidate targets of NE fibers in this layer as well. 

The NE input to the subependymal zone of MOB is very 
dense. This layer is a cell-poor region in the adult olfactory 
bulb and does not contain many centrifugal fibers. The most 
likely targets of NE fibers in the layer, therefore, are the 
basal dendrites of granule cells, although conceivably the 
LC axons may pass through this layer to reach other layers 
of the bulb. 

In summary, NE fibers preferentially innervate the in- 
framitral layers and to a lesser degree, the external plexi- 
form layer; these layers contain several candidate post- 
synaptic target elements including mitral cells, centrifugal 
afferent fibers, and granule cells. However, the neural ele- 
ment common to all these layers is the granule cell. An ear- 
lier electron microscopic study using 3H-noradrenaline 
uptake (Halasz et  al., '78) also suggested that NE fibers con- 
tact dendrites of granule cells, but electron microscopic 
studies using more specific antibody labelling methods are 
needed to confirm this. Neurophysiological studies to be 
reviewed below also suggest that NE inputs preferentially 
target granule cells. 

Physiological actions of noradrenaline 
in the olfactory bulb 

There is lack of agreement about the actions of NE on 
neurons in the olfactory bulb. On the one hand, Salmoiraghi 
et  al. ('64) reported that iontophoretic application of NE 
caused a suppression of the spontaneous activity of "olfac- 
tory neurons." Although the neuron types recorded were not 
identified, it  is probably likely that the authors were record- 
ing mitral and tufted cells as most deep interneurons in the 

bulb are not spontaneously active. McLennan ('71) specifi- 
cally identified mitral cells by antidromic activation from 
the lateral olfactory tract and reported that iontophoretic 
application of NE caused a suppression of mitral cell firing. 
The McLennan study went on to show that NE suppression 
of mitral cells was eliminated by coadministration of bicu- 
culine-a specific antagonist of GABA, receptors. In the 
olfactory bulb, the granule cells are GABAergic (Ribak, '77) 
and exert a potent inhibitory action on mitral cells (Jahr 
and Nicoll, '82) presumably by dendrodendritic contacts 
with mitral cells (Shepherd, '72). McLennan concluded that 
NE caused suppression of mitral cell firing by activating 
GABAergic granule cells. More recently, Jahr and Nicoll 
('82), using the turtle olfactory bulb slice, also concluded 
that NE acts on GABAergic granule cells, but unlike the 
previous studies of Salmoiraghi et  al. ('64) and McLennan 
('71), Jahr and Nicoll concluded that NE inhibited the 
release of GABA, resulting in an increased mitral cell firing. 
The reasons for these contradictory results are unclear. The 
Salmoiraghi et  al. ('64) and McLennan ('71) experiments 
were done in the rat whereas Jahr and Nicoll's were in the 
turtle, so a species difference is certainly possible. However, 
there are no anatomical data suggesting that there are fun- 
damental differences in the rat and turtle olfactory bulb, 
although there might be a difference in noradrenergic post- 
synaptic receptors between the species. Another difference 
among the studies was that Salmoiraghi et  al. ('64) and 
McLennan ('71) applied NE locally by iontophoresis in an in 
vivo preparation, whereas, Jahr and Nicoll's studies used an 
in vitro preparation in which the slices were bathed in NE 
(micromolar) for 8-24 minutes. Whether prolonged incuba- 
tion in micromolar concentrations of NE is comparable to 
the conditions of functional synaptic release of NE is 
unclear. 

Whatever the eventual resolution of the contradictory 
physiological actions of NE, the above-cited investigations 
agree that NE acts on mitralhufted cell firing through 
GABAergic interneurons. This is entirely consistent with 
the tract-tracing and immunocytochemical findings of the 
present report and supports the hypothesis that  LC-NE 
fibers may be primarily targeted on olfactory bulb granule 
cells. 

Whether NE causes increased release of GABA with 
resulting suppression of mitral cell firing, as suggested by 
Salmoiraghi et  al. ('64) and McLennan ('71), or causes a 
reduction of GABA release with an increase of mitral cell 
fibers, as suggested by Jahr and Nicoll ('82), will have to be 
resolved by additional physiological studies. This question 
is of considerable interest for understanding the functional 
significance of the LC. Aston-Jones and Bloom ('81) have 
hypothesized that LC plays a key role in functions involving 
heightened vigilance. Consistent with this concept are stud- 
ies showing that NE preferentially suppresses the sponta- 
neous firing of sensory cortical neurons without altering 
their response to sensory evoked stimulation (Waterhouse 
et  al., '86). These results have been interpreted to mean that 
NE acts to increase the "signal-to-noise'' ratio in cortical 
neurons. Such a function would be consistent with improved 
signal detection, i.e., improved vigilance. The results of Sal- 
moiraghi et  al. ('64) and McLennan ('71), indicating that 
NE causes increased release of GABA with a resultant 
decrease in mitral cell spontaneous discharge, and the pres- 

Fig. 5. Computer reconstruction of DBH-IR fibers in the olfactory bulb in sagittal (A) and transverse 
sections. B Main olfactory bulb. C:Accessory olfactory bulb. Bars in A-C, 500 pm. 
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ent anatomical data indicating that LC neurons may be pre- 
ferentially targeted on GABAergic granule cells would pro- 
vide an interesting anatomical substrate for LC-NE 
synapses to effect a signal-to-noise reduction in principal 
neurons. In the olfactory bulb, the mitral cell (principal neu- 
ron) has two classes of dendrites. The  lateral dendrites ram- 
ify in the external plexiform layer where they are densely 
contacted by granule cell (GABAergic) inhibitory synapses; 
these synapses are complemented by adjacent excitatory 
reciprocal synapses from mitral to granule cells (Rall et  al., 
'66; Shepherd, '72; Jackowiski et  al., '78). The apical den- 
drite of the mitral cell extends, without branching or spines, 
through the external plexiform layer to the glomerular layer 
where i t  ramifies extensively in a single glomerulus 
and receives contacts from primary olfactory nerve fibers 
and periglomerular interneurons. It is this apical branch of 
the mitral cell dendrite which conducts the sensory through- 
put. If LC-NE synapses cause the release of GABA from 
granule cells this would tend to suppress activity in the lat- 
eral dendrites of the mitral cell which might serve to reduce 
spontaneous firing of this cell. However, because the apical 
dendrite of the mitral cell does not appear to receive signifi- 
cant granule cell contacts, the conduction of signals from 
olfactory nerve synapses on the glomerular branches of the 
mitral cell's apical dendrite would probably not be appre- 
ciably influenced by the action of NE on granule cells. The 
present study demonstrated that LC-NE fibers largely 
avoid the glomerular layer; thus, LC activation would not 
engage the periglomerular GABAergic neurons that act on 
the apical dendrites of mitral cells. The net effect of this 
anatomical arrangement could be to reduce spontaneous 
mitral cell firing without reducing sensory throughput con- 
ducted by mitral cell apical dendrites. Though admittedly 
speculative, this scheme is amenable to direct experimental 
t es t  Stimulation of LC or local administration of N E  should 
decrease spontaneous mitral firing (Salmoiraghi et  al., '64; 
McLennan, '71) but not reduce mitral cell responsiveness to 
odor stimuli or shocks to the olfactory nerve. If this hypoth- 
esis is correct, it  might suggest that, in general, LC neurons 
preferentially target inhibitory interneurons in other sen- 
sory cortical areas and function to increase the signal-to- 
noise ratio in sensory processing by a similar mechanism to 
that hypothesized for the olfactory bulb. 

Role of NE in olfactory behavior 
Behavioral experiments have implicated NE in at least 

two functions related to recognition of odors of other ani- 
mals. First, the formation of a selective bond between ewes 
and their offspring is lost when NE input to the olfactory 
bulb is eliminated (Pissonier et  al., '85). Second, a female 
mouse will spontaneously abort if presented with a male 
odor other than that of its mate (Bruce, '60). This pregnancy 
block can be prevented by depleting the NE input to the 
olfactory bulb, specifically the AOB, prior to mating (Kev- 
erne and de la Riva, '82; Rosser and Keverne, '85). The preg- 
nancy block effect is particularly interesting in view of the 
idea that LC functions to improve vigilance and the detec- 
tion of novel stimuli. Other studies (Gray e t  al., '86; Sullivan 
and Leon, '87) indicate that NE may be involved in odor 
learning and/or imprinting which may require a signal-to- 
noise enhancement mechanism. 

5-HT and NE complementarity and overlap 
The pattern of NE innervation of the olfactory bulb is 

remarkably complementary to the 5-HT innervation of the 

same structure. Serotonergic (5-HT) fibers most densely 
innervate the glomerular layer of MOB (McLean and Shi- 
pley, '87a) while NE fibers largely avoid that layer. In con- 
trast, the layers most heavily innervated by NE fibers are 
the internal plexiform and granule cell layers. Since NE and 
5-HT fibers appear t o  have different postsynaptic targets in 
the main olfactory bulb, their functions may be different 
and complementary. Thus, it  is conceivable that these two 
monoaminergic systems have very different net effects on 
olfactory neural processing. 

In other areas of the brain, it  appears that  NE action on 
neocortical neurons is complementary to the action of 5-HT. 
For example, in the somatosensory cortex, 5-HT acts to sup- 
press sensory evoked unit firing relative to background fir- 
ing (Waterhouse et al., '86). However, to date there have 
been no studies in which the specific neuronal types 
responding to the actions of NE and 5-HT have been identi- 
fied. Thus, it  is difficult to know if NE and 5-HT produce 
different effects via different receptors and channels on the 
same neuron or whether they act on different neuronal tar- 
gets. Additional physiological studies taking into account 
the anatomical specificity of NE and 5-HT terminals and 
postsynaptic target cells are needed to determine the roles 
of these monoamines in cortical functions. The relative sim- 
plicity of the olfactory bulb and the laminar complementar- 
ity of 5-HT and N E  inputs may allow such issues to be more 
directly addressed in the bulb than in the more complicated 
neocortex. 
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