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SENSORY PROCESSING IN THE MAIN AND ACCESSORY
OLFACTORY SYSTEMS: COMPARISONS AND
CONTRASTS
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Summary—The vomeronasal organ (VNO) and accessory olfactory system (AQS) are present
in most terrestrial vertebrates except birds and higher primates. The receptor neurons of the
AOS are sequestered inside the VNO, away from the main airflow to the main olfactory
receptor neurons. Mechanisms of stimulus access to the sensory neurons vary across species
but in most cases there is a system for delivering stimuli faster than would be possible by
diffusion. Vomeronasal (VN) receptor neurons typically lack cilia, the site of most of the
transduction apparatus in the main olfactory receptors. The VN receptor neurons have a
restricted but privileged pathway to the areas of the brain concerned with reproduction and
social behavior. In contrast, the main olfactory neurons have a broad pathway to wide areas
of the brain, including the neocortex. Experiments where the VNOs or other parts of the
accessory olfactory pathway were ablated indicate that the system is important in many
behavioral and physiological responses to pheromones (chemical signals carrying information
about gender or reproductive or dominance status), some of which may be proteins. VN
sensory neurons respond to both volatile and non-volatile stimuli. There is no evidence in the
vertebrate AOS for the extreme sensitivity or selectivity characteristic of insect pheromone
detectors, but this has not been adequately tested. There is some evidence for learning, possibly
by synaptic modification at the second-order neuron level. Social and reproductive cues
stimulating the AOS often clicit an intracerebral release of LHRH—which may act at receptors
different from those of the pituitary to facilitate behavior. Whether the LHRH release is
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necessary for AOS-mediated behavioral response is not yet clear.

FUNCTIONS OF THE TWO SYSTEMS

The accessory olfactory system (AOS) consists
of chemoreceptor neurons in the vomeronasal
organ (VNO) and their central neural pathway
through the accessory olfactory bulb (AOB),
amygdala and basal forebrain. It has been impli-
cated in pheromone detection and chemical
communication in a variety of species[1]. The
system is not present in humans or other higher
old-world primates. However, a residual recess,
opening at the base of the nasal septum, is
reported to be common in humans [2] but lack-
ing bipolar vomeronasal (VN) sensory neur-
ons [3]. The AOS is an important sensory system
for most other terrestrial vertebrates except
birds. In snakes, the AOS appears to be the
more important chemoreceptor system and is
used in feeding behavior (prey trailing and
attack), sexual behavior and social behavior [4].
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In mammals, the AOS appears to be special-
ized to detect species-specific chemical signals
(pheromones) that carry specific information
about gender, reproductive or dominance
status [1, 5,6]. The main olfactory system
(MOS) is suggested to have a more generalized
function as a ““molecular analyzer” for environ-
mental chemicals having no predetermined
meaning. In this role, it would have an extensive
capacity for making associations between odors
and contexts. This ability would make the MOS
valuable for triggering appropriate responses in
a variety of situations where characteristic odors
may be present. The MOS certainly is involved
in some circumstances where chemical cues are
learned. Many animals appear to learn tasks
that are cued by odors better than tasks that are
cued by visual signals. In such tasks, for
example, a rat shows similar sophistication in
learning to that of a monkey performing on
visual tasks [7].

Although useful heuristically, the proposed
segregation of function between the main
system and the AOS is not absolute. Indeed,
various pieces of evidence show that the MOS
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is also involved in chemical communication. For
example, the MOS is responsible for individual
recognition in animals in some circum-
stances [8), and it is also involved in the
detection of maternal pheromones by newborn
rabbits [9]. In addition, some behavioral and
hormonal responses that depend on an intact
VN system in naive animals, may be elicited by
main olfactory cues in experienced animals,
once they have learned to use olfactory input to
identify a behavioral situation previously
indicated by VN input[10, 11]. Learning of
“odor signatures” is also not the exclusive
province of the MOS. In the female mouse,
pregnancy may be aborted on exposure to
strange male odors (Bruce effect), but the stud
male’s odor is learned after mating, apparently
via the AOS[12, 13] (see below).

Is the nervus terminalis (NT) involved?
Most evidence implicating the AOS in specific

behavioral or hormonal responses comes from

experiments where the VNOs were removed or
the VN nerves were cut. Both treatments also
damage the NT, a cranial nerve of unknown
function that connects the nose to the ventral
forebrain [14]. This nerve has been indirectly
implicated in chemical communication in
fish[15] and in hamsters[16] so some deficits
attributed to VNO malfunction after lesions
may in fact be due to NT damage. Experiments
which specifically exclude NT involvement (e.g.
Bruce effect) [17] demonstrate conclusively that
NT could not be responsible for ALL the
functions attributed to the AOS. The NT in
rodents and other species contains LHRHir
cells and could contribute to hormonal
responses to chemosignals. It is associated with
the VN nerve and may have endings within the
VNO 18, 19]. The human NT ends in the nasal
cavity [20] and may innervate the recess that is
all that remains of the human VNO.

STIMULI

Non-volatile stimuli may be involved but not all
VN stimuli must be non-volatile

In most behavioral and hormonal responses
where the VNO/AOS is implicated, the chemical
stimuli involved are unknown. Many phero-
monal interactions in rodents and ungulates
involve chemicals present in urine, special skin-
gland secretions, or in vaginal fluid. In several
cases non-volatile components of a crude
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stimulus are found to be capable of producing
a nearly complete response[1, 5]. For example,
the active component for male hamster
copulatory behavior appears to be a protein
which has been named aphrodisin [21].

Despite strong evidence that some VN stimuli
are non-volatile, there is no evidence that all VN
stimuli must be non-volatile. The VN system is
sensitive to volatiles in experimental situations
and the mechanisms of stimulus access,
described below, could deliver volatiles to the
sensory epithelium, especially if in solution in
mucus. Furthermore, the MOS is not precluded
from responding to non-volatiles [22].

STIMULUS ACCESS

Stimuli may be delivered by tongue or nose
movements in some species

In most species, including all the mammalian
species with the organ, the VN sensory epi-
thelium on each side is sequestered in a separate
chamber connected to the outside world only by
a narrow duct. Effective stimulus access is
therefore an important question. In snakes, the
paired ducts open into the mouth and stimuli
are delivered to the duct entrances via the tips
of the forked tongue. In many mammalian
species, the organ opens into the nasopalatine
canal, connecting nose and mouth and can thus
receive stimuli either from the nasal cavity or
from the mouth. There is indirect evidence in
several species that the tongue may be used to
introduce materials into the nasopalatine
canals [23-26]. A facial grimace called
“Flehmen” appears to mobilize the tissue
around the ducts and to assist in delivering
stimuli to the VN sensory epithelium [27]. In the
mouse lemur, which communicates via
chemosignals in urine, Schilling ez al. [26] could
stimulate both AOS and MOS with liquid urine
via the nasopalatine canal, but only the MOS
with urine vapor (possibly at a lower concen-
tration).

VN stimuli should probably be aqueous-soluble or
bind to aqueous-soluble carriers

In rodents, the VN ducts open onto the floor
of the nasal cavity just inside the nostrils
(Fig. 1), far anterior to the nasal end of the
nasopalatine canal, and stimuli probably enter
via the nostrils. If the stimuli are non-volatile,
they are presumably carried to the sensory
epithelium in solution in the ventral mucus



Accessory olfactory system processing

MAIN
OLFACTORY

OLFACTORY

VOMERONASAL
ORGAN

Fig. 1. The VNO opens antero-ventrally into the ventral
groove of the nasal cavity where aqueous-soluble, (and
sometimes non-volatile) stimuli (solid arrow) pass by in the
mucus stream. The olfactory sensory mucosa is more
postero-dorsal (stippled area) and receives volatile odors
(open arrow). VNO has a separate centrally projecting
neural pathway via the AOB to brain areas concerned with
social and reproductive functions.

stream. This stream arises from glands opening
into the nasal vestibule [28] at the anterior end
of the nose and continually passes back along
the floor of the nasal cavity, past the opening of
the VN duct [22], to the nasopharynx where it is
swallowed. Thus, a prime requirement for a VN
stimulus may be that it be mucus-(i.e. aqueous)-
soluble. One component of mucus of the rat is
olfactory binding protein (OBP) produced by
the lateral nasal gland[29]. OBP binds odors
including some with little aqueous-solubility. It
has been proposed as a carrier of odors to the
main olfactory epithelium but appears to be
uniquely suited to be a carrier of stimuli to the
VNO [22]. ’

VN pump delivers stimuli from the nasal cavity to
the sensory neurons—is activated by novel
situations

In the hamster there is a special mechanism
for delivering aqueous-soluble stimuli into the
lumen of the VNO. The organ is enclosed in a
capsule which also contains large blood vessels
(Fig. 2). Stimulation of the nasopalatine nerve,
which carries autonomic fibers into the
posterior end of the organ, results in vasocon-
striction of the vascular tissue around the organ
and a dramatic inflow of mucus into the
duct [30]. Most mammalian species have large
blood vessels adjacent to the VN lumen, so this
mechanism may be common [25-27, 31, 32]. In
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the hamster, the pump was shown to be
behaviorally important because lesions of the
nasopalatine nerve result in deficits in mating
behavior [33].

We originally thought that the sequestration
of the VNO might be to prevent inadvertent
stimulation from eliciting inappropriate behav-
ior [5]. However, recordings of pump operation
in behaving male hamsters, using electrodes
implanted in the VN capsule, did not support
that suggestion. The pump appeared to operate
in any novel situation—with an estrous female,
but also with an anestrous female or a male, or
on simply opening the cage lid [34]. Thus,
although not stimulated continuously, the organ
is not stimulated very selectively. Possibly VN
receptors are sequestered because they require a
special mucus environment. The details of the
electrophysiological response suggested an
oscillation in vasomotor activity with a period
of 1-2s that could summate in arousing
situations, indicating an overall increase in
vasomotor tone. The electrophysiological
signals were verified as arising from pump
operation by comparing the activity in awake
behaving animals with that recorded through
the same electrodes in anesthetized animals,
while activating the pump by nasopalatine nerve
stimulation (Fig. 3).

RECEPTOR CELLS

VN receptor neurons lack cilia—but is the
transduction mechanism different from that of the
main olfactory receptor neurons?

VN receptor cells are bipolar neurons derived
from the olfactory placode[6] like main
olfactory receptor cells, but with microvilli

Sensory Epithelium

Blood Vessels

Ventral Groove

Fig. 2. Cross section of the base of the nasal septum in the
hamster nose showing components of the VN pump.
Sympathetic system activity constricts blood vessels
(asterisk) within the VN capsule (hatched). The lumen of the
VNO expands (solid arrow) and odor laden mucus is drawn
into the VNO from the ventral groove of the nasal cavity
(through a duct anterior to the section shown).
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Fig. 3. (A) Activation of the VN pump in awake behaving
animals was recorded by placing electrodes in VNO and
passing a low voltage AC signal between them. The constric-
tion and dilation of the blood vessels constituting the pump
alters the size of the “in phase” signal (detected with a
phase-lock amplifier). Downward movement (indicating
stimulus inflow) of the DC signal trace from the phase-lock
amplifier occurs when a female (or other novel stimulus) is
introduced into the cage of a resting male (top right).
Oscillations appear to be due to repetitive bursts of impulses
in sympathetic vasomotor nerve. They can be reproduced in
the anesthetized animal (B) by repetitive electrical
stimulation of the nasopalatine (NP) nerve (bottom right).
Initial upward movement may be due to inevitable
stimulation of parasympathetic fibers in the nerve.

rather than cilia on their apical mem-
brane [35, 36]. A few cilia have been reported in
the dog[37], and in the hamster the microvilli
also contain microtubules, but without the
characteristic ciliary arrangement [38].

Main olfactory receptor neurons have cilia on
their apical surface that appear to contain most
of the transduction apparatus [39,40]). Odors
induce increases in intracellular cAMP or IP,
via G-protein linked receptor molecules [41, 42].
Depolarization via cAMP-activated non-
specific cation channels [43] and/or IP;-acti-
vated Ca’* channels[44] generates action
potentials. So far, there is no reason to suppose
that the transduction process in the VNO would
be different: just located on microvillar rather
than ciliary membranes.

Recordings from individual main olfactory
receptor cells show them to be relatively
non-specific. Each appears to be sensitive to a
different, often overlapping range of individual
chemicals [45], and to be less specific as intensity
(concentration) is increased. Thus, the neurons
with the lowest threshold are activated first and
the less sensitive ones for that odor (which may
be more sensitive for another) are recruited at
higher intensity. Activity (firing rate) increases
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steeply with intensity, reaching a maximum
(saturation?) at about 1-2 log units above that
cell’s threshold. It is not yet clear whether this
means that high intensity information is carried
only by the less sensitive neurons, as may be the
case in other systems [46].

The distribution of sensitivity across different
individual neurons has been interpreted as
evidence for multiple molecular receptors,
distributed in different proportions to different
neurons. Recent molecular biological work [47]
(see elsewhere in this issue) suggests multiple
receptor proteins (of f-adrenoceptor type).
The results from single receptor neuron
recordings could be explained if many of these
genes are expressed in each receptor neuron but
with various densities of product. One
advantage of that arrangement, over one where
one receptor molecule type is expressed in each
cell, could be the ability to code a wide range of
intensities—despite the saturation of the most
sensitive cells that have many activated
receptors.

In the AOS, despite the lack of cilia, the
organization may be similar. However, if VN
stimuli can be proteins as suggested, some novel
interactions between receptor and ligand may be
possible. It is not clear how many different VN
stimuli might have to be discriminated. There
are probably more than just one male and one
female pheromone[48] even though one
pheromone might elicit many context-specific
responses. If the system is set up to detect only
a few pheromones it may not need the large
number of receptors proposed for the MOS. On
the other hand, discriminating even a few
closely related molecules might require the
simultaneous analysis by many receptors of
different specificity-—as in the laboratory where
several chemical tests are needed to identify a
chemical. No successful recordings have yet
been made from individual VN receptor
neurons so their specificity is unknown. In the
tortoise (where the VN epithelium is exposed to
the nasal airflow) multi-unit nerve-bundle
recordings show a similar responsiveness in the
VN and main olfactory nerves to a range of
chemicals [36]. The VN nerves appeared
somewhat more sensitive to the smaller, more
water-soluble members of homologous series of
acetates or alcohols—but possibly only because
these dissolve easily in the mucus overlying the
VN epithelium [5]. There is no evidence as yet
for extreme specificity as in insect pheromone
receptors.
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CENTRAL CONNECTIONS: STRUCTURAL AND
FUNCTIONAL

Main olfactory bulb (MOB): wide topographic
input; chemotopic odor map

The sheet of receptor neurons making up the
main olfactory epithelium is distributed over the
surface of a complex array of turbinates in most
species (although relatively simple in humans).
Odors may distribute unevenly across it, but the
epithelium also varies in sensitivity from place
to place [49]. The majority of receptor neuron
axons appear to project to the olfactory bulb in
a loose topographic pattern but some
proportion of axons from each epithelial region
diverge widely to a more extensive area of the
bulb [50, 51]. Evidence from 2-deoxyglucose
(2DG) metabolic mapping suggests a ‘“chemo-
topic” organization across the bulbar surface
with different areas activated by different
odors [52—54]. Of course, the divergence from a
strict topographic projection could actually
increase the chemotopic specificity of a small
region of the bulb, if receptor cell axons with
particular specificity converged onto that
region. Although the most active areas on the
map do not appear to be essential for odor
discrimination [55], there is evidence for
behavioral significance of spatial activity in the
bulb [56].

Accessory olfactory bulb (AOB): restricted input;
no topography (or chemotopy?)

In the AOS, the VN receptor neurons are
arranged in a relatively narrow strip along one
side of the VN lumen. The opposite non-sensory
epithelium may contain trigeminal mechano-
sensory endings [37] and possibly NT endings.
The axons of VN receptor neurons gather into
bundles, pass under the septal epithelium and
between the MOBs to the AOBs. There is a clear
topographic relation in the hamster between
rostro-caudal regions of the epithelial sheet and
the three main nerve bundles, with the dorsal,
middle and ventral nerves containing mainly
axons from the anterior, middle and posterior
parts (Fig. 4). However, when the axons arrive
at the AOB, there is no obvious topography
between the nerve bundles and the AOB and
thus no topographic projection from the
epithelium to the AOB[57]. VN receptor cell
axons reaching the medial and the lateral side of
the AOB do differ in their binding of certain
monoclonal antibodies, but these axons are
scattered in the VN nerves and appear to come
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Fig. 4. Top. MOB output neuron (probably mitral celi)
responds briskly with a burst of spikes then a pause to ethyl
acetate puffed into a constant airflow through the nose
(airflow 115 ml/min, barbiturate anesthesia). This response
was reproducible with repetition of the stimulus. Middle.
AOB second-order neuron (probably mitral cell) does not
respond to a puff of DMDS vapor directed at the
vomeronasal duct entrance (nasal cavity opened). Bottom.
The same AOB cell fires 27 spikes in 10 s when the sidewall
of the VNO capsule is pressed in and released—sucking
odor-laden mucus into the lumen. This neuron fired signifi-
cantly fewer spikes (7) when pressure was applied without
a preceding odor puff. This response was reproducible.

from non-topographically arranged cells
scattered throughout the VN epithelium [58].
No function has been proposed for the antigenic
differences. The lack of topography does not
mean that there is no Chemotopic organization
of the AOB, since dispersed neurons with
similar functions might still converge on one
spot in the AOB, but it does not provide any
support for the notion either.

MOB activity is characteristically complex:
patterns may code odor information

Output neurons in the MOB are of several
types. The most superficial cells, with the least
extensive lateral inhibitory connections, are the
most excitable to electrical stimulation of the
olfactory nerve. The deepest cells (mitral cells)
have the most extensive lateral inhibitory con-
nections and are the least excitable to electrical
stimulation [59]. They appear to have the same
hierarchy of excitability to odor stimulation, but
their responses to odors are much more compli-
cated, often involving temporal patterns of
excitation and suppression within the response
to a single odor pulse. The patterns vary with
type of odor and intensity so that these cells also
show non-monotonic intensity response func-
tions [60]. A computer simulation of the known
anatomy and connectivity of olfactory bulbar
circuits [61, 62] suggests an explanation for this
strange behavior: (1) the saturation of the most
sensitive receptor neurons and the recruitment
of less sensitive ones as intensity increases, leads
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to a spreading of activity at the bulb; (2) the
strong lateral inhibitory circuits create waves of
inhibition in front of, and perhaps behind, the
spreading excitation. How this process could
help to code odor quality and intensity is not
clear as yet, but it does provide one coherent
explanation for several aspects of bulbar odor
response. Odor coding is difficult to understand
anyway since there is no clear topographic
projection from the bulb to higher centers that
could preserve the chemotopic spatial pattern of
activity in the bulb. One possibility is that local
spatial patterns are converted to temporal
patterns during the rising phase of an odor
stimulus, as a result of the changing spatial
patterns described above.

AOB appears similar to MOB. Lateral inhibitory
circuits suggest non-specific activation but
specificity has not been measured

If there is no topography or chemotopy in the
AOB, this arrangement would contrast with the
MOB where a chemotopic organization may
underlie odor coding. Spatial analysis of VN
stimuli (chemotopy) might NOT be expected if
the organ were analyzing relatively few stimuli
with relatively specific receptors. The unique
activation of particular cells by single stimuli (as
in an ideal labeled line system) would require no
comparison between parallel inputs (except in
the case of mixtures) and thus, no spatial
analysis in the AOB. However, the organization
of the AOB seems to be set up for spatial
analysis because, as in the MOB, mitral cells
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Fig. 5. (A) HRP-label injected in nerve 1, 2 or 3 travels back
to VNO (retrograde label density); nerve ! (N1) receives
axons from the anterior VNO, nerve 2 (N2) from the central
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HRP-label also travels to AOB (anterograde label density).
Nerve 3 is larger and carries more label but the label is
distributed evenly to all AOB segments from each nerve with
no significant gradients either dorso-ventrally or medio-
laterally—i.e. there is no topographic projection from VNO
to AOB. d =dorsal; v = ventral; m = medial; ¢ = central;

| = lateral (see diagram of AOB segments at top right).
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interact with lateral inhibitory interneurons.
The circuits underlying lateral and feedback
inhibition in the AOB appear to function
similarly to those of the MOB in physiological
experiments using electrical stimulation of the
AOB input and output [63, 64].

In mammals, no AOS response has been
observed when odors were simply blown over
the entrance of the VN duct but without
activation of the VN pump [26, 30, 65] (Fig. 5).
Responses to odors were recorded from single
second-order neurons in the hamster AOB, to
amyl acetate vapor delivered directly to the
surgically exposed sensory epithelium [66] and
to dimethyl disulfide (DMDS) and other odors
drawn into the lumen of the organ[30, 67].
DMDS is thought to be a hamster attractant-
pheromone [68] but its behavioral effect is
dependent on the main system not the AOS [66).
The other odors were arbitrarily selected
organic esters and alcohols widely used in
olfactory research but not suspected of being
biologically significant chemosignals. In both
cases, then, the responses appear to be relatively
non-specific. Firing rates of individual AOB
mitral cells in the hamster were slow and
responses to odor stimuli drawn into the VNO
were relatively small and sluggish compared to
MOB responses (although rapid compared to
the expected rate of stimulus delivery by
diffusion). A relatively slow response under
these circumstances might reflect the 1-3s
latency to peak pump operation [30]. Both excit-
atory and suppressive responses could be
recorded in the hamster AOB. Hatanaka and
Shibuya [69] also recorded both excitatory and
suppressive responses, in the turtle AOB, and
noted temporal patterns of response remarkably
similar to those of the MOB recorded in the
hamster [60]. However, very high stimulus
concentrations were used, and stimuli included
some non-odorous ionic solutions, so it is not
clear if these results reflect a similarlity between
main system and AOS processing at more
normal intensities. Attempts to stimulate the
VNO with solutions of hamster vaginal fluid—
known to contain a VN stimulant [70}—were
unsuccessful [M. Meredith, unpublished],
possibly because the continuous saline perfusion
washed the VN gland secretions away from the
sensory epithelium. Thus, in mammals, no
responses have been recorded in the AOS to
known pure VN stimuli, so conclusions that the
AOS is non-specific may be premature. In
snakes, AOB responses have been recorded to a
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glycoprotein purified from prey extracts and
known to activate behavior through the
VNO [71]. The specificity of AOB neurons for
this substance was not reported.

Some insights into MOB organization have
come from mapping activity with 2-deoxy-
glucose (2DG). However, all attempts to
demonstrate AOB function in the hamster via
2DG uptake were unsuccessful. No uptake was
seen in awake or anesthetized animals, in re-
sponse to natural or artificial odor stimulation,
including a mating test where the AOS should
be involved. No 2DG uptake occurred in the
AOB even when its entire input was stimulated
electrically, although field potentials recorded in
the amygdala confirmed that the AOB had been
activated [M. Meredith, J. Kauer, R. O’Connell
and G. Shepherd (1980), unpublished]. Other
2DG studies, although not directed at demon-
strating AOB uptake, also show blank spots for
2DG uptake in the AOB of the rat [54] and tree
shrew [72]. Nevertheless, recent 2DG studies
show uptake in the AOB of the lemur, in
response to urine stimulation [26] so our con-
clusion that the system was not suitable for the
2DG method may only apply to some species.

AOB output is restricted mainly to the amygdala.
MOB output is widespread but the two systems
may converge onto individual neurons in the VN
amygdala

The MOS and AOS in mammals are separate,
at least up to the tertiary neuron level in the
amygdala [73, 74]. The VN nerves project only
to the AOB, the olfactory nerves project only to
the MOB and there is no functional cross
connection between the two even though MOB
output axons pass through the granule layer of
the AOB[75]. Both systems project to the
amygdala but their endings are clearly
segregated to different nuclei. The AOB mitral
cells send axons to the medial nucleus (MN) and
posteromedial cortical nucleus (PMCN) of the
amygdala (the VN amygdala [76])—and in some
species there is a small projection directly
to the bed nucleus of the stria terminals
(BNST) [73, 74]). There is no connection from
any component of the AOS to the neocortex
either directly or via the thalamus. More highly
convoluted pathways can be imagined but there
is no reason to suspect that VN sensory input
would be handled by the nervous system at a
cognitive—or conscious—level [5], ¢f Ref. [77].
What the AOS does have is a relatively direct
connection to the limbic areas of the brain
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concerned with social and reproductive
functions.

In contrast to this restricted projection, the
main olfactory output cells send axons widely to
the accessory olfactory nucleus (AON), the
olfactory tubercle (OT), the amygdala and to
the pyriform and entorhinal cortices. From
these regions, main olfactory information passes
to many parts of the brain including the
neocortex both via the mediodorsal thalamus
and directly [78]. The amygdala projections
from the MOB end in the anterior and postero-
lateral cortical nuclei (ACN and PLCN; the
olfactory amygdala). Olfactory and VN cortical
amygdalae are adjacent and there are short
connections between them. There is some
evidence that connections may be important
and that they do occur at this level. In behav-
ioral experiments, the removal of the VNO in
sexually inexperienced hamsters produces severe
deficits in mating behavior, but removal of the
organs in experienced animals has virtually no
effect [10). The conclusion from these exper-
iments was that the animals could learn to use
main olfactory cues from females, once the
olfactory input had been associated with VN
input during experience and before VNOs were
removed. The amygdala may be where conver-
gence of the two systems occurs. In separate
experiments, single neurons were identified in
PMCN that could be driven by electrical stimu-
lation of both the accessory pathway (electrodes
in the VNO) and of the main pathway
(electrodes in the antero—ventral lateral olfac-
tory bulb). These two electrode positions were
chosen to avoid cross stimulation between
systems and resulted in different response
latencies that were characteristic of the system
stimulated [79)].

AOB learning proposed in a specific chemosen-
sory response-—the Bruce effect

Indirect evidence for function in the AOB has
come from a series of ingenious experiments
from Keverne’s laboratory [13]. Pregnancy is
blocked in female mice if they are exposed to
“strange™ males (i.e. of a strain differing from
the impregnating male), and this block is pre-
vented if the female’s VNOs are ablated {77, 80].
The stud male does not block his own mate’s
pregnancy because she forms a memory of his
odor during the 2-3h after mating (if he is
allowed to remain). Keverne’s group implicated
the AOB as the site of memory because
depletion of NE in the posterior bulb or local
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anesthetization there prevented memory
formation, whereas anesthetization of the next
relay, the amygdala, did not[13,81]. They
suggest a selective enhancement of inhibitory
feedback synapses from activated granule cells
under the influence of NE[82). Subsequent
activation by stud male odor would then be
selectively attenuated. This mechanism ignores
the powerful lateral inhibition present in the
AOB. However, in a simple computer model of
olfactory bulb circuits that includes the lateral
inhibition [62], selective attenuation can occur
when odors are represented spatially. Responses
to an “odor” are eliminated when inhibitory
synapses are strengthened according to the
spatial response pattern for a previous response
to that odor. Other overlapping patterns are
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altered but not eliminated [62] (Fig. 6). A much
more elaborate model, based on Freeman’s
model for the main bulb[83] suggests that
modifying the granule-mitral synapses would
raise the frequency of oscillations in the
circuit—possibly preventing activation of the
more central neural or hormonal responses that
cause pregnancy block. The oscillatory model,
while mathematically more sophisticated,
appears to have no more external validation
than the simple attenuation model, however.

In the MOB, Freeman’s elaborate model [84]
also suggests that “learning’” may occur by syn-
aptic modification. An alternative mechanism
for “learning” in the main bulb, implicates a
modification of structure. Rat pupscan learn new
odors when these are paired with mechanical
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Fig. 6. Computer simulation of a 30 x 30 array (X,Y axes) of output neurons activated (Z axis) by an
odor. Neurons near the center are excited. There is a central depression [62] and a laterally inhibited
surround. (A) This spatial pattern is (in the simulation) the pattern to be learned and ignored (see the
text). Learning consists of strengthening inhibitory interneuron synapses according to the degree of
excitation produced by the original odor. (B) After learning, this odor produces minimal response and
a wide area of surround inhibition. (C) A second odor produces a different (3-focus) pattern of activity
in the same array of neurons. (D) The second response is preserved (although altered) after learning the
first pattern.
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stroking (possibly mimicking maternal groom-
ing) [85]. Associated with the learning is an
increase in metabolic activity [86] and a hyper-
trophy of the region of the bulb associated with
the maximum activation by the odor (as indi-
cated by 2DG uptake) [87]). No similar mechan-
ism has yet been suggested for the accessory
bulb. All three suggested mechanisms for
“learning”™ implicate NE as a facilitator.

HORMONAL CONSEQUENCES OF
CHEMOSENSORY INPUT

VN input may affect reproductive events by
altering LHRH release

The release of LH in response to social
stimulation, such as encounters between conspe-
cific animals of opposite sex, has long been
recognized [5, 88] and presumably implies a
preceding release of LHRH. This response to
social stimulation was later shown to depend in
part on the VNO. Coquelin et al. [89] found an
increase in serum LH within 5min in male
mice exposed to females or to female urine.
The response to urine disappeared in animals
with VNOs removed. Wysocki et al. [90] showed
that an increase of testosterone (presumably
resulting from increased  gonadotropin
secretion), in males exposed to anesthetized
females disappeared in mice lacking VNOs.

The VN system thus appears to be involved
in the release of LHRH in the brain. The VN
system is also important for initiating mating
behavior in male hamsters, especially in inex-
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perienced animals [10] and in mice [11]. At the
same time, LHRH is important in facilitating
mating behavior, especially in animals that are
otherwise in a suboptimal state for mating—as,
for example, males with low testosterone levels
or impaired genital sensory input[91,92] or
ovariectomized females with reduced steroid
priming doses [93]. There are many LHRH
containing neurons and fibers associated with
the AOBs (and with the MOBs and the NT), as
well as in forebrain areas with connections to
chemosensory input. Thus, it is a small step to
hypothesize that LHRH release may be an
important step in the pathway by which
VN sensory input facilitates mating behavior.
The fact that many LHRH neurons do not
communicate with the median eminence
(approx. 50% [94]), suggests that the LHRH
release associated with the behavioral facili-
tation need not act through the pituitary. A
facilitation of mating behavior in female rats by
extrapituitary action of LHRH has been
demonstrated in hypophysectomized, ovari-
ectomized animals [95].

Recent evidence suggests that exogenous
LHRH delivered intra-cerebro-ventricularly
(icv) can substantially restore mating behavior
in male hamsters with VNOs removed [96]
(Fig. 7), supporting the hypothesis that the VN
acts through LHRH release. These data do not
prove the hypothesis because VN sensory input
and LHRH could independently facilitate
behavior. The AOS and LHRH release are also
associated in female rats [97, 98], hamsters [99],
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Fig. 7. LHRH injected into the ventricles (icv) partially restores mating behavior lost after VNO removal.

Male hamsters without vomeronasal organs (VNX) continue to show severe deficits in mating behavior

when saline is injected icv—compared to sham operated animals (SHAM). When LHRH (50 ng in 2 u))

is injected icv, performance of VNX animals is significantly improved and no longer significantly different
from SHAM animals (but the performance of SHAM animals declines).
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voles and mice [100, 101]. Rajendren et al. [97]
demonstrated a reduction in mating behavior
and a decrease in LH release in female rats with
VNOs removed (suggesting a reduction in
LHRH release). Moss and Dudley [93, 102] had
previously shown by an elegant series of
experiments that LHRH and various analogs
facilitate mating behavior in estrogen treated
ovariectomized female rats. In these exper-
iments mating can be facilitated by analogs that
are ineffective for LH release, such as the
pentapeptide fragment Ac*'°, or even by antag-
onists. Moss and Dudley[93] conclude that
mating behavior is facilitated by LHRH action
at a receptor different from those controlling
pituitary LH release. Preliminary exper-
iments [103] suggest that Ac™'® and the LH-
release antagonist Nal-Glu can also significantly
facilitate mating behavior in male hamsters,
extending the findings to a different species and
opposite sex.

LHRH released by AOB input may act through
MPOA. Prolactin may also be involved

Dudley and Moss [104] determined that the
lowest dose of Ac*'? effective for female mating
behavior was found when the peptide was
injected directly into the medial preoptic area
(MPOA), suggesting that the MPOA may be the
site of LHRH action. The MPOA is sexually
dimorphic and known to be important for male
mating behavior. Despite the suggestion that
LHRH may act through the MPOA, receptor
binding studies using recognized LHRH ago-
nists [105, 106] actually demonstrate few LHRH
receptors in the MPOA fewer, for example, than
in the hippocampal formation. However, the
agonists used may not bind to the hypothetical
receptor involved in mating behavior enhance-
ment. This hypothetical receptor might bind the
C-terminal end of the peptide, given the effec-
tiveness of the C-terminal fragment Ac*'°,
rather than the N-terminal end which appears to
be important for LH release[93]. Jennes et
al. [107] recently reported that there were some
differences between LHRH receptor binding in
pituitary membranes and hippocampal mem-
branes but Ac*'° did not displace the standard
LHRH agonist buserelin from either. There was
also no detectable binding of labeled Ac*'° to
pituitary or to hippocampal membranes.
MPOA membranes were not tested. It is not
certain, of course, that the identified mam-
malian LHRH molecule or a fragment of it is
the molecule that normally facilitates mating
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behavior. Other LHRH-related peptides may be
available [108, 109)].

Regardless of the nature of the receptors,
LHRH can certainly modulate the activity of
neurons in MPOA tissue slices in the rat[110].
The MPOA is a region with extensive LHRH
input including connections from the diffuse
array of LHRH cells and fibers extending back
to it from the MOB and AOB-—and the
NT[111]. It also receives input via the stria
terminalis [112] from the medial amygdaloid
nucleus, a specific target of the AOB. Thus, VN
inputs could cause LHRH release in MPOA,
either via specific LHRH projections or via
non-LHRH activation of local release.

The preovulatory LH release can be enhanced
by AOB or medial amygdala stimulation and
inhibited by MOB or lateral (olfactory) amyg-
dala stimulation. Beltramino and Taleisnik [113]
conclude that this surge system operates via the
ventral premammillary nucleus rather than the
MPOA so this evidence does not rule out MOB
participation in socially-stimulated LHRH re-
lease. Similarly, most of the known steroid and
neurotransmitter control systems for LHRH
release [111, 114, 115] refer to the surge mechan-
ism. Control of socially-stimulated LHRH
release, which could be small and localized, may
be different. Steroid receptors or steroid ac-
cumulating cells have been localized to several
stations on putative accessory olfactory path-
ways, including the corticomedial amygdala,
BNST and the MPOA itself[116-118]}—
although not involving the LHRH cells them-
selves [119). Thus, there may be activational
steroid influences on the LHRH/behavioral
pathway. There are certainly organizational
steroid influences. The AOB, medial amygdala
and MPOA are all sexually dimorphic in some
species, due to the normal influences of andro-
gen [120-122].

A second suggestion for a hormonally-medi-
ated VN effect is that VN input lowers prolactin
(PRL) levels. Keverne’s group were able to
mimic several effects of VN removal in female
mice by injecting bromocryptine, a DA agonist.
These effects included: (1) the estrus suppression
that occurs in group-housed females [123]; (2)
the acceleration of puberty in immature females
exposed to male odors[124); and (3) the
blockage of pregnancy in females exposed to
chemosignals from strange males (see above).
Because DA normally inhibits PRL release from
the pituitary, they concluded that the effect of
VN input was to lower PRL. The DA agonist
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must affect many systems in the brain, however,
and also has a suppressive effect on LHRH and
LH release. Electrical stimulation in the AOB
does drive arcuate nucleus cells that have
projections to the median eminence [125], but
whether these are dopaminergic is not known.
Blockade of GABA action in the AOB en-
hanced the driving of these cells, consistent with
the proposed mechanism for AOB “memory™.
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