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Abstract

The present study examined interspecies, intersexual, and age-related changes in size of the vomeronasal neuroepithelium
(VNNE) of two species of greater bushbabies (genus Otolemur, Infraorder Lorisiformes, Suborder Strepsirrhini). Tissue blocks
containing the vomeronasal organs of nine O. crassicaudatus (8 adults, 1 neonate) and ten O. garnettii (9 adults, 1 neonate)
were studied by means of serial paraffin sectioning and computer-based reconstruction of VNNE volume. In addition, the
immunoreactivity of the VNNE to two neuronal markers, neuron-specific beta tubulin (BT) and olfactory marker protein
(OMP) was compared between species, sexes, and ages. Results indicated that a clear VNNE is present at birth in both
species, and OMP immunoreactivity was verified in O. garnettii at birth. Male and female adults of both species showed
OMP-immunoreactive and BT-immunoreactive neurons in the VNNE. Immunohistochemical findings indicated that all males
and the youngest females had the thickest VNNE, especially at the marginal junctions with the receptor-free epithelium.
Results of a 2-way Analysis of Variance (ANOVA, species x sex) revealed no significant differences in VNNE length or volume
between species, but O. crassicaudatus had significantly (p < 0.05) greater palatal length. Significant (p < 0.05) differences
also were found between sexes in VNNE volume, but no significant differences in palatal length or VNNE length. The
distribution of VNNE volume against age indicated that the sex differences were more pronounced in O. crassicaudatus than O.
garnettii. For both species and sexes, distribution of VNNE volume against age suggested an age-related reduction in volume.
These findings demonstrate postnatal plasticity in VNNE size in Otolemur that is reminiscent of that found for olfactory
structures in some rodents. Bushbabies or other strepsirrhine primates may offer an opportunity for further understanding of be-
havioral correlates of VNNE postnatal plasticity, which may represent primitive functional characteristics of the order Primates.

Abbreviation: BT, beta tubulin; IHC, immunohistochemistry; OMP, olfactory marker protein; RFE, receptor-free epithelium;
VNNE, vomeronasal neuroepithelium; VNO, vomeronasal organ; VRN, vomeronasal receptor neurons.

Introduction

Quantitative differences in the vomeronasal organ!
(VNO) have been postulated to reflect differences in
chemosensory abilities (see Dawley, 1998; Smith et al.,
2001a). In many species, volume, cross-sectional area,
receptor neuron density, and total number of receptor
neurons in the vomeronasal neuroepithelium (VNNE)
are greater in males than females (Dawley & Crowder,
1995; Segovia & Guillamén, 1982; Tai et al., 2004), al-
though the reverse is true in some rodents (Maico ef al.,
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2003). Such differences have been reported for both ab-
solute and/ orrelative (e.g., to body size) measurements
(but see Smith & Bhatnagar, 2004, for a discussion on the
appropriateness for scaling data on sensory organs). A
few studies have documented age-related changes in
VNO size of rodents (Addison and Rademaker, 1927;
Weiler et al., 1999a; Wilson and Raisman, 1980). To date,
no studies have investigated such data in non-human
primates.
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Quantitative studies on the peripheral (VNO) and
central elements (accessory olfactory bulb) of the pri-
mate vomeronasal system are few and have focused
on small samples. Reviews of these data indicate that,
among primates, strepsirrhines (lemurs and lorises)
have relatively and absolutely the largest VNOs and ac-
cessory olfactory bulbs (see Dawley, 1998; Stephan et al.,
1982). Still fewer studies examined sexual dimorphism
of primate VNOs. Several studies examined VNO size
in prenatal humans (Sherwood et al., 1999; Smith et al.,
1996, 1997) and mouse lemurs (Smith et al., 2001b). Only
the human VNO was quantified in a large sample of
adults, but no significant length differences were found
between sexes (Abolmaali et al., 2001).

Generally, quantitative studies have used a measure
of the receptor neuron population size (or some proxy
for it such as volume) to estimate and compare the mag-
nitude of chemosensory function in the VNO among
taxa or between sexes. This practice is based on a pos-
itive relationship between receptor neuron population
size and olfactory sensitivity (Meisami, 1989; Meisami
et al., 1990). However, size measurements alone ig-
nore certain biological aspects of vomeronasal receptor
neurons, such as maturational state. To that end, the
present study examines size and neuronal marker ex-
pression in the VNNE of greater bushbabies (Otolemur
crassicaudatus and O. garnettii), nocturnal strepsirrhines
that rely heavily on chemosensory modes of commu-
nication (Eaton et al., 1973; Watson et al., 1999). This
genus was selected because it was previously noted
to possess well-developed VNOs (Dennis et al., 2004;
Hedewig, 1980a), and a dispersed multi-male social
system (Miiller & Thalmann, 2000; Nash & Harcourt,
1986). The polygamous mating behavior typified by
this social system was identified previously as a possi-
ble correlate of sexual dimorphism in the VNO (Maico
et al., 2003; Tai et al., 2004). Herein, species, sex, and age
variation in VNNE size is reported for the first time in
a non-human primate.

Methods

ANIMALS

The sample included eight adult (3 males, 5 females) and one
male neonatal O. crassicaudatus and nine adult (5 males, 4
females) and one male neonatal O. garnettii. For the present
study, cadaveric tissues were studied from adult animals eu-
thanized after use in other studies at Duke University Medical
Center (see Schmechel ef al., 1996, for details regarding ani-
mal care), or from infant animals that died of natural causes
at Duke University Primate Center. Those animals obtained
from Duke University Medical Center were the subjects of
studies on the natural aging effects on brain tissue with no
experimental manipulations on the live animals (Schmechel
et al., 1996). As such, cadaveric tissues from a broad age
range of specimens was available. An effort was made to
age-match males and females of each species, but some an-
imals (male O. crassicaudatus, and >14 year old female O.
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garnettii) were in limited supply. Prior to purchase, the brains
were removed but the basicrania and facial regions remained
intact.

DISSECTION AND HISTOLOGICAL PROCEDURES

Before removing the nasal septa, the skin was removed to
expose the available osseous landmarks. In all cases, palatal
length (distance between prosthion and the posterior mid-
line point of the palate) was measured using digital calipers.
Other measurements were taken where the skull was intact
for that purpose. It has been argued elsewhere that scaling
to body size needlessly distorts VNNE data when comparing
adult samples (Maico et al., 2003; Smith & Bhatnagar, 2004).
It was argued that olfactory structures simply do not scale
in proportion to body size in the same manner as, for ex-
ample, neural pathways related to somatosensation (Smith &
Bhatnagar, 2004). However, since a number of studies have
examined VNO size in the context of body size (Smith et al.,
2001a; Weiler et al., 1999a), these palatal measurements taken
on the sample herein were used to determine if there was
sexual dimorphism of nasal cavity length.

Nasal septa and palates were removed as one piece from
each adult head using a chisel and forceps. In some adult and
both infants, entire halves of nasal fossae, including the sep-
tum, were used. Tissue blocks were decalcified using a formic
acid-sodium citrate solution. Following decalcification, tissue
blocks were dehydrated, cleared and embedded in paraffin
using a vacuum oven. Sections were cut serially at 10 um,
except in seven specimens in which the large size of the tis-
sue block required thicknesses of 12 to 14 um to maintain
sectional integrity. Every 10th section was mounted on glass
slides and stained alternately with hematoxylin-eosin or Go-
mori trichrome procedures.

QUANTITATIVE METHODS AND ANALYSIS

After identification of the serial end points of the VNNE (see
below), selected intervening sections were mounted on slides
to ensure that the rostral and caudal ends of the VNNE could
be isolated within an error of 50-70 um. Each series was ex-
amined to identify the sections that contained VNNE. The
right VNNE of each section was magnified (x 100) and dig-
itally photographed using a Leica DMLB photomicroscope
with a DKC-5000 Catseye Digital Still Camera System (Sony
Electronics Inc., Montvale NJ). VNNE area (in mm?) was mea-
sured in each section by using Scion Image software (NIH,
www.scioncorp.com) to digitize the perimeter of the VNNE
shown in the micrograph (calibration was made using a mi-
crograph of a stage micrometer at x 100). By multiplying the
VNNE area of each section X the distance (in mm) to the next
section, segmental volumes were obtained. The sum of all
segmental volumes is the total VNNE volume, as reported in
Table 2.

Vomeronasal receptor neuron (VRN) nuclei were counted
in each specimen sectioned at 10 um for a comparison of
VRN nuclear density among specimens. The first rostro-
caudal section in which VNNE was found was designated
as “zero percent”’of VNNE length and the last section was
designated as “100 percent.” Based on these start and stop
points, sectional levels for the 25, 50, and 75th percentiles
were calculated; these levels were arbitrarily selected to
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perform counts of receptor neuron nuclei. Every attempt was
made to use the exact section of the VNNE for collecting
data. However, in cases where these sections were damaged
or difficult to photograph, the previous or next section was
used. At each percentile, the VNO was magnified (x 300) and
digitally photographed using Pixera Visual Communications
Suite 2.0 software. Micrographs were taken from three parts
of the VNNE (dorsal, middle, and ventral) and these three
measurements were recorded for each percentile (25, 50, and
75th percentile), making a total of nine recordings for each
specimen. After digitally photographing a stage micrometer,
a 30 x 30 um grid was constructed using Adobe Photoshop
8.0 (Adobe Systems, San Jose, CA). This grid was then su-
perimposed over the three regions of VNNE (dorsal, middle,
ventral). Receptor cell nuclei were located in the basal two-
to one-third of the VNNE with nuclei that appear rounder
than more apical supporting cells. The grid was positioned
in a manner that excluded nuclei of supporting cells or basal
cells. A VRN was counted if at least half of its nucleus fell in
within the borders of the grid. Using the Adobe Photoshop
paintbrush tool, nuclei were marked during the counting to
avoid counting a cell nucleus more than once. Counts were
double-checked by changing the paint color and re-counting
the marked nuclei. Correction factors were not used for nu-
clear counts since only preliminary comparisons were made
using selected specimens in the sample. Prior to calculation
of VRN nuclear densities, scatter plots were generated us-
ing SPSS 11.0 software (SPSS, Inc., Chicago, IL) and exami-
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ned for possible outlying data points. Dixon’s test (Sokal &
Rohlf, 1981) was used to determine whether these should
be removed. Subsequently, average nuclear counts were cal-
culated from all nine measurements (dorsal, middle, and
ventral counts for each of three percentiles) for each speci-
men measured. The number of VRNs per 30 x 30 um grid
was then converted to the number per mm? for tabulation
(Table 1).

Using the same sectional levels, measurements of VNNE
thickness and thickness of the neuronal portion of the VNNE
were measured according to the methods of Weiler et al.
(1999a). Briefly, the neuronal portion was measured from
the basement membrane to the basal boundary of the sup-
porting cell nuclei. The total VNNE thickness was mea-
sured from the basement membrane to the apical surface
of the VNNE. Using Scion Image, the files used for cellu-
lar counts (see above) were used to take thickness measure-
ments for dorsal, middle, and ventral portions of the VNNE
at each percentile. The lengths were calibrated using a micro-
graph of a stage micrometer. Average neuronal layer thick-
nesses (in um) and the percentage of neuronal layer/total
VNNE thickness x 100 were calculated for each specimen
(Table 1).

The diameter of the VRN nucleus was measured from sec-
tions midway along the VNNE rostrocaudal axis. For mea-
surement, one or more micrographs of each VNNE were taken
at x1000. In Scion Image, this image was opened and the
maximum diameter was measured in five nuclei. Nuclei were

Table 1. : Age, sex, palatal length, and VNO measurements for two species of bushbabies.

VNO VNNE neuronal neuronal
palatal duct receptor layer layer/total VRN
Specimen Age length length neuron thickness thickness diameter!
# (years) Sex (mm) (mm) nuclei/ mm? (nwm) x 100 (in %) (nm)
Otolemur crassicaudatus
2789 11 M 30.26 0.73 12,592 46.45 62.5 7.90
2845 9 M 30.28 1.44 - 43.21 62.7 7.69
*2868 8 M 30.87 1.10 10,122 42.14 60.8 9.68
2724 13 F 29.03 1.12 12,715 40.74 62.9 9.06
~12766 12 F 30.98 1.40 - - - 9.87
2855 9 F 31.86 0.70 - 39.54 60.3 9.85
2882 6 F 29.66 1.20 11,172 44.19 59.1 9.69
2802 11 F 28.75 1.44 - 33.31 59.0 8.97
2808 0(n) M 12.00 0.20 - - - -
Otolemur garnettii
8860 8 M 25.38 1.34 - 39.29 59.9 8.03
15 20 M 26.68 1.75 - 41.53 63.1 9.49
517 20 M 27.81 1.68 - 35.28 61.3 9.37
8862 7 M 28.14 1.90 13,085 38.77 58.9 7.86
"8859 8 M 25.55 1.90 11,974 40.23 56.7 8.41
2861 14 F 26.39 1.60 12,962 34.0 59.5 9.71
8834 8 F 25.54 1.06 12,344 44.22 59.5 8.34
8701 13 F 26.64 1.38 - 23.36 62.0 8.59
"8813 11 F 25.98 215 13,332 36.0 59.5 8.96
"Og101 0(n) M 12.00 0.50 19,722 31.01 61.9 5.73

*indicates specimens used in IHC procedures; n, neonatal; M, male; F, female; JfVNNE data unavailable due to damaged end points.

1At level of nucleus.



138

measured only if they were sharply in focus and nucleoli were
visible. The measurement was calibrated using a micrograph
of a stage micrometer at x 1000.

A 2-way Analysis of Variance (ANOVA)(species x sex) was
used to compare palatal length, VNNE length, and VNNE
volume among groups. Differences were considered signifi-
cantatp < 0.05. VRN numbers were not statistically compared
since only a small portion of the whole sample (a total of four
males and five females from both species) were used for cal-
culating this number.?

IMMUNOHISTOCHEMISTRY

For immunohistochemistry (IHC), mounted tissue sections
were deparaffinized in Hemo-D (Scientific Safety Products,
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Pittsburgh, PA), hydrated to distilled water (dH,O). To abol-
ish endogenous peroxidase-like activity, the sections were in-
cubated in absolute methanol made to 0.9% hydrogen perox-
ide (H,O,) for 20 minutes at room temperature (RT = 23.5
to 25°C). Subsequently, the tissues were washed in dH,O
then in 10 mM phosphate buffered saline (PBS) (2.7 mM KCl,
137 mM NaCl; pH 7.4) (Sigma, St. Louis). Tissues to be an-
alyzed by epifluoresence microscopy were not incubated
in H,O,/methanol but transferred from dH2O directly to
PBS. All tissues were incubated for 20 minutes in the ap-
propriate blocking solution (5% normal serum (Sigma, St.
Louis) of the species in which the secondary antibody was
made and 2.5% BSA (Sigma, St. Louis) in PBS) then washed
briefly in PBS. The primary antibody, appropriately diluted
in blocking solution, was applied and the tissue sections

Fig. 1. (a) Superficial view of the face of an infant Otolemur garnettii. Note the pronounced sensory structures of the face, which
include a hairless rhinarium (Rh). Note the midline groove of the Rh, which is hypothesized to allow fluids with non-volatile
chemostimuli to flow from the external nose to the incisive papilla (b, IP), found in the oral cavity. This connection is facilitated
by a spatial separation of the upper central incisors (b, In). b) A computerized three-dimensional reconstruction of the nasal
cavity of an infant bushbaby (see top inset, 1b, shown in the same orientation as 1a) with 3 cross-sectional levels showing
the beginning of the IP, the nasopalatine duct (open arrows) and the vomeronasal organ (VNO). ¢,d) show anterorlateral and
posterolateral views of the VNO and associated cartilages in the infant shown in 1b (redrawn after computer reconstructions).
Only the left VNO is shown, with its connection to the nasopalatine duct (NpD) via the vomeronasal duct (VND). Therefore,
the VNO does not communicate directly with the nasal cavity (as in rodents), but rather indirectly with both the nasal and oral
cavities via the NpD. The VNO is exposed in 1c and 1d by removal of the lateral portion of the vomeronasal cartilage (VNC).
The VNC is anteriorly continuous with the lamina transversalis anterior (LTA) and nasopalatine cartilage (NpC). NC = nasal
cavity. Scale bar, 1b (for all three cross-sections) = 1 mm.
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Fig. 2. (a) Coronal section of right nasal fossa of an adult female O. garnettii, illustrating position of right vomeronasal organ
(VNO) at the base of the nasal septum (NS), mostly surrounded by vomeronasal cartilage (VNC). (b) Right vomeronasal duct
(VND) of an adult O. crassicaudatus, showing its communication with the nasopalatine duct (NPD); (c) Left VND of same
specimen showing the stratified squamous lining (note partially keratinized surface) and mucous glands (MG). (d) Right VND
of an adult male O. garnettii, showing the pseudostratified columnar/stratified squamous morphology. Mx, maxilla; NC, nasal

cavity; Scale bars: a, 800 um; b, 400 um; c,d, 100 um.

were left overnight at room temperature. For double la-
bel olfactory marker protein/beta tubulin (OMP/BT) as-
says, sections were incubated overnight in anti-OMP (gift
of Dr. Frank Margolis) and then in anti-BT for one hour
at room temperature. Sections to be analyzed with bright
field optics were treated with biotinylated secondary an-

tibodies (Vector, Burlingame, CA) diluted 1:200 then with
ABC Elite reagent (Vector, Burlingame, CA), reacted with
diaminobenzidine (Vector, Burlingame, CA), dehydrated,
and mounted with VectaMount (Vector, Burlingame, CA).
Sections to be analyzed using epifluoresence microscopy were
incubated for one hour with appropriate Alexa-conjugated

Table 2. : means of palatal and VNNE measurements with results of 2-way ANOVA.

Otolemur crassicaudatus Otolemur garnettii F values
Males Females Males Females Species Sex Spp x Sex
Mean (4-/— SD) Mean (+/— SD)
PL (mm) 30.5 (0.35) 29.8 (1.41) 26.7 (1.26) 26.1 (0.48) 48.64' 1.46 ns 0.01ns
VNNEL (mm) 7.9 (1.34) 6.61 (1.48) 6.34 (0.30) 6.15 (0.37) 436ns  236ns  130ns
VNNEV (mm®) 0.46 (0.1) 0.30 (0.11) 0.36 (0.06) 0.27 (0.19) 1.62ns 6.30" 0.71ns

" Significantly different (p < 0.05); ns, not significantly different (p > 0.05); PL, palatal length; VNNEL, vomeronasal neuroepithelial length;

VNNEYV, vomeronasal neuroepithelial volume.
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Fig. 3. (a) Coronal section of VNO in neonatal male O. garnettii. Note the clearly identifiable vomeronasal neuroepithelium
(*) and receptor-free epithelium (RFE). (b) Coronal section of VNO in same specimen as 3a, 30 um caudal, prepared with
OMP immunostain. Note OMP-immunoreactive cells (short arrows) in the VNNE as well as the weakly OMP-immunoreactive
vomeronasal nerves (VNN). (c) Coronal section of VNO in adult female O. crassicaudatus, compared to (d) coronal section of
VNO in an adult male O. crassicaudatus. Note the thicker, more extensive VNNE in the male. The VNNE of the female O.
crassicaudatus possesses a diverticulum, a feature found in most specimens (open arrow, 3c). (e) Coronal section of VNO in
adult female adult O. garnettii compared to (f) Coronal section of VNO in adult male O. garnettii. Note that this female had an
more extensive VNNE than the female shown in 3c. VNC, vomeronasal cartilage. Scale bars: a, 100 um; b, 70 pm; c—f, 200 pm.

secondaries (Molecular Probes) diluted at 1:500, mounted
with VectaShield (Vector, Burlingame, CA), and sealed with
clear nail polish. Tissues were examined with a Nikon Eclipse
E600 microscope equipped with immunofluoresence. Images
were made with a RT Slider digital camera (Diagnostic In-

struments, Sterling Heights, MI) using Spot Advanced soft-
ware and processed with Adobe Photoshop 8.0. Control for
nonspecific secondary antibody binding was accomplished
by incubating some sections in blocker without a primary
antibody.
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Results

All but two of the specimens were suitable for volu-
metric reconstruction (Table 1). A more extensive three-
dimensional reconstruction of the nasal fossa of an in-
fant O. garnettii was accomplished to demonstrate spa-
tial relationships of the VNO (Fig. 1). The infant O.
crassicaudatus had a clearly identifiable VNNE, useful
for VNNE length measurement, but poor apical preser-
vation of the VNNE precluded area/volume measure-
ment. One adult female O. crassicaudatus had damaged
caudal-most sections of the VNNE which prevented
measurement, but the specimen was useful for other
measurements and IHC.

In the coronal plane, the bilateral VNOs were
situated at the base of the nasal septum, above the level
of the palatal process of the maxillary bone, and were
mostly encircled by the vomeronasal cartilages (Figs.
1b—-d and 2a). The VNOs communicated indirectly
with both the nasal and oral cavities. This connection
occurred rostrally, where each VNO narrowed into a
nonsensory “vomeronasal duct” that opened to the
nasopalatine duct on right or left sides (Figs. 1b—d and
2b-d). The vomeronasal duct was lined with stratified
squamous epithelium, which was partially keratinized
in O. crassicaudatus (Fig. 2c). More proximal to the VNO
entrance, the duct was lined with mixed stratified and
pseudostratified columnar epithelium (Fig. 2d). In O.
crassicaudatus, the duct also contained intraepithelial
mucous glands near the entrance to the nasopalatine
duct (Fig. 2c). These mucous glands were not present in
O. garnettii. Both species had glandular ducts commu-
nicating with the vomeronasal duct just rostral to the
VNNE, sparsely distributed ducts throughout the neu-
roepithelial region of the VNO, and also one or more
caudal ducts draining glandular secretions to the VNO
lumen.

The VNO of both species of Otolemur was well-
developed with respect to division of neuroepithelium
and receptor-free epithelium. In coronal sections, males
of both species generally appeared to have greater
thickness of the VNNE than females (Figs. 3c—f and
5a—d). Density of receptor neuron nuclei ranged from
10,112 to 12,715 per mm? in O. crassicaudatus and from
11,974 to 13,332 per mm? in O. garnettii (Table 1). In O.
crassicaudatus, the neuronal layer of the VNNE ranged
from 43.4 to 46.8 um (61-63% of total VNNE thick-
ness) in males and from 31.2 to 41.3 um (57-63% of to-
tal VNNE thickness). In O. garnettii, the neuronal layer
of the VNNE ranged from 35.5 to 42.2 um (61-63%
of total VNNE thickness) in males and from 34.9 to
44.2 pm (58-62% of total VNNE thickness) in females.
In the infant O. garnettii, the neuronal layer of the
VNNE was 31.1 pum (61.9% of total VNNE thickness)
(Table 1).

Average VRN nuclear diameter was larger in female
(9.5 pm) than male (7.42 pum) O. crassicaudatus, but was
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Fig. 4. Scatter plots of vomeronasal neuroepithelial (VNNE)
length against (a) palatal length and (b) age. (c) Scatter plot
of VNNE volume against age. Note no positive relationship
exists between VNNE length and palatal length, and greater
variation in VNNE length is seen for O. crassicaudatus. Note
that no increase or decrease in VNNE length is associated
with increasing age. At similar ages, males of both species,
especially O. crassicaudatus, had larger VNNE volumes, but
note that a similar trend of decreasing VNNE size is sug-
gested for both sexes of both species (VNNE volume is nearly
50% smaller in specimens from 10—20 years compared to most
younger specimens).
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Table 3. Quantitative investigations on the vomeronasal neuroepithelium (VNNE) of some mammals.

Strain or Species, VNNE receptor Nuclear VNNE VNNE
common name neuron nuclei/mm? # VRNs size( um) length (um) volume (mm?) Source
Sprague-Dawley rat 9,300 to 16,000 (days 66—450) Weiler et al., 1999a
Wistar rat - 37961 (m) 0.184 (m) Segovia & Guillamén,
30175 (f) 0.113 (f) 1982, 1993
Oryctolagus cuniculus, 1,650,000 0.96 Negus, 1958
Rabbit
Mustela putorius furo, 0.113t0 0.159  Weiler et al., 1999b
Ferret (males only)
Microtus fortis, reed vole 4510 (m) - 508 (m) 5124 (m) - Tai et al., 2004
3218 (f) 5.15 (f) 4179 (f)
Microtus mandarinus, 4040 (m) - 5.33 (m) 369.6 (m) — Tai et al., 2004
mandarin vole
3840 (f) 5.25 (f) 395.9 (f)
Microtus ochrogaster, 14,775 (m) - - 3174 (m) 0.156 (m) Smith et al., 2001a; Maico
prairie vole
3140 (f) 0.155 (m) et al., 2003
Microtus pennsylvanicus, 15,677 (m) - - 3201 (m) 0.158 (m) Smith et al., 2001a; Maico
meadow vole
3210 (f) 0.194 (f) et al., 2003
Artibeus jamaicensis, 396 Bhatnagar & Kallen, 1974
Mexican fruit bat cell bodies in a
paravomeronasal
ganglion
Nycticebus coucang, 92,000 Hedewig, 1980b
slow loris
Otolemur crassicaudatus, 61,000 Hedewig, 1980a
thick-tailed bushbaby
Otolemur crassicaudatus, 11,357 (m) - 7900 (m) 0.46 (m) this study
thick-tailed bushbaby 11,944 (f) 6370 (f) 0.29 (f)
Otolemur garnettii, 12,530 (m) - 6340 (m) 0.36 (m) this study
Garnett’s bushbaby 12, 879 (f) 6150 (f) 0.27 (f)
Microcebus murinus - 209,000 - Schilling, 1970

similar in female (8.9 um) and male (8.63 um) O. gar-
nettii (Table 1). In the infant O. garnettii, VRN nuclear
diameter was 5.73 pum (Table 1).

In adults, palatal length (prosthion-posterior mid-
point of palate) ranged from 28.75 to 31.86 mm in O.
crassicaudatus and from 25.38 to 28.14 mm in O. garnettii.
The anteroposterior extent of the duct of the VNO, con-
versely, was greater in O. garnettii (1.06 to 2.15 mm)
than in O. crassicaudatus (0.7 to 1.44mm). Length of
the VNNE ranged from 4.72 to 9.42mm in O. crassi-
caudatus and from 5.6 to 6.7 mm in O. garnettii (Table 1);
this corresponded to a range of 15 to 31% of palatal
length for the sample as a whole (males: 22-31%; fe-
males: 15-28%). When plotted relative to palatal length
or age, adult VNNE length was negatively allomet-
ric (Fig. 4a), showing no increase of decrease relative
to the x-axis. These plots revealed greater variation
in the VNNE length of O. crassicaudatus compared to

O. garnettii. Examination of the plots suggested no
sex differences in VNNE between male and female
O. garnettii. In O. crassicaudatus, males appeared to
have greater VNNE length than females (with overlap-
ping ranges), as suggested by the means presented in
Table 2.

VNNE length was 3.2 mm in the neonatal O. crassi-
caudatus and 3.1 mm in the neonatal O. garnettii. There
was at least a two-fold difference when comparing the
VNNE length in neonates to the mean adult VNNE
length for either species (Table 2).

VNNE volume ranged from 0.205 to 0.527 mm?® in
O. crassicaudatus and from 0.168 to 0.465mm? in O.
garnettii. A plot of VNNE volume showed larger vol-
umes for younger animals and that males had the
highest and lowest volumes at comparable ages com-
pared to females (Fig. 4c). Average adult VNNE volume
was about 60% higher in male compared to female O.

Fig. 5. Co-labeled OMP (green)/BT (red) preparations of female (5a, c) and male (5b, d) O. crassicaudatus (top) and O. garnettii.
Note the extensive OMP immunofluorescence of vomeronasal receptor cell bodies (open arrows) and BT immunofluorescence
of dendrites (short arrows). Double labeling (yellow) is seen in some dendrites of receptor neurons (5b, ¢, d) and more rarely in
cell bodies (5b). Note the relatively thicker neuroepithelium in males (5b, d) especially dorsally and ventrally, adjacent to the
receptor-free epithelium (RFE). The OMP-positive reaction on the apical surface of RFE (Fig. 5d) was most likely nonspecific
binding to tissue refuse adhering to the slide. Scale bars = 100 pum.
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crassicaudatus and about 30% higher in male compared
to female O. garnettii (Table 2). VNNE volume for the
neonatal male O. garnettii was 0.073 mm?, a 389% dif-
ference compared to adult male O. garnettii.

ANOVA comparisons revealed significant (p < 0.05)
differences between species for palatal length, but no
significant (p > 0.05) sex or interaction (species x sex)
effects were found (Table 2). No significant species, sex,
or interaction effects were found for VNNE length. For
VNNE volume ANOVA comparisons revealed signifi-
cant (p < 0.05) differences in between sexes but not for
species or interaction effects (Table 2).

Immunohistochemical procedures revealed BT and
OMP immunoreactivity was present in the VNNE
of all specimens studied, including the neonatal O.
garnettii (Fig. 3b). Colabeled OMP/BT preparations
supported observations from hematoxylin-eosin and
Gomori trichrome procedures that adult males of both
species generally had a thicker VNNE (Fig. 5). How-
ever, the difference appeared to be most profound
where the ventral and dorsal margins of the VNNE
joined the receptor-free epithelium. At these positions,
VRNs were more numerous in males (cf. Figs. 5a, c;
Figs. 5b, d).

Discussion

Strepsirrhine primates (lemurs, lorises and bushba-
bies) are thought to possess many similarities to stem
primate ancestors in the nasal region (Fleagle, 1999).
As such, they provide the most appropriate model to
understand primitive aspects of the accessory olfac-
tory system in primates. In this regard, the present
study supports existing notions that strepsirrhines
have VNOs that resemble those of other mammals
with functional VNOs (Bhatnagar & Meisami, 1998;
Hunter et al.,, 1987; Loo & Kanagasuntheram, 1972;
Smith et al., 2002).

Not surprisingly, strepsirrhines are the only primates
in which the VNO was experimentally shown to medi-
ate reproductive behaviors (Aujard, 1997). Recent im-
munohistochemical findings indicate that representa-
tives of the two infraorders of Strepsirrhini, Lemuri-
formes and Lorisiformes, possess VNOs that express
OMP (Dennis et al., 2004), a neuronal marker of ma-
ture olfactory and vomeronasal neurons (Farbman &
Margolis, 1980; Margolis, 1980). Dennis et al. (2004)
also demonstrated that OMP was expressed at birth
in species of the lemuriform genus Eulemur. The find-
ings of the present study suggest this is also true of
the lorisiform Otolemur garnettii. Further investigations
of the immunocharacteristics of the neonatal VNO are
merited, especially since in another lorisiform, Nyctice-
bus coucang, the VNO was described to be rudimentary
at birth (Evans & Schilling, 1995; although it is well-
developed in adults---Hedewig, 1980b).
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The significance of immunohistochemical findings
using double labeling with BT and OMP is presently un-
known. Dennis et al. (2004) hypothesized that, with re-
gard to BT and OMP expression, primate vomeronasal
sensory neurons follow a developmental program sim-
ilar to that of sensory neurons of the rat main olfactory
epithelium. In those cells, BT is expressed first followed
by OMP expression and a down regulation of BT in the
cell body (Lee & Pixley, 1994).

The present study suggests minimal interspecies
differences among adults of the genus Otolemur with
respect to VNNE size, VRN nuclear density, VNNE
microstructure, or patterns of OMP/BT immunore-
activity. The two bushbabies are dissimilar in other
respects such as palatal length and also size and
histological structure of the vomeronasal duct. Our
findings on the significant size differences in the length
of the palate are in agreement with previous findings
on larger cranial and postcranial dimensions in O. cras-
sicaudatus (Dixson & van Horn, 1977), and in this sense,
the interspecies similarity in VNNE size is a marked
contrast. With respect to previous estimates of VRN
nuclear density (Table 3), the results herein (10,122
to 13,332 nuclei per mm?) are broadly comparable
with data available on other adult mammals, such as
rats (Weiler et al., 1999a). However, these data conflict
sharply with previous estimates of VRN nuclear
density in O. crassicaudatus provided by Hedewig
(1980a). Since the total VRN numbers per VNO in rats
is approximately 500,000 to 650,000 (Weiler et al., 1999a)
and in the mouse lemur is 210,000 (Schilling, 1970),
we believe the estimates provided by Hedewig for O.
crassicaudatus (1980a; 61,000 per mm?) and Nycticebus
coucang (1980b; 92,000 per mm?) are inaccurate.

Intraspecies variation in VNNE size is indicated
herein, both age-related and probably also sex-related.
If the neonates measured in this study are typical in
VNNE size, the increase from birth to adulthood is on
the same order of magnitude as seen for rats (Weiler
etal.,1999a). The availability of adult specimens is prob-
lematic for interpretation of adult age-related changes,
but the distribution of VNNE volume across age sug-
gests a trend toward postnatal reduction, with the high-
est volumes seen from six to nine years, and both sexes
following the same trend (Fig. 4c). It is important to
note that all animals were part of a breeding colony
and had intact reproductive organs prior to euthana-
sia. Generally, the younger, sexually mature animals
were used in breeding (P. Sullivan, Duke University
Medical Center, personal communication), suggesting
that endocrine differences relating to reproductive be-
havior may have existed among animals. On the other
hand, the apparent trend of VNNE reduction may relate
other variables besides reproductive biology. For in-
stance, age-related reduction in size or neuronal num-
bers of olfactory structures have been documented in
various mammals. From four to eighteen months of age,
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sexually mature albino mice have significant decreases
in VRN nuclear density and total VRN numbers per
VNO (Wilson & Raisman, 1980). Age-related reduction
is also well documented for structures of the main olfac-
tory system in humans (Bhatnagar et al., 1987; Meisami
etal., 1998) and mice (Hinds & McNelly, 1977). More no-
tably, a recent study on captive mouse lemurs (Microce-
bus murinus), revealed an age-related decline in the ol-
factory abilities as well as endocrine responses of males
to female urine (Aujard & Nemoz-Bertholet, 2004), a
phenomenon for which VNNE deficits may also play a
role.

The present study indicated significant sex differ-
ences in VNNE volume, with males > females. It should
be emphasized that we did not test for sex differ-
ences within each species, in which our sample sizes
were too small. However, intersexual differences in
VNNE volume appeared to be greater in O. crassicau-
datus than O. garnettii (Fig. 4c; Table 2). Since the di-
morphism in body weight and skeletal measures is
greater in O. crassicaudatus relative to O. garnettii (Dix-
son & van Horn, 1977; Rowe, 1996) the possibility exists
that VNNE size differences simply reflect overall so-
matic dimorphism. Unfortunately, body weights were
not available for the specimens examined herein and
only partial crania were available for measurement.
However, in our Otolemur sample it is noteworthy that
VNNE dimorphism exceeded intersexual differences
in palatal length. Palatal length was very similar be-
tween sexes (30.5 vs. 29.8 and 26.7 vs. 26.1 for O. crassi-
caudatus and O. garnettii, respectively). Regardless, the
practice of comparing the size of olfactory structures
between males and females as an adjusted measure
(i.e., relative to body size) has been criticized (Maico
et al., 2003; Smith & Bhatnagar, 2004). Indeed, once data
on any sensory structure is scaled to body weight or
overall brain weight, it may be difficult to determine
whether proportional measurements are indicative of
fluctuations in the numerator or denominator (e.g., is
a proportionately small olfactory bulb a reflection of
a small olfactory bulb or an extremely expanded cere-
bral cortex?)(Glendenning & Masterson, 1998; Smith &
Bhatnagar, 2004).

Smith & Bhatnagar (2004) recommended that com-
parative studies using VNNE size as a proxy for VRN
numbers should control for differences in VRN density,
instead of body size. VRN nuclear densities are similar
in range between males and females in each species of
Otolemur (Table 1). Thus, VNNE volume measurements
in Otolemur spp. would appear to reflect a similar num-
ber of neurons per mm? in both sexes, rendering body
size differences irrelevant. Since only specimens sec-
tioned at 10 um were used for this purpose (see meth-
ods), the implication of VNNE volume data to overall
VRN numbers remains tentative. Data on VRN nuclear
diameter combined with those on VRN nuclear den-
sity suggest that males do not have larger VNNE vol-
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ume due to larger VRN size. Moreover, the neuronal
portion of the VNNE was roughly proportional in all
species/sex (ranging only from about 57 to 63%). This
excludes the possibility that the largely non-neuronal,
apical part of the VNNE is responsible for dimorphism
in volume.

Qualitative observations of the distribution of BT-
and/or OMP-immunoreactive neurons suggested spe-
cific differences between males and females. Male
Otolemur typically have a greater number of VRNs at
the dorsal and ventral margins of the VNNE (directly
adjacent to the RFE) than females. Thus a possible prox-
imal basis for sexually dimorphic size may be greater
proliferative activity at the VNNE margins in males. In-
terestingly, VRN proliferating at the marginal regions
of the VNNE in mammals have different fates than
VRN in the intermediate zone of the VNNE (Halpern
& Martinez-Marcos, 2003; Martinez-Marcos et al., 2005;
Takami, 2002). The possibility that VRN proliferation is
more rapid in specific portions of the VNNE in male
bushbabies can be tested further with other IHC proce-
dures.

The results of this study suggest greater bushbabies
are similar to a number of other vertebrate species in
possessing sexually dimorphic VNNE volume (Daw-
ley & Crowder, 1995; Maico et al., 2003; Segovia & Guil-
lamoén, 1982; Tai et al., 2004). Sexual dimorphism of the
VNNE with males > females has been hypothesized
to relate to mate-finding behaviors (Dawley & Crow-
der, 1995) or to polygamous mating strategies (Tai ef al.,
2004). The results of the present study lend support
to either hypothesis in that the genus Otolemur has
a dispersed multimale social system in which males
have home ranges overlapping those of multiple fe-
males (Nash & Harcourt, 1986; Miiller & Thalmann,
2000). The significance of these findings to behavior,
if any, is unknown. Some sexually specific behaviors
and endocrine responses are known to be mediated by
the VNO in other mammals (Thompson et al., 2004).
Therefore, further investigation of sexually dimorphic
aspects of the VNO in strepsirrhines as well as behav-
ioral correlates is warranted.
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Notes

1. Terminology for the vomeronasal organ varies. Herein, we fol-
low the usage of Bhatnagar and Meisami (1998) and Smith et al.
(2001a, 2002) which considers the VNO to comprise a neuroepithe-
lial tube that, in many species, also includes a receptor-free zone.
Other authors use the term “vomeronasal duct” for what we have
termed the VNO (Salazar & Sanchez Quinteiro, 1998). We use the
term vomeronasal duct for the epithelial tube that transports stimuli
from nasopalatine duct to the VNO.

2. Tests of repeatability using preliminary data (Smith et al., 2003) re-
vealed that these calculations were unreliable in specimens sectioned
thicker than 10 pum.
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