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ABSTRACT

The olfactory system of mammals comprises a main olfactory system that detects
hundreds of odorants and a vomeronasal system that detects specific chemicals such as
pheromones. The main (MOB) and accessory (AOB) olfactory bulbs are the respective
primary centers of the main olfactory and vomeronasal systems. Most mammals
including artiodactyls possess the large MOB and comparatively small AOB, whereas
most cetaceans lack the olfactory bulb. The common hippopotamus (Hippopotamus
amphibius) is semiaquatic and belongs to the order Cetartiodactyla, family
Hippopotamidae, which seems to be the closest extant family to cetaceans. The present
study evaluates the significance of the olfactory system in the hippopotamus by
histologically analyzing the MOB and AOB of a male common hippopotamus. The MOB
comprised six layers (olfactory nerve, glomerular, external plexiform, mitral cell, internal
plexiform and granule cell layers), and the AOB comprised vomeronasal nerve,
glomerular, plexiform and granule cell layers. The MOB contained mitral cells and tufted
cells, and the AOB possessed mitral/tufted cells. These histological features of the MOB
and AOB were similar to those in most artiodactyls. All glomeruli in the AOB were
positive for anti-Gi2, but weakly-positive for anti-G o, suggesting that the hippopotamus
vomeronasal system expresses vomeronasal type 1 receptors with high affinity for volatile

compounds. These findings suggest that the olfactory system of the hippopotamus is as



well developed as that of other artiodactyl species and that the hippopotamus might

depend on its olfactory system for terrestrial social communication.
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EPL external plexiform layer
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Goolf G protein alpha-olf subunit
GCL granule cell layer
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MCL mitral cell layer

MOB main olfactory bulb

OMP olfactory marker protein
ONL olfactory nerve layer

OR olfactory receptor

PL plexiform layer

V1R vomeronasal type 1 receptors
V2R vomeronasal type 2 receptors
VNL vomeronasal nerve layer




INTRODUCTION

Mammals have a main olfactory system that detects hundreds of odorants and a
vomeronasal system that detects specific chemicals such as pheromones. The olfactory
bulb is the primary center of the olfactory system, and it consists of a main olfactory bulb
(MOB) and an accessory olfactory bulb (AOB), that respectively receive projections from
receptor cells of the main olfactory and vomeronasal systems. Axons of these receptor
cells establish synapses with secondary olfactory neurons to form glomeruli in the
olfactory bulb. Secondary olfactory neurons in the MOB mainly comprise mitral cells and
tufted cells, whereas those in the AOB comprise a single cell type (mitral/tufted cells).
The size and laminar structure of the olfactory bulb, especially the AOB, vary among
species and seem to be associated with their habitats [Allison, 1952; Meisami and
Bhatnagar, 1998]. Most mammals possess the large MOB and comparatively small AOB,
but the olfactory bulb is very small and insignificant in some species such as marine
mammals [Allison, 1952; Meisami and Bhatnagar, 1998].

The MOB of most mammals histologically consists of the following six layers: the
olfactory nerve, glomerular, external plexiform, mitral cell, internal plexiform and
granule cell layers. The AOB of rodents also consists of six layers, namely the
vomeronasal nerve, glomerular, external plexiform, mitral/tufted cell, internal plexiform
and granule cell layers [Meisami and Bhatnagar, 1998]. On the other hand, the external
plexiform, mitral/tufted cell and internal plexiform layers in the AOB of artiodactyls are
not individually separated because of the dispersion of mitral/tufted cells [Salazar et al.,
2003; Mogi et al., 2007; Park et al., 2014], and thus the AOB is generally divided into
four layers.

The odorant receptors are G protein-coupled, and they generally belong to four families



that are differentially expressed in the olfactory system among variously animal species.
The families are olfactory receptors (OR) and trace amine-associated receptors coupled
to the G protein alpha-olf subunit (Geoif) and vomeronasal types 1 (V1R) and 2 (V2R)
receptors that are respectively coupled to the G protein alpha-i2 (Gui2) and G protein
alpha-o (Go) subunits [Jones and Reed, 1989; Berghard and Buck, 1996]. The V1R and
V2R generally have high affinity for volatile and non-volatile substances, respectively
[Peele et al., 2003; Kimoto et al., 2005], and the immunohistochemical finding of anti-G
protein alpha subunits in the glomerular layer of AOB might reflect expressed receptor
families and the volatile or non-volatile nature of compounds received by the
vomeronasal system.

Hippopotami are semiaquatic, living in water during the day and on land during the night
[Laws, 2012]. They belong to the Cetartiodactyla, family Hippopotamidae, which might
be the closest extant family to cetaceans [Ursing and Arnason, 1998; Nikaido et al., 1999;
Geisler and Theodor, 2009; Zhou et al., 2011; Gatesy et al., 2013]. Gatesy et al. [2013]
suggested that a Hippopotamidae-Cetacea clade separated from a ruminant clade
approximately 60 million years ago and that the ancestors of hippopotami and cetaceans
divided 55 million years ago. Most artiodactyls within the Cetartiodactyla possess a
vomeronasal system and a developed main olfactory system, whereas the vomeronasal
system is lost and the main olfactory system is degraded in cetaceans [Meisami and
Bhatnagar, 1998; Kishida et al., 2007, 2015a, 2015b; McGowen et al., 2008; Thewissen
et al., 2011]. Baleen whales lack the dorsal domain of the olfactory bulb [Kishida et al.,
2015b], and the olfactory bulb is absent in toothed whales [Oelschléager et al., 2010].
Artiodactyls express thousands of OR and some V1R (cows, intact 40 genes), but not

functional V2R [Shi & Zhang, 2007], whereas cetaceans possess about 60 ORs and very



few V1R genes (mink whales, intact two genes; bottlenose dolphins, one gene) and lack
V2Rs [Yim et al., 2014; Kishida et al., 2015a]. Unlike cetaceans, a pair of large olfactory
bulbs [Garrod, 1880; Buitti et al., 2014] and peripheral vomeronasal organs [Estes, 1991;
personal observation] have been recognized in hippopotami at the gross anatomical level,
but the presence of the AOB and the histological features of the olfactory bulb have
remained unknown. Here, we aimed to determine the significance and functionality of the
hippopotamus olfactory system by histologically and immunohistochemically analyzing

the MOB and AOB of a male common hippopotamus (Hippopotamus amphibius).

MATERIALS AND METHODS

Animal

The brain of a 47-year-old male common hippopotamus (Japanese regional studbook
number 85) that died on May, 2016 (Obihiro Zoo, Obihiro, Japan) was removed at
necropsy, and then the olfactory bulb was sampled. The organ was free of pathological
findings except age-related lipofuscin granules. This study proceeded according to the
Regulations on Management and Operation of Animal Experiments, and the Animal Care
and Use Committee of Obihiro University of Agriculture and Veterinary Medicine (No.

28-51) was notified of the experimental protocol.

Antibodies

The primary antibodies comprised polyclonal rabbit antibodies against olfactory marker
protein (OMP; sc-67219), Golir (5¢-383), and Gy, (sc-387) (all from Santa Cruz Biotech.,
Santa Cruz, CA, USA), and, G.» (ab20392, Abcam, Cambridge, MA, USA). The

secondary antibody was biotinylated polyclonal goat antibody against rabbit 19G (BA-



1000; Vector Laboratories Inc., Burlingame, CA, USA).

Histological procedures

The paired olfactory bulb was fixed in Bouin’s fluid and embedded in paraffin according
to standard procedures. The right and left olfactory bulbs were cut frontally and sagittally,
respectively, into 5-um-thick sections, some of which were deparaffinized, stained with
luxol fast blue/cresyl violet (staining of Kllver-Barrera) and histologically assessed using
a Microphot-FX (Nikon, Tokyo, Japan) equipped with a Digital Sight DS-5M (Nikon).

Other sections were processed for immunohistochemistry.

Immunohistochemistry

Deparaffinized, rehydrated sections were incubated with 0.3% H20O> in methanol to
eliminate endogenous peroxidase. The sections were rinsed in phosphate buffered saline
(0.01 M, pH 7.4) and incubated with 3% normal goat serum to block nonspecific binding.
The sections were incubated with anti-OMP (2.0 pug/mL), anti-Ggolgs (0.4 pg/mL), anti-
Guai2 (2.5 pg/mL) or anti-Go (2.0 pg/mL) antibodies overnight at 4°C. The sections were
rinsed, incubated with biotinylated secondary antibody (7.5 pg/ml) for 1 h, reacted with
the avidin-biotin complex reagent (PK-6100, Vector) and colored with Tris-HCI buffer
containing 0.02% 3,3’-diaminobenzidine tetrahydrochloride and 0.006% H20O». Control

sections were performed by the use of normal goat serum to replace primary antibodies.

RESULTS
Topographical features of the olfactory bulb

The olfactory bulb comprised a pair of spherical protuberances (rostrocaudal,



dorsoventral and mediolateral length, ~30-, 20- and 10-mm, respectively) from the brain
that were located at the anterior end of the telencephalon (Fig. 1A). A laminar structure
contained the olfactory ventricle (Fig. 1B, C, E, F). The MOB occupied most of the
olfactory bulb, and the AOB was identified as a relatively small hemispherical structure
(rostrocaudal length, ~ 3 mm) located at the dorsocaudal and medial parts of the olfactory

bulb (Fig. 1D, G).

Histological features of the MOB

The MOB comprised olfactory nerve, glomerular, external plexiform, mitral cell, internal
plexiform and granule cell layers (Fig. 1C, E, F, 2A). Round or oval glomeruli (diameter
range: 50-300 pum) were surrounded by many small periglomerular cells (diameter ~5 pm)
that formed semilunar shells (Fig. 2B). Some tufted cells (long axis ~30 um; Fig. 2C) and
interneurons were scattered in the external plexiform layer, and mitral cells (long axis ~30

um; Fig. 2D) were arranged to form the mitral cell layer.

Histological and immunohistochemical features of the AOB

The AOB comprised vomeronasal nerve, glomerular, plexiform and granule cell layers
(Fig. 1F, 2E). The lateral olfactory tract was located below the granule cell layer (Fig. 1F,
2E). Glomeruli (diameter range: 50-300 um) appeared as aggregated fibers (Fig. 2F), and
periglomerular cells (diameter ~5 pum) roughly surrounding the glomeruli. The
mitral/tufted cells (long axis ~20 um) were scattered in plexiform layer (Fig. 2G). The
vomeronasal nerve layer and the glomeruli in the AOB were both positive for anti-OMP
(Fig. 3A, B) and -Gz (Fig. 3G, H), but negative for anti-Ggir (Fig. 3D, E). Anti-Ggo

obviously reacted to plexiform and granule cell layers, but weakly and uniformly to the



vomeronasal nerve and glomerular layers (Fig. 3J, K). On the other hand, glomeruli in
the MOB were positive for anti-OMP, -Gt and -G, but negative for anti-Gi2 (Fig. 3C,

F, I, L). No specific stainings were observed in the control section (Fig. 3M-0).

DISCUSSION

The present findings indicated that layer structures and cellular components of the MOB
and AOB in the hippopotamus are similar to those of the MOB and AOB of other
artiodactyl species [Allison, 1952; Meisami and Bhatnagar, 1998; Salazar et al., 2003;
Mogi et al., 2007; Park et al., 2014]. The MOB and AOB glomeruli were positive for anti-
OMP, a protein expressed in mature olfactory neurons [Margolis, 1972], supporting the
notion that olfactory and vomeronasal receptor cells project to the MOB and AOB,
respectively. Considering the morphologically large olfactory bulb in the hippopotamus
[Garrod, 1880; Butti et al., 2014] together with the present findings, we suggest that the
hippopotamus uses the olfactory system to detect chemical substances in the external
environment like other artiodactyls.

Recent genetic [McGowen et al., 2008; Kishida et al., 2007, 2015a] and morphological
[Thewissen et al., 2011; Kishida et al., 2015b] studies have found a depressed olfactory
system in aquatic mammals, indicating a reduced need for this system in water, like
traditional theories [Allison, 1952; Meisami and Bhatnagar, 1998]. Hippopotami are
semiaquatic and spend the daytime in rivers and lakes. Many genetic analyses have shown
that the family Hippopotamidae is close to cetaceans [Ursing and Arnason, 1998; Nikaido
etal., 1999; Geisler and Theodor, 2009; Zhou et al., 2011; Gatesy et al., 2013]. The layer
structure of the neocortex (without layer V) in hippopotami is similar to that in cetaceans,

but not artiodactyls [Bultti et al., 2011, 2014]. However, we showed that the hippopotamus



possesses a developed MOB and AOB like other artiodactyls, suggesting that they use
the olfactory system when on land.

The olfactory bulb might be undeveloped in some amphibious mammals such as
pinnipeds [Montie et al., 2009], otters [Radinsky, 1968] and platypus [Ashwell, 2013].
However, the ratio of the olfactory bulb volume to total brain volume is similar between
beavers [Miiller-Schwarze & Sun, 2003] and terrestrial rodents, indicating that beavers
also have a sensitive olfactory system that is comparable to that of terrestrials.
Considering these reports together with the present findings, the degree of dependence on
olfaction in semiaquatic mammals varies and seems to reflect their lifestyles.
Hippopotamus MOB glomeruli were positive for both anti-G.ir and anti-G,, like other
mammals such as rats [Shinohara et al., 1992], mice [Wekesa and Anholt, 1999], wallaby
[Schneider et al., 2012] and goats [Takigami et al., 2000]. G is involved in synaptic
functions and cell-to-cell contacts in the nervous system [Jiang and Bajpayee, 2009], and
Choi et al. [2016] reported that the OB development and differentiation of dopaminergic
neurons in the MOB are inhibited in Gq-deficient mice. In addition, common ancestors
of all modern artiodactyls lost intact V2R genes [Shi and Zhang, 2007]. Therefore, G,
appears to play a role in neuronal activity rather than as an odorant receptor-binding
protein in the main olfactory system, and hippopotami seem to exclusively express OR-
Guolf In the main olfactory system like many other mammals.

Most species, that possess only V1R genes such as Laurasiatheria [Shi & Zhang, 2007],
have only AOB glomeruli that are intensely positive for anti-Ggi. [Takigami et al., 2000;
2004], whereas the AOB glomeruli of animal groups such as Squamata [Brykczynska et
al., 2013] that possess mainly V2R genes are positive for anti-G,,, but negative for anti-

Gui2 [Kondoh et al., 2013]. In contrast, most rodents possess equal amounts of both V1R
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and V2R genes [Shi & Zhang, 2007] and two types of glomeruli in the AOB. Glomeruli
at the anterior half of the glomerular layer in the mouse AOB that receives axons derived
from V1R neurons are intensely and weakly positive for anti-Gu2 and anti-Go,
respectively, whereas posterior glomeruli that receive axons of V2R neurons are
intensely-positive for anti-G,, but negative for anti-Ggi» [Jia & Halpern, 1996]. All
glomeruli in the AOB of the hippopotamus were intensely positive for anti-G> (see also
supplemental Fig. 1) and weakly positive for anti-G,, suggesting that the hippopotamus
vomeronasal system expresses exclusively V1R-Gg2, like many other Laurasiatheria
species including goats [Takigami et al., 2000] and cows [Shi and Zhang, 2007].

Shi & Zhang (2007) indicated that V1Rs of vertebrates are divided into three major clades,
and that mammals possess clade 1 whereas fishes possess clades 2 and 3 VI1Rs.
Mammalian V1R generally have high affinity for volatile compounds [Peele et al., 2003],
although fish V1R might detect the water-soluble substances. The vomeronasal system of
the hippopotamus might be adapted to function under water [Estes, 1991], but Zapico
(1999) has described a male common hippopotamus exhibiting flehmen behavior, which
transfers pheromones into the vomeronasal organ, on land and waterfront areas. Our
findings support the notion that the hippopotamus detects volatile pheromones while on
land using a vomeronasal system that expresses V1R-G;.

The present histological findings, like previous morphological findings [Garrod, 1880;
Butti et al., 2014], suggested that the olfactory system of the hippopotamus is as well-
developed as that of other artiodactyl species. Hippopotami shower dung/urine [Estes,
1991], walk along trails marked by dung piles at night [Laws, 2012] and exhibit flehmen
behavior on land [Zapico, 1999]. Our immunohistochemical findings notably suggested

that the vomeronasal system of the hippopotamus detects volatile species-specific

11



compounds. Although the Hippopotamidae is the closest extant family to Cetacea [Ursing
and Arnason, 1998; Geisler and Theodor, 2009; Zhou et al., 2011; Gatesy et al., 2013],
which has an essentially insignificant olfactory system [Allison, 1952; Meisami and
Bhatnagar, 1998], the olfactory system of the hippopotamus might be critical for life and

social communication, especially when on land.
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FIGURE LEGENDS

Fig. 1. Topographical features of main and accessory olfactory bulbs of the hippopotamus.
A. Schema of dorsal view of anterior telencephalon including olfactory bulbs (gray
regions). Dashed lines correspond to panels. B-D. Frontal (B) and sagittal (C) sections
of MOB and sagittal section of AOB (D). Left, medial; upper, dorsal in (B), and left,
rostral; upper, dorsal in (C and D). Accessory olfactory bulb appears in more medial than
sagittal sections (C), and panel (D) shows dorsocaudal part of olfactory bulb. E-G.
Schemas corresponding to panels (B-D, respectively). AOB, accessory olfactory bulb;
AON, anterior olfactory nuclei; C, frontal cortex; EPL, external plexiform layer; GCL,
granule cell layer; GL, glomerular layer; IPL, internal plexiform layer; LOT, lateral
olfactory tract; MCL, mitral cell layer; MOB, main olfactory bulb; ONL, olfactory nerve
layer; OV, olfactory ventricle PL, plexiform layer; VNL, vomeronasal nerve layer.

Features visualized using Kluver-Barrera stain. Black bars =5 mm.

Fig. 2. Histological features of main and accessory olfactory bulbs of the hippopotamus.
A. Layer structures of MOB. B. Glomeruli (*) and periglomerular cells (arrowheads) in
GL of MOB. C. Tufted cells (arrows) in EPL of MOB. D. Mitral cells (arrows) in MCL
of MOB. E. Layer structures of AOB. Left, rostral; upper, dorsal. F. Glomerulus (dashed
circle) of AOB. G. Mitral/tufted cell (arrow) in PL of AOB. Abbreviations correspond to
those in Fig. 1. Features visualized using Kliver-Barrera stain. Black bars = 500 (A and

E), 50 (F) and 20 (B-D and G) um.

Fig. 3. Immunohistochemical features of accessory and main olfactory bulb in the

hippopotamus.
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Immunoreactivity against anti-OMP (A—-C), -Golf (D-F), -Gai2 (G-I) and -G, (J-L) and
controls without primary antibodies (M-O). Whole AOB (A, D, G, J, M), single
glomerulus of AOB (surrounded by arrowheads) (B, E, H, K, N) and single glomerulus
of MOB (C, F, I, L, O). AOB, accessory olfactory bulb; GL, glomerular layer; MOB,

main olfactory bulb. Black bars = 500 (A) and 50 (B and C) um.

Supplemental Fig. 1. High magnifications of anti-OMP (A) and anti-G.iz (B)

immunoreactivity in GL of AOB, corresponding to panels (Fig. 3 Aand G, respectively).

Sixteen glomeruli (dashed circles) are positive for both anti-OMP and anti-G;».
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Supplemental Fig. 1.

High magnifications of anti-OMP (A) and anti-Gai2 (B) immunoreactivity in GL of AOB,
corresponding to panels (Fig. 3 A and G, respectively). Sixteen glomeruli (dashed circles) are
positive for both anti-OMP and anti-Gai2.
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