


Evolutionary and Morphological Diversity of Cranial Appendages in Artiodactyls: A Review

Abstract
[bookmark: _pkmzy3wny2t7]Cranial appendages in herbivores are vital for their survival and have evolved from a common ancestor around 15-20 million years ago and are of four types: antlers, ossicones, horns, and pronghorns. The interest may actually beneficial, as the study of ruminant headgear may enable important applications in the fields of veterinary and human medicine. Antler development, is seen as a key to understanding a suite of skin–bone interactions, including healing, regeneration and neural control of bone development. Horns   consist of conical keratinous sheaths which enclose the horn core, arising from the frontal bone. They vary greatly in size, forms and curvatures. Unlike antlers, both the bony core and keratin covering are never  shed naturally. Horns act as a shield which protects the animal during fight (Bighorn Sheep). Female bovids that are larger in size and live in an open habitat are more likely to have horns (African buffalo). Horns also function as shock absorber. Antlers undergo periodic regeneration, with deer antlers being a model for studying bone growth and regeneration. Antler growth is energetically expensive and induced by testosterone. Ossicones, found in giraffes and okapis, are permanent and differ from horns and antlers. Pronghorns have a keratinous sheath that sheds annually and a forked appearance due to branching. Each type of cranial appendage has unique characteristics and functions, highlighting the diversity of these structures in herbivores and their evolutionary significance.
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Introduction
The most important objective of all life on this planet is survival, and of course, nature favors those who are most efficient at it. What began as an evolutionary arms race between predators and prey, has culminated in the stunning diversity of horns and antlers that grow and twist into endless varities of morphological entities.
There are many questions about the evolution of ruminant headgear. The most coherent and recent theories suggest that rudimentary bony projections may have arisen in ancestral ruminants 15 to 20 million years ago in the Middle Miocene with a mainly defensive function, which then was exaggerated to its current sizes and shapes due to the influence of sexual selection, i.e., females choosing to mate with the male presenting better headgear. Genetic evidence suggests that the evolution of horns, antlers, ossicones and pronghorns did not evolve independently, and share a common ancestor [37].     
 Extreme examples of mammal headgear pepper the fossil record, including Megaloceros, the “Irish Elk,” whose enormous antlers could reach a 13-foot spread, and Ilingoceros, which had straight, spiral headgear that ended in forked tips. These megafauna captivated the human minds of the paleolithic era, inspiring art and sculpture, in which the headgear enjoyed a prominent spotlight in the portrayals. Perhaps the most poignant piece of art [Fig. 1] is a 15,000- year old carving, depicting a bison licking a wound in a candid, life-like pose, sculpted with tender precision in reindeer antler. Another instance of them being a part of everyday life is the discovery of an antler hoe, from the Iron Age, [Fig. 2]. No further commentary is needed to highlight the fascination with which these creatures were held.
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Fig 1: A 15,000 year old Paleolithic carving found at Dordogne, France, depicting a now extinct Steppe bison absorbed in a moment of self-care [29].
This interest may actually pay off, as the studying of ruminant headgear could lead to significant advancements in the field of veterinary and human medicine. Antler development, is seen as a key to understanding skin–bone interactions, including healing, regeneration and neural control of bone development. The possibilities for regenerative medicine have become a major area of research, raising the possibility that antler regeneration could be co-opted for human medicine, with applications ranging from accelerating skin regeneration for burn victims to delaying the onset of osteoporosis.
Only four of the six extant families of artiodactyls, (Cervidae, Giraffidae, Bovidae, Antelocapridae) present cranial appendages; antlers, ossicones, horns, and pronghorns, respectively [2].
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Fig 2: Blade of a double-pronged hoe made of deer antler, Iron Age [28]

1. Horn (Bovidae)
Horns   consist of conical keratinous sheaths which enclose the horn core, arising from the frontal bone. They vary greatly in size, forms and curvatures. 
True horns are one of the characteristics of ruminant artiodactyls, though a similar structure is seen in Jackson's horned chameleon (Triceros jacksonii) [Fig. 3], wherein the horn core is covered by an annulated keratin sheath [36]. They are considered analogues, not homologues. The horns are three in number and have a similar structure as that of the ruminant horn.
The horns of bovids are remarkably diverse. Interspecific variation is so pronounced that most of the species can be easily recognizable by the horn shape.
Structure and Development
As shown in Fig. 4, Horns arise from subcutaneous connective tissue and later fuse to the underlying frontal bone only after two months of age. In neonates the bony portion of the horn is small and covered by the dermis and epidermis. 
A typical horn consists of three parts [26]:
A typical horn consists of three parts [26]:
a. Innermost horn core (Os cornu): It is generally conical in form and develops as the cornual process of frontal bone. By 6 months of age the horn becomes hollow and the space within is continuous with the frontal sinus [35].
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Fig 3: A Jackson's chameleon (Triceros jacksonii), Melbourne Zoo [33]. The annulated nature of the keratin covering can be seen.
b. Middle vascular connective tissue layer: this is continuous with that of skin surrounding the horn and provide nerve and blood supply. 
c. Outermost keratinised layer (horn covering): It is ridged and porous and it is connected to the papillated dermis that is continuous with periosteum and epidermis, which is keratinised for protection. Horn substance is similar to hoof substance and is a mixture of tubules and intertubules. Horns grow from the base to the apex. Hormonal influence is significant in horn development; especially testosterone. Growth hormone also plays a role. It is noticed that in castrated animals horn growth recedes. True horns are simple, unbranched and never shed, though the keratin sheath is exfoliated once or twice during an animal’s life [11]. In domestic animals horns can be removed in an early stage (disbudding) or in adult stage (dehorning) for various reasons. But genetically hornless animals are termed as polled animals. Compared to antlers, horn growth is less dynamic, owing to its permanence.
Functions
Horns are known to have diverse functions including defending territories and mates, protection, combat, displays of dominance, and so on. Darwin was the first to suggest that horns evolved in the context of sexual selection as a weapon of male–male competition [23]. Horns act as a shield which protects the animal
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Fig 4: Skull of Bos taurus, side profile. (a), Frontal bone;  (b), Frontal eminence; (c) Horn apex, (d), Horn base;  (e), Horn sheath; (f), Cornual dermis; (g), Cornual periosteum; (h), Mucous membrane of frontal sinus; (i), Cornual diverticulum of frontal bone.
during fight (Bighorn Sheep). Female bovids that are larger in size and live in an open habitat are more likely to have horns (African buffalo). Horns also act as a shock absorber [24].
In goats and similar bovids in arid conditions, the horn helps to cool the blood flowing through the horn core to dissipate heat. As the ambient temperature increases, the blood flow through the horn dermis also increases, which facilitates heat loss. Desert ruminants possess a highly vascularised horn core. Horn 
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Fig 5: Muskox (Ovibos moschatus) male, Dovrefjell National Park, Norway [22].
[bookmark: _qlafal4kk3uj]Musk oxen (Ovibos moschatus), in the arctic, present small, and ‘droopy’ horns, placed flat on the head, suggesting heat conservation [Fig. 5]. 
morphology differs by environment (tropical and temperate) which further justifies the thermoregulatory function; dehorned or polled domestic bovids tend to exhibit larger than typical ear pinna [32].
Mechanical properties
Composite structure with vascularised bony core gives the horn an outstanding load bearing ability [25]. Mechanical properties of horn depend on the degree of hydration. Dry horn keratin may rupture at relatively lower strain level [27].
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Fig 6: The various types of horns; in order, long spiral (a, Common Eland; Taurotragus oryx [19]), crescent (b, Gaur; Bos gaurus [21]), cylindrical (c, Gemsbok; Oryx gazelle [20]), corkscrew spiral (d, Blackbuck; Antilope cervicapra [22]). Other shapes are also seen.
Horns are found in a broad range of shapes and sizes, adapted to their function. Fig. 6 (a-d) shows commonly observed horn types.
2. Antler (Cervidae)
Antlers are deciduous, cranial, bony appendages in Cervidae, arising from subcutaneous connective tissues, fused to the frontal bone, like the horn. It undergoes periodic regeneration from the peduncles/pedicles, found on the frontal bone, which are permanent. The peduncles from which the antler grows develop adjacent to the fronto-parietal suture in the posterior region of the long, bony ridge that extends from the supraorbital in the posterior medial direction.
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Fig 7: A male red deer (Cervus elaphus) in Munich, Bavaria, Germany; this buck shows immature, velvet antlers [14].

In most species of deer, only bucks possess antlers, except in the Reindeer (Rangifer tarandus). Antlers are developed in 36 out of 40 species of deer [7]. The Chinese Water Deer (Hydropotes inermis) and species of Musk Deer (Moschus sp.) lack antlers. Antlers constitute secondary sexual characteristics in deer [34]. They develop from prominent peduncles, where growth is dependent on a specialized (antlerogenic) periosteum. Antlers are the fastest growing bones in any mammal and are formed by endo-chondrial and perichondrial/ intra-membraneous ossification. Antlers are used in combat between males during rut and their bio-mechanical properties are adapted to that role [31]. Antlers are a model for studying bone growth and mineralization, and epimorphic regeneration [2] [31].
In growing antlers, as shown in Fig. 7, the bone tissues start forming on a base of mineralized cartilage. This cartilaginous matrix is then replaced by a loose, spongy network of bone with poorly arranged collagen fibers. Small cylindrical pores in the bone run along the length of the antler. Later, primary osteons fill in these pores after a layer of lamellar bone is added [30].
Antlers have unique mechanical properties in comparison to other bone types. The mechanical properties vary from the base to the apex. This variation is the combined effect of bone microarchitecture and mineralization [30]. The gross comparison of antlers is similar to that of any other bone. It contains more organic matter and less mineral than other bones, as a consequence, it requires more energy to fracture an antler [31]. Antlers are the only example of complete regeneration of a large bony appendage in mammals.

Growth and development
Antlers are shed annually. As previously mentioned, antlers are made entirely of bone, and have an epidermal covering during its development. Antlers become increasingly branched with age. Fully mature antlers are entirely bony structures, without any epidermal covering. Fig. 8 illustrates developing antlers, including velvet and associated blood vessels. Growth is triggered in the first year of life by a rise in circulating testosterone levels, which are produced by the developing testes. Therefore growth can be inhibited by early castration in bucks[7].
Antler growth cycle [7]
Secretion of testosterone induces antler growth at puberty. It controls the cyclical nature of antler growth in adulthood. The developing antler is primarily made of cartilage. New growth develops from the apex. 
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Fig 8: Skull of red deer with antlers intact, side profile. (a), Frontal bone; (b), Pedicle; (c), Main beam;  (d), Brow tine; (e), Tines; (f), Velvet; (g), Blood vessels; (h), Compact bone; (i), Coarse spongy bone; (j), Cap of germinal
This growth is supported by a network of blood vessels and nerves that run on the periphery. Fine hair is present on the outer nourishing skin, which is called ‘velvet’ because of its fine texture. At this stage, the antler is tender and sensitive to touch and pain [6].
Physiology 
Antlers are shed in the spring when the circulating levels of testosterone are low, at the start of the sexual cycle. It regenerates rapidly in the early summer through a modified wound healing mechanism. The low testosterone level aids in the growth of the antler beam and tines. When the hormone level increases, it stimulates the calcification of the then primarily cartilaginous antler. The overlaying layer of skin and fine hair, known as the velvet, is shed at this point, which is oftentimes consumed by the deer to replenish  energy.
Now, the antler is devoid of blood supply and any innervation. At this stage, the antler dies, and become an insensitive ossified structure.  This hard antler is maintained throughout the autumn and winter, as long as circulating testosterone levels remain above basal values. The high testosterone level induces the final calcification and eventually, antler death. There is a gradual die-back at the junction between the antler and the living pedicle. The antler is shed when the circulating levels of testosterone declines. This initiates another cycle of antler regeneration.
	Antler growth is energetically expensive, because it is the fastest growing mammalian bone, with growth rates up to about 2 cm per day [9]. Under a light microscope, actively growing antler tissue is indistinguishable from a malignant bone neoplasm [6]. Various cellular mechanisms control this rapid cell growth, which are beyond the scope of this article. In short, antler growth is a type of controlled bone cancer. It is often referred to as a ‘physiological tumor’. In the social life of deer, displaying a set of well-formed antlers signals the prime health status of the buck and highlights a good producer. Does prefer bucks with well-developed antlers. However, antlers can be damaged during combat with rival bucks, thus lowering the status of a good producing buck in the herd. As a result, there is a need to regenerate the antler annually, after each sexual cycle. Each cycle produces larger antlers, which begin to stabilize at 5-7 years of age, where the antler reaches the maximum size [7]. The drop in testosterone levels coincide with the end of the breeding season, thereby facilitating antler shedding, as antlers are no longer needed by the buck at this stage[7].  High testosterone during rut suppresses osteoclasts at the antler-pedicle junction. However, at the end of the rutting season, lower levels of testosterone stimulates/activates osteoclasts, thereby dissolving the osteocytes at the junction. This leads to the formation of an abscission line, from which the antler is cast. 
Effect of castration [7] [9]
As discussed above, testosterone plays a crucial role in the formation, maintenance, and the shedding of antlers. If the casting is prevented by the treatment with exogenous testosterone or oestradiol-17β, the die-back progresses down to the skull, and is fatal. This is because the normal cue for antler casting (low levels of testosterone) is blocked by the presence of exogenous testosterone. However, osteoclasts still remain active. Hence, bone demineralization continues and bone necrosis occurs.
Abnormal antler growth
Peruke antlers [8]: As depicted in Fig. 9, these antlers are ‘Wig-like’, Seen mostly in Moose (Alces alces). This is caused due to lowering testosterone levels in blood due to castration or testicular atrophy/damage, or damage to the pituitary. 
Here, the antler never fully develops, the hormonal level is not high enough to fully calcify the antler. As a result, abnormal, coral-like antlers that never shed the velvet and are permanently retained. In Moose, this phenomenon is also known as “Devil antlers”. This condition is also described in Roe Deer (Capreolus capreolus) [9]. In female deer that are injected with testosterone, knob-like structures are formed, with a velvet-like covering, on the head where antlers would be seen in a buck. Older does after menopause develop similar knobs [6]. 
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Fig 9: Comparison of moose skulls presenting peruke antlers (left) with that of normal, healthy antler growth (right). [17][18]

3. Ossicone (Giraffidae)[3]
Ossicones are found only in two modern-day genera, Giraffa, and Okapia. Ossicones are cranial protuberances of bone, dermis, and epidermis, which may be penetrated by extensions of the nasal, frontal, or parietal sinuses, usually seen at the fronto-parietal suture, and also on nasal, parietal, and supraoccipital bone in Giraffa. In Okapia, only the fronto-parietal pair is seen. These extensions of the skull are covered with skin and hair. They are permanent, unbranched, and more than a single pair is seen on male giraffes. In Okapia, only the males possess ossicones. Ossicones differ from horns in the fact that they do not possess an outer keratin covering. It differs from antlers due to their permanence and their unbranched nature. It is considered as the simplest cranial appendage in artiodactyla [1]. The main ossicones are usually paired and present on the fronto-parietal suture. Less developed median ossicones, often termed ‘Giraffacone [5]’ by certain authors, formed mostly of the frontals and anteriorly partly by the nasals [4]. Still fewer regular protuberances are seen on other positions of the skull [3].
Giraffa (Giraffa camelopardalis) 
Both sexes possess ossicones. It is often more robust in males than females. A median ossicone is seen in some sub-species. Certain sub-species have a supraoccipital pair in addition to the median ossicones, thereby presenting five ossicones in total, as in Fig. 10. 
Function 
The ends of the ossicones in males appear ‘bald’ as a result of ‘necking’, a type of combat among rival bulls. The ossicones act as a club when the neck is swung towards the opponent. The increased number of ossicones in males perhaps aids in increasing damage on each impact. Females, however, retain the hair as they do not engage in necking to an extent. Ossicones also function as heat dissipating regions in the body, owing to their high vascularity. 
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Fig 10: An adult giraffe showing nasal, parietal, and supraoccipital ossicones. The bald apices of the fronto-parietal pair is seen [14].
Structure
Studies have shown that the ossicone is composed of three structures: an innermost large fronto-parietal boss base, the ossicones, and the outermost layers of secondary bone growth [5].  In the median ossicones, however, only two structures exists: the median fronto-nasal boss and overlaying layers of bone [5]. Fig. 11 describes the structure of giraffe ossicones, this however, applies well to Okapia.
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Fig 11: Skull of Giraffe, side profile. (a), Ossicone; (b), Frontal bone;   (c), Parietal bone; (d), Apex of ossicone; (e), secondary bone growth; (f), Median ossicone.
The overlaying secondary layers of bone are a result of repeated clashes in older males, as a consequence the median ossicone consists of only the median boss in females [5]. Ossicones are formed in utero, unlike other mammalian cranial appendages [5]. The ossicones are not fused and lie flat on the skull of the foetus, to aid in the birthing process. [4] 

Okapia (Okapia johnstoni)
As discussed above, only males possess ossicones. Unlike in Giraffa, ossicones are present only as a single pair, Fig. 12. The ends are bare bone, often polished from use. Necrosis is often noticed at the site where the bone and skin meet. As in Giraffa, the ossicone is fused to the fronto-parietal suture. There are no instances of additional ossicones in Okapia. Only modest studies have been done on okapi, mostly owing to their elusive nature. Necking behavior is not well documented in Okapi. 
The structure of ossicone in okapi remains more or less similar to that in the giraffe.
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Fig 12: Male okapi with ossicones. The bare apices are noticeable upon close inspection [16].

4. Pronghorn (Antelocapridae)   
The horn of the pronghorn antelope (Antelocapra americana) consists of a bony horn core and a branched keratinous sheath, in Fig. 13. It is similar to bovid in regard to the placement on the skull.
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Fig 13: An adult male pronghorn grazes while watching for danger [12]; the forked appearance of the horn is seen.
Structure
It differs greatly from the true horn in Bovidae due to the fact that the keratinous sheath is shed annually. Also, the sheath is branched, at about half-way, giving it a forked appearance. It differs from Cervid antlers in the structure of the horn, which consists of a branched keratinous sheath, which is covered by both keratin sheath and integument. However, the horn-core ontogeny in pronghorns is identical to that of the pedicle in Cervidae [10]. 
Pronghorn core arises as an apophysis, as in cervid pedicle. As in both Cervidae and Bovidae, the pronghorn is situated on the frontals of the cranium. The pronghorn remains the only mammal to have deciduous horns [11].

 Unlike keratin sheath in Bovids, the pronghorn keratin sheaths do not cover the entire bony core. Also, the development of the pronghorn keratin sheath starts from the apex, then at the prong, and finally at the base, retaining the hairs embedded in it. This is reversal of the development of the Bovid keratin sheath. [10] . After the old horn sheaths are cast off, the new horn consists of a bony core covered by a hairy integument at the base. Roots of hairs are embedded in the dermis under the basal portion of the horns and hair shafts traverse obliquely through the horns distally, except at the hooks and prongs [11]. The new horn develops while the old horn is still intact, pushing it off; the animal is never without the horns [6]. When the pronghorn matures, the skin proximal to and below the horn becomes the horn hardness[11]. Fig. 14 shows a diagrammatic representation of the pronghorn.
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Fig 14: Skull of Pronghorn, side profile. (a), Forked keratin sheath; (b), Blade-like horn core; (c), Blood vessels; (d), Hairy integument; (e), Frontal bone.


Conclusion
Cranial appendages, such as horns and antlers, are vital for many herbivores' survival. These structures evolved from a common ancestor around 15-20 million years ago and are of four types: antlers, ossicones, horns, and pronghorns. Horns consist of keratinous sheaths enclosing a horn core. They vary in size and form, and don't shed naturally. Antlers undergo periodic regeneration, with deer antlers being a model for studying bone growth and regeneration. Antler growth is energetically expensive and induced by testosterone. Ossicones, which are found in giraffes and okapis, differ from horns and antlers in that they are permanent. Pronghorns have a keratinous sheath that sheds annually and a forked appearance due to branching. Each type of cranial appendage has unique characteristics and functions, highlighting the diversity of these structures in herbivores.
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