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This review searches for and analyzes existing knowledge on horse tooth anatomy in terms of
evolutionary and morphological changes, feeding habits, breeding practices, and welfare. More than
150 articles from relevant databases were analyzed, taking into account the issues of our experimental
research on the ultrastructure of Equidae tooth enamel. After our analysis, the knowledge on this
subject accumulated up in the past, almost 50 years has been logically arranged into three basic
directions: evolutionary-palaeontological, morpho-functional, and dentistic, which is also
demonstrated by the latest trends in the study of enamel morphology and in the practice of equine
dentistry. The obtained data show that in recent years we have observed arapid increase in publications
and a thematic expansion of the scope of research. It is caused by the need to deepen knowledge in
theory and in the practice of feeding species in nature and in captivity as well as the possibility of using
new technical resources to improve the excellence of such research. It is a summary of the knowledge
of'acertain stage of equine tooth enamel studies for this period of time, which serves as the basis for our
experimental research (the materials are prepared for publication) and at the same time, defines

research perspectives for the next stage of development.
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Horses are a highly specialized, evolutionary ma-
ture group of mammals whaose biology demonstrates
a connection between morphology, function, and en-
vironment (EASLEY 1998; WINKLER & KAISER 2015).
Teeth, asapart of the digestive system, are responsi-
blefor cutting and grinding thelarge amount of highly
fibrous grasses that constitute the diet of horses
(DIXON et al. 2013; BORKENT & DIXON 2017). The
welfare of domestic horses is directly connected not
only with health status or livestock conditions, but
alsowiththeappropriacy of their feed, whichincludes
fibrousforage (MASLAUSKASet. al. 2009; DE WINTER
et al. 2016). Deficienciesin high fiber fodder always
lead to digestive and oral disorders, primarily seenin
adeterioration in the condition of the teeth (GRIFFIN
2013). Attempts to improve the welfare of horses
should be based on the systems of their breeding and

management, and should further takeinto account the
specifics of the evolutionary development of horses
(bu TOIT & RUCKER 2013).

Inrecent years, increasing attention hasbeen paidto
understanding the importance of animal welfare and
in particular to horses concerning feeding, the process
of foraging, and the condition of their dental system
(RAMZAN & PALMER 2010; DIXON et al. 2013;
SAHARA 2014; IACOPETTI et al. 2015). Such depend-
encies are largely due to the physical characteristics
of the fodder, the morphological features of horses
teeth, and the masticatory system, aswell as the con-
ditions of existence. The problemishardly novel and
will bewell known to both scientistsand practitioners
of veterinary medicineand animal feeding. To date, it
has been partly covered in research papers(bu TOIT
et. al. 2008a; COOK 2011; BORKENT & DIXON 2017).
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As the understanding of the importance of an inte-
grated approach to work in this area is increasing,
thereisaso aneed for more detailed anatomical studies
of the structure and morphology of horse teeth, espe-
cialy their chewing surface, asafunctional structure
(MUYLLE et al. 1999; HENNINGER 2003; CARMALT
& ALLEN 2008; SHAW et al. 2008; SIMHOFER et. al.
2008; HOPKINS et al. 2016). Researchers have been
working to show therel ationship between tooth struc-
ture, feed, and the pathological manifestations that
occur in functional processes (VERAA et al. 2009;
WINDLEY et al. 2009; RAMZAN 2011).

Despitethe considerable number of publicationson
this matter, our knowledge about the anatomy of the
dental system of horses and theresults of itsfunction-
ing arestill limited. Mutual feedback is evident here,
astooth morphology isinfluenced by feed factorsthat
can cause changesin their structure, with acorrespond-
ing reaction to the action of these factors (influences)
(BOYDE 1997; MUYLLE ef al. 1999; L. USZCZYNSKI &
PIESZKA 2011; ERICKSON 2014; MLAKAR et al.
2014). This is manifested through the fodder, the
function of chewing, the physiological state of the
horse, and its adaptive capacity, aswell asthehorse's
conditionseither in natureor in captivity. Theexisting
data (KILIC er al. 1997a; SUSKE et al. 20163
ENGLISCH et al. 2017) have provided uswith new and
important information about the morphology of the
teeth and the ultrastructure of tooth enamel in equids
(CURREY 1999; WANG et al. 2006a; HOVENER et al.
2012; DEDIOS TERUEL et al. 2015), aswell asthe pos-
sible causes of the pathological condition of teeth and
appropriate formsof treatment (EASLEY 1998; COOK
2011; CASEY et al. 2015; BORKENT & DIXON 2017).
The evolutionary aspect of the problem provides the
basis for understanding the dynamics of environ-
mental conditions (BRIANT et al. 1996; BOARDMAN
& SECORD 2013; JULIEN et al. 2013), diet history
(SHARP & CERLING 1998; KITA et al. 2014), and vec-
torized changesin morphology (SEETAH et al. 2014).

Beyond the peculiarities and structure of their di-
gestive system, the fact that horses tend to chew fod-
der throughout the day, significantly affects wear
(MACFADDEN 2008; FERANEC & PAGNAC 2017) and
dental disorders (MUYLLE et al. 1999). This func-
tional connection of the morphological structures of
theteeth, feeding system, and welfare status of horses
was found in some of the reflections presented in the
scientific publications explored in this research
(UPJOHN et al. 2013; ERICKSON 2014).

In order to learn more about the problems described
above, we carried out experimental studies on horse
tooth enamel morphology. For this, genus Equus rep-
resentativeswere taken, which were conditionally di-
vided into two groups. The first — small horses
(“Tarpan” group), the second — large horses (“ Cabal -
lus” group). Theresults of theexperimental part made
it possibleto noticethedifferenceinthe enamel struc-

ture of the selected groups, resulting from their evolu-
tionary state, and, accordingly, taxonomic differences,
which was also reflected in the characteristics of phy-
logenetic relations. The basis of this publication con-
sists of a short analytical overview of existing
information on agiven issue, starting from the second
half of the 20th century. The review of the existing
knowledge in agiven article is a summary of the re-
search stage on this issue, which, together with the
new data, formsthe basisfor determining the perspec-
tivesof research inthisdirection. First of al, they are
related to the comparative aspect of morphology and
function studies in horse populations in wild nature
and in captivity (stable keeping). Our research com-
pletes the existing knowledge on this subject to some
extent. For the first time, a transition zone between
enamel types| and Il was noted by us, whichiswave-
like in small horses and simpler in the “Caballus’
group. These characteristics have not been included
inthepublicationswehaveanalyzed sofar. A detailed
analysis of these results will be presented in subse-
quent publications. We also managed to more closely
examine the ultrastructure of the enamel of selected
formsof extinct horses (E. sussenbornensis, E. latipes,
tarpans), characterize the specifics of their enamel
structure and on this basis define (if possible) their
phylogeneticrelations. Insummary, thisallowed usto
include additional morphologica features (enamel
structure) in the analysis for a deeper understanding
of the history and evolution of equines.

The aim of this study was to search for and analyti-
cally review the existing information on the issues
outlined above of horse tooth anatomy in terms of the
evolutionary and morphological changes of horses,
their feeding habits, husbandry practices, and horse
welfare.

Materials and Methods

Forty years’ worth of published papers that looked
at thestructure of tooth enamel, aswell asat thedentin
and cement of teeth in horses of the genus Equus were
studied under the influence of anima welfare and
health status using an evolutionary approach. The
data presented were selected in 2020.

Information was sought viathe scientific databases
ISI Web of Science, Scopus, and Google Scholar.

The search resulted in more than 150 articles being
found, these in turn being divided into three catego-
ries: | — “evolutionary-paleontological data’ on the
evolution of horses and their teeth (57%, 89 articles),
Il —“morphology and function” on the composition
and structure of teeth (28%, 43 articles), 111 —“recent
equine dentistry” — the medical aspect of the topic
(15%, 23 articles) (see Fig. 1).

A coreof 152 articleswerepublishedinthe 1990sor
more recently, this being a period associated with the
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Fig. 1. The database (n = 155) of the articles we analyzed
comprised of  three  different categories: 1 —
evolutionary-paleontological data, 2 — morphology and
function, 3 — current equine dentistry.

development of analytical methods. Only four of the
articles found were published before 1990 (see Fig. 2).
More publications based on the experiment were pub-
lished after 1990.

In the analytical processing of the data, attention
was paid mainly to the thematic focus of each work,
the vast majority of which were complex and based on
factual material. The use of techniques, their effec-
tiveness, and the depth of data analysis in the discus-
sion were the criteria for the articles chosen for the
review. Of particular noteworthiness were the com-
parative works, which immediately allowed the
evaluation of the research data. The data obtained
were linked and remain linked to a certain period in
recent history and characterize the stage and the de-
gree of advancement in the accumulation of knowl-
edge about the problems of horse tooth morphology
and anatomy. When an evolutionary approach to the
evaluation of scientific data was used for determining
the study object, that being the tooth enamel ultra-
structure in horses including their keeping; this would
consequently offer an outline of prospects for future
research. This comparative and analytical approach
allows for the observation and evaluation of the
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Fig. 2. Distribution of the number of articles published in various
years (1988-2017).

“missing link” and determines the topic of currentand
prospective research. Each work was evaluated not
only by the new information it provided, but also by
the prospect of the problem solved in the paper. Fi-
nally, the subject of tooth enamel ultrastructure stud-
ies in relation to nutrition and tooth functionality was
recognized through the use of the evolutionary ap-
proach, as a basic component of the studies presented.

Results

The results were interpreted in the areas of evolu-
tionary, morphological, and recent dentistry research,
thus allowing a better understanding of the existing
knowledge about horse tooth enamel for the preven-
tion of diseases, treatment, and the improvement of
animal welfare in husbandry practice.

Evolutionary and paleontological data

According to their morphological characteristics,
teeth possess a specific combination of constituent
elements (MLAKAR et al. 2014; DE DIOS TERUEL et al.
2015). They have a strong structure, (MACFADDEN et al.
1994; BOWMAN et al. 2017); they resist the effects of
external factors well (CHOUBISA 2013; ECKER et al.
2013); they survive longer in the fossil state
(KovAcCs et al. 2012; JOHNSON & GEARY 2016). The
process of tooth fossilization occurs slowly in com-
parison with the bones of the skeleton, converting
them into solid fossils in the orictocoenosis of differ-
ent geological epochs, making them available for
study (NUNEZ et al. 2010; DOMINGO et al. 2016).
Therefore, it is no coincidence that the tooth as an ob-
jectand subject of study (morphology) is traditionally
used to study the evolution of both extinct and modern
forms (NUNEZ et al. 2010), in paleoecological (bio-
cenoses) and climatic reconstructions (HOPPE & KOCH
2007), as well as to build knowledge of the relation-
ships in the system “man and nature” in historical
times (PELLEGRINI et al. 2008; BENDREY 2011;
YRAVEDRA et al. 2016). This complex of evolution-
ary and morphological issues in the scientific publica-
tions researched here occupies one of the leading
places and accounts for almost 57% (89 articles) of
the articles available for analysis (see Fig. 1).

This relative abundance of studies may be due to the
fact that publications in different thematic areas tend
to favor studies that consider the history of the area of
study or the history of the taxon studied. With due
consideration to the goals of the research the articles
from the group “evolutionary and paleontological data”
were divided into three separate categories: 1 — clari-
fication of diet, including extinct forms, 2 — recon-
struction of conditions with respect to climate and
paleobiocenoses, and 3 — studies of the evolution and
systematics of horses. Various methods of morpho-
logical and paleoecological analyses were tested and
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used for such purposes (KEMPSON et al. 2003;
ZHANG et al. 2012; REKOVETS et al. 2014; DOMINGO
et al. 2015, 2016; HOPKINS et al. 2016) including the
isotope characteristics of forage and tooth structure
(BRYANT et al. 1994; BRYANT et al. 1996; CINER et al.
2015).

For the reconstruction of paleo-diets of ungulates,
various methods have been proposed and employed,
including tooth abrasion analysis (FORTELIUS &
SOLOUNIAS 2000), biogeochemical markers (MACFADDEN
2008; PEREZ-CUZMINA et al. 2016), and paleoeco-
logical comparative analyses (KUZMINA 1997). Sev-
eral works rely on complex research and combine
data from traditional “morphological” and “high-tech
isotope” methods (BRYANT et al. 1996; FERANEC 2007;
NUNEZ et al. 2010).

Some data, observations, and conclusions are based
on dental morphology, such as crown height and root
development, enamel loops on the chewing surface,
and cement development. These criteria provide the
foundation for knowledge of the evolution of horses
and the reconstruction of their phylogenetic relationships
(FORSTEN 1993; EISENMANN & BARYSHNIKOV 1995;
CUCCHI et al. 2017).

The leading role in the evolution of the natural
populations of horse species belongs to the specific
conditions of life, and the diet of the horse
(WOODBURNE 2007; KOUFOS 2016). These were dy-
namic and determining factors in the process of adap-
tation, and morphologically changed the most
functionally important organs required for motion
and grazing (KAISER & FORTELIUS 2003; ECKER et
al. 2013). In onto- and phylogeny, adaptations were of
benefit in the struggle for existence in the permanent
aridization of the climate in Eurasia (FORSTEN 1993;
EISENMANN & BARYSHNIKOV 1995; KUZMINA 1997).
The evolution of the dental system was determined by
the herbal fodder being much tougher in mechanical
composition, by the function of chewing, and by the
strengthening of the chewing system (mainly the
muscles involved) as a whole (KuzmINA 1997;
KAISER & FORTELIUS 2003). This is related to the
odontological problems in the ancestors of horses and
the problems of dentistry in their modern forms
(GRIFFIN et al. 2016).

Tooth morphology and the degree of wear in per-
forming the function are essential criteria in the adap-
tation to the prevailing conditions and the survival of
the Equid family over time. Herbivorous mammals,
and ungulates in particular, combat the effect of tooth
enamel wear by combining the following changes:
functionality due to the features of the occlusion of the
chewing surface; hypsodonty through gradual root re-
duction; and enamel line length through folding
(SEETAH et al. 2014; SUSKE et al. 2016b; CUCCHI et al.
2017). Changes in these features are most noticeable
over time in extinct forms (LI et al. 2016), as they had

adapted to live in the wild (cool, dry habitat) and fed
exclusively on grasses or the shoots and leaves of trees
and shrubs. Early Pliocene ancestors (4strohippus,
Dinohippus) mainly consumed fibrous grasses and
the leaves of trees and shrubs, but their diet changed
constantly according to the dynamics of the climate as
it headed toward aridization (FAMOSO et al. 2013).

These findings serve as one of the most convincing
pieces of evidence in the process of the reconstruction
of the ecology of paleobiocenoses, mainly phytocen-
oses, as a food site for extinct herbivorous mammals.
The environmental data obtained are often supported
by the results of studies of carbon isotopes of teeth and
enamel (MACFADDEN & SHOCKEY 1997; WANG
et al. 2008; FERANEC et al. 2009; VAN DAM &
REICHART 2009).

Studies have shown that the multi-proxy approach
characterizes the ratio and action of carbon and oxy-
gen isotopes in enamel, as well as the meso- and mi-
crowear of horse teeth, which thus characterizes the
diet of extinct forms of equids (ZHANG et al. 2009;
ECKER et al. 2013; TUTKEN et al. 2013; GOCKE et al.
2014). Stable isotopes in the bioadaptation of extinct
horse forms and the dependence of their ratio (oxygen
and carbon) on seasonality and temperature provide
good, strong indicators for paleoecological recon-
struction (PALMQVIST et al. 2003; KOCH 2004;
HoPPE 2006; DESANTIS et al. 2009; GARCIA GARCIA
et al. 2009; TUTKEN & VENNEMANN 2009; KOHN &
MCKAY 2010; MATSON & FOX 2010; FABRE et al.
2011; YANN et al. 2013; ZANAZZI et al. 2015), that is,
the reproduction of species habitat in paleobiocenoses
(HOPPE et al. 2004a; HOPPE et al. 2004b; KOCH 2004;
HOPPE et al. 2005; DENG 2006; RINK et al. 2008;
BIASATTI et al. 2012; DE WINTER et al. 2016). The
analysis of stable isotopes in tooth enamel is one of
the most reliable methods of determining the diet and
use of fodder resources by extinct mammals through
the conservation of the original carbon isotopic posi-
tion under certain environmental conditions
(IACUMIN et al. 1997; DENG et al. 1999; FOX &
FISHER 2004; HIGGINS & MACFADDEN 2004;
FERANEC& MACFADDEN 2006; JOANNES-BOYAU &
GRUN 2011; TIAN et al. 2013; DOMINGO et al. 2016).
Microwear also testifies to the effect of seasonal
changes in the natural diet of horses and opens the
possibility of testing hypotheses about the size of
natural populations or the qualitative composition of
horse taxa at different stages in their evolution
(KAISER & FORTELIUS 2003; GRUN et al. 2010;
RIVALS et al. 2015).

Paleoecological studies in recent years and the re-
sulting evolutionary-morphological data on horse nu-
trition indicate that most Late Pleistocene Equidae
had mixed feeding patterns in nature and had optimal
habitat conditions (BRASSER 2012; PUSHKINA et al.
2014). Such conditions could be related to a variety of
environmental factors such as ecotope differentiation,



Horse Tooth Enamel: A Review 71

temperature dynamics, taxon migration, etc.
(MACFADDEN et al. 1994; MACFADDEN & HIGGINS
2004; WANG et al. 2006b; ZHANG et al. 2012;
PEREZ-CRESPO et al. 2016; PEREZ-CRESPO et al.
2017; MACFADDEN 2008). Equid ancestors evolved
from biocenoses with large, occasionally rare, nutrient-
rich herbs, to drier biocenoses (VOLLMERHAUS et al.
2002; FAMOSO & DAVIS 2014).

The complexity of the occlusal surface of teeth and
enamel in horses was fixed at the time of the Middle
Miocene to the Holocene, the evidence for this being
drawn from current knowledge of long-term climate
changes, the steady direction of climate aridization,
and periods of climate cooling. These changes to den-
tal structure were accompanied by a process of in-
creased rate of tooth abrasion and the establishment of
the evolution of hypsodont and rootless teeth
(FAMOSO & DAVIS 2014). In this process, phytoliths
played a significant role in the overall evolution of
both grasses and horses (STROMBERG et al. 2007;
ERICKSON 2014; DE WINTER et al. 2016).

Other paleoclimatic reconstructions should also
take into account other factors such as the position of
the teeth and the jaw rows, the mechanics of function-
ality, and seasonal variations in feed mineralization,
among others (BRYANT et al. 1996; WEEKS et al. 2003).

The history of the evolution of the genus Equus in
the Pleistocene of Eurasia includes representatives of
different geological ages in the following sequence:
Equus stenonis — E. sussenbornensis — E. mosbachensis
—E. taubachensia— E. abeli - E. latipes — E. caballus.
They may form one cladogenetic group. The other
group includes Equus gmelini and E. przewalskii. Sci-
entific discussions regarding the ranking of the taxo-
nomic representatives together with their status
continue (MACFADDEN et al. 1994; CUCCHI et al. 2017).

Morphology and function data

This is one of the most theoretically and experimen-
tally important chapters in studies of horse teeth. Dif-
ferent fields of study of teeth have considered the
morphological changes to onto- and phylogenesis
(WOLF & BERNOR 2013; LAZARIDIS & TSOUKALA
2014), the structure of their constituent elements, the
features of the process of picking and chewing food,
and the characteristics of the various factors influenc-
ing these processes (ODOR et al. 1999; PASTERIS &
DING 2009; HOVENER et al. 2012; DIXON et al. 2013).

The problem of the functionality of the teeth of
equids and their wear are both analyzed (BOYDE
1997; DIXON & DACRE 2005; BENDREY et al. 2009;
BENDREY 2011; D’AMBROSIA et al. 2014). Herbi-
vores among terrestrial animals are a good example of
adaptative and correlated evolution, which is particu-
larly evident in the phylogeny of horses (CURREY
1999). Horse teeth wear with relative intensity and of-
ten due to the effect of phytoliths, this providing an

example of the interdependent evolution of ruminants
and plants (ERICKSON 2014).

Enamel and dentin ridges are of paramount impor-
tance when grinding feed material. Since these ridges
are contained within the outer cement, it is logical to
assume that if the structure decreases in size over
time, so too do the anatomical details contained
within it (CARMALT & ALLEN 2008).

The process of natural compensation for the rela-
tively high rate of tooth tissue loss in herbivorous
mammals includes 1) a relatively large area of chew-
ing surface (FAMOSO & DAVIS 2016); 2) the replace-
ment of deciduous teeth with permanent teeth (the
horizontal replacement sequence is unique to ele-
phants and manatees) (UPJOHN ez al. 2013); 3) con-
tinuous growth due to root loss as observed in, for
example, rodents and lagomorphs (DU TOIT &
RUCKER 2013; GRIFFIN 2013); and 4) hypsodonty,
which is also associated with root loss, and is evident
in the evolution of horses (RIVALS ef al. 2015;
BARRON-ORTIZ ef al. 2017).

Effective chewing function is achieved through the
somewhat rough and complex chewing surfaces of
teeth due to the enameling of the enamel loops and the
perfection of the ultrastructure (WANG et al. 2006a).
This improves the process of enzymatic digestion in
the gut of horses. The presence of the rough friction
surface of the teeth increases the risk of the rapid wear
of the teeth opposite. There is here a certain functional
and, accordingly, mechanical contradiction — the
preservation of the rough and, at the same time, the
solid chewing surface (BOYDE 1997).

The protein organic matrix in enamel is largely min-
eralized and replaced by hydroxyapatite and this min-
eralization is a relatively long process (SHAW et al.
2008; BENDREY et al. 2009; BENDREY 2011,
BENDREY et al. 2015). However, after the long period
of mineralization, the enamel becomes relatively
solid. For example, in the third permanent molar of
a human there is a temporary delay between the pro-
cess of “maturation” of the enamel on the conid tips
and its appearance over the dental bone (eruption),
and this may take as many as 10 years to complete.
Horses do not have such a long time in their life spans
to allow the mineralization process to slow to such an
extent, and their enamel never reaches the desired
hardness found in mammals where the development
process can afford to be slower, such as in the Probos-
cideans (BOYDE 1997).

During the evolutionary process there was an at-
tachment of cement to the tooth enamel in the major-
ity of herbivores, this being achieved due to the
natural roughness of the enamel as a result of the sud-
den termination of the secretion process. In horses,
however, the completed, mature enamel surface is re-
leased by the maturation stage ameloblasts
(VOLLMERHAUS et al. 2002; FERGUSON et al. 2004).
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Problems of tooth hardness and features of tooth
abrasion as the most functionally active structures are
always relevant (FORTELIUS & SOLOUNIAS 2000;
FAMOSO et al. 2013; TUTKEN et al. 2013; FAMOSO &
DAVIS 2014; VIRANTA & MANNERMAA 2017). This
issue relates specifically to the incisors (SCHROCK
et al. 2013) and to the molars (RAMZAN & PALMER
2010; SAHARA 2014). The problemis found in the mi-
crostructure of enamel and cement, and has been stud-
ied inanumber of papers in recent years (FALGUERES
etal. 1997 MUYLLE et al. 2000, 2001; DU TOITet al.
2008a; RAMZAN & PALMER 2010). In this micro-
structure, the bundles of hydroxyapatite crystals
(prisms) have an orientation that is more or less per-
pendicular or at a slight angle to the surfaces of wear
or abrasion (VON KOENIGSWALD & SANDER 1997).

It is established that the constituent parts of enamel
are 96-97% a mineral substance, up to 4% organic
substance, and about 1% water (CURREY 1999; DIXON
etal. 2013). Data on the layered structure of mammal-
ian teeth, including enamel (VON KOENIGSWALD
1980; FERGUSON et al. 2004), dentin, and periodon-
tium (DU TOIT et al. 2008a,b; DIXON et al. 2013;
STOCK et al. 2014) were confirmed. The peculiarities
of the alveolar structure of teeth and jawbones are
characterized (HENNINGER2003; IACOPETTI et al.
2015). KILIC et al. (1997a,1997b, 1997c¢) isolated dif-
ferent types of structures in the radial enamel of
horses, their findings being presented in a series of
publications in 1997 and later confirmed and detailed
by other researchers (ODOR et al. 1999; DU TOIT et al.
2008b; DIXON et al. 2013). At the turn of the century,
studies were conducted to investigate the ultrastruc-
tural morphology of mammalian enamel and dentine
(BOYDE 1997; WANG et al. 2006a) followed by a more
in-depth study of the chemistry and functionality of
these structures (PASTERIS & DING 2009; DE DIoS
TERUEL et al. 2015; DE WINTER et al. 2016; HOPKINS
et al. 2016).

The use of new techniques characterizes the current
stage and level of research in equine dentistry
(HOVENER et al. 2012; BARATT 2016; VERAA et al.
2009; ENGLISCH et al. 2017). This isespecially true in
areas such as tooth fluoridation (MACICEK & KROOK
2008; PASTERIS & DING 2009; CHOUBISA 2010,
2013) and in-depth studies of dental morphology and
enamel based on computed tomography (VERAA et al.
2009; WINDLEY et al. 2009; ENGLISCH et al. 2017).
Advances in this field have made it possible to learn
more about the phenomenon of dental fluorosis and to
protect teeth from the effects of acids, as well as the
processes of the negative impact of water enriched
with fluoride (F’) on enamel (MACICEK & KROOK
2008; CHouBISA 2013). The results of the computed
tomography of the jaw are widely used in the diagno-
sis and treatment of animal tooth disease, including in
horses (FITZGIBBON et al. 2010; BARATT 2016).

Isotope analysis of the solid structures of the skele-
ton and teeth has found widespread application in

practical horse dentistry (DELGADO HUERTAS et al.
1995; BRYANT et al. 1996; WEST et al. 2004,
BENDREY et al. 2009). The scope of this method is
widely known and relates to the improvement of the
technique in application with horses (ZAzzO et al.
2012), determining the diet of the animal (WEST et al.
2004), especially extinct forms with subsequent re-
construction of their habitat (DE WINTER et al. 2016),
and the influence of isotopes on the structure of
enamel by considering damage to the enamel
(PASSEY et al. 2002; BENDREY 2011).

Recent equine dentistry

The analytical data presented in this study on the
achievements in the field of tooth structure and
enamel at the level of ultrastructure and their chemi-
cal composition have almost always been aimed at the
prevention of diseases, treatment, and the improve-
ment of animal welfare in husbandry practice. A large
amount of experimental work was devoted in this
field of research to practical recommendations for the
correction of common health issues (UPJOHN ef al.
2013). The latest techniques in the study of pathologi-
cal changes in teeth and enamel are also offered
(Cook 2011; BARATT 2016; BORKENT & DIXON
2017; ENGLISCH et al. 2017). In 2011, the most recent
analytical work on the scientific and practical
achievements in horse dentistry was published
(RAMZAN 2011).

Diseases, pathologies, and injuries to the teeth in
horses, their heterogeneity, types, and causes of the
consequences of these processes were analyzed
(EDMUNDS et al. 1988; CARMALT & ALLEN 2008;
MASLAUSKAS et al. 2008; SHAW et al. 2008; COOK
2011; CHINKANGSADARN et al. 2015; BORKENT &
Dix0oN 2017). The set of studies in this area relates to
the interrelation of the action of microorganisms in
periodontal diseases (DIXON ez al. 2013), the condition
and structure of the enamel (SIMHOFER et al. 2008;
HOPKINS et al. 2016), and the tissues of the digestive
tract (DU TOIT & RUCKER 2013). On this basis, pre-
ventive recommendations for annual dental care, es-
pecially for young equines, as well as for individuals
with pre-existing dental problems, were developed and
proposed (UPJOHN et al. 2013; SUSKE et al. 2016D).
Several articles deal with dental disorders and their
impact on horse well-being (MASLAUSKAS et al.
2008; SIMHOFER et al. 2008; BORKENT & DIXON
2017). Considering the clinical importance of dental
disorders and their role in maintaining the health and
welfare of horses, disease prevention is considered
apriority area of research (MASLAUSKAS et al. 2008,
2009; DU TOIT & RUCKER 2013; BARATT 2016).

The pathogenesis of equine dental pulpitis using
computed tomographic and histological findings in
extracted teeth has been analyzed, and equine den-
tinopulpar mineralization described (CASEY et al.
2015). The main causes of caries formation due to
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dysbiosis, bacterial action, and the presence of
an acidic environment, which are both necessary for
the processes of digestion of food, are named
(EDMUNDS et al. 1988; HOPKINS et al. 2016;
BORKENT & DIXoN 2017). The morphology and
anatomy of tooth enamel, including caries and their
manifestations, causes, and methods of treatment
have been analyzed (BORKENT & DIXON 2017).

The use of 2D and 3D CT as a new clinical diagnos-
tic tool for dental disease and to assist in the selection
of the most appropriate treatment protocol was de-
scribed by the sequential sectioning of individual
horses’ teeth and subsequent histological examina-
tion (WINDLEY et al. 2009). Evidence of changes in
tooth morphology was provided, especially in the
early stages of pathological condition. Digital radiog-
raphy confirms the evidence of extensive alteration to
peripheral tooth enamel when the enamel infundibula
distort the radiological endodontic anatomy of the
teeth. The clinical results obtained and further labora-
tory studies confirm the effectiveness of the endodon-
tic treatment of equine teeth (SUSKE et al. 2016). The
general application of this seemingly simple and ac-
cessible method in practice is not yet generally ac-
cepted, and experts continue to engage in research in
this direction.

Many studies have shown that in ontogeny the tooth
begins to develop at the moment of the mutual inter-
play of two tissues — the ectomesenchyme and its cov-
ering plate of ectodermal origin. The mutual
induction of the cells of these tissues is the main
mechanism in the initiation of tooth morphogenesis.
Next comes the process of forming a layer on the
tooth, with this determining its shape, and the last
phase is histogenesis or the formation of mineral
structures (dentin, cementum, and enamel) and or-
ganic structures (miasms and periodontium) (DIXON
et al. 2013). The ectomesenchyme becomes thick and
forms a tooth particle from which the cement and
periodontium enamel arise. Ameloblasts produce
very tall cells that secrete a substance from which
an interprismatic matrix is formed (a structure similar
to a honeycomb). In these cells, a substance is formed
from which prismatic crystals of hydroxyapatite
arise. The primary enamel separates the ameloblasts
and odontoblasts. Ameloblast cells produce proteins,
and an enamel-dentine structure is formed. At that
moment, the mineralization of the enamel begins. The
finalization of enamel maturation often takes a long
time (FERGUSON et al. 2004; HOPPE et al. 2004b;
BENDREY et al. 2015).

The embryonic stage of development of separate
tooth structures is arelatively well-researched topic in
previous research. It was noted, that hydroxyapatite
crystals come into contact with the primary enamel.
Amelogenins are the main proteins in the organic ma-
trix of enamel, actively participating in the next stages
of mineralization. Amelogenins can form sphere-

shaped densities, named nanospheres. These bind to
the surfaces of the initial crystals, concentrate around
them, and stabilize the organic matrix of the enamel.
Consequently, the crystals have no fusion, rise in
height, and are coarser. In the final stages of crystalli-
zation, the nanospheres disappear, and the crystals re-
main surrounded by amelogenin, preventing their
fusion and stabilizing the crystals (PASSEY et al.
2005; RAMZAN et al. 2010).

A brief review of the above data presents the em-
bryogenesis of teeth as an evolutionary process result-
ing from changes in the primary oral epithelium and
mesenchyme with subsequent differentiation of
enamel structures into ontogeny and phylogeny.
Their further evolution took the direction of more ef-
fective adaptation to environmental conditions,
mainly taking and processing food in animals of dif-
ferent directions of ecological radiation, mainly her-
bivorous and predatory. Food intake and chewing,
as well as the structure of the tooth and especially the
enamel, developed in horses in the direction of the
more efficient grinding of cellulose and the more effi-
cient processing of this cellulose by bacteria in the di-
gestive system (EDMUNDS et al. 1988; MLAKAR et al.
2014). The chemical composition of the enamel also
changes during this process (HOPKINS et al. 2016)
along with its microstructure (MLAKAR et al. 2014)
and microhardness at the first and second ontogenetic
levels (MUYLLE et al. 2001; FITZGIBBON et al. 2010;
DU TOIT & RUCKER 2013).

Important data are obtained in the analysis of iso-
topes of oxygen, phosphorus, carbon, and calcium in
the teeth of different taxa (HUERTAS et al. 1995;
BRYANT ef al.1996), in determining the growth rate
of enamel in ontogeny (three growth zones are high-
lighted: mature enamel, maturing enamel and enamel
matrix formation) (BENDREY ez al. 2015) as well as de-
termining the individual age of teeth (LUSZCZYNSKI
& PIESZKA 2011).

Our experimental studies supplemented the data on
enamel ontogenesis, namely a more tight connection
(fusion) of ameloblasts in dentin with enamel struc-
tures at the EDJ boundaries was noted. In contrast to
the OES border, the EDJ border has a very rough sur-
face, which greatly strengthens the tooth structure,
minimizing the possibility of its cracking during func-
tional loading (pressure).

Conclusions

This review of articles that consider horse tooth
enamel allowed for the definition of the basic direc-
tions of research on the analyzed topics in theoretical
and practical aspects. It has been confirmed that in the
last 50 years there has been a rapid increase in the
quality of publications, caused by an increased interest
in the problem of horse tooth morphology, function,
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and health in connection with the requirements of vet-
erinary medicine. There has also been an expansion of
the publications’ thematic orientation based on the
formulation of bold hypotheses and the devising of ex-
periments. The expansion in this field of study coincided
with the introduction of new, modern techniques and
amore technically advanced laboratory-experimental
base. Progress has been made in functional morphol-
ogy, ontogenetic, and evolutionary processes with the
use of x-ray, digital radiography, 2D and 3D com-
puted tomography, analysis of stable isotopes, tooth
fluoridation, and histological findings.

Particular attention should be paid to the achieve-
ments in the study of enamel ultrastructure and the re-
lated structures of dentin and cement, made possible
by the use of the scanning electron microscope. In-
depth histological studies of the processes of ename-
logenesis, cementogenesis, dentinogenesis, micro-
hardness, and tooth abrasion are likewise of great
importance.

Studies of the chemical composition of teeth and
enamel using isotope analysis methods (including
phytoliths) have shown increased activity, the results
of which are now effectively employed in paleoeco-
logical reconstruction, determining the quality of
plant food, determining the individual age and rate of
tooth growth, and preventing and treating the diseases
of the dental system in equids. A considerable number
of publications in the field of veterinary medicine are
devoted to these last topics along with the develop-
ment of recommendations in dental practice. The lay-
ered structure and crystalline-prismatic structure of
enamel, represented in the form of three (I, II, 1)
types with decussations, has allowed the causes and
processes of the manifestation of dental disease to be
better understood and accordingly, for treatment to be
more effective.

An important outcome of this study of the data of
the last ~50 years is the recognition that mathematical
methods for the confirmation of results in experi-
ments on the dental system and the chewing apparatus
as a whole have become much more common in the
theory and practice of odontology. Almost 40% of the
published papers contained statistical analysis data in
the form of tables, graphs of dependencies, diagrams,
and schemes. The findings thus obtained are per-
ceived as scientifically sound, substantiated, and con-
vincing, especially with respect to the biology of
horses, their evolution, as well as animal husbandry
and veterinary practice.
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