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Growth retardation can be the result of numerous endocrine and non-endo-
crine disorders. The most well-known endocrine cause of growth retardation 
in dogs is pituitary dwarfism due to congenital growth hormone (GH) defi-
ciency. The disease was first recognized in 1955 in German shepherd dogs. 
Since then, pituitary dwarfism has extensively been described in numerous 
case reports. Previous studies have elucidated that besides GH deficiency these 
dogs with pituitary dwarfism also have deficient secretion of thyroid stimula-
ting hormone (TSH), prolactin, and the gonadotropins, i.e., have combined 
pituitary hormone deficiency (CPHD). The most important endocrine diffe-
rential diagnosis of pituitary dwarfism is juvenile hypothyroidism. In rare ca-
ses, juvenile hypothyroidism can be secondary to TSH deficiency, i.e., central 
hypothyroidism. 

Part I of this thesis concentrates on pituitary dwarfism associated with GH 
deficiency, while Part II focuses on pituitary dwarfism associated with central 
hypothyroidism.

In the general introduction of this thesis (Chapter 2), an overview is given of 1) 
the nomenclature of the canine pituitary gland, 2) pituitary development, 3) the 
hypothalamic-pituitary axis, 4) the secretion and function of the pituitary ante-
rior lobe hormones GH and TSH, and 5) growth retardation in a broader sense.

In the introduction of Part I (Chapter 3) a review is given of 1) the pathogene-
sis, 2) the clinical manifestations, 3) the diagnostic plan, 4) the treatment opti-
ons, and 5) the prognosis of pituitary dwarfism in German shepherd dogs.

Due to the serious nature of pituitary dwarfism and lack of efficient treatment, 
it is preferable to prevent pituitary dwarfs from being born by applying a cor-
rect breeding policy. However, because pituitary dwarfism is a recessively in-
herited disorder and carriers do not differ phenotypically from non-carriers, 
genetic testing is required to prevent mating of 2 carriers. Different studies 
have attempted to find the causative mutation by using a candidate gene ap-
proach, but without success. Therefore, the first aim of the study described in 
Chapter 4 of this thesis was to reveal the genetic mutation that is associated 
with pituitary dwarfism in German shepherd dogs. The recessively inherited 
defect was localized to a region on chromosome 9. This region contains the 
gene that codes for the transcription factor LHX3, a LIM homeodomain pro-
tein that regulates the early differentiation of the hormone-secreting cells of 
the adenohypophysis. The second aim of the study described in Chapter 4 was 
to characterize the mutation and to demonstrate that this mutation indeed 
results in deficient synthesis of LHX3. 
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In humans, 3 different isoforms of LHX3 are known: LHX3a, LHX3b and the 
truncated M2-LHX3. Previous in vitro experiments indicate that both LHX3a 
and M2-LHX3 enhance the expression of the reporter genes crucial to pitu-
itary development, while the LHX3b isoform hardly stimulates the expression 
of these genes. The study described in Chapter 5 sheds another light on LHX3 
isoform formation, at least in the dog.

Although pituitary dwarfism occurs most often in German shepherd dogs, the 
disorder can also be encountered in other dog breeds, such as Saarloos and 
Czechoslovakian wolfdogs. Because German shepherd dogs have been used in 
their breeding, the aim of Chapter 6 was to investigate whether Saarloos and 
Czechoslovakian wolfdog dwarfs have the same gene mutation as do Germans 
shepherd dog dwarfs. A specific aim was to determine the carrier frequency 
among Saarloos and Czechoslovakian wolfdogs used for breeding.

Pituitary dwarfism can lead to a wide range of clinical manifestations. Some 
dwarfs display neurological signs that are localized to the cervical spine. In 
humans with pituitary dwarfism due to a mutation in the LHX3 gene, anatom-
ical abnormalities in the atlanto-axial (C1-C2) joint have been described. The 
aim of the study described in Chapter 7 was to evaluate the presence of atlan-
to-axial malformations in dogs with pituitary dwarfism and to investigate the 
degree of similarity between the atlanto-axial anomalies found in canine and 
human CPHD patients.

Defects at any level of the hypothalamus-pituitary-thyroid axis can lead to de-
ficient secretion of thyroid hormones. Primary hypothyroidism is one of the 
most common endocrine disorders in dogs. In contrast, spontaneous central 
hypothyroidism is very rare in this species. The study described in Part II 
(Chapter 8) reports the occurrence and clinical presentation of central hypo-
thyroidism in 7 Miniature Schnauzers, suggesting that this disorder may be 
underdiagnosed in this breed. The fact that this rare disorder occurred in 7 
dogs from the same breed also suggests that central hypothyroidism may have 
a genetic background in Miniature Schnauzers. Consequently, another aim of 
the study described in Chapter 8 was to try to elucidate the genetic background 
of central hypothyroidism in this breed by sequencing the TSHβ (TSHB) gene 
and TSH-releasing hormone receptor (TRHR) gene.

In Chapter 9 the results of the studies are summarized and discussed.
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Chapter 2

General introduction
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Chapter 2

The canine pituitary gland

Nomenclature

The hypophysis cerebri or pituitary gland is a small appendage attached at the 
ventral midline to the diencephalon. The term “hypophysis cerebri” contains 
the Greek words hypo, meaning under, and physis, meaning growth. Thus, the 
growth on the undersurface of the brain. The term “pituitary” is derived from 
the word pituita, which is Latin for mucus or phlegm. Originally, the pituitary 
gland was thought to be the source of nasal exudates, pituita. The pituitary 
gland is sometimes also called the “master gland”, because, despite its small 
size, the organ plays a major regulatory role in the entire endocrine system.1 

According to the Nomina Anatomica Veterinaria, the canine pituitary gland is 
composed of 2 major parts: the adenohypophysis and the neurohypophysis. 
The canine hypophysis is suspended from the midline of the hypothalamus by 
a short cylindrical stalk. This stalk is an extension from the tuber cinereum of 
the hypothalamus. It is the proximal portion of the neurohypophysis (pars 
proximalis neurohypophysis), or infundibulum. In most dogs, the third 
ventricle continues as an invagination into the infundibulum, a recess called 
the pars cava (Figure 1). The pars proximalis neurohypophysis is continuous 

Figure 1. Schematic illustration of a median sagittal section through the canine pituitary gland 
(adapted from Meij, 1997 and Kooistra, 2000).2,3 Left is rostral, right is caudal. 1= sphenoid bone, 
2 = tuberculum sellae, 3 = dorsum sellae, 4 = pituitary fossa, 5 = pars distalis adenohypophysis, 
6= pars infundibularis adenohypophysis, 7 = transitional zone, 8 = hypophyseal cleft or cavity, 9 = 
pars intermedia adenohypophysis, 10 = third ventricle, 11 = hypothalamus (median eminence), 12 
= pars proximalis neurohypophysis, 13 = pars distalis neurohypophysis.
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with the distal enlargement, the pars distalis neurohypophysis, which forms the 
major part of the neurohypophysis. The neurohypophysis is also called the 
posterior lobe of the pituitary.1 

The adenohypophysis consists of 2 functional units: the anterior lobe (pars 
infundibularis adenohypophysis and pars distalis adenohypophysis) and the 
intermediate lobe (pars intermedia adenohypophysis). In the dog, the largest 
portion of the anterior lobe lays ventrorostral to the pars distalis neuro-
hypophysis and almost completely surrounds this structure. The anterior lobe 
also extends as a cuff or a collar around the pars proximalis neurohypophysis 
and even envelops part of the median eminence (Figure 1). The intermediate 
lobe is in direct contact with the pars distalis neurohypophysis and is separated 
from the anterior lobe by the hypophyseal cleft or cavity, which is a remnant of 
the embryonic Rathke’s pouch. 

Pituitary development

During embryogenesis, the adenohypophysis develops from Rathke’s pouch, 
which arises from the roof of the primitive mouth adjacent to the primordium 
of the ventral diencephalon. At the roof of the primitive oral cavity, the ectoderm 
thickens and invaginates upwards to form an epithelial sprout, the rudimentary 
pouch. The second step is the formation of a definitive pouch. During this step, 
the rudimentary pouch continues to extend upwards and eventually the pouch 
will completely detach from the oral cavity (Figure 2). The cells of the anterior 
wall of Rathke’s pouch proliferate and form the pars distalis of the anterior lobe. 
The posterior wall of Rathke’s pouch is closely apposed to the neural tissue of 
the neurohypophysis and forms the pars intermedia. The neurohypophysis or 
posterior lobe is derived from neural ectoderm of the base of the developing 
diencephalon.4 In the dog, the adenohypophysis extends as a cuff or collar 
around the proximal neurohypophysis and even envelops part of the median 
eminence (Figures 1 and 2).   

The development of the adenohypophysis is a highly differentiated process 
that is tightly regulated by the coordinated actions of numerous transcription 
factors such as POU1F1 (previously known as Pit1), Prop1, LHX3, LHX4 and 
many others (for review see Zhu et al., 2007).5 These factors are not only 
involved in the formation of the adenohypophysis, but also regulate the 
endocrine-cell specification. Following proliferation of the progenitor cells that 
will form the adenohypophysis, different endocrine cell phenotypes arise in a 
distinct temporal fashion and undergo highly selective differentiation. As in 
other species, in the fetal adenohypophysis of the dog, corticotropic cells are the 
first to differentiate from the pituitary progenitor cells.6,7 
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In a later stage the pituitary progenitor cells differentiate into thyrotropes, 
somatolactotropes, and gonadotropes. 

The mature anterior pituitary contains a functionally diverse population of 
highly specialized cell types6,7 that are classified according to the tropic 
hormones they produce and secrete: somatotropic cells secreting growth 
hormone (GH), lactotropic cells secreting prolactin, gonadotropic cells 
secreting luteinizing hormone (LH) and follicle-stimulating hormone (FSH), 
thyrotropic cells secreting thyroid stimulating hormone (TSH) and corticotropic 
cells synthesizing the precursor molecule pro-opiomelanocortin (POMC), 
which gives rise to adrenocorticotropic hormone (ACTH) and related peptides. 
The distribution of the various secretory cells is not random, but has a 
topological and numeric organization. In dogs, the somatotropic cells account 
for 50% or more of the endocrine anterior lobe cells. The other cell types each 
represent about 5-15% of the endocrine cells.8 It is now clear that the classic 
concept that each cell type stores a single hormone is no longer tenable. Some 
anterior lobe cells are multifunctional and exhibit mixed phenotypes with 
multiple hormone storage.9,10 

The hypothalamic-pituitary axis

The hypothalamic-pituitary axis is the core axis of the neuroendocrine system 
of the body. In this axis, the pituitary gland integrates signals from the periphery 
and brain to control vital body functions such as growth, reproduction, 
lactation, basal metabolism and stress response.11 Hormonal control of pituitary 
gene expression and cellular proliferation is initiated during embryogenesis 
and continues into adulthood.

The hypothalamic-pituitary axis consists of 3 major systems: 1) a neuro-
endocrine system connected to an endocrine system by a portal circulation,  
2) a neurosecretory pathway, and 3) a direct neural pathway that regulates 
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Figure 2. Schematic illustration of canine pituitary gland development.
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endocrine secretion. Here, the focus will lie on the neuroendocrine system.  
The neuroendocrine system connects clusters of peptide- and monoamine-
secreting cells in the anterior and middle portions of the ventral hypothalamus 
to the anterior lobe.12 Releasing and inhibiting factors such as GH-releasing 
hormone (GHRH), somatostatin, thyrotropin-releasing hormone (TRH), 
corticotropin-releasing hormone (CRH), and gonadotropin-releasing hormone 
(GnRH), are transported along nerve fibers from the hypothalamus to the 
median eminence. From the median eminence, these factors are released into 
the capillary vessels of the hypothalamic-pituitary portal system and are 
transported to the pituitary to regulate the synthesis and secretion of hormones 
from the anterior lobe (Figure 3). 

Because the portal blood flow to the pituitary is not compartmentalized, the 
hypothalamic releasing hormones gain access to all types of endocrine cells in 
the anterior lobe. Specificity is achieved by the presence of specific hormone 
receptors on individual types of anterior lobe cells. However, the classic concept 
that hormone secretion from each cell type is regulated by a specific 
hypothalamic releasing hormone has become modified by the finding of multi-
responsive cells. These individual anterior lobe cells express multiple 
hypothalamic releasing hormone receptors and are involved in critical 
endocrine events, such as lactation and adaptation to stress and low 
temperatures.10 Hormone release from the adenohypophysis is subject to a 

General introduction

Figure 3. Simplified diagram of the hypophysiotropic regulation of the secretion of hormones in the 
adenohypophysis (modified from Meij, 1997).3 ACTH, adrenocorticotropic hormone; AL, anterior 
lobe; AVP, arginine-vasopressin; CRH, corticotropin-releasing hormone; DA, dopamine; FSH, 
follicle-stimulating hormone; GH, growth hormone; GHRH, growth hormone-releasing hormone; 
GnRH, gonadotropin-releasing hormone; IGF-1, insulin-like growth factor-1, LH, luteinizing 
hormone; MSH, melanocyte-stimulating hormone; PI, pars intermedia; PIF, prolactin-inhibitory 
factor; PRH, prolactin-releasing hormone; PRL, prolactin; SRIF, somatotropin-releasing factor 
(somatostatin); TRH, thyrotropin-releasing hormone; TSH, thyroid stimulating hormone; +, 
stimulation; -, inhibition. 



18

negative feedback (closed-loop) system. In a long-loop feedback, the hormones 
produced in the target endocrine organs, such as the thyroids, adrenals and 
gonads, act on both the pituitary and the hypothalamus. In a short-loop 
feedback, some pituitary hormones, such as prolactin, regulate their own 
secretion by acting on the hypothalamus.13 Additionally, there is evidence of an 
ultra-short loop, by which the hormone acts within the hypophysis through 
autocrine and paracrine communication.14 Superimposed on these regulatory 
mechanisms, there are other signals, mediated by neurotransmitters and 
hypophysiotropic hormones that represent the influence of environment, 
stress, and intrinsic rhythmicity.15

Hormones of the anterior lobe relevant to this thesis

Growth hormone

Growth hormone is a rather large single-chain polypeptide containing 191 amino 
acids. The amino acid sequence of GH varies considerably between different 
species. Consequently, species-specific assays are required to determine circu-
lating GH concentrations.

Like the other hormones of the pituitary, GH is secreted in a pulsatile fashion.16 
Pituitary GH secretion is regulated predominantly by the opposing actions of the 
stimulatory hypothalamic peptide GHRH and the inhibitory hypothalamic 
peptide somatostatin (Figure 4). The GH pulses predominantly reflect the 
pulsatile delivery of GHRH, whereas GH levels between pulses are primarily 
under somatostatin control. 

The GH secretion pattern is age and gender related. In addition, physiological 
stimuli such as physical exercise, fasting, and changes in circulating free fatty acid 
levels may influence GH secretion. The adrenergic system is the main neuro-
transmitter system that is involved in the regulation of pituitary GH secretion. 
GH secretion is promoted by α2-adrenergic agonists such as clonidine and 
xylazine, whereas β-adrenergic agonists are inhibitory.17 Growth hormone release 
can also be elicited by synthetic GH secretagogues. These GH secretagogues exert 
their effect on GH release by acting through receptors different from those for 
GHRH. In 1999, Kojima et al.18 characterized the endogenous ligand for these 
receptors and called it ghrelin. This 28-amino acid peptide is primarily expressed 
in enteroendocrine cells of the stomach. Ghrelin not only stimulates GH release 
but also stimulates food intake. In addition, ghrelin accelerates gastric and in-
testinal emptying. In dogs, plasma ghrelin concentration increases during fasting 
and decreases after food intake, while ghrelin administration increases food 
intake. In young dogs, ghrelin is a more potent GH secretagogue than GHRH.19

Chapter 2
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The effects of GH can be divided into 2 main categories: rapid catabolic actions 
and slow (long-lasting) hypertrophic actions. The acute catabolic actions are 
mainly due to insulin antagonism and result in enhanced lipolysis, gluco-
neogenesis, and restricted glucose transport across the cell membrane. The net 
effect of these catabolic actions is promotion of hyperglycemia. In addition, GH 
has a direct growth-promoting effect by stimulating cell differentiation. The 
slow anabolic effects are mainly mediated via insulin-like growth factors (IGFs). 
They are produced in many different tissues, and in most of these tissues they 
have a local (paracrine or autocrine) growth-promoting effect. For example, 
linear growth is largely dependent on local production of IGFs in the growth 
plates. The main source of circulating IGF-I is the liver. 

In its chemical structure, IGF-I has approximately 50% sequence similarity 
with insulin, indicating that it evolved from a common ancestral molecule. 
Contrary to insulin, the IGFs are bound to carrier proteins in plasma, the IGF-
bindings proteins (IGF-BPs). This prolongs their half-life, consistent with their 
long-term growth-promoting action. Insulin and IGF seem to complement each 
other, insulin being the acute and IGF the long-term regulator of anabolic processes. 

Adequate insulin levels are required for hepatic IGF production. By means of 
the systemic circulation, the IGFs produced by the liver reach the target cells 

General introduction

Figure 4. Schematic illustration of the regulation of pituitary growth hormone secretion. GH, 
growth hormone; GHRH, growth hormone-releasing hormone; IGF-I, insulin-like growth factor-I; 
+, stimulation; -, inhibition.
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and bind to specific IGF receptors. The hormone-receptor binding then induces 
intracellular anabolic processes, such as protein synthesis, chondrogenesis, and 
growth. 

IGF-I exerts an inhibitory effect on GH release, by stimulating the release of 
somatostatin and by a direct inhibitory influence at the pituitary level.20 In 
addition, GH itself has a negative feedback effect at the hypothalamic level 
(Figure 4). 21

Thyroid stimulating hormone

The TSH molecule consists of an α- and a β-subunit. The α-subunit is identical 
to that of the gonadotropins, whereas the β-subunit is distinct and confers on 
the TSH molecule its biological activity. The gene that codes for canine TSH-β 
has been cloned and sequenced.22 

Like all pituitary hormones, TSH is secreted in a pulsatile fashion, albeit that 
the fluctuations are very small in the euthyroid state.23 Pituitary TSH secretion 
is stimulated by hypothalamic TRH and inhibited by central dopaminergic and 
somatostatinergic mechanisms, as well as by an inhibitory action of thyroid 
hormones at central, hypothalamic, and pituitary levels.24 TSH secretion is pri-
marily inhibited by 3,3’,5 triiodothyronine (T3), derived from the pool of circu-
lating free T3 and produced locally from thyroxine (T4) by Type II deiodinase.25 

Prolonged stimulation of the thyroids with TSH results not only in hyper-
secretion of thyroid hormones, but also in enlargement of the thyroid glands.
Induction of hypothyroidism leads to a gradual increase in pituitary size.26 The 
enlarged pituitary is characterized by thyrotrope hyperplasia, large vacuolated 
thyroid deficiency cells, and cells staining for both GH and TSH, suggesting 
transdifferentiation of somatotropes into thyrotropes. Information concerning 
the dynamic secretion of TSH in the dog is scarce. The mean basal circulating 
TSH levels are relatively low in euthyroid dogs,27 which may be a consequence 
of the relatively high iodine content of industrial dog food. Based on the 
negative feedback effects of low plasma thyroid hormone levels in dogs with 
primary hypothyroidism, plasma TSH levels would be expected to be higher 
than in euthyroid dogs. However, in as many as 1/3 of the dogs with naturally 
occurring primary hypothyroidism, plasma TSH concentrations have been 
found to be within the reference range for euthyroid dogs.28 Fluctuations 
around the TSH baseline in dogs with induced primary hypothyroidism, may 
in part explain this observation.23 And although induction of primary 
hypothyroidism in dogs leads to high plasma TSH concentrations for a few 
months, concentrations gradually decline to low values.26

A number of other endogenous and exogenous agents have been reported to 
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suppress TSH secretion, e.g., dobutamine, interleukins, tumor necrosis factor-2, 
phenytoin, dopamine agonists, somatostatin analogues, serotonin, and 
glucocorticoids.29 Cortisol and other glucocorticoids also suppress the TRH-
induced release of TSH. Prostaglandins and α-adrenergic agonists increase 
TSH secretion.

Growth retardation

Linear growth is a complex process that can easily be disturbed. Dogs undergo 
rapid changes in size over a relatively short period of time. Linear growth 
primarily occurs during the first 6 to 9 months of life, but can continue until the 
age of about 2 years. Growth in length of the long bones is limited to the growth 
plates. Longitudinal growth occurs via the process of enchondral ossification. 
Linear growth halts when the growth plates are closed. 

Failure to grow is defined as not growing at the anticipated rate or to a normal 
extent. Failure to grow may be the reason for presentation or may be identified 
during routine physical examination by the veterinarian. There is no other 
species with so much variation in body size as the dog, which may make it 
difficult to determine whether failure to grow is really a problem. On average, 
there is a pretty good correlation between the size of the parents and the size of 
the offspring. Consequently, if possible, the size of the dog with supposed 
failure to grow has to be compared with the size of the parents and siblings. The 
possibility should always be considered that the apparently dwarfed animal 
may simply be a small individual within the normal biological variation, or the 
result of an unexpected and unwanted mating with a small sire.

Genetic factors play a major role in linear growth and many different genes 
are involved in the regulation of growth. To meet its full genetic potential, the 
animal must consume sufficient calories and nutrients, digest, absorb and 
retain the nutrients, transport the nutrients to the necessary tissues, and be able 
to use the nutrients for metabolic maintenance and growth. Because several 
hormones are important determinants of linear growth, it may be helpful to 
differentiate endocrine and non-endocrine causes of growth retardation. 

Endocrine causes of growth retardation

Hyposomatotropism and IGF deficiency
Growth hormone plays a central role in the modulation of growth. In the total 
absence of GH, linear growth occurs at about a third to a quarter the normal 
rate. Although GH has a direct effect on growth of several tissues, the majority 
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of its growth-promoting actions are mediated by locally-produced IGF-I. In 
addition, GH stimulates tissue growth indirectly by IGF-I produced in the liver. 
In adult dogs, there is a strong linear correlation between plasma total IGF-I 
concentration and body size, while basal plasma GH concentrations are quite 
similar among various breeds. For example, plasma IGF-I concentrations have 
been found to be much higher in Standard Poodles than in Toy Poodles.30 In ad-
dition, a single IGF-I nucleotide polymorphism haplotype is common to all dogs 
of small breeds and nearly absent in those of giant breeds.31 These observations 
underline the role of IGF-I in linear growth, but also indicate that breed-specific 
reference ranges have to be used to determine whether failure to grow is due to 
insufficient circulating concentrations of IGF-I. 

In dogs, pituitary dwarfism or congenital hyposomatotropism, is the best 
known example of an endocrine disorder resulting in dwarfism. Growth 
hormone deficiency in a young animal affects the growth of almost all tissues, 
resulting in proportionate dwarfism, meaning that all parts of the body are equally 
small (see Chapter 3). 

Juvenile hypothyroidism
The presence of thyroid hormones is crucial for growth and development of  
all body tissues as well. Thyroid hormones have direct effects on cell metabolism. 
Because skeletal growth is strongly dependent on thyroid hormones that 
promote chondrogenesis in synergy with GH and IGF-I, juvenile hypo-
thyroidism is associated with delayed epiphyseal appearance, retarded 
epiphyseal growth and reduced long bone growth,32 which may result in 
disproportionate dwarfism. 

Usually, juvenile hypothyroidism is a primary thyroid disease (i.e., the defect 
lies within the thyroid gland). Acquired juvenile primary hypothyroidism can 
be caused by insufficient iodine intake,33 the use of antimicrobial sulfonamides34,35 
and lymphocytic thyroiditis. Because most dogs are now fed a commercial diet, 
primary hypothyroidism as a result of iodine deficiency is hardly ever seen 
anymore. The congenital form of primary hypothyroidism can result from 
either thyroid dysgenesis or dyshormonogenesis.36 In Toy Fox Terriers and 
related Rat Terriers, a thyroid peroxidase deficiency is caused by a nonsense 
mutation in the thyroperoxidase (TPO) gene.37,38 Congenital secondary hypo-
thyroidism (i.e., hypothyroidism due to TSH deficiency) seems to be extremely 
rare. It has been described in a family of Giant Schnauzers,39 in a young Boxer,40 
and in a 2-week-old Portuguese Water Dog.41 

Insulin deficiency
Insulin has strong anabolic actions separate from its effect on carbohydrate 
metabolism. These actions include stimulation of protein synthesis and cell 
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division. Insulin deficiency will also lead to decreased insulin-dependent trans-
portation of glucose and fatty acids into muscle and fat cells and loss of energy 
in the form of glucose with the urine. Consequently, insulin deficiency, i.e., 
juvenile diabetes mellitus, is associated with growth retardation. 

Glucocorticoid excess
Glucocorticosteroids have a catabolic effect and lead to increased gluco-
neogenesis, decreased uptake of glucose by muscle and fat cells, increased pro-
tein breakdown, and lipolysis. In addition, glucocorticoid excess suppresses 
pituitary GH secretion. Prolonged (iatrogenic) hypercorticism in young, 
growing animals can therefore lead to growth retardation.

Gonadal steroids excess
Also the gonadal steroids androgens and estrogens influence linear growth. 
Prepubertal gonadectomy may result in larger individuals.42 Administration of 
androgens or estrogens at an early age may result in stunted growth, due to 
premature growth plate closure.

Other endocrine dysfunctions
Hypoadrenocorticism may occur at a young age. Especially in Nova Scotia 
Duck Tolling Retrievers, primary hypoadrenocorticism may be present in 
young, growing dogs. Hypoadrenocorticism is often associated with less 
appetite, vomiting and diarrhea, resulting in less nutrient intake, which may 
result in growth retardation. 

Also hypoparathyroidism may occur at a young age. Taken into account the 
important role of parathyroid hormone in bone metabolism, parathyroid 
hormone deficiency may result in growth retardation. An extremely rare form 
of juvenile hyperparathyroidism in German shepherd dogs has also been 
reported to cause stunted growth.43

Finally, disorders associated with severe polydipsia, such as (central) diabetes 
insipidus, may result in impaired appetite and therefore cause failure to grow.

Non-endocrine causes of failure to grow

Apart from genotype and hormonal abnormalities, other causes of growth 
retardation can be subdivided in 3 major groups: 1) inadequate intake of 
calories and nutrients, 2) metabolic changes associated with increased use of 
energy, and 3) loss of energy. 

General introduction
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Inadequate intake of calories and nutrients
After the genotype, the next most important factor affecting growth, is in-
adequate intake of calories and nutrients. Severe nutritional deprivation greatly 
hampers growth. Selective deficiency of, for example, vitamins or minerals may 
cause impaired growth as well. A poor appetite, e.g. due to a systemic disease, 
may result in less food intake. Oropharyngeal disorders may also cause anorexia. 
Regurgitation or vomiting can hinder nutrients to reach the intestines. A 
vascular ring anomaly, due to a persistent right aortic arch, has to be considered 
in pups with stunted growth and regurgitation. Maldigestion, e.g. due to 
exocrine pancreatic insufficiency, and malabsorption, e.g. due to an intestinal 
wall disorder, can result in decreased uptake of nutrients. Intestinal parasites 
frequently hinder adequate nutrient uptake in pups. 

Metabolic changes associated with increased use of energy
Catabolic processes, associated for example with inflammatory processes and 
fever, will result in increased energy use. Cardiac disorders such as congenital 
anomalies and endocarditis are often associated with energy-consuming 
tachycardia, meaning that less energy is available for growth. Also disorders in 
organs that play a central role in body metabolism, i.e., the liver and the kidneys, 
may result in growth retardation. Both congenital renal disorders and acquired 
kidney disease, e.g., pyelonephritis, can result in stunted growth. Portosystemic 
shunting resulting in hepatic encephalopathy is the most common liver disorder 
associated with failure to grow, but also hepatitis and glycogen storage disease 
have to be considered. The causes of failure to grow in chronic anemia include 
impaired oxygen delivery to tissues and increased work of the cardiovascular 
system. 

Loss of energy
Failure to grow due to loss of energy may be caused by glucosuria, due to 
(juvenile) diabetes mellitus or an abnormality of the proximal tubules in the 
kidneys, persistent proteinuria, and protein-losing enteropathy. 
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Abstract

Pituitary dwarfism in German shepherd dogs is an autosomal, recessively 
inherited disorder characterized by underdevelopment of the pituitary and a 
deficiency of growth hormone (GH), thyrotropin, prolactin (PRL), and the 
gonadotropins, but unaffected corticotropin secretion. Probably, a mutation of 
a gene encoding a transcription factor that precludes effective expansion of 
pituitary stem cells after differentiation of the corticotropic cells is the cause of 
this disorder. Identification of the mutation would enable the development of a 
DNA test for potential breeding animals and could lead to the eradication of 
this condition. The main clinical manifestations of pituitary dwarfism are 
proportionate growth retardation and alopecia. Definite diagnosis should 
ideally rely on the results of a combined pituitary anterior lobe function test. 
Although the prognosis improves significantly when dwarfs are properly trea-
ted with levo-thyroxine and either porcine GH or progestins, the prognosis 
remains guarded.
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Introduction 

The canine pituitary gland consists of 2 main parts: the adenohypophysis 
and the neurohypophysis. The adenohypophysis can be divided into 2 
functional units: the anterior lobe (pars infundibularis adenohypophysis and 
pars distalis adenohypophysis) and the intermediate lobe (pars intermedia 
adenohypophysis). The mature anterior pituitary contains a functionally 
diverse population of highly specialized cell types that are classified 
according to the tropic hormones they produce: somatotropic cells secreting 
GH, lactotropic cells secreting PRL, gonadotropic cells secreting luteinizing 
hormone (LH) and follicle-stimulating hormone (FSH), thyrotropic cells 
secreting thyroid-stimulating hormone (TSH) and corticotropic cells 
synthesizing the precursor molecule pro-opiomelanocortin (POMC), which 
gives rise to adrenocorticotropic hormone (ACTH).

The development of the adenohypophysis is a highly differentiated process 
that is tightly regulated by the coordinated actions of numerous transcription 
factors.1,2 During embryogenesis, the adenohypophysis develops from Rathke’s 
pouch, which arises from the oral ectoderm. The individual hormone secreting 
cells emerge from this pouch in a sequential order. Of the adenohypophyseal 
endocrine cells, the corticotropic cells are the first to develop.3 

Any defect in the development of the pituitary gland may result in a form of 
isolated or combined pituitary hormone deficiency. In dogs, congenital GH 
deficiency or pituitary dwarfism is the most striking example of pituitary 
hormone deficiency. Pituitary dwarfism has been mentioned to occur in 
different dog breeds, including the Carelian bear dog and Saarloos wolfhound. 
However, the condition is encountered most often in German shepherd dogs.4-15 
German shepherd dwarfs have a combined deficiency of GH, TSH, PRL, and the 
gonadotropins. In contrast, ACTH secretion is preserved in these animals.16,17

Pathogenesis

Pituitary dwarfism is known as a simple, autosomal, recessively inherited 
abnormality.18-20 Genealogical investigations indicate that the origin of the 
recessive gene is a mutation that occurred at about 1940 or sometime prior to 
that year. Additionally, they point at various champion dogs as being carriers.19 
The genetic defect causing congenital GH deficiency in German shepherd dogs 
is probably also the cause of pituitary dwarfism in Carelian bear dogs and 
Saarloos wolfhounds, because the disorder in the latter breeds was first 
recognized after German shepherd dogs had been used in their breeding.21 

Originally, the condition has been ascribed to pressure atrophy of the 
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anterior lobe of the pituitary gland by cystic enlargement of the residual 
craniopharyngeal duct or Rathke’s cleft.13 However, a more recent study in-
dicated that this is an unlikely theory since German shepherd dwarfs have 
been found with only a very small pituitary cyst, unlikely to be responsible for 
pressure atrophy.17,22 Also the finding that ACTH secretion is preserved in 
German shepherd dogs argues against cyst formation in Ratkhe’s pouch as the 
primary cause of pituitary dwarfism in this breed.17 It was concluded that cyst 
formation should be seen as a consequence of an underlying genetic defect and 
that it is more likely that pituitary dwarfism is caused by a primary failure of 
differentiation of the craniopharyngeal ectoderm into normal tropic-hormone-
secreting pituitary cells.      

Because ACTH secretion is unaffected in the German shepherd dwarfs, it 
was supposed that a mutation of a gene encoding a transcription factor that 
precludes effective expansion of pituitary stem cells after the differentiation 
of the corticotropic cells is the cause of this disorder. The identification of this 
mutation would enable the development of a DNA test for potential breeding 
animals. In turn, this could lead to the eradication of this condition. Therefore, 
several genes have been investigated as candidate genes for the mutation that 
causes pituitary dwarfism in German shepherd dogs. 

The candidate gene investigated first was POU1F1 (previously known as 
PIT1). POU1F1 is a homeodomain transcription factor, essential for the de-
velopment and survival of the somatotropic, lactotropic and thyrotropic cells. 
It is also required for the subsequent expression of the genes encoding GH, 
PRL and TSH.23 In humans and mice, a mutation in the POU1F1 gene causes a 
deficiency of GH, TSH and PRL, whereas gonadotropin and ACTH secretion 
are unaffected.23-25 It was unlikely that a mutation in the POU1F1 gene was 
the cause of pituitary dwarfism in German shepherd dogs, since German 
shepherd dwarfs also exhibit a deficiency of gonadotropins. In agreement with 
this supposition, sequence analysis of genomic DNA from German shepherd 
dwarfs did not reveal a disease-causing mutation in the POU1F1 gene. In 
addition, linkage analysis of polymorphic DNA markers flanking the POU1F1 
gene revealed no co-segregation between the POU1F1 locus and the dwarf 
phenotype.26 These observations excluded POU1F1 as a candidate gene.

In contrast to individuals with POU1F1 gene mutations, humans and mice 
with mutations in the PROP1 gene are not only characterized by a combined 
deficiency of GH, PRL and TSH, but they also have impaired production of 
LH and FSH.27-29 This made PROP1 a very strong candidate gene. However, 
PROP1 was excluded as candidate gene, since sequence analysis of genomic 
DNA from these animals showed no alterations in the PROP1 gene. Moreover, 
linkage analysis revealed no co-segregation between the PROP1 locus and the 
combined pituitary hormone deficiency phenotype.30 
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LHX4 is a member of the LIM homeodomain (LIM-HD) factor family. It acts 
at an earlier stage of pituitary gland development than POU1F1 and PROP1 
and plays an important role in the formation of the definitive pouch.31 In 
humans, a splice site mutation of LHX4 has been identified in patients with 
short stature due to GH deficiency. These patients also displayed pituitary and 
hindbrain defects and abnormalities in the central skull base.32 In German 
shepherd dwarfs LHX4 was excluded as candidate gene for pituitary dwarfism. 
Genotyping in 5 litters in which pituitary dwarfism occurred showed absence 
of linkage between the inheritance of the dwarf phenotype and a nearby DNA 
marker.33 

Leukemia inhibitory factor (LIF), a pleiotropic cytokine, and its receptor 
(LIFR) play a modulating role in the ontogeny of the adenohypophysis.34 In the 
developing murine pituitary, LIF inhibits gonadotroph, thyrotroph, lactotroph 
and somatotroph lineages and induces development of corticotropes. 
Consistent with the phenotype of German shepherd dwarfs, transgenic mice 
with early pituitary overexpression of LIF display severe dwarfism and cystic 
cavities in the adenohypophysis.35 Impaired development of the somatotropes 
and lactotropes and formation of pituitary cysts was also found in LIF 
transgenic mice in which the overexpression of LIF started at a later stage of 
embryonic development.36 It was hypothesized that the canine LIFR gene 
could be involved in the etiology of pituitary dwarfism. Because there was no 
allelic association between a polymorphic microsatellite marker in the near 
vicinity of the LIFR gene and the dwarfism phenotype, LIFR was excluded as a 
candidate gene for pituitary dwarfism in German shepherd dogs.37

Clinical manifestations 

Pituitary dwarfism can lead to a wide range of clinical manifestations and not 
all dwarfs display the same clinical signs and symptoms. The most common 
clinical manifestations of pituitary dwarfism are marked growth retardation 
(Figure 1), retention of lanugo or secondary hairs (puppy hair coat) with 
concurrent lack of primary or guard hairs and bilateral symmetrical alopecia 
(Figure 2). Affected animals may be of normal size during the first weeks of 
their life, but they grow more slowly than their littermates after this period. By 
3 to 4 months of age, affected dogs are obviously runts of their litter and they 
never attain full adult dimensions. In these animals, the alopecia mostly occurs 
at the trunk, the neck and at the proximal extremities.4-15,38
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Figure 2. A 5-month-old German shepherd dog with pituitary dwarfism. Note the reten-
tion of secondary hairs (puppy hair coat) and the alopecia. 

Figure 1. A 9-month-old German shepherd dog with growth retardation due to pituitary 
dwarfism. 
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Other often-encountered manifestations are skin problems such as hyper-
pigmentation, scales, and bacterial infections. In addition, the presence of a 
pituitary cyst can be identified in a large number of dwarfs. These cysts are 
remnants of Rathke’s cleft and they are lined with ciliated columnar epithelial 
cells and mucin-secreting globet cells.6,8,10 Pituitary dwarfism is also associated 
with decreased glomerular filtration.17 An overview of the clinical mani-
festations and post mortem findings associated with pituitary dwarfism is 
given in Table 1.

Pituitary dwarfism in German shepherd dogs

Musculoskeletal Dermatologic
Stunted growth Soft, wooly hair coat
Thin skeleton Retention of lanugo hairs
Changes in ossification centers Lack of guard hairs
Delayed closure of growth plates Isolated patches of guard hair 
Delayed dental erupture Bilateral symmetrical alopecia
Fox like facial features       at trunk, neck and proximal   
Muscle atrophy       extremities
 Hyperpigmentation of the skin
Reproduction Thin, fragile skin
Cryptorchidism Wrinkles
Flaccid penile sheath Scales
Failure to have estrus cycles Comedones
 Papules
Other signs Pyoderma 
Shrill, puppy-like bark Seborrhea sicca
Signs of secondary hypothyroidism 
Mental dullness Post mortem findings
Impairment of renal function Pituitary cysts
 Atrophy adenohypophysis
 Hypoplasia thyroid gland
 Persistent ductus arteriosus

Table 1. Clinical manifestations and post mortem findings associated with pituitary dwarfism in 
dogs (modified from Nelson, 2003).38 
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Diagnosis

Combined anterior pituitary function test 

Although the physical features of pituitary dwarfism may seem obvious, the 
diagnosis of pituitary dwarfism should be based on endocrine test results. The 
mean plasma insulin-like growth factor-I concentration of German shepherd 
dwarfs is considerably lower than that of healthy adult and immature German 
shepherd dogs, but there may be some overlap. Therefore, the definitive 
diagnosis should rely on evaluation of pituitary responsiveness to provocative 
testing, i.e., challenging the adenohypophyseal cell types by stimulation with 
releasing hormones.17

To determine if a dog has GH deficiency, a stimulation test using GH-
releasing hormone (GHRH) in an intravenous dosage of 1 μg/kg body weight 
may be used. Alternatively, α-adrenergic drugs such as clonidine (10 μg/kg 
body weight) or xylazine (100 μg/kg body weight) can be used. The plasma GH 
concentration should be determined before and 20 to 30 minutes after 
intravenous administration of the stimulant. In healthy dogs, plasma GH 
concentrations should increase at least 2-to-4 fold after administration of the 
stimulant. In the dwarfs there will be no significant rise in plasma GH 
concentration.39

To determine if a dog has a deficiency of ACTH, TSH, PRL or gonadotropins, 
the pituitary can by stimulated with corticotropin-releasing hormone (CRH), 
thyrotropin-releasing hormone (TRH), and gonadotropin-releasing hormone 
(GnRH).40 The results of this combined pituitary anterior lobe function test in 
healthy dogs and German shepherd dogs with pituitary dwarfism are depicted 
in Figure 3.

Ghrelin stimulation test

Another test to determine the responsiveness of the somatotropic cells is the 
ghrelin stimulation test. Ghrelin is a potent stimulator of GH release in dogs. 
In young dogs it is an even more potent stimulator than GHRH.41 Human 
ghrelin is administrated intravenously in a dose of 2 μg/kg body weight. A 
post-ghrelin plasma GH concentration more than 5 μg/l excludes pituitary 
dwarfism.42
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Pituitary dwarfism in German shepherd dogs

Figure 3. Mean (± SEM) plasma hormone concentrations during a combined pituitary anterior 
lobe function test in 8 German shepherd dwarfs (•) and 8 healthy beagle dogs (•).17
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Intrapituitary cysts

The morphology of the pituitary may be investigated with computed tomo-
graphy or magnetic resonance imaging. In most German shepherd dwarfs, an 
intrapituitary cyst can be identified at a young age, and the size of this cyst 
gradually enlarges during life.22 Because healthy dogs may have pituitary cysts 
as well, a definitive diagnosis of pituitary dwarfism cannot be based solely 
upon the presence of pituitary cysts.39

Treatment

Heterologous GH

The most logical option would be to treat the dwarfs with canine GH. 
Unfortunately, this is not possible, since canine GH is not available for thera-
peutic use. Another option is the use of heterologous GH. In the past, there 
have been attempts to treat pituitary dwarfs with human GH. Not only is this 
a very expensive therapy, formation of antibodies directed against human GH 
also precludes its use.43 A good option is the use of porcine GH. Administration 
of porcine GH will not result in the formation of antibodies, because the amino 
acid sequence of porcine GH is identical to that of canine GH.44 

The recommended subcutaneous starting dose for any kind of heterologous 
GH is 0.1 to 0.3 IU/kg body weight, 3 times a week. This treatment may result 
in GH excess and consequently side effects such as diabetes mellitus may de-
velop. Therefore, 3-weekly monitoring of the plasma concentrations of GH and 
glucose is recommended. Long-term dose rates should depend on measurements 
of the plasma concentration of insulin-like growth factor-I.39

 Whether therapy will lead to linear growth of the dwarf is dependent on the 
status of the growth plates at the time that treatment is started. A beneficial 
response in the skin and hair coat usually occurs within 6 to 8 weeks of the 
start of therapy. The hairs that grow back are mainly lanugo hairs. The growth 
of guard hairs is variable.38

Progestins

Alternatively, long-term treatment with medroxyprogesterone acetate (MPA)22 
or proligestone45 can be used. Progestins are able to induce the expression  
of the GH gene in the mammary gland of dogs. In 1998, Kooistra et al. re-
ported an increase in size and a complete adult hair coat in 2 German shepherd 
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dwarfs that were treated with subcutaneous injections of MPA (Figure 4).22 

Pituitary dwarfism in German shepherd dogs

Figure 4. A male German shepherd dog with pituitary dwarfism before (A) and after 1.5 years of 
treatment with medroxyprogesterone acetate (B). 

A

B
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The dogs received doses of 2.5 to 5.0 mg MPA per kg body weight, initially at 
3-week intervals and subsequently at 6-week intervals. Undesirable side effects 
were recurrent periods of pruritic pyoderma in both dogs and cystic 
endometrial hyperplasia with mucometra in the female dog. Although plasma 
concentrations of GH did not exceed the upper limit of the reference range, 1 
of the dogs developed slight acromegalic features. 

Thyroid hormone

The recommended therapy to treat the secondary hypothyroidism is synthetic 
levo-thyroxine. The starting oral dose is 0.02 mg/kg body weight, q 12 hours. 
Because its absorption and its metabolism are variable, the dose of levo-
thyroxine may have to be adjusted before a satisfactory clinical response is 
reached. For this reason, the therapy should be monitored carefully.46 

Prognosis

Without proper treatment, the long-term prognosis is poor. By the age of 3 to 5 
years the animal has usually become a bald, thin, and dull dog. These changes 
may be due to progressive loss of pituitary functions, continuing expansion of 
pituitary cysts, and progressive renal failure. At this stage owners usually 
request euthanasia for their dog, if they have not done so long before this.47 
Although the prognosis improves significantly when dwarfs are properly 
treated with levo-thyroxine and either porcine GH or progestins, their prog-
nosis still remains guarded.
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Abstract

Dwarfism in German shepherd dogs is due to combined pituitary hormone 
deficiency (CPHD) of unknown genetic cause. We localized the recessively 
inherited defect by a genome wide approach to a region on chromosome 9 with 
a lod score of 9.8. The region contains LHX3, which codes for a transcription 
factor essential for pituitary development. Dwarfs have a deletion of 1 of 6 
imperfect 7-base pair (bp) repeats in intron 5 of LHX3, reducing the intron size 
to 68 bp. One dwarf was compound heterozygous for the deletion and an 
insertion of an asparagine residue in the DNA-binding homeodomain of LHX3, 
suggesting involvement of the gene in the disorder. An exon trapping assay 
indicated that the shortened intron is not spliced efficiently, probably because it 
is too small. We applied bisulfite conversion of cytosine to uracil in RNA 
followed by RT-PCR to analyze the splicing products. The aberrantly spliced 
RNA molecules resulted from either skipping of exon 5 or retention of intron 5. 
The same splicing defects were observed in cDNA derived from the pituitary of 
dwarfs. A survey of similarly mutated introns suggests that there is a minimal 
distance requirement between the splice donor and branch site of 50 nucleotides 
(nt). In conclusion, a contraction of a DNA repeat in intron 5 of canine LHX3 
leads to deficient splicing and is associated with pituitary dwarfism. 
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Introduction

A defect in the differentiation of endocrine cells of the pituitary gland can lead 
to isolated or combined pituitary hormone deficiency. Normally, the various 
cell types of the adenohypophysis arise in a distinct temporal order from 
progenitor cells. The corticotropic cells are the first to differentiate followed by 
gonadotropes, thyrotropes, lactotropes and somatotropes.1,2 Several of the 
transcription factors involved in the differentiation cascade of the endocrine 
cells of the pituitary have been identified.3 In humans and mice, CPHD is 
mostly related to mutations in genes encoding the transcription factors POU1F1 
(previously known as PIT1) and PROP1.4-9 Mutations in other genes that cause 
CPHD are rare. 

In dogs, congenital growth hormone deficiency or pituitary dwarfism is the 
most striking form of CPHD. This condition is encountered most often in 
German shepherd dogs. Common clinical manifestations are marked growth 
retardation, retention of secondary hairs (puppy coat) with concurrent lack of 
primary or guard hairs, and bilateral symmetrical alopecia (Figure 1).10 

A contracted DNA repeat in LHX3 intron 5 is associated with aberrant splicing and pituitary dwarfism in German shepherd dogs

Figure 1. Two 14-month-old male German shepherd dogs from the same litter. A healthy German 
shepherd dog (left) and his littermate that is affected by pituitary dwarfism (right). Note the 
proportionate growth retardation, the retention of puppy hairs and the lack of guard hairs of the 
dwarf.
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Pituitary dwarfism in the German shepherd dog breed is characterized by 
underdevelopment of the pituitary gland and a combined deficiency of growth 
hormone, thyroid stimulating hormone, prolactin, and gonadotropins. In 
contrast, the secretion of adrenocorticotropic hormone is unaffected in these 
animals.11,12 Therefore, the genetic defect that leads to pituitary dwarfism must 
preclude effective expansion of pituitary stem cells during or after the 
differentiation of the corticotropic cells. Should the basic defect be known, the 
disorder would be a model for pituitary dwarfism in man. Involvement of 
POU1F1 and PROP1 in canine CPHD has been excluded before.13,14 We set out 
to locate the causative gene by a genome wide linkage analysis. We found that 
pituitary dwarfism in German shepherd dogs is associated with a deletion of a 
7-bp repeat in intron 5 of LHX3, a gene encoding another important 
transcription factor involved in pituitary development. It is demonstrated that 
this contraction of the intron results in deficient splicing. 

Materials and methods

Animals

The study group comprised 23 German shepherd dogs with pituitary dwarfism, 
9 of their healthy parents, 17 of their healthy siblings, 37 unrelated German 
shepherd dogs with normal growth and 1 healthy control dog of mixed breed. 
There were 2 sibling pairs and 1 sibling trio of dwarfs in the group of patients 
(Figures 2A, 2D and 2E). Three parents produced dwarfs with different mates 
(Figure 2E). The diagnosis of pituitary dwarfism was based on clinical 
manifestations and the results of a combined anterior pituitary simulation test 
using 4 releasing hormones, i.e., growth hormone-releasing hormone, thyro-
tropin-releasing hormone, gonadotropin-releasing hormone, and cortico-
tropin-releasing hormone, according to methods described previously.12,15,16 
Blood samples were collected and genomic DNA was isolated from the samples 
by a salt extraction method.17 The origin and the birth year of each dwarf and 
available related dogs is listed in Table 1.   

Linkage analysis

A genome wide linkage analysis was performed with 2 families of German shepherd 
dogs in which 3 dwarfs were born, i.e., pedigrees A and B (Figures 2A and 2B). The 
dwarfs (A7, A8, B3), parents (A5, A6, B1, B2), and 2 healthy siblings (A9, A10) were 
genotyped with 256 microsatellite markers spanning the whole canine genome. 
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ID AFFECTED Y/N BIRTH YEAR SEX M/F COUNTRY
A5 N 2002 M USA
A6 N 2000 F USA
A7 Y 2005 M USA
A8 Y 2005 F USA
A9 N 2005 M USA
A10 N 2005 F USA
A11 N 2005 F USA
B1 N 1998 M BEL
B2 N 2000 F BEL
B3 Y 2004 F BEL
B4 N 2004 F BEL
B5 N 2004 M BEL
B6 N 2004 M BEL
B7 N 2004 F BEL
B8 N 2004 F BEL
C3 N 2001 F NLD
C4 N 2001 F NLD
C5 N 2001 F NLD
C6 Y 2001 M NLD
C8 N 2001 M NLD
C9 N 2001 M NLD
D8 N 1990 M NLD
D9 N 1994 F NLD
D11 N 1996 F NLD
D12 N 1996 M NLD
D13 Y 1996 F NLD
D14 N 1996 F NLD
D15 Y 1998 M NLD
D16 Y 1998 M NLD
D17 Y 1998 F NLD
E14 N 1994 F NLD
E17 N 1993 M NLD
E18 N 1992 F NLD
E21 N 1997 F NLD
E22 Y 1997 F NLD
E23 N 1997 M NLD
E24 Y 1999 M NLD
E25 Y 1996 F NLD
E26 Y 1998 F NLD
E27 Y 1998 M NLD
E28 Y 1998 M NLD
F1 Y 1995 F NLD
F2 Y 1998 F NLD
F3 Y 1998 F NLD
F4 Y 1999 F NLD
F5 Y 2000 M NLD
F6 Y 1999 M NLD
F7 Y 2005 M ESP
F8 Y 2000 M NLD
F9 Y 1993 F ESP

Table 1. Birth year, sex and origin of German shepherd dogs included in the study of pituitary 
dwarfism.

A contracted DNA repeat in LHX3 intron 5 is associated with aberrant splicing and pituitary dwarfism in German shepherd dogs
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The microsatellite markers were selected from the 5000cR hybrid radiation 
map and from the marker set derived thereof.18 The criteria for candidate 
regions in the genomic DNA were that the dwarfs from pedigree A had to be 
homozygous for the same allele of at least 1 marker from that region and that 
the dwarf of pedigree B had to share at least 1 copy of this allele. The candidate 
regions were ranked according to the information content of the markers, 
indicated by the number of heterozygous parents. The highest ranked regions 
were then further investigated by typing the complete study group with the 
corresponding markers. To fine-map the candidate regions, additional 
microsatellites listed in Table 2 were selected from the reference canine DNA 
sequence using Tandem Repeats Finder,19 after masking of LINE and SINE 
elements with Repeatmasker.20

The microsatellite markers were genotyped using standard PCR techniques 
with oligonucleotides of which 1 was fluorescently labeled at the 5’-end with 
6-FAM, TET, HEX, VIC, NED or PET. The products were mixed with size 
standard 500GS TAMRA or 500GS LIZ of Applied Biosystems (ABI) depending 
on the oligonucleotide label and analyzed with a 3100 Genetic Analyzer (ABI), 
using Genescan 3.1 software (ABI) for genotype assessment. 

Families A-E and data of markers CA7, REN256F13, CA5, CA1, CA8, 
REN177B24, CA3 and FH2885 were used for multipoint lod score calculation 
with Genehunter 2.1 software.21 We assumed a genetic distance of 1 cM per 
Mbp and the observed alleles of each marker were assumed to have equal 
frequencies. The calculation was based on a recessive inheritance model with 
full penetrance and no phenocopies.

Characterization of LHX3

The RP81 BAC library was screened with a 1.1 kb PstI fragment from mouse 
LHX3 cDNA as described previously.22 The DNA of BAC 17A4 was isolated 
with the Hispeed plasmid isolation kit (Qiagen). The intron 5 - exon 6 junction 
was sequenced directly from the BAC DNA with primers BAC17A4 F and 
BAC17A4 R (Table 2) using BigDye v.3.1 and analyzed with an ABI 3100 Genetic 
Analyzer, according to the protocols of the supplier. 

The exons and intron-exon junctions of LHX3 were amplified from genomic 
DNA of dwarfs and control dogs using standard PCR techniques with the 
primers detailed in Table 2. 

Genomic DNA that served as a template for PCR amplification of intron 5 of 
canine LHX3 was treated with bisulfite and purified with the EZ DNA 
methylation-gold kit (Zymo Research). The DNA (100 ng) was mixed with 
buffer and bisulfite, denatured at 98oC for 10 min and incubated at 64oC for 2.5 h. 
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Name Sequence 5’-3’ Application Ta (oC) Position
CA1 F TCGGAAGTCAGGCACTTGG microsatellite 55 CFA09 51141482
CA1 R CCCCGACAGGGACCAAATCT microsatellite 55 CFA09 51141799
CA3 F GAATGTCACACTGGAAGCTG microsatellite 55 CFA09 55077882
CA3 R GACAGCTGCTCGGCTAAGG microsatellite 55 CFA09 55078144
CA5 F CCACCTTGAGTCATCCAGT microsatellite 55 CFA09 51097789
CA5 R AGTTTGCCAACACCTTGACC microsatellite 55 CFA09 51097975
CA7 F GAACAATGAAGGTAGTAAAGACCAA microsatellite 55 CFA09 47518135
CA7 R AATGCCAGGTCTATTTTATACCTACT microsatellite 55 CFA09 47518434
CA8 F GTATTCCTTTTGGTCCTGAGC microsatellite 64 CFA09 52566091
CA8 R GGCAAATACCATGAAGTCAGC microsatellite 64 CFA09 52566334

REN177B24 F CGAGGAGCAGGTGAGGCATAG microsatellite 55 CFA09 54132065
REN177B24 R GCTGCTCTCGATCAACACAC microsatellite 55 CFA09 54132436
REN256F13 F ACCCTGGTATCCCTCAAACC microsatellite 55 CFA09 49494192
REN256F13 R TTGACTTCTGGCTTTTGGCT microsatellite 55 CFA09 49494372

FH2885 F CTTTTAGGGTGCCTTCAACC microsatellite 55 CFA09 60429010
FH2885 R TGGATTATTAAGGGGAATTTAGC microsatellite 55 CFA09 60428806

BAC17A4 F GCCAAGCAGCTGGAGACCTTGAAGAG BAC sequencing 55 CFA09 52585225
BAC17A4 R CGCTGTCCTTGTCCGACTTG BAC sequencing 55 CFA09 52585625

LHX3 exon1 F CTAGACCCGGACGCCACCTC gDNA PCR 65 CFA09 52579370
LHX3 exon1 R ACCCCAGCAACTTCTCCA gDNA PCR 65 CFA09 52579644
LHX3 exon2 F AATAACTCGGACACCAGCCT gDNA PCR 64 CFA09 52581337
LHX3 exon2 R CCACATGGTTGCTCTTCACA gDNA PCR 64 CFA09 52581815
LHX3 exon3 F AGGCTCATGTCATGCACTC gDNA PCR 58 CFA09 52583528
LHX3 exon3 R TAGAATTTAGCAGCGCACC gDNA PCR 58 CFA09 52584020
LHX3 exon4 F TTCCCAGGCACAGGCTTCT gDNA PCR 67 CFA09 52584147
LHX3 exon4 R AAGTTCTCTCCCCGCAGCGA gDNA PCR 67 CFA09 52584748
LHX3 exon5 F CGGCCTCACCCTACCCCTC gDNA PCR 62 CFA09 52585156
LHX3 exon5 R GGGCGCTGACCTGCACGAC gDNA PCR 62 CFA09 52585345
LHX3 exon6 F CCAGGCTCCACTGAGTACC gDNA PCR 56 CFA09 52586897 
LHX3 exon6 R GCCCTAAAGACGTGGAAC gDNA PCR 56 CFA09 52587987
LHX3 exon7 F GGGATTGAGCTGAACCACT gDNA PCR 60 CFA09 52586289
LHX3 exon7 R GGAAGGAGCCTTCGGTGAG gDNA PCR 60 CFA09 52587047

LHX3 intron5 F ACGGGCCTGGACATGCGGGTCGT gDNA PCR 64 CFA09 52585309
LHX3 intron5 R CTGGACGCTGTCCTTGTCCGAC gDNA PCR + RT-PCR 58-64 CFA09 52585630
BS LHX3 ex5 F GTTAAGTAGTTGGAGATTTTGAAGAG Bisulfite gDNA PCR + RT-PCR 55 GQ913875 40

BS LHX3 ex6 R1 CATCCTTCTTAAACCACTTTTCCTTAA Bisulfite gDNA PCR 55 GQ913875 274
BS LHX3 ex6 R2 CACCACAAACACACTTCATACTAC Bisulfite RT-PCR 55 GQ913875 328

LHX3 ex1-4 F CTCAGTTGAGACGGAGCTCG cDNA PCR 58 CFA09 52579424
LHX3 ex1-4 R TCGTAATCCGCCTTGCACAC cDNA PCR 58 CFA09 52584596
LHX3 ex2-4 F GGAATAACTCGGACACCAGCCT cDNA PCR 64 CFA09 52581335
LHX3 ex2-4 R TCGTAATCCGCCTTGCACAC cDNA PCR 64 CFA09 52584596
LHX3 ex4-7 F CCAGGACTTCGTGTACCACC cDNA PCR 58 CFA09 52584477
LHX3 ex4-7 R GAAGAGGAGAGTGCAGCTCG cDNA PCR 58 CFA09 52586964
LHX3 ex3-4 F GACTTCTTCAAGCGATTCGGGA RT-qPCR 55 GQ463737 278
LHX3 ex4 R GTAGAACTCGTCGCCTGTGG RT-qPCR 55 GQ463737 433

RPS5 F TCACTGGTGAGAACCCCCT RT-qPCR 55 XM_533568.2 365
RPS5 R CCTGATTCACACGGCGTAG RT-qPCR 55 XM_533568.2 505

pSPL3b F GCAGGCTGCTGGTTGTCTAC RT-PCR 55 pSPL3 471
LHX3 ex6 R CCGCATCCTTCTTGAGC RT-PCR 55 GQ463737 695

Table 2. DNA sequence of oligonucleotides used in the study of pituitary dwarfism.
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The treated DNA was purified as prescribed by the manufacturer. The PCR 
reaction was set up to amplify the DNA molecule derived from the strand with 
the coding sequences. The used primers were BS LHX3 ex5 F and BS LHX3 ex6 
R1 (Table 2). In case of fragment analysis, the forward primer was labeled with 
6-FAM (Eurogentec) and the products were analyzed with the Genetic Analyzer 
3130xl and Genemapper 4.0 software, both from ABI. In case of DNA sequence 
analysis, the PCR was performed using standard protocols. The PCR products 
were purified with Shrimp Alkaline Phosphatase (Promega) and Exonuclease I 
(New England BioLabs), and used as a template in a DNA sequencing reaction 
containing BigDye Terminator v3.1 (ABI), according to manufacturer’s instruc-
tions. The reaction products were purified with multiscreen 96-well sephadex 
50-gel filtration plates, and analyzed on an ABI 3100 Genetic Analyzer (ABI). 

The cDNA of LHX3 from 2 dwarfs (F8 and F9) and a control dog of mixed 
breed was analyzed. Total RNA was obtained from the anterior pituitary using 
the RNeasy mini kit (Qiagen) and treated with DNaseI as recommended by the 
manufacturer. The cDNA was synthesized with AMV Reverse Transcriptase 
(Promega), using oligo-dT as primer. Overlapping fragments were amplified 
with the primer pairs described in Table 2. 

For the quantification of LHX3 mRNA, cDNA was synthesized with the 
Iscript kit (Bio-Rad). Quantitative PCR was performed with the IQ SYBR 
Green supermix (Bio-Rad) with primers LHX3 ex3-ex4 F, which overlapped 
exons 3 and 4, and LHX3 ex4 R (Table 2) in exon 4 of LHX3, all according to 
the manufacturer’s protocols. The annealing temperature was 68oC. The gene 
RPS5 was used as a reference with primers RPS5 F and RPS5 R (Table 2) and 
the data was analyzed with MyiQ iCycler (Bio-Rad). The RNA that was used for 
the qPCR experiment was isolated from the anterior pituitary of the male dwarf 
F8, euthanized at an age of 11 months and from the normal male dog of mixed 
breed at the age of 4 years.

The pituitary cDNA fragments that spanned intron 5 were amplified with 
Platinum pfx DNA polymerase (Invitrogen) with primers LHX3 intron5 F and 
LHX3 intron5 R (Table 2). The hybridization temperature of the PCR was 64oC 
and the elongation temperature was 68oC.

The DNA sequences were aligned using the Seqman program from Lasergene 
software (DNASTAR) and compared to the reference dog genome with BLAST 
software (www.ncbi.nlm.nih.gov/BLAST). The Seqman program was also used 
to align the cDNA sequences obtained from the dwarfs with those obtained 
from the healthy control dog.

A contracted DNA repeat in LHX3 intron 5 is associated with aberrant splicing and pituitary dwarfism in German shepherd dogs
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Splicing assay

The normal intron 5 of canine LHX3 was subcloned with the neighboring exons 
5 and 6 as a NotI-BamHI fragment of 1040 bp from the canine BAC 17A4 in the 
plasmid pSPL3b. The NotI site is located 43 bp upstream of exon 5 and the 
BamHI site is 597 bp downstream of exon 6. The cloning site of pSPL3b is 
situated in the HIV-1 tat intron flanked by the proper tat exon-intron junctions. 
The transcription of the recombinant exons and introns is under control of a 
SV40 promoter.23 A mutant intron with the deletion of the German shepherd 
dog dwarfs was constructed with the recombinant plasmid as a PCR template, 
a phosphorylated oligonucleotide of 82 nt spanning the mutant intron and a 
phosphorylated oligonucleotide positioned adjacent to the first primer in the 
opposite strand. The high fidelity Phusion polymerase was used for this purpose 
under conditions recommended by the supplier (New England Biolabs). The 
PCR products were circularized with T4 DNA ligase and used to transfect 
competent JM109 bacteria (Promega). The presence of the mutation was 
confirmed by DNA sequence analysis. 

The simian COS-7 cell line (6x104 cells) was transfected using Lipofectamin 
2000, according to the protocol of the manufacturer (Invitrogen). After growth 
for 2 days, the RNA was isolated from the cells with the RNeasy Mini Kit 
(Qiagen) and treated 2 times with DNase I. The iScript kit (Bio-Rad) was used 
to produce cDNA with random primers. The RNA (500 ng) was modified with 
bisulfite and purified in the same manner as DNA, except that the initial 
denaturation step was 1 min at 98oC, followed by incubation at 64oC for 30 min. 
The iScript kit (Bio-Rad) was used to produce cDNA with random primers. 
The PCR primers to amplify the region extending from the first, vector derived 
exon to exon 6 of LHX3 without prior bisulfite treatment of the RNA were 
pSPL3b F en LHX3 ex6 R (Figure 3A, primer set I; Table 2). The PCR primers 
to amplify the exon 5 - exon 6 region after bisulfite modification were BS LHX3 
ex5 F and BS LHX3 ex6 R2 (Figure 3A, primer set II; Table 2). In case of single 
reaction products, the DNA fragment was sequenced directly as described 
above. In case of multiple products, the bands were separated by electrophoresis 
on an agarose gel, excised, purified with the Qiaquick gel extraction kit 
(Qiagen), and sequenced as described above.

The positions of the putative branch site of normal and defective introns from 
the literature were derived by comparison of the intron with a published U2-
dependent branch site consensus sequence.24
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Figure 3. Defective splicing due to a deletion in intron 5 of canine LHX3 demonstrated by exon 
trapping. (A) Map of part of the plasmids used for transfection of COS-7 cells. The open and closed 
boxes represent exons 5 and 6 of canine LHX3, as indicated. The hatched boxes represent chimeric 
exons that consist of HIV-1 tat and rabbit HBB2 gene sequences. The double lines indicate vector 
sequences of pSPL3b.23 The recombinant DNA is transcribed from the SV40 promoter at the 
indicated position. The map is not drawn to scale. The horizontal arrows indicate the positions of 
the PCR primer sets I and II that were used on cDNA derived from the cells. Primer set II was 
adapted to bisulfite treatment of the RNA. The vertical arrow points out intron 5, consisting of 75 
bp in the control and 68 bp in the mutant construct. (B,C) Eukaryotic COS-7 cells were transfected 
with recombinant plasmids containing the control or the mutant intron 5 of canine LHX3. After 2 
days, RNA was isolated and analyzed by RT-PCR. The PCR products were analyzed by agarose gel 
electrophoresis in the presence of ethidium-bromide. The structure of the fragments was obtained by 
DNA sequence analysis of bands excised from the gels. These structures are indicated by drawings 
as in (A). (B) The 7-bp deletion leads to exon 5 skipping in a proportion of the transcripts. The 
products were analyzed with primer set I. Lane 1: size marker = 100 bp ladder, * indicates the 500 
bp fragment; lane 2: products derived from cells transfected with plasmids containing intron 5 of 75 
bp; lane 3: intron 5 of 68 bp; lanes 4 and 5: as lanes 2 and 3, respectively, except that reverse 
transcriptase was omitted to exclude contamination of RNA substrate with plasmid DNA; lane 6: 
transfection with vector pSPL3b without insert; lane 7: no transfection. Primer set I does not amplify 
fragments containing intron 5 due to the high cytosine content of the intron. (C) The 7-bp deletion 
leads to retention of intron 5 in a proportion of the transcripts. The RNA was treated with bisulfite 
and analyzed with primer set II. Lanes 1 and 4: products derived from cells transfected with 
plasmids containing intron 5 of 75 bp; lanes 2 and 5: products derived from cells transfected with 
plasmids containing intron 5 of 68 bp; lane 6: transfection with vector pSPL3b without insert; lane 
3: size marker = 100 bp ladder, * indicates the 500 bp fragment. Lanes 4 and 5: omission of reverse 
transcriptase to exclude contamination of RNA substrate with plasmid DNA. 

A contracted DNA repeat in LHX3 intron 5 is associated with aberrant splicing and pituitary dwarfism in German shepherd dogs
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Results

Gene localization

Pituitary dwarfism in German shepherd dogs is inherited recessively.25 As is the 
case with many recessive traits in dog breeds, all dwarfs were expected to be 
homozygous for the same gene defect due to inbreeding. We started the step-
by-step localization of the gene by linkage analysis of 2 families with in total 3 
dwarfs, using a genome wide set of microsatellite markers (Figures 2A and 2B). 
There were 49 markers that passed the first selection criterion of homozygosity of 
dwarfs A7 and A8 for the same allele and sharing of at least 1 copy of this allele by 
dwarf B3. Of these markers, 21 were monomorphic in families A and B. Eleven 
of the remaining markers were heterozygous in only 2 parents and 4 markers 
were heterozygous in 3 parents. There was only 1 marker, REN177B24 on CFA09, 
for which all 4 parents were heterozygous. The 3 dwarfs were homozygous for 
allele 366 of this marker and their analyzed siblings were heterozygous. Therefore, 
REN177B24 was the first marker to be analyzed further according to our selection 
criteria and all available dwarfs, parents, and siblings were genotyped with this 
marker. Three of the 23 dwarfs were not homozygous for the allele of 366 bp (D15, 
F4, F9). Just 1 out of 9 available parents (D9) and 1 out of 17 normal siblings (D14) 
were homozygous for this allele. The homozygous sibling was an offspring of the 
homozygous parent. The frequency of the associated 366 bp allele was 94% in the 
group of dwarfs, 56% in the parents, and 44% in the siblings. These results showed 
that the dwarfism phenotype is strongly associated with marker REN177B24. 

To define the critical region, we selected microsatellite markers neighboring 
REN177B24 from the genomic reference DNA sequence. Markers FH2885, 
REN256F13, CA1, CA3, CA5, CA7 and CA8 were found to be polymorphic and 
were subsequently used to genotype the study group. This fine-mapping revealed 
a genomic region containing 3 markers, markers CA1 and CA5 at position 51.1 
Mb, and marker CA8 at 52.6 Mb of CFA09, for which all dwarfs were homozygous 
(Figures 2A-2F). The multipoint lod score for linkage between pituitary dwarfism 
and the CFA09 region reached a maximum value of 9.8 in the available family 
material. The markers REN256F13 at position 49.5 Mb and REN177B24 at 54.1 
Mb of CFA09 bordered the critical region. Respectively 7 (D13, D15-17, E26, 
E28, F9) and 3 dwarfs (D15, F4, F9) were heterozygous for these markers and 
1 dwarf was homozygous for another allele of REN256F17 (E27). The region 
contained 137 genes, according to the annotation of the NCBI, build 2.1 (www.
ncbi.nlm.nih.gov/mapview). One of these genes, at position 52.6 Mb of CFA09, 
encoded LHX3, a transcription factor essential for pituitary gland formation.26,27 

We considered this gene to be the prime candidate for involvement in German 
shepherd dog dwarfism.
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Mutation screening of LHX3

The gene structure of canine LHX3 was deduced from BLAST comparisons 
between human cDNA sequences and the genome of the dog. The intron 5 - 
exon 6 junction was not covered by build 2.1 of the reference DNA sequence. 
The gap was filled by DNA sequence analysis of BAC clone RP81-17A4 that 
carries canine LHX3 (Figure 4A). 

We analyzed the DNA sequence of the 7 exons and the intron boundaries in 4 
dwarfs (B3, A8, D13, E22) and did not detect mutations in comparison to the 
amended version of the gene. We noted that intron 5 consists of only 75 bp, is 
very GC-rich, and contains 6 imperfect repeats of a 7-bp sequence. Expansions 
of DNA repeats of up to 12 bp are potentially pathogenic.28,29 We therefore 
wanted to establish whether the dwarfism phenotype was associated with 
expansion of the 7-bp repeat region in intron 5. We found that DNA fragments 
containing the GC-rich intron cannot be PCR-amplified with standard thermo-

Figure 4. Structure of exon 5, intron 5, and exon 6 of canine LHX3. (A) The DNA sequence derived 
from BAC clone RP81-17A4 fills a gap in the reference genome sequence build 2.1. The intron is 
indicated by bold characters and the putative splice branch site is underlined. The intron contained 
6 repeats of the 7-bp sequence GCGCCCC, indicated by alternating light and dark blue blocks. The 
G at position 3 of the third repeat was mutated to a C and the last repeat ends with a G-residue. The 
Genbank accession number of the DNA sequence is Q913875. (B) Comparison of the DNA sequence 
of intron 5 in the normal German shepherd dogs B4 and C8 and the dwarfs B3 and C6 after bisulfite 
treatment of genomic DNA. The treatment converts unmethylated cytosine residues to uracil 
residues, which act like thymine in the PCR. The intron in the normal dogs B4 and C8 (Figure 6) 
consisted of 75 bp and contained 6 repeats of the 7-bp sequence which are converted to GTGTTTT, 
indicated by alternating light and dark blue blocks. Seven consecutive nucleotides in the region of 
repeats 4 - 6 are deleted from the intron of the dwarfs B3 and C6, indicated by dashes (NM_001197187, 
c.622-37-31del).

A contracted DNA repeat in LHX3 intron 5 is associated with aberrant splicing and pituitary dwarfism in German shepherd dogs
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stable DNA polymerases. These fragments could however be amplified after 
bisulfite conversion of cytosine residues to uracil.19 In addition, these fragments 
could be amplified with the use of Platinum pfx DNA polymerase.30 Surprisingly, 
the DNA fragments from dwarfs that contain LHX3 intron 5 were shorter than 
the fragments from control dogs. The DNA sequence showed that the size 
difference is the result of a deletion of 1 7-bp repeat unit from the intron (Figure 
4B). All dwarfs except 1 (F9), displayed homozygosity for the 7-bp deletion, all 
available parents were heterozygous carriers and their siblings were either 
carrier or did not have the 7-bp deletion. These relatives included the 3 parents 
and 4 siblings that were homozygous like the dwarfs for allele 243 of marker 
CA8. This result established that LHX3 was located within the linked region 
with zero recombination. Dwarf F9, which was not homozygous for the 
deletion, was a compound heterozygote with a second mutation described 
below. Seven dogs from a group of 37 unrelated German shepherd dogs from 
the Dutch population with normal growth were carrier of the 7-bp deletion 
(allele frequency = 0.094).

In vitro splicing assay

We supposed that the mutant size of LHX3 intron 5 of 68 nt could be too small 
to be spliced efficiently. We tested this possibility by applying an exon trapping 
assay. Cultured eukaryotic cells were transfected with recombinant plasmids 
that carried multiple introns and exons under the control of a promoter of 
transcription. The splicing machinery of the host cell processed the transcript 
if the proper signals were present and the RNA products could be characterized 
by RT-PCR. A pSPL3b-derived plasmid was constructed that included exon 5, 
intron 5 and exon 6 of LHX3 derived from BAC RP81-17A4. This construct was 
used to create a second plasmid with a 7-bp deletion in intron 5 identical to the 
mutation in intron 5 of German shepherd dog dwarfs (Figure 3A). 

COS-7 cells were transfected with either construct or mock transfected and 
the transcripts were analyzed using RT-PCR with primer set I that spanned the 
first vector derived exon and exon 6. The products included the fragment 
expected from normal splicing (Figure 3B, lanes 2 and 3). In addition, a larger 
product was seen with both constructs in which the chimeric intron was 
retained. The identity of the products was confirmed by DNA sequence analysis. 
A product of approximately 280 bp was apparent with the mutant construct, 
but hardly detectable with the construct containing LHX3 intron 5 of normal 
size. This fragment was shown by sequence analysis to consist of the first 
recombinant exon spliced to exon 6 of LHX3, so it represented skipping of exon 
5 in the splicing process.



65

Another result that could be expected from a defective intron would be 
retention of that intron. A technical problem to detect retention of intron 5 was 
posed by the inherent difficulty of this intron to be amplified by PCR because 
of the high cytosine content. Analogous to the resolution of strong base pairing 
in DNA, strong base pairing in the cDNA was prevented by treatment of the 
RNA with bisulfite prior to cDNA synthesis. The plasmids described above that 
contained mutant or normal intron 5 were used again, but in this experiment 
the products were analyzed by RT-PCR primer set II that spanned intron 5 only 
and had sequences adapted to the bisulfite conversion. Cells transfected with 
the plasmid containing the normal intron produced spliced RNA of the 
anticipated size (Figure 3C, lane 1). The same product and a larger, more 
prominent product were found in cells transfected with the mutant construct 
(Figure 3C, lane 2). The larger product was derived from RNA that had retained 
the mutant intron 5. Again, the identity of the fragments was established by 
DNA sequence analysis of the excised bands. These results are consistent with 
our supposition that the mutant intron 5 of 68 nt is defective.

LHX3 cDNA analysis

To establish whether the splice defects observed with the exon trapping assay 
could be detected in vivo, we analyzed LHX3 cDNA from the available pituitary 
glands of 2 dwarfs (F8 and F9) and of a normal dog of mixed breed. In addition 
to normally spliced products, dwarf cDNA displayed retention of intron 5 in a 
proportion of the transcripts with a processed intron 4, and skipping of exon 5 
in another part of the products (Figure 5A). These splicing products were not 
seen in the cDNA from the normal dog. Skipping of exon 5 of 152 nt results in 
a frame shift (NP_001184116.1, p.E159fs). The translation product would lack 
the highly conserved, DNA-binding homeodomain. Retention of the mutant 
intron of 68 nt leads to an insertion of 21 amino acids and a frameshift at the 
protein level (p.V208ins21fs). The first triplets of both intron 5 and exon 6 are 
valine codons. 

Splicing defects are known to induce nonsense-mediated decay of the RNA31 
and the intron 5 mutation could lead to a low RNA expression level. Quantitative 
RT-PCR experiments indicated that the expression of LHX3 in the homozygous 
dwarf F8 was approximately 100-fold lower than in a normal dog.

Remarkably, 1 of the 2 dwarfs (F9) of which the cDNA was analyzed, showed 
to be heterozygous for an insertion of an ACA trinucleotide sequence (Figure 
5C). The insertion occurred at a site of 2 ACA triplets that are normally present 
in exon 5 (NM_001197187, c.545_547dupACA). 

A contracted DNA repeat in LHX3 intron 5 is associated with aberrant splicing and pituitary dwarfism in German shepherd dogs
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The result for the open reading frame was an insertion of an AAC codon for 
asparagine at position 182 of the LHX3b protein isoform (p.N182dup), which 
is located in the first α-helix of the homeodomain of LHX3. The triplet insertion 
and the heterozygosity of the dwarf were confirmed by sequence analysis of 
exon 5 from genomic DNA (Figure 6A). The insertion is situated close to intron 
5 and can be amplified as part of the same fragment. The heterozygous dwarf 
displayed the fragment with the 7-bp deletion in addition to a fragment that 
was 3 bp longer than the wild type fragment due to the triplet insertion (Figure 
6B). Exon 5 of the other dwarfs was analyzed but none of these had the allele 
with the triplet insertion. No other mutations were identified in the complete 
LHX3 cDNA from the dwarfs, as expected from the genomic DNA sequence 
analysis. The analysis of the complete cDNA corrected the Genbank annotation 
of the gene and is described in Chapter 5. 

Figure 5. Splicing products of LHX3 RNA in German shepherd dwarfs. (A) Normal splicing of 
intron 5 as well as retention of the intron was observed in the pituitary of 1 of the dwarfs (F8). The 
cDNA fragments were generated with Platinum pfx polymerase and primers LHX3 ex4-7 F and 
LHX3 intron5 R in exons 4 and 6, respectively (Table 2). The fragments were analyzed by agarose 
gel electrophoresis. Lane 1: 100 bp size standard, * indicates the 500 bp fragment; lane 2: fragment 
derived from a control dog of mixed breed without the 7-bp deletion in intron 5 or other LHX3 
mutations; lane 3: fragments derived from a dwarf homozygous for the deletion in intron 5; lanes 4 
and 5: as lanes 2 and 3, respectively, without reverse transcriptase. The structure of the fragments as 
indicated by the drawings was confirmed by DNA sequence analysis of the excised bands. Open box: 
exon 5, closed box: exon 6, line: intron 5. (B) The cDNA sequence of the same dwarf, obtained with 
primers in exons 4 and 7 and standard taq DNA polymerase, indicates that exon 5 was skipped in 
a proportion of the transcripts. (C) The other dwarf (F9) for which pituitary RNA was available 
displayed heterozygosity for an insertion of an ACA trinucleotide sequence (underlined) in exon 5. 
This insertion translates into insertion of an asparagine residue (underlined) in the amino acid 
sequence (bold).
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Discussion

Pituitary dwarfism in German shepherd dogs has been seen for decades and 
dwarfs are born in purebred populations all over the world. Genome wide 
linkage analysis with microsatellite markers was used to localize the genetic 
defect causing this disorder. The stepwise approach was similar to that described 
by Leegwater et al.32 In the first step, a limited number of DNA samples from 2 
informative families were typed with all markers. Candidate regions were 
selected and ranked using loose criteria and analyzed 1 by 1 in all available 
dogs. Fortunately, the marker REN177B24 on chromosome 9 that ranked 
highest after the first step turned out to be associated with dwarfism in the 
study group. The followed strategy saved time and reduced expenses in 
comparison with a screen of the marker set in the complete study group.

The linkage of the REN177B24 region with the phenotype was confirmed by 
analysis of closely spaced markers. The multipoint lod score of 9.8 for linkage 
between the region on CFA09 and the dwarfism phenotype indicated that the 
mutated gene is located in this region. The critical region contained 1 gene of 
major interest, i.e., LHX3 (also known as LIM-3 or P-Lim). LHX3 is a member 
of the LIM homeodomain protein family of DNA-binding transcription factors. 
These factors regulate the expression of genes that pattern the body and are 
critical for cell specialization during embryonic development.33 Molecular 
defects in the LHX3 gene are associated with the CPHD syndrome in humans. 
Ten different homozygous LHX3 defects have been reported in 24 human 

Figure 6. Demonstration of DNA mutations in genomic DNA fragments of LHX3 in German 
shepherd dwarfs. (A) Partial DNA sequence of exon 5 in dwarf F9 confirms heterozygosity of a 
trinucleotide insertion (underlined) observed in cDNA from the same dog. (B-D) The site of the 
insertion and intron 5 are amplified together by PCR with a 6-FAM labeled primer. (B) The 
normal German shepherd dog B4 displays a single fragment of 240 bp. (C) All dwarfs except F9 
are homozygous for the 7-bp deletion in intron 5 as shown by a single fragment of 233 bp as for 
dwarf B3. (D) The dwarf F9 displays 2 alleles with either the deletion or the insertion of 3 bp.

A contracted DNA repeat in LHX3 intron 5 is associated with aberrant splicing and pituitary dwarfism in German shepherd dogs
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patients from consanguineous families.34-38 Most human patients display a 
complete deficit of all anterior pituitary hormones, except for adrenocorticotropic 
hormone. In mice, LHX3 is essential for differentiation and proliferation of 
pituitary cell lineages.26 Homozygous LHX3-knockout mice are stillborn or die 
within 24 h of birth. Such mice display a complete absence of the differentiated 
hormone secreting cells, except for some corticotropes.26,27 Because the 
endocrinological phenotype of humans with LHX3 mutations and LHX3-
knockout mice is consistent with the phenotype of the German shepherd dog 
dwarfs, we considered LHX3 an excellent candidate gene for involvement in 
pituitary dwarfism in this breed.

Our results show that mutations in the LHX3 gene are associated with 
pituitary dwarfism of German shepherd dogs. Analysis of intron 5 revealed a 
7-bp deletion that was associated with defective splicing of a proportion of the 
transcripts in vivo and in vitro. The aberrant splicing products resulted from 
skipping of exon 5 or retention of intron 5. Skipping of exon 5 results in a frame 
shift; the translation product will lack the homeodomain and will therefore 
probably not be functional.39 Retention of the mutant intron of 68 nt also leads 
to a frame shift in the part of the mRNA that codes for the homeodomain. The 
splice donor, acceptor and putative branch sites are not altered by the mutation 
and the deleted sequence GCGCCCC is not similar to any known intronic 
splice enhancer. Therefore, the splicing of the mutant intron 5 must be hampered 
by a structural constraint such as its size. 

Natural deletion mutants and in vitro experiments indicate that there is a 
minimum size of 65-78 nt of introns in higher eukaryotes.40-48 It appears that a 
universal threshold of minimal intron size cannot be defined (Table 3). In the 
case of murine notch4 an intron of 68 nt is spliced normally, while a mutant 
intron of 71 nt of human PKD1 with apparently normal splicing signals is 
deleterious.43,45 It seems plausible that demands on intron size are dictated by 
requirements on spacing between the donor and the branch site and between 
the branch site and the splice acceptor.49-51 The first reaction of splicing is a 
nucleophilic attack of the branch site on the 5’ splice donor, resulting in lariat 
formation. The loop of the lariat is composed of the fragment between the 5’ 
donor and branch site. From known deletion mutants and in vitro experiments 
it can be concluded that splicing is hampered when this distance drops below 
50 nt (Table 3). Like for total size, this threshold is not strict since a distance of 
50 nt is normal in mouse notch4 but deleterious in human RECQL4. The overlap 
between normal and shortened donor-branch site distances is slightly less than 
the overlap between the sizes of complete and mutant introns, suggesting that 
the first parameter better defines the size requirement. There is no structural 
constraint to form an RNA lariat with a loop of 50 nt. Steric hindrance of 
splicing factors probably impedes splicing if the distance between the splice 
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donor and branch site is too small.49 The deletion in canine LHX3 shortened the 
distance between the splice donor and branch site to 48 nt. It did not affect the 
RNA sequence context of intron 5 because the deleted sequence is 1 of the 6 
direct tandem repeats normally present in the intron. Therefore we can reliably 
conclude that steric parameters retard the splicing of intron 5.

The size of intron 5 of LHX3 of mammals ranges from 75 nt in dog and horse 
to 114 nt in cow (Table 4). The GC content of the intron is invariably high, but 
the analyzed species other than dog lack repetitive elements, reducing the 
chance of size alterations during DNA replication. Therefore the risk of size 
reduction of the intron, affecting expression of the gene, is probably low for 
these species.

The splicing deficiency of the canine LHX3 intronic deletion in the in vitro 
system was not absolute and accordingly we detected wild type LHX3 mRNA 
in the 2 available pituitaries from dwarfs. Possible variations in the level of 
residual activity between dwarfs could be related to the high level of phenotypic 
variability that we observe.10 Because there was only 1 pituitary available of a 
dwarf that was homozygous for the 7-bp deletion, we could not adequately 
evaluate the expression level of LHX3 in dwarfs. The qPCR experiment of the 1 
sample indicated that the LHX3 mRNA level is strongly reduced. This reduction 
is less obvious from the comparison of the cDNA products of a dwarf and a 
normal dog in Figure 5A. It should be noted however that this experiment was 
not quantitative and only shows the endpoint of the PCR. Similarly, the intensity 
of the 2 bands in lane 2 of Figure 5A cannot be used for a quantitative assessment 
of the level of intron retention because the fragment with the retained intron is 

Intron Intron size (nt) Donor-branch
distance (nt)

Gene Gene ID Number Normal Mutant Normal Mutant Reference
PKD1 5310 43 75 57 52 34 42
PKD1 5310 43 75 55 52 32 42
PKD1 5310 31 90 71 67 48 43
RECQL4 9401 8 77 66 61 50 44
notch4 18132 10 68 60 50 42 45
GNPTG 84572 8 76 43 ? ? 48
SLC34A3 142680 9 167 66 145 44 46
SLC34A3 142680 10 139 54 77 - 46
SLC4A11 610206 7 87 68 63 42 47
recombinant 81 47 59 47 40
AdC E1A 2652980 114 78 86 49 49
LHX3 607584 5 75 68 53 46 this study

Table 3. Distance parameters of normal and defective introns.

? = no clear branch site  - = no branch site

A contracted DNA repeat in LHX3 intron 5 is associated with aberrant splicing and pituitary dwarfism in German shepherd dogs



70

Chapter 4

Sp
ec

ie
s

Si
ze

D
N

A
 se

qu
en

ce

do
g

75
gt

ca
gc

gc
cc

cg
cg

cc
cc

gc
cc

cc
cg

cg
cc

cc
gc

gc
cc

cg
cg

cc
cg

cc
gc

tc
ac

cc
tc

cc
cc

ca
cc

cc
cg

cc
ca

g

ho
rs

e
75

gt
ca

gc
gc

cc
cg

cg
cc

cg
cg

gc
ca

cc
ct

gc
cc

gc
cc

cc
gc

gc
gc

cc
tg

cg
gc

ca
ct

ca
cc

cg
cc

cc
cg

cc
cc

ca
g

hu
m

an
87

gt
ca

gc
gc

tc
gc

cc
ct

gc
ttc

cc
tc

cc
gc

cc
gc

gg
cc

ttg
gg

gg
cc

cc
cg

ca
ga

gc
cg

gg
cg

gc
cg

ct
ca

cc
cc

gc
cc

cg
cc

cc
ca

g
rh

es
us

 
m

on
ke

y
87

gt
ca

gc
gc

tc
gc

cc
cc

gc
tc

cc
ct

cc
cg

cc
cg

cg
gc

ct
tg

gg
ga

cc
cc

cg
ca

ga
gc

tg
gg

cg
gc

cg
ct

ca
cc

gc
gc

cc
ca

cc
cc

ca
g

m
ou

se
87

gt
ca

gc
gc

tc
gg

cc
gc

ct
cc

cc
cg

gc
cc

ca
ga

ag
gg

cc
ac

gc
gc

tc
cg

cg
gg

aa
gc

cg
gg

cg
gt

ca
ct

ca
cc

at
cc

ct
ac

cc
cc

ca
g

ra
t

87
gt

ca
gc

gc
tc

gg
tc

gc
gt

cc
cc

cg
gc

cc
ca

ga
ag

gg
gc

gc
gc

gc
tc

cg
cg

gg
aa

gc
tg

gg
ca

gc
ca

ct
ca

cc
at

cc
ct

ac
cc

cc
ca

g

m
ar

m
os

et
98

gt
ca

gc
gc

ttg
cc

cc
cg

cg
cc

cc
tc

cc
gc

cc
ct

cc
cg

cc
cg

cg
gc

ct
tg

gg
gg

cc
cc

gc
ag

ag
cc

cg
gc

gg
cc

gc
tc

ac
cc

cg
cc

tc
cc

cg
cc

cg
ca

g

co
w

11
4

gt
ca

gc
gc

cc
cg

gc
gc

cc
cc

gc
gc

gc
cc

tg
cg

ag
cc

gc
tg

gc
aa

ac
aa

gg
gc

ca
cc

cc
gg

gt
cc

ca
ga

gc
ag

cg
gc

ca
ct

ta
tc

gg
cc

cc
ca

cc
gc

cc
cc

ca
cc

cc
ac

cc
cc

ag

Ta
bl

e 
4.

 S
iz

e a
nd

 D
N

A
 se

qu
en

ce
 o

f i
nt

ro
n 

5 
of

 L
H

X3
 in

 m
am

m
al

s.



71

probably subject to nonsense mediated decay leading to underrepresentation of 
the corresponding band.      

Due to the high GC content of intron 5, we experienced difficulties to amplify 
this intron by PCR. Bisulfite treatment, used to convert cytosine bases to uracil, 
is known to resolve strong base-pairing and allow the analysis of GC-rich DNA 
sequences. We applied it in this study to modify cytosine rich RNA before 
cDNA synthesis. To the best of our knowledge, this is the first report of the 
application of bisulfite treatment of RNA to allow RT-PCR. 

One of the dwarfs turned out to be a compound heterozygote for an insertion 
of an ACA triplet in exon 5 and the repeat deletion in intron 5 of LHX3. The 
insertion leads to duplication of an asparagine residue in the first α-helix of the 
DNA-binding homeodomain of the protein. Although in a number of 
vertebrates the LHX3 protein does have 2 consecutive N-residues at the position 
of this mutation, the insertion is still expected to demolish the function of the 
homeodomain. This is because the spacing of amino acids that contact the 
DNA binding site is critical and the size of the domain is highly conserved.52 A 
blast search of the non-redundant protein database with human LHX3 shows 
that the length of the homeodomain of all known vertebrate LHX1, LHX2, 
LHX3 and LHX4 proteins is identical. 

Fragment length analysis showed that the 2 mutations occurred independently, 
i.e., that the triplet insertion was not a secondary mutation in an allele of the 
LHX3 gene that was already dysfunctional because of the 7-bp deletion. 
Apparently by coincidence, this dwarf was homozygous for the same 3 markers 
as all other dwarfs (Figure 2F). The detection of 2 mutations in LHX3 supports 
our conclusion that this gene is involved in the dwarfism phenotype in German 
shepherd dogs, since the odds that we would have detected 2 mutations in a 
strong positional candidate gene by chance are negligible. The high frequency 
of 0.094 of the deletion allele in a group of Dutch German shepherd dogs is not 
abnormal in pet genetics.53 It warrants the implementation of a DNA test to 
prevent mating of carriers and reduce the spread of the disorder in the breed.   

In this study, we have demonstrated that a contracted DNA repeat in intron 5 
of LHX3 could well be responsible for CPHD in German shepherd dogs by 
leading to aberrant splicing. Pituitary dwarfism in German shepherd dogs 
forms a natural model for experimental therapies of CPHD in humans. One 
important requirement, identification of the associated gene, has now been 
fulfilled. 

A contracted DNA repeat in LHX3 intron 5 is associated with aberrant splicing and pituitary dwarfism in German shepherd dogs
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Abstract

The transcription factor LHX3 is a regulator of pituitary development and 
specification of particular neurons. Three protein isoforms are encoded by 
human LHX3. The translation start codons of the isoforms LHX3a and LHX3b 
are located on the alternate exons 1 and 2, respectively, while M2-LHX3 is 
translated from a start codon on exon 4. By analysis of genomic DNA (gDNA) 
and complementary DNA (cDNA) sequences, we show that in dogs, the 
predicted start codon of LHX3a is followed shortly by a stop codon. LHX3a 
seems to be redundant in dogs and the function of exon 1 may be to circumvent 
exon 2 in order to direct production of isoform M2-LHX3. Our results highlight 
the significance of isoform M2-LHX3 and refine insight in the isoform 
repertoire of LHX3.
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Introduction

The pituitary gland produces hormones that regulate essential processes such 
as growth, thyroid function, pubertal maturation, lactation, and the response to 
stress. The pituitary cells that secrete respectively, adrenocorticotropic hormone, 
follicle-stimulating hormone and luteinizing hormone, thyroid-stimulating 
hormone, prolactin, and growth hormone, develop sequentially under the in-
fluence of homeobox transcription factors (reviewed by Mullis, 2001).1 The 
transcription factor LHX3 is a LIM homeodomain protein, which regulates the 
early differentiation of the hormone-secreting cells of the pituitary.2 In addition, 
the protein functions in motor neuron and V2 interneuron specification, and 
sensory hair cell development of the inner ear.3-5 

The human LHX3 gene consists of 7 exons (Figure 1A). Alternate promoters 
lead to 2 transcript variants: variant 1, containing exon 1, and variant 2, con-
taining exon 2 instead of exon 1. The first exon of both variants is spliced to 
exon 3.6,7 Protein isoforms LHX3a and LHX3b are translated from an ATG start 
codon in exon 1 and exon 2, respectively. In addition, a third protein isoform, 
M2-LHX3, has been described, which is translated from a start codon in exon 
4 of transcript variant 1.8 Compared to LHX3a, the M2-LHX3 isoform is 
truncated by 133 amino acids and lacks the 2 LIM domains of the protein, 
which interact with other proteins (Figure 1B). Earlier in vitro studies concluded 
that isoforms LHX3a and M2-LHX3 are potent gene activators in humans and 
that LHX3b is not. 

In this study, we characterized canine LHX3 cDNA and show that transcript 
variant 1 does not encode LHX3a. 

Materials and methods

Animals, DNA and RNA samples

Exon 1 of LHX3 of 9 dogs of varying breeds and 1 wolf was analyzed. The dogs 
were privately owned and the DNA was isolated and used with informed 
consent of the owners. The wolf was owned by a public zoo and the DNA was 
isolated more than 10 years ago according to the rules that applied at the time. 
The gDNA was isolated from blood samples by the salt extraction method of 
Miller et al. (1988).9 RNA was obtained from the anterior pituitary of a 
laboratory dog, which was euthanized for reasons not related to this study. The 
dog was part of a study which was approved by the responsible ethical committee 
as required by Dutch legislation. The pituitary was quick-frozen in liquid 
nitrogen and stored at -70°C until analysis. Total RNA was extracted using the 
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RNeasy mini kit according to manufacturer’s instructions (Qiagen, Hilden, 
Germany). Complementary DNA was synthesized using oligo-dT primers and 
AMV Reverse Transcriptase, also according to manufacturer’s instructions 
(Promega, Madison, WI).

Characterization of LHX3 exon 1

The genomic region of the canine LHX3 gene was selected from the gene data-
base of the NCBI (www.ncbi.nlm.nih.gov/sites/entrez?db=gene). We localized 
canine exon 1 by comparison of the N-terminal peptide sequence of 26 amino 
acids of human LHX3a to the 6 possible translation products of the 5 kb region 
upstream of exon 2 of canine LHX3 with the TBLASTN program. The quality 
of the trace files that covered this region was poor and therefore, we rese-
quenced the region using gDNA of a healthy dog with PCR primers based  
on high quality trace files. The DNA sequences of the primers were 
CTAGACCCGGACGCCACCTC and ACCCCAGCAACTTCTCCA. For PCR, 
25 ng of canine genomic DNA was incubated with 0.33 mM of each primer, 0.5 
U of Amplitaq Gold (Applied Biosystems, Foster City, CA), 0.2 mM dNTPs, 1x 
PCR Gold buffer and 2.5 mM MgCl2 in a final volume of 20 ml.  

Figure 1. Structure of the human LHX3 gene, LHX3 proteins and comparison of peptide 
sequences encoded in exon 1 of man and dog. (A) The gene consists of 7 exons and it 
encodes 3 protein isoforms that are translated from alternative start codons (M). The 
boxes represent exons and the hooked lines indicate 2 alternative transcription and 
splicing pathways. The gene consists of 8.9 kb. The exons are not drawn to scale. (B) The 
domain structure of the protein isoforms LHX3a (a), LHX3b (b) and M2-LHX3 (M2) 
are depicted schematically. The differently hatched boxes represent the domains encoded 
by exon 1 (a) and exon 2 (b). L: LIM domain, HD: homeodomain. (C) Partial DNA 
sequence of exon 1 of the dog. The odd numbered codons are underlined. The amino 
acid translation is shown above the sequence together with the similar human peptide 
sequence. The * indicates an in frame stop codon.
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The DNA was denatured at 95°C for 5 minutes and then subjected to 30 cycles, 
consisting of 30 s at 95°C, 30 s at 65°C and 30 s at 72°C. Finally, an extension 
step of 10 minutes at 72°C was used. The products were treated with Shrimp 
Alkaline Phosphatase (Promega) and Exonuclease I (New England BioLabs 
Inc, Ipswich, MA), and used as a template in a DNA sequencing reaction 
containing BigDye Terminator v3.1 (Applied Biosystems), according to 
manufacturer’s instructions. The reaction products were purified with 
multiscreen 96-well sephadex 50-gel filtration plates, and analyzed on an ABI 
3100 Genetic Analyzer (Applied Biosystems). 

Characterization of LHX3 cDNA

We deduced the cDNA sequences of variant 1 and 2 from overlapping RT-PCR 
fragments. The first cDNA fragment of variant 1 corresponds to exon 1, exon 3 
and part of exon 4 of LHX3, and the first fragment of variant 2 spans exon 2, 
exon 3 and part of exon 4. The remainder of the sequence was amplified with 
primers that cover part of exon 4 to exon 7. The forward primer of fragment 1 
of variant 1 is located within exon 1. We based the remainder of exon 1 upstream 
of the forward priming site on the gDNA sequence and the similarity to the 
human LHX3 gene. The annealing site of the forward primer of fragment 1 of 
variant 2 starts 76 base pairs upstream of the start codon of exon 2. The 
sequences and annealing temperatures of the used primers are listed in Table 1. 
PCR reactions were performed in a 50 µl volume containing 1 µl cDNA, 1x 
PCR gold buffer (Applied Biosystems), 0.2 mM dNTPs, 1.5 mM MgCl2, 0.5 U 
AmpliTaq Gold (Applied Biosystems) and 0.2 µM of both primers. The thermo-
cycling program and subsequent DNA sequence analysis were performed as 
described above. 

Results and discussion

We characterized the canine LHX3 gene because of our interest in normal and 
abnormal pituitary development in dogs. The high quality of the reference 

Exons Forward primer 5’-3’ Reverse primer 5’-3’ Ta

1-4 CTCAGTTGAGACGGAGCTCG TCGTAATCCGCCTTGCACAC 58
2-4 GGAATAACTCGGACACCAGCCT TCGTAATCCGCCTTGCACAC 64
4-7 CCAGGACTTCGTGTACCACC GAAGAGGAGAGTGCAGCTCG 58

Table 1. Primers for PCR amplification of canine LHX3 cDNA. 

a Annealing temperature in ºC
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DNA sequence from the dog genome project did not extend to the LHX3 gene 
region. Exon 1 was not annotated and the intron 5 - exon 6 junction was not 
covered. After we identified and resequenced the region of exon 1 from genomic 
DNA, we found that the putative methionine start codon is followed by codons 
for conserved amino acid residues, but remarkably, this start codon is in frame 
with a stop codon at position 9 (Figure 1C). We found this situation in the DNA 
of all analyzed dogs and of 1 available wolf. Apparently, the stop codon was not 
introduced during the domestication process of dogs and did not play a role in 
the divergence from wolves. 

We confirmed the usage and identity of canine exon 1 by cDNA sequence 
analysis. The cDNA sequence defined the exon 1 - exon 3 junction and showed 
that, apart from the stop codon at position 9, the first ATG triplet is not in 
frame with the highly conserved coding sequence of exons 3 and 4 (Figure 2A). 
A second potential ATG start codon is present just upstream of the exon 1 - 
exon 3 junction, but this codon is also shifted with regard to the conserved 
open reading frame of exon 3 (Figure 2A). 

In some instances, translation can “readthrough” stop codons. However, the 
combination of the TGA stop codon in exon 1 with the downstream G-residue 
does not favor readthrough.10 Another mechanism to bypass the stop codon 
would be ribosome frameshifting,11 but similarities to sequences known to 
favor a frameshift could not be found in exon 1. On occasion, the translation 
may start with a CTG codon instead of an ATG codon, but in the case of exon 
1 of canine LHX3, the CTG codons are not in phase with the remainder of the 
reading frame. Taken together, our results indicate the dog does not produce 
LHX3 with the isoform LHX3a specific domain.

The identity of canine exon 2 at the start of the second transcript variant was 
confirmed by cDNA sequence analysis as well (Figure 2B). Exon 2 was shorter 
than predicted in the annotated version of the cDNA (accession XM_844322.1). 
The coding sequence of exon 2 was only 94 nucleotides instead of the predicted 
382 nucleotides. The amino acid sequence encoded in exon 2 is highly conserved 
in mammals and the smaller size of canine exon 2 is in agreement with the size 
of human exon 2. The start codon of exon 2 was in frame with the coding 
sequence of exon 3.

Rhodes and colleagues have studied functional properties of the 3 human 
LHX3 protein isoforms extensively.6,8 Their in vitro studies employed reporter 
genes which were placed after promoters that are regulated by LHX3. The 
reporter genes were transfected in cell lines together with DNA constructs that 
directed the production of different LHX3 isoforms and the activity of the 
reporter gene was measured. Other experiments made use of cell free translation 
in order to determine DNA binding properties of the LHX3 isoforms. Together, 
these experiments indicate that the LHX3b specific domain of 31 amino acids, 
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Figure 2. Complementary DNA sequences of transcript variants of the canine LHX3 gene. (A) 
Transcript variant 1 starting with exon 1. Small bold characters correspond to the first nucleotides 
of an exon. The exon 1 - exon 3 junction is indicated (1/3). The part of exon 6 which is missing from 
the canine genome sequence build 2.1 is in italics. The reading frame and the phase are indicated 
by amino acid symbols and dots above the center of the codons. Exon 1 contains 2 potential ATG 
start codons (underlined) which are not in frame with the conserved coding sequence of the main 
body of the transcript. The depicted translation product corresponds to the human M2-LHX3 
isoform. Two single nucleotide polymorphisms were detected in the cDNA sequence of this dog. 
The T/C variation (Y) at position 805 does not lead to amino acid variation, but the A/G variation 
at position 834 (R) leads to an asparagine/serine polymorphism of the protein. (B) Coding DNA 
sequence of exon 2 of transcript variant 2. In this variant, exon 2 replaces exon 1 of variant 1. The 
reading frame is in phase with the reading frame of (A). The cDNA sequences of both transcript 
variants have been submitted to Genbank (Accession numbers GQ463736 and GQ463737).

Dogs lack isoform LHX3a of the LIM homeodomain protein LHX3



86

encoded by exon 2, inhibits DNA binding, and that this isoform hardly stimu-
lates the expression of reporter genes. In contrast, the LHX3a and M2-LHX3 
isoforms each did enhance the expression of the reporter genes, especially in 
conjunction with the POU1F1 gene product when the appropriate promoters 
from the α-GSU and PRL genes were used.8 

It should be noted that the existence of the protein isoforms LHX3a and 
LHX3b, to our knowledge, has not been demonstrated in vivo. The initial recog-
nition of the LHX3a and LHX3b isoforms relied on characterization of the 
corresponding cDNAs and evolutionary conservation of the reading frames, as 
is common practice. The M2-LHX3 isoform was observed firstly in an in vitro 
system. Subsequently, a gel mobility shift assay suggested the presence of this 
isoform in cultured pituitary cells.8

Our results shed new light on LHX3 isoform formation, at least in the dog. 
The 2 canine transcript variants apparently only encode M2-LHX3 and LHX3b. 
The function of transcript variant 1 with exon 1 (Figure 2A) may very well be 
to circumvent the start codon of exon 2 and thus to facilitate production of M2-
LHX3. The canine situation opens the possibility that also in other species the 
LHX3a isoform is redundant. In this regard, it may be relevant that the LHX3a 
specific domain is less well conserved than the LHX3b specific domain.8 
Although our results may negate an important role for LHX3a, they provide a 
strong argument for the significance of the M2-LHX3 isoform in vivo in 
addition to the results of Sloop et al.8

It is very well possible that differences in LHX3 isoform repertoire and 
essentiality exist between species. For instance, mouse knockout mutants are 
not viable, while deletion of the human gene is not lethal.2,12 Spontaneous 
mutations in both human and canine LHX3 with severe impact on protein 
structure and presumably on protein activity lead to combined pituitary 
hormone deficiency.12-17 None of the 10 mutations in humans and 2 mutations 
in dogs thus far observed is located in exon 1 or exon 2 and 2 mutations would 
leave M2-LHX3 intact.13,14 Recently, a knockin mouse model of human dwarf-
ism due to an LHX3 mutation was developed. This model demonstrated that 
the amino terminal and homeodomain of the LHX3 protein are sufficient for its 
early roles in nervous system development and that at least the carboxyl 
terminus is required for establishment of normal populations of the dif-
ferentiated hormone-secreting cell types.18 However, it did not clarify the role 
of the different isoforms in the development of the nervous system and pituitary. 
Clues about the role and importance of each of the LHX3 isoforms could come 
from additional transgenes with mutations that target specific isoforms. 

Chapter 5



87

References
   1.  Mullis PE. Transcription factors in pituitary development. Mol Cell Endocrinol 2001;185:1-16.

   2.  Sheng HZ, Zhadanov AB, Mosinger B Jr, Fujii T, Bertuzzi S, Grinberg A, Lee EJ, Huang SP, 
Mahon KA, Westphal H. Specification of pituitary cell lineages by the LIM homeobox gene 
LHX3. Science 1996;272:1004-1007.

  
   3.  Hume CR, Bratt DL, Oesterle EC. Expression of LHX3 and SOX2 during mouse inner ear 

development. Gene Expr Patterns 2007;7:798-807.

   4.  Sharma K, Sheng HZ, Lettieri K, Li H, Karavanov A, Potter S, Westphal H, Pfaff SL. LIM 
homeodomain factors Lhx3 and Lhx4 assign subtype identities for motor neurons. Cell 
1998;95:817-828.

   5.  Thaler JP, Lee SK, Jurata LW, Gill GN, Pfaff SL. LIM factor Lhx3 contributes to the specification 
of motor neuron and interneuron identity through cell-type-specific protein-protein inter-
actions. Cell 2002;110:237-249.

   6.  Sloop KW, Meier BC, Bridwell JL, Parker GE, Schiller AM, Rhodes SJ. Differential activation 
of pituitary hormone genes by human Lhx3 isoforms with distinct DNA binding properties. 
Mol Endocrinol 1999;13:2212-2225.

   7.  Yaden BC, Garcia M 3rd, Smith TP, Rhodes SJ. Two promoters mediate transcription from the 
human LHX3 gene: involvement of nuclear factor I and specificity protein 1. Endocrinology 
2006;147:324-337.

   8.  Sloop KW, Dwyer CJ, Rhodes SJ. An isoform-specific inhibitory domain regulates the LHX3 
LIM homeodomain factor holoprotein and the production of a functional alternate trans-
lation form. J Biol Chem 2001;276:36311-36319.

   9.  Miller SA, Dykes DD, Polesky HF. A simple salting out procedure for extracting DNA from 
human nucleated cells. Nucleic Acids Res 1988;16:1215.

 10.  McCaughan KK, Brown CM, Dalphin ME, Berry MJ, Tate WP. Translational termination 
efficiency in mammals is influenced by the base following the stop codon. Proc Natl Acad Sci 
USA 1995;92:5431-5435. 

 11.  Namy O, Rousset JP, Napthine S, Brierley I. Reprogrammed genetic decoding in cellular gene 
expression. Mol Cell 2004;13:157-168.

 12.  Pfaeffle RW, Savage JJ, Hunter CS, Palme C, Ahlmann M, Kumar P, Bellone J, Schoenau E, 
Korsch E, Brämswig JH, Stobbe HM, Blum WF, Rhodes SJ. Four novel mutations of the 
LHX3 gene cause combined pituitary hormone deficiencies with or without limited neck ro-
tation. J Clin Endocrinol Metab 2007;92:1909-1919.

 13.  Netchine I, Sobrier ML, Krude H, Schnabel D, Maghnie M, Marcos E, Duriez B, Cacheux V, 
Moers A, Goossens M, Grüters A, Amselem S. Mutations in LHX3 result in a new syndrome 
revealed by combined pituitary hormone deficiency. Nat Genet 2000;25:182-186.

  

Dogs lack isoform LHX3a of the LIM homeodomain protein LHX3



88

14.  Bhangoo AP, Hunter CS, Savage JJ, Anhalt H, Pavlakis S, Walvoord EC, Ten S, Rhodes SJ. 
Clinical case seminar: a novel LHX3 mutation presenting as combined pituitary hormonal 
deficiency. J Clin Endocrinol Metab 2006;91:747-753.

15.  Rajab A, Kelberman D, de Castro SC, Biebermann H, Shaikh H, Pearce K. Novel mutations 
in LHX3 are associated with hypopituitarism and sensorineural hearing loss. Hum Mol 
Genet 2008;17:2150-2159.

16.  Kriström B, Zdunek AM, Rydh A, Jonsson H, Sehlin P, Escher SA. A novel mutation in the 
LIM homeobox 3 gene is responsible for combined pituitary hormone deficiency, hearing 
impairment, and vertebral malformations. J Clin Endocrinol Metab 2009;94:1154-1161.

17.  Voorbij AMWY, van Steenbeek FG, Vos-Loohuis M, Martens EECP, Hanson-Nilsson JM, van 
Oost BA, Kooistra HS, Leegwater PA. A contracted DNA repeat in LHX3 intron 5 is associated 
with aberrant splicing and pituitary dwarfism in German shepherd dogs. PLoS ONE 
2011;6:e27940. doi:10.1371/journal.pone.0027940. 

18.  Colvin SC, Malik RE, Showalter AD, Sloop KW, Rhodes SJ. Model of pediatric pituitary 
hormone deficiency separates the endocrine and neural functions of the LHX3 transcription 
factor in vivo. Proc Natl Acad Sci USA 2011;108:173-178.

Chapter 5



89

Dogs lack isoform LHX3a of the LIM homeodomain protein LHX3





91

Chapter 6

Pituitary dwarfism in Saarloos and 
Czechoslovakian wolfdogs 

is associated with a mutation in LHX3

Annemarie M.W.Y. Voorbij, Peter A.J. Leegwater, Hans S. Kooistra

J Vet Intern Med 2014;28:1770–1774

Department of Clinical Sciences of Companion Animals, Faculty of Veterinary Medicine, 
Utrecht University, PO Box 80154, 3508 TD Utrecht, The Netherlands



92

Abstract

Pituitary dwarfism in German shepherd dogs is associated with autosomal 
recessive inheritance and a mutation in LHX3, resulting in combined pituitary 
hormone deficiency (CPHD). Congenital dwarfism also is encountered in 
breeds related to German shepherd dogs, such as Saarloos and Czechoslovakian 
wolfdogs. The objective of this study was to investigate whether Saarloos 
and Czechoslovakian wolfdog dwarfs have the same LHX3 mutation as do 
Germans shepherd dog dwarfs. A specific aim was to determine the carrier 
frequency among Saarloos and Czechoslovakian wolfdogs used for breeding. 
Two client-owned Saarloos wolfdogs and 4 client-owned Czechoslovakian 
wolfdogs with pituitary dwarfism, 239 clinically healthy client-owned Saarloos 
wolfdogs, and 200 client-owned clinically healthy Czechoslovakian wolfdogs, 
were used for this study. Genomic DNA (gDNA) of these dogs was amplified 
using polymerase chain reaction (PCR). In the Saarloos and Czechoslovakian 
wolfdog dwarfs, PCR products were analyzed by sequencing. DNA fragment 
length analysis was performed on the samples from the clinically healthy dogs. 
The results show that Saarloos and Czechoslovakian wolfdog dwarfs have the 
same 7-bp deletion in intron 5 of LHX3 as do German shepherd dog dwarfs. 
The frequency of carriers of this mutation among clinically healthy Saarloos and 
Czechoslovakian wolfdogs used for breeding was 31% and 21%, respectively. 
The rather high frequency of carriers of the mutated gene in the 2 breeds 
emphasizes the need for screening before breeding. If all breeding animals were 
genetically tested for the presence of the LHX3 mutation and a correct breeding 
policy would be implemented, this disease could be eradicated completely.
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Introduction

Development of the adenohypophysis is a very complicated process and any 
defect in the development of this gland may result in a form of isolated or 
combined pituitary hormone deficiency. In dogs, pituitary dwarfism is the most 
common manifestation of CPHD and this disorder is encountered most often 
in German shepherd dogs.1 Pituitary dwarfism in this breed is inherited in an 
autosomal recessive fashion2 and is characterized by a combined deficiency of 
growth hormone (GH), thyroid stimulating hormone (TSH), prolactin, and the 
gonadotropins. In contrast, adrenocorticotropic hormone (ACTH) secretion is 
preserved in these animals.3 The hormone deficiencies can lead to a wide range 
of clinical manifestations, but the most common ones are marked growth 
retardation, retention of lanugo or secondary hairs (so-called puppy hair coat) 
with concurrent lack of primary or guard hairs, and bilateral symmetrical 
alopecia.1

Recently, we have reported that molecular defects of the LHX3 gene are 
associated with CPHD.4 LHX3, a member of the LIM homeodomain protein 
family of DNA-binding transcription factors, is an essential regulator of pituitary 
development.5,6 All but 1 analyzed German shepherd dwarfs were homozygous 
for a deletion of a 7-bp sequence in intron 5 of the LHX3 gene, decreasing the 
intron size to 68 bp. Because of this mutation, the intron becomes too small 
to be spliced efficiently.4 The 1 exception was compound heterozygous for the 
7-bp deletion and an insertion of an asparagine codon in the fragment that 
codes for the DNA-binding homeodomain of LHX3.4 

Congenital dwarfism also is known in Saarloos wolfdogs and Czechoslovakian 
wolfdogs. Because these breeds are both cross-breeds of German shepherd 
dogs and wolfs, we hypothesized that the dwarfism in these breeds is associated 
with the same molecular defects found in German shepherd dog dwarfs. The 
aim of the present study was to investigate whether Saarloos wolfdog and 
Czechoslovakian wolfdog dwarfs have the same genetic basis as do German 
shepherd dog dwarfs. An additional aim was to determine the frequency of 
carriers of the mutated LHX3 gene among Saarloos and Czechoslovakian 
wolfdogs used for breeding.

Materials and methods

Dogs and DNA samples

Four Czechoslovakian wolfdogs, 1 male and 3 females, 3 - 4 months of age, and 2 
Saarloos wolfdogs, both female and 1 and 5 months of age, with proportionate 
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dwarfism were presented to the Department of Clinical Sciences of Companion 
Animals of Utrecht University. 

Two hundred thirty-nine clinically healthy Saarloos wolfdogs and 200 clini-
cally healthy Czechoslovakian wolfdogs, intended to be used for breeding, were 
screened for the mutations of the LHX3 gene associated with pituitary dwarfism 
in German shepherd dogs.

Blood samples or buccal swabs were collected and gDNA was obtained 
from the samples using magnetic beads technology and a MSM1 robot (PE-
Chemagen, Baesweiler, Germany) according to procedures prescribed by the 
manufacturer.

Hormone measurements

Plasma GH concentration was measured by a commercially available radio-
immunoassay (RIA) for porcine and canine GH (PGH-46HK; Linco Research, 
St. Charles, MS). The intra-assay coefficient of variation (CV) was 7.6% at a 
plasma concentration of 4.4 μg/l. The sensitivity of the assay was 1 μg/l. 

Total plasma insulin-like growth factor-I (IGF-I) concentration was measured 
with a heterologous RIA validated for the dog,7 after acid-ethanol extraction to 
remove interfering IGF binding proteins (IGFBPs). Plasma IGF was extracted 
using a mixture of 87.5% (v/v) ethanol and 12.5% 2 M formic acid. Tubes 
containing 100 μl plasma and 400 μl of the ethanol-formic acid mixture 
were mixed thoroughly and incubated for 30 minutes at room temperature. 
After centrifugation for 30 minutes at 5500 g at 4°C, a 50 μl aliquot of the 
supernatant was diluted 1:50 with assay buffer containing 63 mM Na2HPO4 
(pH 7.4), 13 mM Na2EDTA, and 0.25% (w/v) bovine serum albumin (BSA). 
The extraction efficiency was 92.5 ± 5.7%. The intra-assay CV was 8.6% at a 
plasma concentration of 100 μg/l. The sensitivity of the assay was 10 μg/l. IGF-I 
antiserum AFP4892898 and human IGF-I for iodination were obtained from 
the National Hormone and Peptide Program (Harbor-UCLA Medical Center, 
Torrance, CA).

Plasma total thyroxine (TT4) concentration was measured using a homo-
logous solid-phase, chemiluminescent enzyme immunoassay (Immulite canine 
total T4; Diagnostic Products Corporation, Los Angeles, CA) according to 
manufacturer’s instructions and validated for the dog.8 The sensitivity of the 
assay was 0.16 µg/dl (2 nmol/l). The intra-assay CVs were 13.8 and 8.2% at 
plasma TT4 concentrations of 0.62 and 1.94 µg/dl (8 and 25 nmol/l), respectively. 
The inter-assay CV was 8.5%. 

Plasma TSH concentration was measured using a homologous solid-phase, 
2-site chemiluminescent enzyme immunometric assay (Immulite canine TSH; 

Chapter 6



95

Diagnostic Products Corporation, Los Angeles, CA), according to manu-
facturer’s instructions.9 The sensitivity of the assay was 0.03 μg/l. The intra-
assay CVs were 5.0, 4.0 and 3.8% at plasma TSH concentrations of 0.20, 0.50 
and 2.6 μg/l, respectively. The inter-assay CVs were 6.3 and 8.2% at plasma 
TSH concentrations of 0.16 and 2.8 μg/l, respectively. The upper limit of the 
reference range for the plasma TSH concentration in euthyroid dogs in our 
laboratory is 0.6 μg/l. 

Hormone function test

A GH-releasing hormone (GHRH)-stimulation test was performed by 
intravenous (IV) administration of 1 μg hGHRH (Peninsula Laboratories Inc., 
San Carlos, CA) per kg body weight.10,11 Blood samples for determination of 
plasma GH concentrations were collected from the jugular vein in chilled 
EDTA-coated tubes immediately before and 20 minutes after the administration 
of GHRH.

Diagnostic imaging

Magnetic resonance (MR) images were obtained with a 0.2T open magnet 
using a 16S multipurpose coil (Siemens Medical Systems, Hoffman Estates, IL). 

Sagittal T2-weighted images (WI) (time of repetition [TR]: 4455 ms, time of 
echo [TE]: 117 ms) of the caudal skull were obtained in 3 of the Czechoslovakian 
wolfdogs and 1 of the Saarloos wolfdogs with proportionate growth retardation. 
Sequences consisted of 3-mm-thick slices. Flash 3-dimensional (3D)-WI (TR: 
34 ms, TE: 12 ms) before and after contrast administration were obtained. 
All flash 3D series consisted of 1-mm-thick T1-weighted slices. Patients were 
positioned in sternal recumbency. 

DNA analysis

Genomic DNA served as a template for PCR amplification. PCR was 
performed using a primer-pair that covered part of exon 5, intron 5 and 
part of exon 6 of canine LHX3 sequences. The DNA sequence of the forward 
primer was CCAAGCAGCTGGAGACCTTGAAGAG and the reverse primer 
had the sequence CTGGACGCTGTCCTTGTCCGAC. The forward primer 
was labelled with 6-fluorescein amidite (FAM) (Eurogentec, Maastricht, The 
Netherlands). The PCR reactions were performed in a 25 μl volume containing 
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25 ng of gDNA, 1 mM MgSO4, 0.2 mM dNTPs, 0.3 μM of both primers and 
0.5 U Platinum pfx polymerase in pfx amplification buffer and PCR enhancer 
(Invitrogen, Breda, The Netherlands). The thermo-cycling program consisted 
of a denaturation step of 2 min at 94°C, followed by 35 cycles each of 15 sec at 
94°C, 30 sec at 61.4°C and 30 sec at 68°C. 

The labeled PCR products were diluted 10-fold in water. One µl of the dilution 
was mixed with 15 ml Hi-Di formamide and 0.2 ml of size standard 600-LIZ 
(Applied Biosystems, Foster City, CA). The products were analyzed with the 
ABI 3130 XL Genetic Analyzer using POP7 and filterset G5 and Genemapper 
4.0 (Applied Biosystems, Foster City, CA).

In the case of DNA sequence analysis, the PCR products were treated 
with Shrimp Alkaline Phosphatase (Promega, Leiden, The Netherlands) and 
Exonuclease I (New England BioLabs, Leiden, The Netherlands) and used as 
a template in a DNA sequencing reaction containing BigDye Terminator v3.1 
(Applied Biosystems, Foster City, CA), according to manufacturer’s instructions. 
The reaction products were purified with multiscreen 96-well Sephadex 50-gel 
filtration plates, and analyzed on an ABI 3130XL Genetic Analyzer (Applied 
Biosystems, Foster City, CA). The DNA sequences were aligned using the 
Seqman program from the Lasergene package of DNASTAR (Madison, WI) 
and compared to the reference dog genome with BLAST software (www.ncbi.
nlm.nih.gov/BLAST).

Results

All 6 dogs with proportionate dwarfism had retention of their puppy hair coat 
and a variable degree of alopecia (Figure 1). History, physical examination and 
routine blood examinations were otherwise unremarkable. 

The basal plasma GH concentration was either immeasurable or very low 
(median, <1.0 μg/l; range, <1.0-1.5 μg/l), as was the plasma IGF-I concentration 
(median, 72.5 μg/l; range, <10-79 μg/l). Administration of GHRH did not result 
in an appropriate increase in plasma GH concentration (maximal increase <1.0 
μg/l). The plasma TT4 concentrations were in the lower part of or below the 
reference range (median, 1.5 µg/dl [19.5 nmol/l]; range, 0.6-1.79 µg/dl [8-23 
nmol/l]). The plasma TSH concentrations all were in the lower quarter of the 
reference range (median, 0.07 μg/l; range, 0.04-0.15 μg/l).

Sagittal T2-WI showed a hyperintense, rounded structure in the region of 
the pituitary gland (Figure 2). This region was hypointense to the surrounding 
brain tissue on flash 3D-WI and some peripheral enhancement was noted on 
post-contrast flash 3D-WI. These changes were compatible with a cyst-like 
structure.

Chapter 6



97

Figure 1. (A) An 8-month-old female intact Czechoslovakian wolfdog with dwarfism. The dog 
is proportionate and has retention of its puppy hair coat with isolated patches of adult hair. 
(B) A 1-year-old female intact Saarloos wolfdog with dwarfism. Note the proportionate growth 
retardation, retention of the puppy hair coat and alopecia on the hind legs.

A

B
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Figure 3. Comparison of the DNA sequence of intron 5 in normal Saarloos (A) and Czechoslovakian 
wolfdogs (C) and Saarloos (B) and Czechoslovakian (D) wolfdog dwarfs. The intron in the normal 
dogs consists of 75 bp and contains 6 imperfect repeats of the 7-bp consensus sequence GCGCCCC. 
Seven consecutive nucleotides in the region of repeats 4-6 are deleted from the intron of the dwarfs, 
indicated by dashes. The mutation is the same as found in German shepherd dwarfs and is associated 
with deficient splicing of intron 5.4

Figure 2. Sagittal T2-WI of the head of a Czechoslovakian wolfdog dwarf. 
Note the cyst-like structure in the region of the pituitary gland. 
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DNA analyses determined that intron 5 of LHX3 was 7 bp shorter in the dwarfs 
than in the control dogs. DNA sequence analysis showed that the size difference 
was the result of a deletion of 1 of 6 imperfect 7-bp repeats in intron 5 (Figure 
3). This deletion is identical to the 1 found in German shepherd dwarfs. All 
dwarfs displayed homozygosity for the 7-bp deletion and none of the Saarloos 
or Czechoslovakian wolfdog dwarfs was affected by the triplet insertion 
reported in a single compound heterozygous German shepherd dwarf.

Of the 239 Saarloos wolfdogs, 75 animals were carriers of the 7-bp deletion in 
intron 5 of LHX3 and 164 were clear of a mutation. Of the 200 Czechoslovakian 
wolfdogs, 42 animals were carriers of the 7-bp deletion and 158 animals did not 
have a mutation. Therefore, the percentage of carriers of this mutation among 
clinically healthy Saarloos and Czechoslovakian wolfdogs was 31% and 21%, 
respectively.

Discussion

This study demonstrates that pituitary dwarfism in Czechoslovakian and 
Saarloos wolfdogs is associated with GH deficiency and that these dwarfs have 
the same molecular defect of LHX3 as do German shepherd dog dwarfs. In 
addition, the high carrier frequency of the mutated allele in these 2 breeds 
underlines the importance of screening for this mutation before breeding. 

Canine pituitary dwarfism is encountered most often in German shepherd 
dogs as a recessively inherited disorder.1,4 The clinical signs displayed by the 
Czechoslovakian and Saarloos wolfdog dwarfs reported here (e.g., proportionate 
dwarfism, retention of secondary hairs and alopecia) strongly resembled those 
seen in German shepherd dwarfs. Therefore, we tested whether the dwarfism in 
the Saarloos and Czechoslovakian wolfdogs also was due to GH deficiency. The 
basal plasma GH and IGF-I concentrations in the Saarloos and Czechoslovakian 
wolfdog dwarfs were low and the GHRH-stimulation test failed to result in an 
appropriate increase in plasma GH concentration, justifying the diagnosis of 
hyposomatotropism. 

In addition, the dwarfs had low plasma TSH concentrations and low or low-
normal plasma TT4 concentrations. German shepherd dog dwarfs not only have 
a deficiency of GH, but the mutated LHX3 gene also results in TSH deficiency 
(i.e., secondary hypothyroidism). The plasma concentrations of TT4 and TSH 
in the Saarloos and Czechoslovakian wolfdog dwarfs are comparable to those 
reported in German shepherd dwarfs.3 Provocative testing of the thyrotropes 
with TSH-releasing hormone will be required to prove impaired TSH release in 
Saarloos and Czechoslovakian wolfdog dwarfs. 

Diagnostic imaging of the pituitary gland of the Saarloos and Czechoslovakian 
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wolfdog dwarfs identified cystic changes. Also, in most German shepherd 
dwarfs, comparable intrapituitary cysts can be identified.12 Originally, pituitary 
dwarfism in German shepherd dogs was ascribed to pressure atrophy of the 
anterior lobe of the pituitary gland by cystic enlargement of the residual 
craniopharyngeal duct or Rathke’s cleft.13 However, a more recent study 
indicated that this is an implausible theory because German shepherd dwarfs 
have been found with only very small pituitary cysts, unlikely to be responsible 
for pressure atrophy.12 Also, the finding that ACTH secretion is preserved in 
German shepherd dogs with dwarfism argues against cyst formation in Ratkhe’s 
pouch as the primary cause of pituitary dwarfism in this breed.3 Therefore, it 
is more likely that cyst formation is a consequence of an underlying genetic 
defect.

Saarloos and Czechoslovakian wolfdogs are both German shepherd dog - wolf 
cross-breeds. Pituitary dwarfism in German shepherd dogs is associated with 
molecular defects in LHX3. To evaluate if pituitary dwarfism in the Saarloos 
and Czechoslovakian wolf dwarfs is associated with the same mutations found 
in German shepherd dogs, the animals were subjected to genetic testing. All 
dwarfs were found to be homozygous for the same 7-bp deletion in intron 5 
of LHX3. This mutation is identical to the 1 that is associated with deficient 
splicing and pituitary dwarfism in German shepherd dwarfs.4 This finding 
strongly suggests that the dwarfs of the different dog breeds share a common 
ancestor. 

Genealogical investigations indicate that the origin of the recessive gene is 
a mutation that occurred in 1940 or sometime before that year.2 Additionally, 
these investigations suggest various champion dogs as being carriers of 
the trait, and thus reflect the relative importance of pituitary dwarfism. The 
Czechoslovakian wolfdog originates from 1955 and results from crosses of 
German shepherd dogs and Carpathian wolves. The objective was to create 
a breed that would have the trainability, pack mentality, and temperament of 
the German shepherd dog and the strength, physical build, and resilience of 
the Carpathian wolf. Because the breed was developed after the mutation that 
causes pituitary dwarfism in German shepherd dogs arose, it is likely that 1 
or more of the German shepherd dogs used for breeding were carriers of the 
mutated LHX3 gene, and introduced the disease into the Czechoslovakian 
wolfdog breed. 

In 1921, the Dutch Mr. Leendert Saarloos created the Saarloos wolfdog by 
breeding a European wolf to a German shepherd dog to combine the willfulness 
to work of the German shepherd dog with the endurance and strength of 
the European wolf. According to their documented pedigrees, the German 
shepherd dog that was originally used to create the breed was the only German 
shepherd dog that was ever used in this breed. Because this dog was born long 
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before 1940, either additional German shepherd dogs were used at a later stage 
in the breeding of the Saarloos wolfdogs or the mutation arose before the year 
1921. 

Pituitary dwarfism is a serious illness and clinical signs are not limited to 
physical appearance. Instead, the dwarfs suffer from a wide range of clinical 
manifestations. Without proper treatment, the long-term prognosis is poor. 
Many dwarfs will not live more than 4 to 5 years and although the prognosis 
improves considerably when dwarfs are properly treated with porcine GH and 
synthetic l-thyroxine, their prognosis still remains guarded.1 Consequently, 
it is important to include screening for carriers in the breeding programs of 
the affected breeds. Screening of a large group of clinically healthy Saarloos 
and Czechoslovakian wolfdogs showed that the percentage of carriers of the 
mutated allele (31% and 21%, respectively) is quite high, emphasizing the need 
for screening. Nevertheless, dwarfs are seen only occasionally. Most likely, 
CPHD and the associated DNA defects render affected individuals so weak 
that they either die in utero or shortly after birth. 

Possibly, owners of dogs with dwarfs in their pedigree may be more likely to 
test their dogs, making the high frequency of carriers of the mutated allele in 
the tested population not representative of the whole breed. However, because 
it is mandatory for breeders of 1 of the 2 large breeder’s associations of Saarloos 
wolfdogs to have their dogs tested for CPHD before breeding, this carrier 
percentage is likely a good indication of the carrier percentage of this breed as 
a whole. If all breeding animals were genetically tested for the presence of the 
LHX3 mutations associated with CPHD and a correct breeding policy would be 
implemented, this disease could be eradicated completely. 
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Abstract

Canine pituitary dwarfism or combined pituitary hormone deficiency (CPHD) 
in shepherd dogs is associated with an LHX3 mutation and can lead to a wide 
range of clinical manifestations. Some dogs with CPHD have neurological 
signs that are localized to the cervical spine. In human CPHD, caused by an 
LHX3 mutation, anatomical abnormalities in the atlanto-axial (C1-C2) joint 
have been described. The objective of this study was to evaluate the presence of 
atlanto-axial malformations in dogs with pituitary dwarfism associated with an 
LHX3 mutation and to investigate the degree of similarity between the atlanto-
axial anomalies found in canine and human CPHD patients with an LHX3 
mutation. For this study, 3 client-owned Czechoslovakian wolfdogs and 1 client-
owned German shepherd dog, previously diagnosed with pituitary dwarfism 
caused by an LHX3 mutation, with neurological signs indicating a cervical 
spinal disorder, were used. Diagnostic imaging of the cranial neck and skull 
identified abnormal positioning of the dens axis and incomplete ossification 
of the suture lines between the ossification centers of the atlas with concurrent 
atlanto-axial instability and dynamic compression of the spinal cord by the 
dens axis. The malformations and aberrant motion at C1-C2 were confirmed 
at necropsy and histology. The atlanto-axial abnormalities of the dwarf dogs 
resemble those encountered in human CPHD patients with an LHX3 mutation. 
These findings suggest an association between the LHX3 mutation in dogs with 
CPHD and atlanto-axial malformations. Consequently, pituitary dwarfs should 
be monitored closely for neurological signs. 
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Introduction

The transcription factor LHX3 is an important regulator of early pituitary 
development. Molecular defects in this gene can result in underdevelopment of 
the pituitary gland, resulting in CPHD in both humans and dogs.1–10 Individuals 
with CPHD caused by an LHX3 mutation are deficient in growth hormone 
(GH), thyroid stimulating hormone (TSH), prolactin, luteinizing hormone 
(LH) and follicle-stimulating hormone (FSH), and although some human 
patients also may have impaired corticotrope function, adrenocorticotropic 
hormone (ACTH) secretion is unaffected in dogs with CPHD.6,10–12 

Canine CPHD caused by an LHX3 mutation is encountered most often 
in German shepherd dogs and in related breeds such as Saarloos and 
Czechoslovakian wolfdogs.6,10 CPHD in these breeds is inherited in an autosomal 
recessive fashion13 and linked to a contraction of a DNA repeat in intron 5 of 
canine LHX3, leading to deficient splicing of the LHX3 transcript.6,10 Common 
clinical manifestations of canine CPHD are marked growth retardation, 
retention of secondary hairs (puppy hair coat) with concurrent lack of primary 
or guard hairs, and bilaterally symmetrical alopecia.11,12,14 The disorder also can 
lead to a wide range of other clinical manifestations, but not all dwarfs share 
the same clinical signs.14 

In humans with CPHD caused by an LHX3 mutation, a short neck, rigid 
cervical spine, and anatomical abnormalities in the occipito-atlantoaxial joints 
in combination with a basilar impression, defined as an upward displacement 
of vertebral elements into the normal foramen magnum caused by softening of 
bones at the base of the skull, of the dens axis have been reported.5,9 So far, there 
have been no reports of similar abnormalities in canine dwarfs. 

Recently, 3 Czechoslovakian wolfdogs and 1 German shepherd dwarf with CPHD 
were presented to our clinic for neurological signs suggestive of a cervical spinal 
problem. The investigations demonstrated anatomical abnormalities of the atlanto-
axial joint with concurrent atlanto-axial instability and dynamic compression of 
the spinal cord by the dens axis. This article is the first report of cervical abnor-
malities associated with CPHD caused by an LHX3 mutation in dogs.

Materials and methods 

Dogs 

Three Czechoslovakian wolfdogs and 1 German shepherd dog with confirmed 
CPHD were presented to the Utrecht University Clinic for Companion Animals 
because of neurological signs. Two of the Czechoslovakian wolfdogs originated 
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from the same litter and were intact females. The other Czechoslovakian 
wolfdog dwarf was an unrelated intact male. At presentation, the ages of the 
Czechoslovakian wolfdogs dogs were 7, 8, and 10 months and the body weights 
of the dwarfs were 11.2, 14.2, and 20.0 kg, respectively. The German shepherd 
dwarf was a 4-year-old intact female with a body weight of 19.8 kg. 

The dogs were diagnosed with CPHD at 3-4 months of age using a growth 
hormone releasing hormone (GHRH) stimulation test as described pre-
viously.12 Basal plasma GH concentrations were low and none of the dogs 
responded to provocative testing with GHRH with an increase in the plasma 
GH concentration. The LHX3 mutation was demonstrated by genetic testing, 
as described previously.6,10 Briefly, genomic DNA, derived from EDTA-
anticoagulated whole blood, was amplified using polymerase chain reaction 
(PCR), and DNA fragment length analysis was performed on the PCR products. 
All dogs were homozygous for the 7-bp deletion in LHX3 intron 5 that has 
been reported in shepherd dogs with CPHD.6,10 The animals were treated with 
porcine GH (Reporcin, Zamira Life Sciences Pty Ltd, Knoxfield, Australia, 
0.1–0.3 IU per kg body weight 3 times per week) and synthetic levo-thyroxine 
(Forthyron, Eurovet Animal Health, Bladel, The Netherlands, starting oral 
dosage of 0.02 mg/kg body weight, q 12 h) as described previously.14

Diagnostic imaging 

Magnetic resonance imaging (MRI) was performed with a 0.2T open magnet 
using a 16S multipurpose coil (Magneton Open Viva, Siemens AG, Germany). 
Sagittal T2-weighted images (WI) (time of repetition [TR]: 4455 ms, time of 
echo [TE]: 117 ms), and transverse T1-WI (TR: 560 ms, TE: 15 ms) of the 
caudal skull and the cranial cervical vertebral column were obtained in all dogs 
(both sequences consisted of 3-mm-thick slices). Flash 3-dimensional (3D)-WI 
(TR: 34 ms, TE: 12 ms) before and after contrast administration were obtained 
in 2 Czechoslovakian dogs. In 1 Czechoslovakian dog, transverse T1-WI were 
obtained before and after contrast administration and a flash 3D sequence was 
performed only after contrast administration. All flash 3D series consisted of 
1-mm-thick T1-weighted slices that were used for multiplanar reconstruction 
(MPR) purposes. Patients were imaged in sternal recumbency. 

Computed tomography (CT) images were obtained with a single detector 
helical CT unit (Philips Secura, Philips NV, Eindhoven, The Netherlands) using 
2-mm-thick transverse slices with a pitch of 1 (120 kV, 180–260 mA). Patients 
were imaged in sternal recumbency.

Radiographic imaging was performed with a digital radiography system 
(Philips Bucky Diagnost, Philips NV, Eindhoven, The Netherlands). Two lateral 
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views were obtained in each dog with the cranial neck in a neutral and flexed 
position to check for potential atlanto-axial subluxation.

Histopathology 

The atlas and axis, including the associated part of the cervical spinal cord, were 
removed from each animal for gross and histopathological evaluation. Tissues 
were fixed in 4% neutral buffered formaldehyde. After fixation, a transverse 
section from the spinal cord in the region of the atlas was routinely processed 
into 5-µm paraffin tissue sections. The atlas was decalcified in a neutral buffered 
10% EDTA solution and areas that showed gross lesions were trimmed after 
decalcification and also were routinely processed into 5-µm paraffin tissue 
sections. Both tissue sections from the spinal cord and the atlas were stained 
with hematoxylin and eosin (H&E).

Results 

The 3 Czechoslovakian wolfdogs were presented with progressive weakness 
and proprioceptive ataxia of all limbs. The owners reported that the dogs were 
falling on their side while remaining fully conscious. They also noticed that 
the dogs were more quiet than before and that they overextended their neck 
for abnormally long periods of time as if they were star gazing. The German 
shepherd dwarf was presented with mild paraparesis that was first noticed 
when the dog was 7 months of age and had become slightly more prominent 
as the dog aged. 

Physical examination disclosed proportionate dwarfism and retention of 
lanugo hair on the trunk and proximal extremities with guard hairs on the 
head and feet and isolated patches of guard hair on the trunk, in combination 
with bilateral alopecia at points of wear, such as the trunk, neck, and proximal 
extremities. 

On neurological examination, the mental status of the animals was alert 
to mildly decreased. The Czechoslovakian wolfdog dwarfs had tetraparesis 
and proprioceptive ataxia affecting the trunk and all limbs. One of the 
Czechoslovakian wolfdogs had a hypermetric gait in all 4 limbs, whereas the 
other 2 had hypermetric gait in the thoracic limbs only. The German shepherd 
dwarf had mild paraparesis and mild proprioceptive ataxia of the pelvic 
limbs. The dog had no hypermetric gait. Passive flexion of the neck appeared 
to be painful in all dogs. The Czechoslovakian wolfdog dwarfs had impaired 
proprioception in all limbs. Cranial nerve assessment and spinal reflexes were 

Atlanto-axial malformation and instability in dogs with pituitary dwarfism due to an LHX3 mutation



110

unremarkable in all dogs. These findings localized the problem to the cervical 
spine in the Czechoslovakian wolfdogs. The caudal proprioceptive ataxia and 
paresis in the German shepherd dwarf was suggestive of a T3-L3 spinal lesion. 
However, the dog felt painful on manipulation of the neck, and superficial 
compression of the cervical spinal cord can cause neurological deficits of the 
pelvic limbs only. Therefore, a cervical spinal localization was suspected in this 
dwarf as well. Differential diagnoses for cervical spinal cord lesions resulting in 
upper motor neuron signs in young dogs include anomalies (e.g., atlantoaxial 
instability, other vertebral, and spinal cord anomalies, dermoid sinus, calcinosis 
circumscripta, osteochondromatosis), arachnoid cysts, degenerative diseases 
(e.g., leucoencephalomyelopathy, leucodystrophy) and inflammatory diseases 
such as myelitis (both infectious and sterile) and extensive discospondylitis. 
Neoplasia affecting the spinal cord is more common in older animals, but can 
occur at any age. Trauma and vascular disorders were considered less likely in 
these dogs because of the progressive clinical signs.

Complete blood count disclosed mild leukocytosis with lymphocytosis in 1 
dog. Routine biochemical blood testing indicated no abnormalities in any of 
the animals. The dogs were already being treated for secondary hypothyroidism 
with synthetic levo-thyroxine and the plasma total thyroxine concentrations of 
all dogs were within reference range.

Diagnostic imaging 

CT and MRI images showed complete or partial open sutures between both 
neural arches of C1 in the dorsal midline (Figure 1) in all dogs and between 
the body of C1 and the right neural arch, left neural arch or both in the 
Czechoslovakian wolfdogs. The ends of the ossifying centers of C1 adjacent to 
the open sutures had a flared or thickened appearance or both. Post-contrast 
MRI imaging showed enhancement of a minimal to moderate amount of tissue 
located in the open sutures in C1. Sagittal T2-WI showed intramedullary 
hyperintensity and widening of the central canal at the level of C1-C2 in the 
Czechoslovakian wolfdog dwarfs. Intramedullary changes at this level were iso- 
to hypo-intense to the surrounding spinal cord parenchyma on the flash 3D-
WI. At the same level, dorsal displacement of the dens with mild compression 
of the spinal cord was visible in the Czechoslovakian wolfdog dwarfs. The 
intramedullary changes were compatible with myelopathy. The dens was 
attached normally to C2 in all dogs. 

Radiographic imaging of the dogs showed no or only minimal changes in 
the distance between the dorsal aspect of C1 and the cranial aspect of the 
spinous process of C2 when comparing neutral and flexed lateral views of the 
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cervical spine. However, the deviant anatomy of the atlas compromised these 
measurements.

Figure 1. Transverse CT images of 1 of the Czechoslovakian wolfdog dwarfs at the level of C1 
(A). Note the open suture lines of C1. Transverse post-contrast flash 3D-WI of the same dog at 
the level of C1 (B).  Note the enhancement of the tissue in the dorsal and left ventral suture. 
Note the dorsal displacement of the spinal cord, which is mildly compressed between the dens 
and the suture tissue.

Atlanto-axial malformation and instability in dogs with pituitary dwarfism due to an LHX3 mutation
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Follow-up 

Because the condition of 1 of the Czechoslovakian wolfdogs severely deterio-
rated, the owner requested euthanasia. One of the other 2 Czechoslovakian 
wolfdogs initially stabilized, but at the age of 18 months, the dog suddenly 
died after making an abrupt movement with its head while playing with its 
litter-mate. The third Czechoslovakian dwarf was treated conservatively with 
analgesics and rest, after which the dog gradually improved. After 4 months, 
opisthotonus, hypermetria, and ataxia of the thoracic limbs had resolved. The 
function of the pelvic limbs improved, but mild proprioceptive ataxia and 
paraparesis remained. The dog was still stable after 3 years. The neurological 
signs of the German shepherd dog stabilized and the dog was euthanized when 
the dog was 6 years old for reasons unrelated to the neurological problems.

Necropsy and histology 

Necropsy and histology were performed on 2 of the Czechoslovakian wolf-
dogs and on the German shepherd dog. In addition to the findings described at 
physical examination, macroscopic evaluation of the pituitary gland showed 
that all 3 dogs had cystic enlargement of the adenohypophysis. 

The atlas and axis were conjointly dissected in all 3 dogs. To evaluate the 
mobility of these vertebrae, the ligaments connecting these elements were 
left intact. The incomplete ossification of the atlas resulted in severe in-
stability with free motion between the bony elements of this vertebra in the 2 
Czechoslovakian wolfdogs. Flexion of the C1-C2 junction clearly resulted in 
compression of the spinal cord by the dens axis (Figure 2). Also, the shape of 
the dens was abnormal in 1 of the Czechoslovakian wolfdogs, which resulted 
in an excessively dorsal projection of this structure.    

Histopathological evaluation of the atlas identified discontinuity of the 
bony structures at the sites that were identified by CT imaging. The gap 
between the bony parts contained fibrous and cartilaginous tissue. In 1 of the 
Czechoslovakian wolfdogs, a slit-like space lined with elongated flattened cells 
was noticeable within the fibrous tissue, suggestive of a joint-like structure 
(Figure 3). The spinal cord at C1 showed moderate to marked degenerative 
changes that were most prominent in the ventral and lateral funiculi (Figure 
4A). These changes consisted of swelling of axons (spheroids), loss of axons, 
and influx of macrophages consistent with Wallerian degeneration (Figure 4B). 
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Figure 2. Transverse cranial macroscopic view of the cervical vertebral column including C1, 
at necropsy of a Czechoslovakian wolfdog with dwarfism. (A) Extension of C1-C2. There is no 
compression of the spinal cord (blue arrows). (B) Flexion of C1-C2. Note the compression of the 
cervical spinal cord (blue arrows) caused by dorsal displacement of the dens axis (white arrow).
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Discussion 

This study is the first report of anatomical malformations of the atlanto-axial 
joint, leading to instability and dynamic compression of the cervical spinal 
cord, in shepherd dogs with CPHD. We suggest that these atlanto-axial 
malformations are associated with the mutation of LHX3 in these dogs with 
CPHD. Therefore, shepherd dogs with pituitary dwarfism should be monitored 
closely for neurological signs. 

All dogs were diagnosed with CPHD at an earlier age and displayed typical 
signs of pituitary dwarfism such as proportionate dwarfism and retention of 
their puppy hair coat. In addition, the dogs displayed progressive neurological 
signs. In the Czechoslovakian wolfdogs, the combination of tetraparesis, ataxia 
of the trunk and limbs and impaired proprioception located the problem to 
the cervical spine or brain stem. Although hypermetria is a classic sign of 
cerebellar disease, patients with damage to the superficial spinocerebellar tracts 
in the cervical spinal cord also will exhibit a similar hypermetric gait.15 The 
dogs were alert or had mildly decreased mentation, and the owners reported 
that the animals over-extended their neck as if they were gazing at the stars. 
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Figure 4. Transverse section of the cervical spinal cord at C1 (A) revealing vacuolar changes 
in ventral and lateral funiculi (arrows). Marked axonal swelling (arrowhead) and influx of 
macrophages (arrows) consistent with Wallerian degeneration (B). H&E.
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Consciousness is regulated in the cerebrum and brainstem, and dysfunction 
of the brainstem also may result in opisthotonus. However, a problem of 
the brainstem was considered less likely because cranial nerve assessment 
was unremarkable, the dogs showed no abnormalities in respiratory and 
cardiovascular function, and mentation was only slightly affected. Passive 
flexion of the neck appeared to be painful, and it therefore was expected 
that the animals were quieter and held their neck in an abnormal position 
because of neck pain. The German shepherd dwarf had paraparesis. Although 
paraparesis most often is caused by lesions involving the T3-L3 spinal cord 
segments, lesions of the cervical spinal cord also may result in paraparesis. Mild 
compressive lesions of the cervical spinal cord affect the outer layers of the cord 
parenchyma first and these contain tracts that connect the pelvic limbs with 
the brain and cerebellum. Later in the cervical myelopathy disease process, the 
inner layers that contain tracts that connect the thoracic limbs with the central 
nervous system are affected resulting in tetraparesis and tetraplegia. Taken 
together, the history and clinical signs were consistent with a cervical spinal 
problem in all dogs. 

Incomplete ossification of the atlas in dogs with cervical pain and neurological 
deficits compatible with a C1-C5 myelopathy also has been reported in pre-
vious studies. One report described the absence of the neural arch of the atlas 
in a dog with neurological signs and a slight dorsal angulation of the dens, 
but without abnormal movement on flexion or extension of the cervical 
spine.16 A second report describes 5 dogs with incomplete ossification of the 
atlas.17 Of these animals, 4 dogs were diagnosed with concurrent atlanto-axial 
subluxation with dorsal displacement of the axis relative to the atlas. In the 
third report, 12 dogs with incomplete ossification of the atlas were described, 
of which 5 were diagnosed with atlanto-axial subluxation based on the width 
of the space between the dens and the intercentrum of the atlas.18 Incomplete 
ossification of the atlas was thought to be associated with deficiencies of the 
various atlanto-axial ligaments or their attachments, allowing laxity of the 
atlanto-axial joint. However, due to lack of necropsy in any affected dog, 
this hypothesis has not been tested so far. In this study, MRI and CT images 
identified incomplete ossification of the atlas with ≥1 of the 3 suture lines 
between the 3 ossification centers of C1 still open in all dogs. In 3 dogs, a 
variable degree of compression of the spinal cord was noted at the level of the 
dens between C1 and C2. The dens was attached to C2 in a normal fashion 
in all dogs. It was not possible to determine the integrity of the atlanto-axial 
ligaments or their attachments, even at post-mortem examination. However, 
on necropsy, the incomplete ossification of the atlas clearly resulted in free 
motion between the bony elements of this vertebra in the 2 Czechoslovakian 
wolfdogs. Therefore, the incomplete ossification of the bony elements of C1 
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is expected to have resulted in instability of C1. This instability and resulting 
movements between the bony elements of C1 probably caused the excessive 
soft tissue formation located in the open sutures in C1. Additionally, flexion of 
the C1-C2 junction resulted in increased dorsal displacement of the dens axis, 
causing compression of the cervical spinal cord. These findings could indicate 
weakness of the atlanto-axial ligaments, and add support to the hypothesis that 
incomplete ossification of the atlas is associated with deficiencies of the various 
atlanto-axial ligaments, allowing laxity of the atlanto-axial joint. The dorsal 
displacement of the dens axis could explain the ataxia, hypermetria and para- 
and tetra-paresis displayed by these dogs. By hyper-extending their necks, the 
dogs decreased compression of the spinal cord. In the German shepherd dwarf, 
the neurological abnormalities were milder than in the other dwarfs, and at 
necropsy no instability of the ring structure of C1 could be identified. However, 
trauma of the cervical spinal cord was confirmed by the histological findings 
in this dwarf as well. Wallerian degeneration is a process resulting from acute 
focal damage of a myelinated axon in which the part of the axon separated 
from the neuron’s cell body degenerates distal to the injury. Therefore, also in 
the German shepherd dwarf, the incomplete closure of the ossification center is 
expected to have resulted in instability of C1. 

Mutations in the LHX3 gene are associated with pituitary dwarfism in 
both human and canine patients. LHX3 is a DNA-binding transcription 
factor expressed in early fetal life and an essential regulator of pituitary gland 
development.19 In human CPHD patients, anatomical malformations of the 
atlas and axis have been reported in addition to pituitary abnormalities.5,9 
In humans, CPHD can be caused by a number of different LHX3 mutations, 
which may explain why in some CPHD patients anatomical defects of the 
atlanto-axial joint occur whereas in other patients they are absent. In contrast, 
shepherd dogs with CPHD are expected to be affected by the same mutations.6,10 
This raises the question of whether these vertebral malformations are not just 
coincidental findings that are unrelated to the 7-bp deletion in LHX3. However, 
the atlanto-axial malformations occurred in dwarfs of 2 different breeds, and 
similar findings are described in human CPHD. Additionally, the phenotype 
of pituitary dwarfism is highly variable in other aspects as well, which could 
be caused by possible variations in the extent of residual activity of the LHX3 
protein among dwarfs.6 Therefore, we suggest that anatomical abnormalities 
of the atlanto-axial joint are associated with canine CPHD caused by an LHX3 
mutation and that these dwarfs should be monitored closely for neurological 
signs. 

The anatomical malformations of the atlanto-axial joint reported here do 
not completely resemble those described in human CPHD patients. Of the 6 
human CPHD patients with atlanto-axial malformations, 5 had a cleft in the 
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caudal arch of the atlas, 1 of these patients also had a defect in the anterior 
arch of the atlas combined with os odontoideum5 and a different patient only 
had a cleft in the atlas body and anterior arch.9 In the dogs described here, the 
dens was still attached to the atlas. Human patients also showed a disturbance 
of the normal convex-convex relationship in the sagittal plane between the 
surfaces of the lateral intervertebral joints in the atlanto-axial articulation. 
In addition, the inclination of the atlanto-axial joint surface was increased in 
the coronal plane.5,9 In our dogs, we did not detect these abnormalities. In the 
physiological situation, these structures already are shaped differently in dogs. 
This is probably because of the different position of the head in relation to the 
spine and therefore different exertion of muscles and the gravitational force on 
these structures in dogs. 

Because LHX3 expression is not detected in the sclerotome,20 it is not clear 
why mutations in this gene would result in bony malformations. Perhaps LHX3 
is needed for the activation of an as yet unidentified gene involved in regulation 
of the development of the atlas, and loss of activation of this gene might lead 
to the bony malformations seen in these dogs. Additional research would be 
needed to explore this theory.
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Abstract 

Primary hypothyroidism is a common endocrinopathy in dogs. In contrast, 
central hypothyroidism, due to either isolated thyroid-stimulating hormone 
(TSH) or combined pituitary hormone deficiency (CPHD), is rare in this 
species. The objective of this retrospective study, was to describe the occurrence 
and clinical presentation of central hypothyroidism in Miniature Schnauzers. 
Additionally, the possible role of the TSHβ (TSHB) gene and the TSH-releasing 
hormone receptor (TRHR) gene was investigated. Central hypothyroidism was 
diagnosed in 7 Miniature Schnauzers. Three of these dogs had disproportionate 
dwarfism and at least 1 of them had a combined deficiency of TSH and prolactin. 
The fact that this rare disorder occurred in 7 dogs from the same breed suggests 
that central hypothyroidism may have a genetic background in Miniature 
Schnauzers. No disease causing mutations were found in the TSHB gene and 
the exons of the TRHR gene of these Schnauzers. Central hypothyroidism could 
be underdiagnosed in Miniature Schnauzers, and should be considered in dogs 
from this breed with symptoms indicative of deficient thyroid hormone 
secretion.
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Introduction

Hypothyroidism is 1 of the most common endocrinopathies in dogs. Defects at 
any level of the hypothalamus-pituitary-thyroid axis can lead to deficient 
secretion of thyroid hormones. Hypothyroidism can be classified as primary or 
central, and both forms can be congenital or acquired. In central hypothyroidism, 
the thyroids are not affected primarily but are deprived of stimulation by TSH. 
The condition is rare compared with primary hypothyroidism. 

Adult-onset central hypothyroidism may be due to a tumor of the pituitary or 
adjacent regions,1 lymphocytic adenohypophysitis,2 head trauma,3 nontraumatic 
intracranial hemorrhage4 or hypophysectomy.5

Juvenile central hypothyroidism may be due to either isolated TSH deficiency 
or  CPHD. In dogs, the best known example of congenital central hypothyroi-
dism is that of pituitary dwarfism in German shepherd dogs, characterized by 
a combined deficiency of all adenohypophyseal hormones except adreno-
corticotropic hormone (ACTH).6 Combined pituitary hormone deficiency, 
including TSH deficiency, has also been described in a 12-week-old dog after 
head injury.7 Isolated TSH deficiency, is very uncommon in dogs and has only 
been reported in a family of Giant Schnauzers,8 in a young Boxer,9 and  in a 
2-week-old Portuguese Water Dog.10

This retrospective study describes the occurrence of central hypothyroidism 
in Miniature Schnauzers and suggests that this rare disorder may have a genetic 
background in this breed. 

Materials and methods

Dogs

Medical records of Miniature Schnauzers, presented to the Department of 
Clinical Sciences of Companion Animals at Utrecht University or the Depart-
ment of Medicine and Clinical Biology of Small Animals at Ghent University 
from 2008 to 2012, were evaluated for inclusion in the study. All Miniature 
Schnauzers with proven central hypothyroidism, based on the combination 
of clinical signs, a low plasma total thyroxine (TT4) concentration, absent or 
insufficient thyroid uptake of radioactive pertechnetate (99mTcO4

-) and either 
a plasma TSH concentration in the lower part of the reference range that did 
not increase after TSH-releasing hormone (TRH) administration or increased 
thyroid uptake of 99mTcO4

- after 3 days of TSH stimulation combined with a rise 
in plasma TT4 concentration after repeated TSH administration, were included. 
Data from signalment, clinical history, complete blood count, routine biochemi-
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cal blood testing, physical examination, hormone determinations, diagnos- 
tic imaging, and the effect of treatment with levo-thyroxine were recorded.

Twenty-five Miniature Schnauzers which were presented with thyroid un-
related illnesses, served as control dogs for the genetic studies. Blood samples 
were collected with informed consent of the dog owners and genomic DNA 
(gDNA) was isolated from the samples by a salt extraction method.11 

Hormone measurements

Plasma concentrations of TT4 and TSH were evaluated using commercial 
homologous solid-phase chemiluminescent enzyme immunoassays (Immulite 
canine total T4, Immulite canine TSH, Diagnostic Products Corporation, Los 
Angeles, CA). Reference intervals for plasma TT4 and TSH concentrations in 
euthyroid dogs are 1.48-3.57 µg/dl (19-46 nmol/l) and <0.60 ng/ml, respectively.

Plasma growth hormone (GH) concentration was measured using a com-
mercially available radioimmunoassay (RIA) for porcine and canine GH 
(PGH-46HK; Linco Research, St. Charles, MO). Plasma insulin-like growth 
factor-I (IGF-I) concentration was measured with a heterologous RIA, validated 
for the dog.12 Plasma prolactin concentration was also measured using a 
heterologous RIA, validated for the dog.13 Plasma ACTH concentration was 
measured using a commercially available immunoradiometric assay (IRMA) 
for humans (Nichols Institute, Wijchen, The Netherlands), validated for the 
dog,14 with a reference interval of 5-85 pg/ml. Plasma cortisol concentration 
was measured using a RIA (Coat-A-Count Cortisol, DPC), validated for the 
dog,14 with a reference interval of 0.40-4.93 µg/dl (11-136 nmol/l).

Function tests

The thyroid glands were stimulated with 90 μg recombinant human (rh)TSH 
(Thyrogen; Genzyme Corporation, Cambridge, MA) administered 
intravenously (IV) on 3 consecutive days. Blood samples for determination of 
plasma TT4 concentration were collected in heparin-coated tubes immediately 
before and every 24 hours after rhTSH administration.15

TRH-stimulation tests were performed by IV administration of 10 μg/kg 
TRH (TRH UCB; Protirelinum, S.A. UCB N.V., Secteur Pharma, Braine-
l’Alleud, Belgium). Blood samples for determination of plasma TSH and 
prolactin concentrations were collected in chilled heparin-coated tubes 
immediately before and 10 and 20 minutes after TRH administration.

GH-releasing hormone (GHRH)-stimulation tests were performed by IV 
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administration of 1 μg/kg human GHRH (Peninsula Laboratories Inc., San 
Carlos, CA). Blood samples for determination of plasma GH concentration 
were collected in chilled EDTA-coated tubes immediately before and 20 
minutes after GHRH administration.

After collection, blood samples were immediately centrifuged at 4°C for 10 
minutes at 3000 × g. Plasma was stored at -25°C until assayed.

Diagnostic imaging 

Scintigraphic imaging of the thyroid glands was performed with the Integrated 
ORBITER Gamma Camera System with Open Icon Workstation, equipped 
with a high resolution parallel-hole collimator (Siemens Medical Systems, The 
Hague, The Netherlands). The dogs were injected IV with a dose of 80-90 MBq 
99mTcO4

-. Forty-five minutes after administration of the radiopharmaceutical, 
planar images of the thyroid glands were made during 60 seconds (matrix, 256 
× 256).16 To visualize the images, the camera was connected to a computer with 
Siemens ICON computer system software (Siemens Medical Systems, The 
Hague, The Netherlands).

CT images of the pituitary gland and hypothalamus were obtained, both 
before and following IV administration of 2 ml/kg of contrast medium (Telebrix 
350, sodium and meglumine joxitalamate, containing 350 mg iodine/ml; 
Guerbet Nederland BV, Gorinchem, The Netherlands), with a single detector 
helical CT unit (Philips Secura, Philips NV, Eindhoven, The Netherlands) using 
2-mm thick transverse slices with a pitch of 1 (120 kV, 180-260 mA). Patients 
were in sternal recumbency. The pituitary height (in mm)/brain area (in mm2) 
value was calculated as described previously.17 

DNA sequence analysis of TSHB and TRHR

All PCR amplification reactions were performed in 25 μl containing 25 ng of 
dog DNA, 0.2 mM deoxynucleotide triphosphates (dNTPs), 0.5 μM of 
oligonucleotides and other components as indicated below. 

The coding exons 2 and 3 and intron 2 of TSHB were annotated in the refer-
ence genome of the dog, Annotation Release 103 (http://www.ncbi.nlm.nih.
gov/gene/403973). The non-coding exon 1 and intron 1 were localized by 
BLAST comparison between human complementary DNA (cDNA) sequence 
NM_000549 (http://www.ncbi.nlm.nih.gov/nuccore/nm_000549) and the re-   
ference genome of the dog (http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE= 
BlastSearch&BLAST_SPEC=OGP__9615__10726). Amplification of overlap-
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ping DNA fragments that covered the exons and introns of the TSHB gene was 
performed using 8 primer pairs (Table 1). The PCR reactions to amplify the 3 
exons and intron 2 were performed with 2.5 mM MgCl2, 1.25 U Platinum pfx 
polymerase in pfx amplification buffer and PCR enhancer (Invitrogen, Breda, 
The Netherlands). Reactions using primer pairs intron 1a and intron 1b (Table 
1) were performed with 3% dimethyl sulfoxide (DMSO) and 0.5 U Phusion Hot 
Start Flex DNA Polymerase (New England BioLabs Inc, Ipswich, MA) in 
Phusion GC Buffer (New England BioLabs Inc, Ipswich, MA). PCR reactions 
using primer pairs intron 1c and intron 1d (Table 1) were performed with 2 mM 
MgCl2 and 1.25 U Platinum pfx polymerase in pfx amplification buffer and 
PCR enhancer (Invitrogen, Breda, The Netherlands).

The PCR program for amplification of the 3 exons and intron 2 consisted of 
an initial activation at 95ºC for 5 minutes followed by 35 cycles each of 30 
seconds at 95ºC, 15 seconds at annealing temperature and 1 minute at 72ºC, 
followed by a final extension at 72ºC for 10 minutes. The first part of intron 1 
was amplified using a PCR program that consisted of an initial denaturation 
step of 30 seconds at 98ºC, followed by 35 cycles each of 10 seconds at 98ºC, 30 
seconds at annealing temperature and 45 seconds at 72ºC, followed by a final 
elongation step of 72ºC during 5 minutes. To amplify the last part of intron 1, a 
PCR program similar to the 1 used to amplify the exons and intron was used, 
but with a 30 seconds annealing step. PCR products were purified with Shrimp 
Alkaline Phosphatase (Promega, Leiden, The Netherlands) and Exonuclease I 
(New England BioLabs Inc, Ipswich, MA), and used as a template in a DNA 
sequencing reaction containing BigDye Terminator v3.1 (Applied Biosystems, 
Foster City, CA), according to manufacturer’s instructions. The reaction products 
were purified with multiscreen 96-well sephadex 50-gel filtration plates, and 
analyzed on an ABI 3100xl Genetic Analyzer (Applied Biosystems, Foster City, 
CA).

DNA sequences were aligned using the Seqman program from Lasergene 
software (DNASTAR, Madison, WI) and compared to the reference dog ge-
nome with BLAST software (www.ncbi.nlm.nih.gov/BLAST).

The structure of canine TRHR was derived from the annotation of the gene in 
the reference genome (http://www.ncbi.nlm.nih.gov/gene/482007). PCR was 
performed using primer pairs covering the exons and intron-exon junctions 
(Table 2).

To amplify the first part of exon 1 (primer pair exon 1a, Table 2) a nested-
PCR was applied. The reaction was performed with 7.5% DMSO, 0.5 U Phusion 
Hot Start Flex DNA Polymerase (New England BioLabs Inc, Ipswich, MA) in 
Phusion GC-buffer (New England BioLabs Inc, Ipswich, MA). 
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The PCR program consisted of an initial denaturation step of 30 seconds at 
98oC, 25 cycles each of 10 seconds at 98oC, 30 seconds at annealing temperature 
and 1 minute at 72oC followed by a final elongation step of 72oC during  
5 minutes. PCR products were diluted 1:10 in water and 1 μl was used in the 
subsequent PCR reaction with primer pair exon 1b (Table 2), using the same 
reaction mixture and PCR program. For amplification of the second part of 
exon 1 (primer pair exon 1c, Table 2) the same reaction mixture and program 
was used as for the first PCR of the first part of exon 1.

For the amplification of exon 2 a reaction containing 2 mM MgCl2 and  
1.25 U Platinum pfx polymerase in pfx amplification buffer and PCR enhancer 
(Invitrogen, Breda, The Netherlands) was used. Reactions consisted of an initial 
denatu-ration step during 5 minutes at 95oC, 35 cycles each of 30 seconds at 
95oC, 30 seconds at annealing temperature and 30 seconds at 72oC followed by 
a final elongation step of 72oC during 10 minutes. PCR products were purified 
and analysed as described above.

Results

Between 2008 and 2012, 7 Miniature Schnauzers (3 dwarfs, 4 non-dwarfs) were 
diagnosed with central hypothyroidism. In 5 of these animals the secondary 
nature of the hypothyroidism was diagnosed using a 3-day TSH-stimulation 
test (2 dwarfs, 3 non-dwarfs) and in 2 dogs using a TRH-stimulation test (1 
dwarf, 1 non-dwarf). In 1 of the dwarfs in which the 3-day TSH stimulation test 
was performed, only thyroid scintigraphy (and not plasma TT4 concentration 
measurement) was repeated after 3 days. Five dogs were intact males (4 non-
dwarfs, 1 dwarf) and 2 intact females (2 dwarfs). Ages ranged from 7 months to 
2 years in the dwarfs, and from 5 to 8 years in the non-dwarfs. Pedigrees of 3 
dwarfs and 3 non-dwarfs were available for analyses (Figure 1). Two dwarfs 
were full siblings from different litters, and 1 dwarf and 3 non-dwarfs had a 
common ancestor. The pedigrees display short inbreeding loops in the ancestry 
of 2 dwarfs and 4 non-dwarfs, suggesting that a recessive gene variant plays a 
role in the etiology.

The dogs were referred for various clinical signs that had been observed 
either from birth onwards (all dwarfs) or since 4 to 8 weeks (all non-dwarfs). 
History taking revealed mental dullness and lethargy in all dogs, superficial 
pyoderma in 2 non-dwarfs, mild to moderate obesity in 1 dwarf and all non-
dwarfs, and impaired dentition in 2 dwarfs. 

The dwarf Miniature Schnauzers weighed 4.2 to 6 kg (median 4.8 kg) and the 
weight of the non-dwarfs ranged from 11.4 to 13.8 kg (median 12.5 kg). 
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Physical examination of the dwarfs revealed disproportionate dwarfism (Figure 
2) including a short neck, small head and short legs (n = 3), a scaly skin (n = 3), 
weak pulses (n = 1), mandibular prognathism (n = 2), kyphosis (n = 1), and 
lordosis (n = 1). Two dwarfs had difficulties to run and jump (hind leg weakness) 
and had a short gait. In the dogs of normal stature, physical examination 
revealed a scaly skin (n = 3), alopecia between the shoulder blades, on the 
caudal back and tail (n = 2), weak pulses (n = 1) and hind leg weakness (n = 2). 
The neurological examination was otherwise unremarkable in all dogs and 
thyroid palpation was also unremarkable in all cases.

Figure 2. A 4-year-old female intact Miniature Schnauzer dwarf with central hypothyroidism 
standing in front of an unaffected dog from the same breed, age and gender. Note the relatively 
short neck and limbs and the relatively small head of the dog. 

Figure 1. Pedigrees of 6 Miniature Schnauzers with central hypothyroidism. Males are depicted by 
squares and females by circles. Dogs with central hypothyroidism are indicated by the dark blue 
symbols. Dogs 1-3 are dwarfs, dogs 5-7 are of normal stature. Both pedigrees contain inbreeding loops.
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Complete blood count revealed mild anemia in 1 dwarf and 2 non-dwarfs. 
Routine biochemical blood testing was unremarkable in the dwarfs and in the 
dogs of normal stature it revealed a mild hypoalbuminemia (n = 1), mildly to 
severely increased plasma alkaline phosphatase activity (n = 3), mildly increased 
plasma alanine transaminase activity (n = 2), moderate to severe hyper-
cholesterolemia and mild to severe hyperlipidemia (n = 3). 

Figure 3. Effect of intravenous administration of 90 μg recombinant human thyroid-stimulating 
hormone (rhTSH) on 3 consecutive days on plasma total thyroxine (TT4) concentration. In all dogs, 
repeated rhTSH administration resulted in a clear increase in plasma TT4 concentration. Dog 2 is a 
dwarf and dogs 4-6 are of normal stature.

Figure 4. Thyrotropin-releasing hormone (TRH)-stimulation test. Intravenous administration of 
TRH did not lead to an increase in plasma thyroid-stimulating hormone (TSH) concentration in 
any of the dogs tested. Dogs 1-3 are dwarfs and dogs 4, 5 and 7 are of normal stature.
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Hormone measurements and function tests

Two dwarfs and 4 dogs of normal stature had a plasma TT4 concentration  
< 0.16 µg/dl (< 2 nmol/l). The remaining dwarf had a plasma TT4 concentration 
of 0.93 µg/dl (12 nmol/l). The plasma TSH concentration was below the 
detection limit of the assay in the dwarfs and ranged from 0.04-0.17 ng/ml 
(median, 0.06 ng/ml) in the dogs of normal stature.  

Repeated administration of rhTSH during 3 consecutive days in 1 dwarf and 
3 dogs of normal stature, resulted in a clear increase in plasma TT4 concentration 
(Figure 3). TRH was administered in 3 dwarfs and 3 non-dwarfs and did not 
result in an increase in plasma TSH concentration (Figure 4).

Plasma prolactin concentration after TRH administration was measured in 1 
dwarf and 2 dogs of normal stature. In the dwarf, TRH administration failed to 
result in an increase in plasma prolactin concentration (maximal increase of 
0.1 µg/l). In contrast, a clear rise was observed in the 2 dogs of normal stature 
(maximal increase of 10.2 and 13.2 µg/l). Prolactin was not measured in the 
other dogs.

Basal plasma GH concentration was measured in 2 dwarfs and 2 dogs of 
normal stature. It was within reference interval in 1 dwarf (0.8 µg/l) and high 
(8.9 µg/l) in the other dwarf. In the 2 dogs of normal stature, plasma GH 
concentration was within reference range (1.3 and 3.0 µg/l). Basal plasma IGF-I 
was measured in 3 dwarfs and 2 dogs of normal stature and ranged from 19-72 
µg/l in the dwarfs and 100-118 µg/l in the non-dwarfs. 

Administration of GHRH to the 3 dogs (1 dwarf, 2 non-dwarfs) with a basal 
plasma GH concentration ≤ 3.0 µg/l resulted in a clear rise of this parameter in 
the dwarf and in 1 of the non-dwarfs (maximal increase of 3.4 and 5.6 µg/l). In 
the other dog of normal stature, there was no increase in plasma GH 
concentration following stimulation with GHRH. However, the plasma IGF-I 
concentration was 100 μg/l in this dog. 

Basal plasma ACTH (1 dwarf, 3 non-dwarfs) and cortisol (1 dwarf, 1 non-dwarf) 
concentrations were within reference range in all dogs (median, 27 pg/ml; range, 
20-52 pg/ml; 1.1 and 2.1 µg/dl, respectively).
 

Diagnostic imaging

In all 7 dogs, little to no uptake of 99mTcO4
- by the thyroid glands was seen. In 

5 dogs (2 dwarfs, 3 non-dwarfs), the thyroid glands could however still be 
identified and had a normal shape (Figure 5A). Repeated administration of 
rhTSH during 3 consecutive days (2 dwarfs, 3 non-dwarfs) resulted in increased 
thyroid-uptake of 99mTcO4

- on day 3 (Figure 5B).
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A CT scan of the pituitary area including the hypothalamus (1 dwarf and 2 
non-dwarfs) revealed no abnormalities. The P/B values were within the lower 
quarter of the reference range (0.14-0.16 [0.14-0.31]17).

Follow-up

The animals were treated with synthetic levo-thyroxine (Forthyron; Eurovet 
Animal Health, Bladel, The Netherlands), with a starting dose of 10-20 μg/kg  
q 12 h. After 1 to 3 months (median 6 weeks) the dogs came back for check-up. 
All owners reported that their animals became more active. In the 2 non-dwarfs 
with alopecia, the hair coat was restored. In all dogs of normal stature, obesity 
improved (total weight loss ranged from 300 g-3.7 kg [median 2.8 kg]). The 
weakness of the hind limbs also resolved in the 2 dwarfs and 2 dogs of normal 
stature. The plasma TT4 concentration ranged from 2.18-5 µg/dl (28-64 nmol/l) 
in the dwarfs and 1.3-3.5 µg/dl (14-45 nmol/l) in the dogs of normal stature. 

DNA sequence analysis of TSHB

DNA was collected from 3 dwarfs and 3 non-dwarfs and from 25 control 

Figure 5. Scintigraphic image of the thyroids of a 1-year-and-8-month-old Miniature Schnauzer 
dwarf with central hypothyroidism. (A) Prior to stimulation with recombinant human thyroid-
stimulating hormone (rhTSH). Note the severely decreased thyroid uptake of radioactive 
pertechnetate. The thyroids are of normal shape. (B) After 3 days of IV administration of 90 μg 
rhTSH. Note the clearly improved uptake of radioactive pertechnetate by the thyroids.

Anterior A Anterior  B
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Miniature Schnauzers. The DNA sequence of the 3 exons and the introns of 
TSHB were analyzed in these animals. Compared to the reference dog genome, 
all cases were homozygous for T instead of A at position c.-63, which is part of 
the putative TATA-box. However, 6 of the 25 control dogs were also homo-
zygous for T at this position and 13 dogs were heterozygous for A/T. In intron 
1 at position c.-2+371 all cases were homozygous for C, while the reference dog 
genome was homozygous for T. Of 5 control dogs, 3 were also homozygous  
for C and 2 were heterozygous for C/T. Finally, in intron 1 at position c.-1-639, 
all cases were homozygous for A, while the reference dog genome was homo-
zygous for G. Of 5 control dogs, 2 were homozygous for A and 3 were hetero-
zygous for A/G at this position. Otherwise, the sequence of TSHB of the cases 
was in agreement with the reference dog genome. 

DNA sequence analysis of TRHR

The DNA sequence of the 2 exons and the intron boundaries of TRHR were 
analyzed in 3 dwarfs and 3 non-dwarfs and 6 control dogs. DNA sequence 
analysis revealed 2 variations. Three cases, 1 dwarf and 2 non-dwarfs, where 
homozygous for A at position c.-73, whereas the reference dog genome was 
homozygous for G. These dogs were also homozygous for C at position c.-94,  
while the reference dog genome was homozygous for T. One case was hetero-
zygous for both variations. No other mutations were found.

Discussion
  
Spontaneous central hypothyroidism is rare in dogs.6-10 In contrast, primary 
hypothyroidism is diagnosed regularly in Miniature Schnauzers, based either 
on thyroid scintigraphy or a TSH-stimulation test. However, due to secondary 
atrophy of thyroid tissue, these tests will produce the same results in dogs with 
primary hypothyroidism as in dogs with central hypothyroidism.16,18 Also, the 
low diagnostic sensitivity of the TSH measurement hampers the differentiation 
between primary and central hypothyroidism. Central hypothyroidism might 
therefore be an underdiagnosed disorder that could be quite common in 
Miniature Schnauzers. The results of the present study show that it would be 
interesting to evaluate Miniature Schnauzers with signs of hypothyroidism for the 
presence of central hypothyroidism to determine the prevalence of the disorder. 
Additionally, the situation in Miniature Schnauzers opens the possibility that 
secondary hypothyroidism is more common than thought in other breeds as 
well and may in part explain the low sensitivity of the canine TSH assay. 
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Absence of an increase in plasma TSH concentration after TRH administration 
is not fully diagnostic for central hypothyroidism. Also in dogs with primary 
hypothyroidism, TRH administration does not result in a significant rise 
in plasma TSH concentration.16,18 However, in most dogs with primary 
hypothyroidism, plasma TSH concentration is not in the low part of the reference 
range.20 In 2 of the dogs (1 dwarf and 1 dog of normal stature) the diagnosis of 
central hypothyroidism was based on a plasma TSH concentration in the lower 
part of the reference range that did not increase after TRH administration. 
The diagnosis of central hypothyroidism was therefore less strong than in the 
other 5 dogs, where central hypothyroidism was confirmed by administering 
rhTSH on 3 consecutive days.15 Cases of long-standing central hypothyroidism 
with subsequent thyroid atrophy often fail to respond to a single dose of TSH.21 
Repeated administration of TSH will result in reactivation of thyroid tissue, 
which will not occur in primary hypothyroidism.8 The reactivation of thyroid 
tissue was shown by an increase in circulating TT4 concentration and thyroid 
uptake of 99mTcO4

-. 
Central hypothyroidism may be due to either isolated TSH deficiency or 

CPHD. To determine if a dog also has a deficiency of GH, ACTH, prolactin or 
gonadotropins, the pituitary can by stimulated with GHRH, corticotropin-
releasing hormone (CRH), TRH, and gonadotropin-releasing hormone (GnRH). 

In the previous reports about congenital central hypothyroidism in dogs, GH 
response to provocative testing was blunted.8.9 Because these dogs did not show 
signs of GH deficiency, the authors suggested that this suboptimal response 
was not due to a defect of the somatotropic cells. In the present report, 2 of the 
3 Miniature Schnauzers in which a GHRH-stimulation test was performed, 
responded to GHRH administration with a normal increase in plasma GH 
concentration, indicating that the somatotropic cells were unaffected. 
Interestingly, 1 of the Miniature Schnauzers did not respond with a rise in 
plasma GH concentration after GHRH administration. In contrast to the other 
2 Miniature Schnauzers, this dog was already treated with levo-thyroxine at the 
time of the GHRH-stimulation test. The absence of a rise in plasma GH 
concentration after GHRH administration may be explained by the feedback 
effect of the exogenous thyroid hormones at the hypothalamic level, resulting 
in an increased somatostatin tone,19 which will suppress both basal GH 
secretion and the effect of provocative testing. This, combined with the fact that 
this Miniature Schnauzer did not display growth retardation and had a plasma 
IGF-I concentration of 100 μg/l, makes GH deficiency unlikely in this animal.

In the dwarf Giant Schnauzers,8 ACTH response to CRH was reported as 
normal. In our Miniature Schnauzers, no CRH-stimulation test was performed. 
However, basal plasma concentrations of ACTH and cortisol were determined 
in 4 (1 dwarf, 3 non-dwarfs) and 2 (1 dwarf, 1 non-dwarf) dogs, respectively, 
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and were within their respective reference ranges.14 These findings suggest 
normal corticotropic function. Nevertheless, a CRH-stimulation test would be 
required in all cases for optimal evaluation of the hormone secreting capacity 
of the corticotropic cells.

Although all dogs had central hypothyroidism, there seemed to be at least 
2 different subclasses. Three dogs displayed disproportionate dwarfism, a 
hallmark of congenital hypothyroidism, whereas the other dogs were of normal 
stature. Also the age of disease onset differed between these 2 groups. This, 
however, does not necessarily exclude congenital central hypothyroidism in the 
dogs of normal stature. In dogs, circulating TT4 concentrations, TT4 response 
to TSH administration, and TSH response to TRH administration decrease 
with advancing age.22 Therefore, TSH secretion might have been in the low-to-
normal range when the dogs of normal stature were young and the natural de-
crease in TT4 response to TSH and TSH response to TRH may have resulted in 
deterioration of subclinical hypothyroidism into clinical hypothyroidism as the 
dogs aged. However, it is also possible that the dwarfs and animals of normal 
stature both suffer from a different form of hypothyroidism. 

The observation that the TRH-stimulation test failed to result in an increase 
in plasma prolactin concentration in 1 of the dwarf Miniature Schnauzers, but 
resulted in a clear rise of this hormone in the 2 dogs of normal size, may also 
suggest that these animals are affected by 2 different disorders and that dwarf 
Miniature Schnauzers may have a combined deficiency of TSH and prolactin. 
It is however not possible to draw firm conclusions on the results of TRH 
response testing in just 3 dogs. 

Due to its retrospective nature, this study has some limitations. Because not all 
pituitary hormone stimulation tests were performed, it is not clear if an isolated 
or combined form of TSH deficiency is present in these Miniature Schnauzers 
and if the dogs have the same or different forms of central hypothyroidism. 
Further studies to determine the secretory capacity of all adenohypophyseal 
hormones are needed to get insight in the underlying cause(s) of central 
hypothyroidism in this breed. 

The dogs had no history of head trauma that could explain low TSH secretion. 
To evaluate if there was any indication that the central hypothyroidism was 
acquired, CT scanning of the pituitary area was performed. Instead of being 
increased, as can be expected in acquired forms of central hypothyroidism like 
lymphocytic adenohypophysitis2 or a pituitary tumor, the P/B value was in the 
low end of the reference range in both the dwarfs and non-dwarfs, making 
congenital maldevelopment of the pituitary a more feasible option in both 
groups. Also the fact that this rare disorder occurred in 7 dogs from the same 
breed suggests that central hypothyroidism may have a genetic background in 
Miniature Schnauzers. 
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If central hypothyroidism in Miniature Schnauzers would have a genetic 
background, TSHB would serve as a prime candidate gene. Thyroid-stimulating 
hormone is a heterodimeric glycoprotein that contains both an α- and a 
β-subunit. The α-subunit, α-GSU, is common to TSH, luteinizing hormone 
(LH) and follicle-stimulating hormone (FSH). The β-subunit, TSHβ, is unique 
to TSH.23 In humans, several mutations of the TSHB gene are associated with 
secondary hypothyroidism.24-28 All tested case dogs were homozygous for T 
instead of A at c.-64. This A to T mutation affects the putative TATA-box. The 
TATA-box is an important element in many gene promoters of vertebrates 
and the functionality of the homologous TATA-box in tshb of the mouse has 
been demonstrated.29 However, 6 out of 25 control Miniature Schnauzers 
were homozygous for T at c.-64 as well. If this mutation would be responsible 
for central hypothyroidism, it would have a very low penetrance. We cannot 
rule out the possibility that the effect of this mutation on TSHB expression is 
enhanced by another genetic or environmental factor in the patients. The other 
2 variations that were found  in intron 1 of TSHB at position c.-2+371 and at 
position c.-1-639, were regarded as single nucleotide polymorphisms (SNPs), 
because the cases and a number of control dogs were homozygous for these 
variants. 

 A candidate gene that could explain both TSH and prolactin deficiency 
is TRHR,30 because TRH stimulates both the thyrotropes and lactotropes. 
The variations found in the non-coding region of exon 1 of TRHR could be 
related to the promoter region of this gene and therefore to the expression of 
the protein. However, the corresponding haplotype was only found in 3 of 6 
cases, of which 2 belonged to the dwarf and 1 to the non-dwarf group (without 
prolactin deficiency) and therefore regarded as insignificant. 

In conclusion, central hypothyroidism may be an underdiagnosed disorder 
in Miniature Schnauzers with signs indicative of deficient thyroid hormone 
secretion. The fact that this rare disorder occurred in 7 dogs from the same 
breed suggests that central hypothyroidism may have a genetic background 
in Miniature Schnauzers, but no disease causing mutations were found in the 
TSHB gene and the exons of the TRHR gene. Further studies to determine the 
secretory capacity of all adenohypophyseal hormones are needed to determine 
the underlying cause of the central hypothyroidism in this breed.
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Pituitary dwarfism, associated with growth hormone (GH) deficiency, is an 
autosomal, recessively inherited disorder in shepherd dogs. As outlined in 
Chapter 3, pituitary dwarfism is a serious illness and clinical signs are not 
limited to physical appearance. Instead, the dwarfs suffer from a whole range 
of clinical manifestations. Without proper treatment, the long-term prognosis 
is poor. Many dwarfs will not live more than 4 to 5 years, and although the 
prognosis improves significantly when dwarfs are properly treated with porcine 
GH and synthetic levo-thyroxine, their prognosis still remains guarded. The 
good news is that pituitary dwarfism is easily preventable. As long as mating 
between 2 carriers of the mutation that leads to pituitary dwarfism is prevented, 
no dwarfs will be born. Unfortunately, carriers of the mutation associated 
with pituitary dwarfism cannot be distinguished easily from dogs free of the 
mutation. The availability of a diagnostic DNA test, however, would enable 
breeders to prevent dwarfs from being born by testing the carrier status of 
potential breeding animals and applying a correct breeding policy. But before 
such a test could be developed, the mutated gene had to be identified first.

The results of the study described in Chapter 4 show that mutations in the 
LHX3 gene are associated with pituitary dwarfism in German shepherd dogs. 
LHX3 is a member of the LIM homeodomain protein family of DNA-binding 
transcription factors. These factors regulate the expression of genes that pattern 
the body and are critical for cell specialization during embryonic development.1 
Molecular defects in the LHX3 gene are associated with the combined pituitary 
hormone deficiency (CPHD) syndrome in humans.2-7 Most human patients 
display a complete deficit of all pituitary anterior lobe hormones, except for 
adrenocorticotropic hormone. Also in mice, LHX3 is essential for differentiation 
and proliferation of pituitary cell lineages.8 Homozygous LHX3-knockout 
mice display a complete absence of the differentiated hormone secreting cells, 
except for some corticotropes.8,9 Because the endocrinological phenotype of 
humans with LHX3 mutations and LHX3-knockout mice is in accordance with 
the phenotype of the German shepherd dog dwarfs, LHX3 was considered an 
excellent candidate gene for involvement in pituitary dwarfism associated with 
GH deficiency in this dog breed. Analysis of intron 5 revealed that dwarfs have 
a deletion of 1 of 6 imperfect 7-base pair (bp) repeats. This deletion reduces the 
intron size to 68 bp and is associated with defective splicing of a proportion 
of the transcripts in vivo and in vitro. The aberrant splicing products result 
from skipping of exon 5 or retention of intron 5. Skipping of exon 5 results in a 
frame shift; the translation product will lack the homeodomain and will there- 
fore probably not be functional.10 Retention of the mutant intron also leads to a 
frame shift in the part of the mRNA that codes for the homeodomain. Natural 
deletion mutants and in vitro experiments indicate that there is a minimum  
size of 65-78 nucleotides (nt) of introns in higher eukaryotes.11-19 Therefore, 
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splicing of the mutant intron 5 is expected to be hampered by its reduced size.
 Congenital dwarfism associated with GH deficiency is also known in Saarloos 

wolfdogs and Czechoslovakian wolfdogs. Both are German shepherd dog-wolf 
cross-breeds. The study in Chapter 6 evaluated if pituitary dwarfism in these 
breeds is associated with the same mutations found in German shepherd dogs, 
by subjecting the Saarloos and Czechoslovakian wolfdog dwarfs to genetic 
testing. All dwarfs were found to be homozygous for the same 7-bp deletion in 
intron 5 of LHX3. This mutation is identical to the 1 described in Chapter 4. 

Although pituitary dwarfism associated with GH deficiency is a serious illness, 
the prevalence of the disease seems very low. The need for screening potential 
breeding animals could therefore be questioned. In the study described in 
Chapter 6, a large group of clinically healthy Saarloos and Czechoslovakian 
wolfdogs were screened for the mutation associated with pituitary dwarfism. 
The percentage of carriers of the mutated allele was 31% and 21%, respectively. 
These results clearly demonstrate that pituitary dwarfism is a relevant disorder 
and emphasize the need for screening. Pituitary dwarfism and the associated 
DNA defects most likely render the individuals so weak that they either die in 
the uterus or shortly after birth, which would explain why dwarfs are seen only 
occasionally.

Although the screening test is available for all breeders, it is not yet commonly 
used by German shepherd dog breeders. By the beginning of 2015, only 44 
German shepherd dogs have been tested by the genetic lab of the Department 
of Clinical Sciences of Companion Animals. In this group, the percentage of 
carriers of the mutated allele is no less than 30%. The impact of inappropriate 
breeding on the health status and general well-being of dogs receives more 
and more media attention. Therefore, breeders have come under the attention 
and scrutiny of the public eye. More importantly, from June 1st 2014, Dutch 
law (“Besluit houders van dieren”, chapter 3, paragraph 1, article 3.4) dictates 
breeders must do everything possible to prevent severe congenital diseases 
from being passed on to or occur in the offspring of their breeding dogs. The 
availability of our genetic test enables breeders to prevent pituitary dwarfism. 
Therefore, Dutch law now obligates German shepherd dog breeders to use the 
genetic test. Hopefully, German shepherd dog breeders will be persuaded by 
all this to start testing their breeding animals for the presence of the LHX3 
mutations associated with pituitary dwarfism. If all breeding animals were 
genetically tested and a correct breeding policy would be implemented, 
pituitary dwarfism due to an LHX3 mutation could be eradicated completely. 

In humans with pituitary dwarfism due to an LHX3 mutation, anatomical 
abnormalities in the occipito-atlantoaxial joints in combination with a basilar 
impression of the dens axis have been reported.6,7 The study described in 
Chapter 7 is the first report of similar anatomical malformations of the atlanto-
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axial joint, leading to instability and dynamic compression of the cervical spinal 
cord, in Czechoslovakian wolfdogs and a German shepherd dog with pituitary 
dwarfism due to an LHX3 mutation. All dogs displayed neurological signs 
indicative of  a cervical spinal cord disorder. Magnetic resonance imaging (MRI) 
and computed tomography (CT) images revealed incomplete ossification of the 
atlas with 1 or more of the 3 suture lines between the 3 ossification centers of 
C1 still open in all dogs. The incomplete ossification of the bony elements of C1 
is expected to have resulted in instability of C1. This instability and resulting 
movements between the bony elements of C1 probably caused the excessive 
soft tissue formation located in the open sutures in C1. Additionally, flexion of 
the C1-C2 junction resulted in an increased dorsal displacement of the dens 
axis, causing compression of the cervical spinal cord. 

Pituitary dwarfism associated with GH deficiency in German shepherd dogs 
has been seen for decades and dwarfs are born in purebred populations all over 
the world. The phenotype has extensively been described in numerous case 
reports.20-32 So far, there have been no reports of atlanto-axial abnormalities in 
canine dwarfs. This raises the question whether these vertebral malformations 
are not just coincidental findings that are unrelated to the 7-bp deletion in LHX3. 
However, the atlanto-axial malformations occur in dwarfs of 2 different breeds, 
and similar findings are described in human pituitary dwarfism. Additionally,  
the phenotype of pituitary dwarfism is highly variable in other aspects as well, 
which could be due to possible variations in the level of residual activity of the 
LHX3 protein between dwarfs, as described in Chapter 4. It is therefore con-
cluded that the anatomical abnormalities of the atlanto-axial joint are associated  
with canine pituitary dwarfism due to an LHX3 mutation. Consequently, 
pituitary dwarfs should be monitored closely for neurological signs.

The human LHX3 gene consists of 7 exons. Alternate promoters lead to 2 
transcript variants: variant 1, containing exon 1, and variant 2, containing exon 
2 instead of exon 1. The first exon of both variants is spliced to exon 3.33,34 Protein 
isoforms LHX3a and LHX3b are translated from an ATG start codon in exon 1 
and exon 2. In addition, a third protein isoform, M2-LHX3, has been described, 
which is translated from a start codon in exon 4 of transcript variant 1.35 Earlier 
in vitro studies concluded that isoforms LHX3a and M2-LHX3 are potent gene 
activators in humans and that LHX3b is not.33,35 The protein isoforms LHX3a 
and LHX3b, to our knowledge, have not been demonstrated in vivo. By analysis 
of gDNA and cDNA sequences, the study described in Chapter 5 shows that in 
dogs the predicted start codon of LHX3a is followed shortly by a stop codon. 
LHX3a seems to be redundant in dogs and the function of exon 1 may be to 
circumvent exon 2 in order to direct production of isoform M2-LHX3. These 
results highlight the significance of isoform M2-LHX3 and the canine situation 
opens the possibility that also in other species the LHX3a isoform is redundant.
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The most important endocrine differential diagnosis of pituitary dwarfism 
due to GH deficiency is juvenile hypothyroidism. Defects at any level of the 
hypothalamus-pituitary-thyroid axis can lead to deficient secretion of thyroid 
hormones. Hypothyroidism can be classified as primary or central, and both 
forms can be congenital or acquired. In central hypothyroidism the thyroids are 
not affected primarily but are deprived of stimulation by thyroid-stimulating 
hormone (TSH). Primary hypothyroidism is a common endocrinopathy in 
dogs. In contrast, central hypothyroidism is rare in this species. Isolated TSH 
deficiency has only been reported in a family of Giant Schnauzers,36 in a young 
Boxer,37 and  in a 2-week-old Portuguese Water  Dog.38 The study outlined 
in Chapter 8 describes the occurrence and clinical presentation of central 
hypothyroidism in Miniature Schnauzers. 

Primary hypothyroidism is diagnosed regularly in Miniature Schnauzers, 
based either on thyroid scintigraphy or a TSH-stimulation test. However, due 
to secondary atrophy of thyroid tissue these tests produce the same results in 
dogs with primary hypothyroidism as in dogs with central hypothyroidism.39-40 
Central hypothyroidism might therefore be an underdiagnosed disorder that 
could be quite common in Miniature Schnauzers and should be considered 
in dogs of this breed with symptoms indicative of deficient thyroid hormone 
secretion.  

If, however, central hypothyroidism is as rare as it seems, the fact that 7 dogs 
of the same breed are affected by the same disorder strongly suggests that 
central hypothyroidism has a genetic background in Miniature Schnauzers. 
Two possible candidate genes were the TSHβ (TSHB) gene and the thyrotropin-
releasing hormone receptor (TRHR) gene. Thyroid-stimulating hormone is 
a heterodimeric glycoprotein that contains both an α- and a β-subunit. The 
α-subunit, α-GSU, is common to TSH, luteinizing hormone (LH) and follicle-
stimulating hormone (FSH). The β-subunit, TSHβ, is unique to TSH.41 In 
humans, several mutations of the TSHB gene are associated with secondary 
hypothyroidism.42-46 Thyrotropin-releasing hormone stimulates the thyrotropes 
and lactotropes to secrete TSH and prolactin, respectively. In humans, 
spontaneous mutations in the TRHR gene are known to give rise to a combined 
deficiency of TSH and prolactin.47 Genetic analysis of the TSHB gene and the 
exons of the TRHR gene revealed 3 single nucleotide polymorphisms (SNPs) 
in TSHB, and 2 SNPs in TRHR. However, no disease causing mutations were 
found in either genes. 

Due to its retrospective nature, not all pituitary hormone stimulation tests 
were performed. Therefore, the Miniature Schnauzers may have different forms 
of central hypothyroidism. Further studies to determine the secretory capacity 
of all adenohypophyseal hormones are needed to get insight in the underlying 
cause(s) of central hypothyroidism in this breed.
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Conclusions

•  A contraction of a 7-bp DNA repeat in intron 5 of canine LHX3 leads to 
deficient splicing and is associated with pituitary dwarfism in German 
shepherd dogs. Splicing of the mutant intron 5 is expected to be hampered 
by its reduced size.

•  In dogs, the predicted start codon of LHX3a is followed shortly by a stop 
codon, which makes LHX3a seem to be redundant in this species. The 
function of exon 1 may be to circumvent exon 2 in order to direct production 
of isoform M2-LHX3, highlighting the significance of isoform M2-LHX3. 
The canine situation opens the possibility that also in other species the LHX3a 
isoform is redundant.

•  Saarloos and Czechoslovakian wolfdog dwarfs have the same 7-bp deletion in 
intron 5 of LHX3 as do German shepherd dog dwarfs. 

•  The frequency of carriers of this mutation among clinically healthy Saarloos 
and Czechoslovakian wolfdogs used for breeding was 31% and 21%, 
respectively, emphasizing the need for screening before breeding. 

•  If all breeding animals were genetically tested for the presence of the LHX3 
mutation and a correct breeding policy would be implemented, pituitary 
dwarfism due to an LHX3 mutation could be eradicated completely.

•  In canine pituitary dwarfs with neurological signs indicative of a cervical 
problem, atlanto-axial abnormalities that resemble those encountered in 
human CPHD patients with an LHX3 mutation, may be identified. These 
findings suggest an association between the LHX3 mutation in dogs with 
pituitary dwarfism and atlanto-axial malformations. Consequently, pituitary 
dwarfs should be monitored closely for neurological signs.

•  Central hypothyroidism might be an underdiagnosed disorder that could 
be quite common in Miniature Schnauzers and should be considered in 
dogs of this breed with symptoms indicative of deficient thyroid hormone 
secretion. The fact that this rare disorder occurred in 7 dogs from the same  
breed suggests that central hypothyroidism may have a genetic background in 
Miniature Schnauzers. 

•  No mutations were found in the TSHB gene and the exons of the TRHR gene that 
could explain the presence of central hypothyroidism in Miniature Schnauzers.
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Hypofysaire dwerggroei, ten gevolge van een tekort aan groeihormoon (GH), 
is een autosomaal, recessief overerfelijke aandoening bij herdershonden. Zoals 
beschreven in Hoofdstuk 3, is hypofysaire dwerggroei een ernstige aandoening 
waarvan de symptomen niet beperkt blijven tot uiterlijke verschijnselen. 
Integendeel, hypofysaire dwerggroei kent een heel scala aan klinische 
verschijnselen. Zonder goede behandeling is de lange-termijn prognose voor 
deze dieren matig tot slecht. Veel dwergen zullen niet ouder worden dan 4 tot 
5 jaar, en hoewel de prognose sterk verbetert wanneer deze dieren de juiste 
medische behandeling met varkens-GH en schildklierhormoon krijgen, blijft 
hun prognose gereserveerd. Het goede nieuws is echter dat deze vorm van 
dwerggroei heel gemakkelijk voorkomen kan worden. Zolang als 2 dragers niet 
met elkaar worden gekruist, zullen er geen dwergen geboren worden. Helaas 
zijn dragers niet eenvoudig te onderscheiden van honden die vrij zijn van de 
mutatie. De beschikbaarheid van een genetische test zou fokkers echter in staat 
stellen om de geboorte van dwergen te voorkomen, door potentiële fokdieren te 
laten testen op dragerschap en vervolgens een juist fokbeleid te hanteren. Maar 
voordat een dergelijke test ontwikkeld kon worden, moest eerst het gemuteerde 
gen worden geïdentificeerd. 

De resultaten van het onderzoek, beschreven in Hoofdstuk 4, tonen aan 
dat hypofysaire dwerggroei bij Duitse herdershonden geassocieerd is met 
een gemuteerd LHX3 gen. LHX3 maakt deel uit van de LIM-homeodomein-
eiwitfamilie. Deze eiwitfamilie bestaat uit DNA-bindende transcriptiefactoren 
die de expressie van genen die het lichaam vormgeven reguleren en een 
essentiële rol spelen in celspecialisatie tijdens de embryogenese.1 Moleculaire 
defecten in het LHX3 gen zijn ook beschreven bij mensen met hypofysaire 
dwerggroei.2-7 Het merendeel van deze humane patiënten heeft een tekort aan 
alle hypofysaire hormonen, behoudens het adrenocorticotroof hormoon. Ook 
bij muizen speelt LHX3 een essentiële rol in de differentiatie en proliferatie 
van hypofysaire cellijnen.8 De hypofyse van homozygote LHX3-knockout 
muizen bevat geen gedifferentieerde populaties van hormoonproducerende 
cellen, behalve corticotrofe cellen.8,9 Het feit dat mensen met een LHX3 mutatie 
en LHX3-knockout muizen dezelfde hypofysehormonen missen als Duitse 
herder dwergen, maakte het LHX3 gen een uitstekend kandidaatgen voor deze 
aandoening. Sequentie-analyse van intron 5 van het LHX3 gen toonde aan dat 
de dwerghonden een deletie hebben van 1 van 6 repeats, elk bestaande uit 7 
basenparen (bp). Deze deletie verkort de grootte van het intron tot 68 bp en 
bleek zowel in vivo als in vitro gepaard te gaan met stoornissen in de splicing 
van een deel van de transcripten. De abnormale splicingsproducten ontstaan 
doordat ofwel exon 5 wordt overgeslagen, en dus niet wordt afgelezen, ofwel 
door retentie van intron 5. Het overslaan van exon 5 resulteert in een frame 
shift; het translatieproduct mist hierdoor het DNA-bindende homeodomein 
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en zal daarom naar alle waarschijnlijkheid niet functioneel zijn.10 Retentie van 
het gemuteerde intron leidt ook tot een frame shift in het deel van het mRNA 
dat codeert voor het homeodomein. Mutanten met spontane introndeleties 
en in vitro experimenten tonen aan dat bij hogere eukaryoten de minimum 
introngrootte 65–78 nucleotiden (nt) bedraagt.11-19 Naar verwachting is de 
defecte splicing van het gemuteerde intron 5 dus een direct gevolg van de te 
geringe grootte van dit intron.

 Ook bij Saarloos wolfhonden en Tsjechoslowaakse wolfhonden komt con- 
genitale dwerggroei als gevolg van een tekort aan GH voor. Beide hondenrassen 
zijn kruisingen van Duitse herdershonden en wolven. In de studie, beschreven 
in Hoofdstuk 6, is onderzocht of hypofysaire dwerggroei bij deze hondenrassen 
gepaard gaat met dezelfde genetische mutaties als bij Duitse herdershonden. 
Hiertoe is het DNA van Saarloos en Tsjechoslowaakse wolfhonden met 
hypofysaire dwerggroei genetisch onderzocht, waaruit bleek dat alle dwergen 
homozygoot zijn voor dezelfde 7-bp deletie in intron 5 van LHX3. Deze 
mutatie is identiek aan de mutatie beschreven in Hoofdstuk 4 bij de Duitse 
herdershonden. 

Hoewel hypofysaire dwerggroei, als gevolg van GH deficiëntie, een ernstige 
aandoening is, lijkt deze ziekte slechts een geringe prevalentie te hebben. Er 
kan hierdoor twijfel ontstaan over de noodzaak van genetische screening 
van potentiële fokdieren op dragerschap van deze aandoening. In de studie, 
beschreven in Hoofdstuk 6, is een grote groep klinisch gezonde Saarloos en 
Tsjechoslowaakse wolfhonden gescreend op de mutatie die gepaard gaat met 
hypofysaire dwerggroei bij deze hondenrassen. Het dragerschapspercentage 
van het gemuteerde allel was respectievelijk 31% en 21%. Deze resultaten 
laten zien dat de mutatie wijd verspreid is binnen deze rassen en onderstrepen 
het belang van genetische screening. De genetische afwijking leidt naar alle 
waarschijnlijkheid tot dermate zwakke puppy’s, dat deze puppy’s ofwel 
reeds in de uterus ofwel kort na hun geboorte komen te overlijden. Dit kan 
verklaren waarom deze aandoening maar zo weinig gezien wordt, terwijl het 
dragerschapspercentage relatief hoog is.

Hoewel de genetische test voor hypofysaire dwerggroei voor alle fokkers 
beschikbaar is, wordt deze helaas nog maar mondjesmaat toegepast door 
de fokkers van Duitse herdershonden. Tot begin 2015 zijn slechts 44 Duitse 
herdershonden getest door het genetisch laboratorium van het Departement 
Geneeskunde van Gezelschapsdieren van de faculteit Diergeneeskunde. In de 
geteste groep bedraagt het percentage dragers van het gemuteerde allel maar 
liefst 30%. Misstanden in de hondenfokkerij, en de hieruit voortvloeiende 
negatieve effecten op de gezondheid en algeheel welzijn van honden, krijgen 
steeds meer media-aandacht, waardoor de hondenfokkerij onderwerp is 
geworden van het publieke debat. Tevens verbiedt de Nederlandse wet 
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middels het “Besluit houders van dieren” (hoofdstuk 3, paragraaf 1, artikel 
3.4) fokkers sinds 1 juni 2014 het fokken met gezelschapsdieren op een wijze 
waarop het welzijn en de gezondheid van het ouderdier of de nakomelingen 
wordt benadeeld. Fokkers zijn hierdoor verplicht om bij het fokken voor zover 
mogelijk te voorkomen dat ernstige erfelijke afwijkingen en ziekten worden 
doorgegeven aan of kunnen ontstaan bij nakomelingen. De beschikbaarheid 
van onze genetische test stelt fokkers in staat om de geboorte van puppy’s met 
hypofysaire dwerggroei te voorkomen. De Nederlandse wet verplicht fokkers 
van Duitse herdershonden dus om deze test te gebruiken. Hopelijk zal dit 
alles de fokkers van Duitse herdershonden ertoe bewegen om hun fokdieren 
ook daadwerkelijk te laten testen op dragerschap van de LHX3 mutaties die 
geassocieerd zijn met hypofysaire dwerggroei. Als alle fokdieren genetisch 
zouden worden getest en een correct fokbeleid zou worden toegepast, zou 
hypofysaire dwerggroei ten gevolge van een LHX3 mutatie nooit meer voor 
hoeven te komen.

In de literatuur zijn bij mensen met hypofysaire dwerggroei als gevolg van 
een LHX3 mutatie verschillende anatomische afwijkingen van het atlanto-
axiale gewricht beschreven.6,7 In de studie, beschreven in Hoofdstuk 7, wordt 
voor het eerst een vergelijkbaar beeld beschreven bij 3 Tsjechoslowaakse wolf-
honden en 1 Duitse herdershond met hypofysaire dwerggroei ten gevolge 
van een LHX3 mutatie. Alle honden in deze studie vertoonden neurologische 
verschijnselen die duidden op een aandoening van het cervicale ruggenmerg. 
MRI- en CT-beelden van de hals toonden aan dat er bij deze honden sprake 
was van onvolledige ossificatie (en dus onvolledige sluiting) van 1 of meer van 
de 3 ossificatiecentra van de atlas. Deze anatomische afwijkingen resulteerden 
in instabiliteit en dynamische compressie van het cervicale ruggenmerg. 

Hypofysaire dwerggroei bij Duitse herdershonden, ten gevolge van een tekort 
aan GH, is al decennia lang bekend en komt wereldwijd voor. Het fenotype 
staat uitvoerig beschreven in de vele case reports die er over deze aandoening 
bestaan.20-32 Tot dusverre worden er echter in geen van deze artikelen atlanto-
axiale afwijkingen beschreven. Hierdoor komt de vraag op of deze afwijking 
wel gerelateerd is aan de 7-bp deletie in het LHX3 gen, of dat er sprake is van 
een toevalsbevinding. De atlanto-axiale malformaties zijn echter bij dwergen 
van 2 verschillende hondenrassen gevonden, en bij mensen met hypofysaire 
dwerggroei ten gevolge van een LHX3 mutatie zijn vergelijkbare afwijkingen van 
dit gewricht beschreven. Hiernaast is het fenotype van hypofysaire dwerggroei 
ook op andere vlakken uiterst variabel. Zoals beschreven in Hoofdstuk 4, komt 
dit waarschijnlijk doordat de residuele activiteit van het LHX3 eiwit niet bij 
alle dwergen gelijk is en bij de ene dwerg dus groter zal zijn dan bij de andere. 
Hieruit kan worden geconcludeerd dat de anatomische afwijkingen aan het 
atlanto-axiale gewricht geassocieerd zijn met de LHX3 mutatie die ook tot 
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dwerggroei leidt. Het is daarom belangrijk om hypofysaire dwergen goed te 
controleren op de aanwezigheid van neurologische verschijnselen die zouden 
kunnen wijzen op een probleem van het cervicale ruggenmerg. 

Het humane LHX3 gen bestaat uit 7 exonen. Alternerende promoters zorgen 
voor het ontstaan van 2 verschillende transcripten: variant 1, die exon 1 bevat, 
en variant 2, die exon 2 in plaats van exon 1 bevat. Na splicing zit bij beide 
varianten het eerste exon vast aan exon 3.33,34 De translatie van de isoformen 
LHX3a en LHX3b begint vanaf een ATG startcodon dat zich respectievelijk 
in exon 1 en exon 2 bevindt. Hiernaast bestaat er een derde isoform, genaamd 
M2-LHX3, wiens translatie begint vanaf een startcodon dat gelegen is in exon 
4 van transcriptvariant 1.35 Eerdere in vitro studies concludeerden dat LHX3a 
en M2-LHX3 potente gen activators waren en dat LHX3b dit niet was.33,35 
Het bestaan van LHX3a en LHX3b is echter, naar mijn beste weten, nooit in 
vivo aangetoond. Middels analyse van gDNA en cDNA sequenties, heeft de 
studie beschreven in Hoofdstuk 5 aangetoond dat in honden het voorspelde 
startcodon van LHX3a al snel gevolgd wordt door een prematuur stopcodon. 
Honden kunnen dus blijkbaar goed functioneren zonder LHX3a en de functie 
van exon 1 zou mogelijk enkel “het omzeilen” van exon 2 kunnen zijn om 
zo de productie van isoform M2-LHX3 te faciliteren. Deze resultaten tonen 
ook het belang van isoform M2-LHX3 aan en de situatie bij honden opent de 
mogelijkheid dat LHX3a ook bij andere diersoorten wel eens niet essentieel zou 
kunnen zijn.

De belangrijkste endocriene differentiaal diagnose van hypofysaire dwerg-
groei, als gevolg van GH deficiëntie, is juveniele hypothyreoïdie. Defecten op 
elk niveau van de hypothalamus-hypofyse-schildklier-as kunnen leiden tot een 
tekort aan schildklierhormoon. Hypothyreoïdie kan geclassificeerd worden als 
primair of centraal, en beide vormen kunnen zowel aangeboren als verkregen 
zijn. Bij centrale hypothyreoïdie zijn de schildklieren zelf niet aangedaan, maar 
worden de schildklieren niet of onvoldoende gestimuleerd door een tekort 
aan schildklier stimulerend hormoon (TSH). Primaire hypothyreoïdie is een 
veel voorkomende aandoening bij honden. Dit in tegenstelling tot centrale 
hypothyreoïdie, dat slechts zelden bij deze dieren wordt vastgesteld. Een 
geïsoleerde deficiëntie van TSH is enkel maar beschreven in een familie van 
Riesenschnauzers,36 in een jonge Boxer,37 en in een 2-weken-oude Portugese 
waterhond.38 In Hoofdstuk 8 is het vóórkomen en het klinisch beeld van 
centrale hypothyreoïdie bij maar liefst 7 Dwergschnauzers beschreven. 

Primaire hypothyreoïdie is een veel gestelde endocriene diagnose bij 
Dwergschnauzers. Deze diagnose dient idealerwijs gebaseerd te zijn op 
ofwel de resultaten van schildklierscintigrafie ofwel de resultaten van een 
TSH-stimulatietest. Echter, deze diagnostische testen leveren bij honden 
met primaire hypothyreoïdie dezelfde resultaten op als bij honden met 
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centrale hypothyreoïdie.39-40 Centrale hypothyroïdie zou daarom een vaak 
gemiste diagnose kunnen zijn, die veel vaker zou kunnen voorkomen bij 
Dwergschnauzers dan we denken. Daarom zou bij Dwergschnauzers, die ver-
schijnselen vertonen die wijzen op een tekort aan schildklierhormoon, altijd 
aan centrale hypothyreoïdie gedacht moeten worden.

Als centrale hypothyreoïdie echter echt zo zeldzaam is als we nu denken, 
dan suggereert het feit dat deze aandoening bij 7 honden van hetzelfde ras 
voorkomt dat centrale hypothyreoïdie een genetische achtergrond heeft in 
dit ras. Twee mogelijke kandidaatgenen waren het TSHβ (TSHB) gen en het 
thyrotropine-releasing hormoon receptor (TRHR) gen. TSH bevat zowel een 
α- als een β-subunit. De α-subunit, α-GSU, is niet alleen een onderdeel van 
TSH, maar wordt ook aangetroffen in luteïniserend hormoon (LH) en follikel-
stimulerend hormoon (FSH). De β-subunit, TSHβ, is echter uniek voor 
TSH.41 Bij mensen zijn verschillende mutaties van het TSHB gen gevonden bij 
patiënten met centrale hypothyreoidie.42-46 Thyrotropine-releasing hormoon 
stimuleert de thyrotrofe en lactotrofe cellen tot afgifte van respectievelijk TSH 
en prolactine. Bij mensen is bekend dat mutaties in het TRHR gen leiden tot 
een gecombineerde deficiëntie van TSH en prolactine.47 Genetisch onderzoek 
van het TSHB gen en de exonen van het TRHR gen leverde 3 single nucleo-
tide polymorphisms (SNPs) in TSHB, en 2 SNPs in TRHR op. Echter, in beide 
genen werden geen mutaties gevonden die de aanwezigheid van centrale 
hypothyreoïdie bij deze Schnauzers zouden kunnen verklaren. 

Door het retrospectieve karakter van de studie is niet de secretiecapaciteit van 
alle hypofysehormonen onderzocht. Hierdoor is het niet uit te sluiten dat de 
verschillende Dwergschnauzers lijden aan verschillende vormen van centrale 
hypothyreoïdie. Verder onderzoek is nodig om de secretoire capaciteit van 
alle hormoonproducerende cellen van de adenohypofyse vast te stellen om zo 
meer inzicht te verkrijgen in de onderliggende oorzaak/oorzaken van centrale 
hypothyreoïdie in dit ras.

Conclusies

•  Een deletie van een 7-bp DNA repeat in intron 5 van LHX3 leidt tot defecte 
splicing van dit intron en gaat gepaard met hypofysaire dwerggroei bij Duitse 
herdershonden. Naar verwachting is de defecte splicing van het gemuteerde 
intron een direct gevolg van de te geringe grootte van dit intron.

•  Bij honden wordt het startcodon van LHX3a al snel gevolgd door een pre-
matuur stopcodon, waardoor LHX3a niet functioneel lijkt te zijn bij deze dier-
soort. De functie van exon 1 van LHX3 zou mogelijk enkel “het omzeilen” van 
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exon 2 kunnen zijn, om zo de productie van isoform M2-LHX3 te faciliteren. 
Deze bevinding benadrukt het belang van isoform M2-LHX3. De situatie bij 
honden opent de mogelijkheid dat LHX3a ook bij andere diersoorten wel 
eens niet essentieel zou kunnen zijn.

•  Saarloos en Tsjechoslowaakse wolfhonden met hypofysaire dwerggroei heb-
ben dezelfde 7-bp deletie in intron 5 van LHX3 als Duitse herdershonden met 
deze vorm van dwerggroei.

•  Het dragerschapspercentage onder klinisch gezonde Saarloos en Tsjecho-
slowaakse wolfhonden, veelal bestemd voor de fok, bedraagt respectievelijk 
31% en 21%. Deze bevinding benadrukt het belang van genetische screening 
van potentiële fokdieren op dragerschap van deze mutatie. 

•  Als alle fokdieren genetisch zouden worden getest en een correct fokbeleid 
zou worden toegepast, zou hypofysaire dwerggroei ten gevolge van een LHX3 
mutatie nooit meer voor hoeven te komen.

•  Bij honden met hypofysaire dwerggroei als gevolg van een LHX3 mutatie 
kunnen anatomische afwijkingen van het atlanto-axiale gewricht gevonden 
worden die vergelijkbaar zijn met de afwijkingen die beschreven zijn bij 
mensen met hypofysaire dwerggroei ten gevolge van een LHX3 mutatie. 
Hieruit kan worden geconcludeerd dat de anatomische afwijkingen aan het 
atlanto-axiale gewricht geassocieerd zijn met de LHX3 mutatie die ook tot 
dwerggroei leidt. Het is daarom belangrijk om hypofysaire dwergen goed te 
controleren op de aanwezigheid van neurologische verschijnselen die zouden 
kunnen wijzen op een probleem van het cervicale ruggenmerg. 

•  Centrale hypothyroïdie zou wel eens veel vaker kunnen voorkomen bij 
Dwergschnauzers dan we nu denken. Daarom zou altijd aan centrale hypo-
thyreoïdie gedacht moeten worden bij honden van dit ras die verschijnselen 
vertonen die wijzen op een tekort aan schildklierhormoon. 

•  Omdat centrale hypothyreoïdie bij honden tamelijk zeldzaam is, suggereert het 
feit dat deze aandoening bij 7 honden van hetzelfde ras voorkomt dat centrale 
hypothyreoïdie een genetische achtergrond heeft in het Dwergschnauzerras. 

•  In het TSHB gen en de exonen van het TRHR gen zijn geen mutaties gevonden 
die de aanwezigheid van centrale hypothyreoïdie bij de Dwergschnauzers 
kunnen verklaren. 
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