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Abstract

Human central diabetes insipidus (CDI) is a neurobiological syndrome characterized by the 
presence of hypotonic polyuria, hypernatremia, and polydipsia. CDI can be acquired (aCDI) 
as the result of brain damage to magnocellular neurosecretory cells or fibers that constitute 
the hypothalamic-neurohypophyseal system or can be caused by genetic disorders (heredi-
tary CDI). aCDI can be experimentally induced by various surgical interventions, including 
neurohypophysectomy, pituitary stalk compression (PSC), hypophysectomy, and hypotha-
lamic mediobasal lesions. CDI has been associated with a deficient production of arginine 
vasopressin (AVP) (the antidiuretic hormone secreted by magnocellular system), while 
more recently, aCDI animal studies also suggest the possible involvement of oxytocin (OT) 
(a natriuretic-promoting hormone secreted by neurosecretory systems) and other factors 
related to serum fluid concentration. Both humans and animals with aCDI may benefit 
from the combined administration of AVP and OT and, importantly, from a low-sodium 
diet. Moreover, increased OT levels are observed in Brattleboro rats (with mutated AVP 
gene), which may explain the regulatory hydromineral capacity shown by these animals 
after hydromineral challenges. In short, the symptoms shown by the different CDI animal 
models suggest the involvement of additional factors besides the absence of AVP, which 
appear to depend on the particular neurobiological systems affected in each case.

Keywords: central diabetes insipidus, hypophysectomy, neurohypophysectomy, pituitary 
stalk compression, mediobasal hypothalamic lesion, arginine vasopressin, oxytocin, 
hypernatremia, low-sodium diet

1. Introduction

The term diabetes refers to a wide variety of syndromes, including diabetes insipidus (DI), 

which share in common the copious production of urine (polyuria). DI is characterized by the 
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excretion of abundant diluted, “tasteless” urine and was first described by Willis in the sev-

enteenth century. The incidence of this disorder is around 1:25,000 cases, with no statistically 

significant differences between males and females.

In general, two main DI types can be distinguished: one that is related to deficient secre-

tion of the antidiuretic hormone arginine vasopressin (AVP), which is better documented 
and referred to as central, neurogenic, neurohypophyseal, or hypothalamic DI, and another 

characterized by renal insensitivity to the antidiuretic effect of AVP, designated nephrogenic 
DI [1–5].

This chapter starts with a description of the general characteristics of central diabetes 

insipidus (CDI), including its symptoms, the brain systems involved, and the etiologies of 

acquired and hereditary CDI. We then review the main animal models of acquired (neuro-

hypophysectomy, pituitary stalk compression (PSC), hypophysectomy, and hypothalamic 

mediobasal lesions) and hereditary (Brattleboro rats) CDI. Finally, data from animal and 
human studies are discussed in relation to the therapeutic usefulness of oxytocin and a low-

sodium diet.

2. Central diabetes insipidus: an overview

2.1. General characteristics of human central diabetes insipidus

CDI is a neurobiological syndrome characterized by the excretion of copious amounts of 

diluted urine, i.e., containing a reduced concentration of electrolytes (mainly Na+). The excre-

tory response in CDI is associated with a rise in serum osmolality (hyperosmolality) and 

sodium concentration (hypernatremia) and with the intake of large amounts of water (poly-

dipsia) (see Table 1) [2, 5, 6].

2.2. Neuroendocrine control of antidiuresis and electrolyte excretion

Urine and electrolyte excretions by the kidneys are related to the hormones AVP and oxy-

tocin (OT), among other endocrine mechanisms [7, 8]. AVP and OT have similar chemical 

structures and are both nonapeptides, differing in amino acids at positions 3 and 8 (Figure 1). 

They are synthesized with their corresponding carriers, neurophysins I and II, respectively, 

Diabetes insipidus Normal

Urine volume (liters/day) Up to 20 1–1.5

Urine osmolality (mOsm/L) <300 300–1400

Serum osmolality (mOsm/kg) >300 280–300

Serum sodium (mEq/L) >145 135–145

Table 1. General characteristics of patients with CDI in comparison to a healthy population.
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and human genes for OT-neurophysin I and AVP-neurophysin II are both on chromosome 20, 

separated by only 12 kb of intergenic sequences [9].

Both hormones are synthesized in the perikarya of the magnocellular neurons of hypotha-

lamic paraventricular (PVN) and supraoptic nuclei (SON). There is a predominance of AVP-

producing cells in the SON, while oxytocinergic cells are confined to the rostral and dorsal 
nucleus region. For its part, the magnocellular PVN possesses a similar number of oxytocin-

ergic and vasopressinergic neurons; its anteromedial portion contains mostly OT neurons, 

whereas its anterolateral portion contains an inner part with AVP neurons, surrounded by 

a ring of OT neurons. Less densely packed groups of AVP and OT neurons are found in 

posterior PVN. The axons of this complex (magnocellular PVN and SON) pass through the 

inner part of the median eminence, forming the neurohypophyseal stalk, and terminate in the 

neurohypophysis. Axonal swellings have been identified near fenestrated capillaries in both 
the median eminence and neurohypophysis, permitting access of these neurohormones to the 
bloodstream [10].

Hyperosmolality, hypernatremia, and hypovolemia (isotonic loss of fluid and electrolytes) 
are the main triggers of AVP and OT secretion [7, 11, 12]. After AVP is released into the blood, 

it acts by binding to AVP receptor 2 (AVPR2) on the basal surface of renal collecting tubule 

cells, triggering an intracellular signaling cascade. This concludes with activation of a cyclic 

adenosine monophosphate kinase pathway, increasing the production and insertion of aqua-

porin-II (AQP2) channels into the cell membrane. This in turn leads to passive water resorp-

tion from the lumen of the nephron into the cells of the collecting duct along an osmotic 

gradient [12–15]. The consequent excretion of concentrated urine is a survival mechanism for 

prolonged starvation periods. Conversely, diluted urine is excreted in the absence of AVP [8]. 

The neurohormone OT is especially involved in the excretion of body sodium or natriuresis 

[11, 16–20]. This secretion appears to be stimulated by increases in the glomerular filtration 
rate [21] and reductions in tubular sodium reabsorption [22]. These effects are mediated by 
actions on OT receptors present in the kidney and also, indirectly, by cardiac secretion of 

(A) Arginine Vasopressin 

Cys -Tyr -Phe-Gln -Asn -Cys -Pro.Arg -Gly -NH2

(B) Oxytocin

Cys -Tyr -Ile -Gln -Asn -Cys -Pro -Leu -Gly -NH2

Figure 1. Chemical structure of (A) AVP and (B) OT. AVP is formed by amino acids cysteine-tyrosine-phenylalanine-
glutamine-asparagine-cysteine-proline-arginine-glycine-NH

2
 and OT by cysteine-tyrosine-isoleucine-glutamine-asparagine-

cysteine-proline-leucine-glycine-NH
2
. In both cases, a ring of amino acids 1–6 is formed by a disulfide bond.
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atrial natriuretic peptide (ANP) [11]. OT may also act on AVPR2 to exert antidiuretic effects 
(Figure 2) [23, 24].

Both AVP and OT have been proposed to have synergic effects, with the natriuretic effect of 
their combined administration having a greater intensity and longer duration than the sum of 

the effects of each neurohormone [25, 26].

It has been reported that other hormones are involved in hydromineral regulatory processes, 

such as ANP co-localized with OT in hypothalamic magnocellular neurons (see Bundzikova 
et al. [27] for a review).

2.3. Etiological bases of human CDI

2.3.1. Acquired CDI

The most common CDI follows brain injury or surgery in the region of the pituitary and 

hypothalamus with damage to mediobasal hypothalamus (MBH), hypophyseal stalk, infun-

dibulum, or the pituitary gland itself [28–32].

Figure 2. Upper: Sagittal section of the brain (left) and kidney (right). Lower (magnified insets): AVP and OT neurosecretory 

system (left) and simplified structure of a nephron (right).
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CDI manifestations can be transient, permanent, or triphasic. Transient CDI starts with an 

abrupt onset of polyuria and polydipsia within 24–48 h of surgery/trauma and gradually 
resolves over a 3- to 5-day period [13, 30]. In permanent CDI, polyuric and polydipsic symp-

toms arise immediately and remain chronic in the absence of treatment [2, 33]. Triphasic CDI 

(Figure 3) was first described by Fisher and Ingram [35]. The first phase, clinically identical 
to transient CDI, starts with polyuria and polydipsia within 24 h of surgery, followed by an 
interphase (oliguric phase), with a reduction in urine excretion volume and water intake, and 

a final persistent phase of polyuria and polydipsia [13, 28, 36].

The regulatory and behavioral symptoms of CDI may be explained by the arrangement of 

hypothalamic-neurohypophyseal fibers. In this way, CDI with only transient polydipsia may 
be produced by lesions located ventrally to the median eminence, possibly attributable to secre-

tion into the median eminence area of the hormonal contents of magnocellular PVN and SON 

neurons. Distinct effects are observed after damage to the whole hypothalamic-neurohypoph-

yseal tract, which results in a consistently increased water intake from the onset (permanent 

CDI). Finally, the presence of intact/preserved axons or the release of AVP by degenerating 
terminals is considered responsible for the oliguric interphase in triphasic CDI [28, 37, 38].

2.3.2. Hereditary CDI

Hereditary CDI (hCDI) accounts for only 1–2% of all cases [5, 39]. It is frequently related to 

mutations in the AVP-neurophysin II gene, located distally at the short arm of chromosome 20 

(20p13) and containing three exons. The signal peptide AVP and the NH
2
-terminal region of 

Figure 3. Water intake and urine volume in triphasic CDI (adapted from Ref. [34] with permission from Elsevier).
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neurophysin II are encoded by exon A of the AVP-neurophysin II gene, and the central region 

of neurophysin II is encoded by exon B, while the COOH-terminal region of neurophysin II 
and glycopeptide are encoded by exon C.

More than 50 AVP mutations segregating with autosomal dominant or autosomal recessive 

CDI have been described (see http://omim.org/entry/125700). Limited capacity to secrete AVP 
during severe dehydration is maintained by patients with autosomal dominant CDI, whose 

polyuric-polydipsic symptoms generally appear after the age of 1 year, when adults are more 

likely to comprehend the child’s requests for water. There have also been reports of three fami-

lies with autosomal recessive neurohypophyseal DI in which the patients were homozygous or 

compound heterozygotes for AVP mutations. Two of these families were phenotypically charac-

terized by severe polyuria, polydipsia, dehydration, and early onset in the first 3 months of life.

3. Animal models of CDI

3.1. Animal models of acquired CDI

Acquired CDI (aCDI) can be experimentally induced in animals by surgical interventions that 

produce a deficit in the secretion of both AVP and OT, including mediobasal hypothalamic 
(MBH) lesions, sectioning of hypothalamic-neurohypophyseal tract, pituitary stalk compres-

sion, hypophysectomy, and neurohypophysectomy (see Bernal et al. [34] for a review).

3.1.1. Neurohypophysectomy and pituitary stalk compression

After exposure of the pituitary gland through a parapharyngeal approach, a small incision 

is made in the caudal tip of the anterior lobe. This reveals the underlying posterior pituitary 

lobe, which is then removed by gentle suction. Given the technical difficulty of a specific neu-

rohypophysectomy (neurohypox), selective deafferentation of the neurohypophysis has been 
induced by some authors (pituitary stalk compression). For this purpose, anesthetized rats are 
mounted on a stereotaxic frame with nose down 3.5 mm, the skull is opened by removing a 
small square of the bone, and a triangle-shaped wire is then lowered in coronal plane 4.0 mm 
caudal to bregma in the midline until it reached the skull floor. The wire is held against the 
skull for 30 s and then removed, evaluating the absence of tissue damage to the anterior pitu-

itary lobe by microscopic examination and measurements of plasma levels of adenohypophy-

seal hormones in terminal blood samples.

Neurohypox and pituitary stalk compression (PSC) have been found to interrupt the secretion 

of AVP and OT, increase urine excretion and water intake, and reduce the excretion of sodium 

[40, 41]. In addition, salt loading (administration of hypertonic NaCl) increased serum osmo-

lality to a greater degree in PSC animals than in sham-operated animals [42].

In earlier studies in neurohypox dogs, OT administration raised renal clearances [43] and AVP 

plus OT administration increased sodium excretion [44]. In a study of neurohypox rats, Balment 
and associates [40] found that AVP administration reduced urine flow and produced a small 
increase in sodium excretion. Importantly, however, OT administration within the physiological 
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range enhanced the natriuretic response to AVP, reversing the renal sodium excretion deficit in 
neurohypox rats. Moreover, the combined use of OT and AVP at low doses that do not sepa-

rately promote significant body sodium excretion revealed a marked synergic natriuretic effect 
superior to the sum of their individual effects. Consequently, the reduced natriuretic capacity of 
neurohypox animals appears to be attributable to a lack of both AVP and OT.

3.1.2. Hypophysectomy

In anesthetized rats, the pituitary gland is exposed by parapharyngeal approach, and a dental 

drill is used to penetrate the base of the skull. The whole pituitary (anterior and posterior 

lobes) is then removed by suction.

Hypophysectomy (hypox) interrupts the hormonal secretion of both AVP and OT, depresses 

sodium excretion, and increases serum sodium concentration and water intake [45]. However, 

the peak sodium excretion of hypox animals treated with both neurohormones (AVP and OT) 

remains below that of intact rats, despite the synergic natriuretic effects of the combined treat-
ment. Consequently, it has been proposed that the deficit produced in some adenohypophy-

seal hormones, such as prolactin (with antidiuretic effects in animals lacking AVP [46], may 

be relevant in this type of CDI.

Besides their hormone deficit, hypox animals often show marked disorders in their body 
sodium regulation. Thus, hypox rats consumed larger amounts of NaCl solutions than intact 

rats [47], an unexpected behavior considering that these animals are hypernatremic. However, 

hypox animals maintain an adequate hydromineral regulation capacity under homeostatic 

challenges. Thus, hypox animals significantly reduced their urinary sodium outputs on low-
sodium diets [47], while hypertonic NaCl injection into the third ventricle stimulated their 

sodium excretion and antidiuresis [48, 49]. Given that these capacities could not have been 

activated by the secretion of AVP or OT, these and other data have been considered to demon-

strate the functional integrity of the renin-angiotensin-aldosterone system in hypox rats [47].

3.1.3. Mediobasal hypothalamic (MBH) lesion

Anesthetized rats are mounted on a stereotaxic frame to bilaterally apply an anodic current 

(1.5 mA) for 15 s through a stainless steel electrode insulated except at the tip. In Wistar rats, 
stereotaxic coordinates are 6.44 mm anterior to interaural line, 0.4 mm lateral to midline, and 
0.2 mm dorsal to interaural line; the extent of lesions is usually estimated by using the rat 

brain atlas of Paxinos and Watson [50]. Generally, all lesioned animals show extensive MBH 
lesions in the rostrocaudal dimension with complete damage of the median eminence region. 

However, partial injury of the arcuate (Arc), ventromedial (VM), and dorsomedial hypotha-

lamic nuclei has also been observed in most rats (Figure 4) [51–53].

MBH lesions in animals generate hypernatremia with triphasic polyuric and polydipsic CDI. 
A distinctive characteristic of MBH-lesioned animals is hyperphagia [51–53], which is not 

observed in hypox rats [54]. This greater food intake is likely attributable to damage to the 
Arc and/or VM hypothalamic nuclei [55]. From a neuroendocrine perspective, MBH lesions 
interrupt AVP, OT, and ANP secretions [49, 56, 57].
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Systemic OT administration was found to enhance sodium excretion and reduce urine excre-

tion and the standard polydipsic response of MBH-lesioned animals. However, concomitant 
food deprivation is necessary to show this effect, and OT-treated MBH animals with food 
available ad libitum showed no reduction in water intake or urine excretion. Likewise, the 

effects of OT were only observed when it was administered during the initial diabetic phase, 
not during the stable phase [51].

Hence, the regulatory capacity of MBH-lesioned animals is closely related to food availabil-
ity. Specifically, it has been observed that food deprivation generates a transient reduction in 
water intake of MBH-lesioned animals during the initial DI phase but completely annuls their 
polyuria and polydipsia during the stable DI phase [51, 52]. According to these results, MBH-
lesioned animals appear to retain some antidiuretic capacity, at least under food deprivation 

conditions. Furthermore, food deprivation on days 20–22 postsurgery was found to produce 
a lasting reduction in the hyperphagia (besides polydipsia) of MBH animals during the days 
that followed, when food was available ad libitum. This suggests that the magnitude of the 

polydipsic response observed after the food deprivation period may be related to the amount 

of food consumed. This dependence on food intake is in agreement with earlier studies sug-

gesting that the severity of the polydipsia and polyuria of DI is approximately proportional 

to the amount of sodium ingested in food [58–60].

Figure 4. Photomicrograph of coronal brain section of an MBH-lesioned animal stained with cresyl violet at 
approximately −2.56 mm caudal to bregma. Scale bar, 1 mm (Arc, arcuate nucleus; DM, dorsomedial nucleus; ME, 
median eminence; VM, ventromedial nucleus) (from Ref. [51] with permission from Elsevier).
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Given that nephrectomy, which prevents water loss, does not eliminate the polydipsic 

response of MBH-lesioned animals [61], it seems likely that this response is not exclusively a 

secondary effect of renal fluid loss. Thus, studies of hydromineral regulation in our laboratory 
have confirmed that OT administration and food deprivation can reduce water intake without 
a significant decrease in urine volume [62]. The possible importance of body sodium regula-

tion disorders in the polydipsic behavior of these diabetic animals is supported by findings 
that low-sodium diets reduce the serum sodium concentration and water intake of MBH-
lesioned animals [53] and that OT administration reduces the serum sodium concentration 

and water intake of food-deprived MBH-lesioned animals [51].

Unlike in hypox animals [48, 49], salt loading did not increase the natriuretic and antidi-

uretic responses of MBH-lesioned animals [49], suggesting an interruption of neuroendocrine 

pathways and of autonomous nervous system activity [63–65]. Nevertheless, when MBH-
lesioned animals could choose between a hypertonic NaCl solution and water, they preferen-

tially selected the saline solution [52]. These results are consistent with suggestions by other 

authors that lesions in the median eminence region might affect brain circuits that control 
body sodium levels [66].

In summary, it appears to be well established that food deprivation reduces body sodium 

accumulation and consequently the diabetic polydipsia of this animal model. Thus, the com-

bination of the natriuretic effect of OT and the food deprivation may have a normalizing effect 
on the hypernatremia of MBH animals.

3.2. Animal model of hereditary CDI: the Brattleboro rat

The standard model of hereditary CDI is the homozygous Brattleboro rat, first reported by the 
Valtin group in the 1960s [67]. This strain was developed from Long-Evans hooded rats, which 

are unable to synthesize antidiuretic hormone as an autosomal recessive trait of the AVP-

neurophysin II gene. The mutated allele encodes a normal AVP but an abnormal neurophysin 

II, which interferes with the regular transport and processing of the AVP-neurophysin II pre-

cursor molecule [39]. Homozygous Brattleboro rats, as would be expected, exhibit polyuric 
and polydipsic responses as well as chronic hypernatremia and hyperosmolality. However, 

AVPR2 is preserved in Brattleboro rats, which are therefore reactive to AVPR2 agonists [68].

Nephrectomy, which prevents renal water loss, was found to block the polydipsic response 

of Brattleboro rats after hypertonic NaCl administration, evidencing the primary character of 
polyuria in these animals [69], in contrast to the aforementioned observations in nephrecto-

mized MBH-lesioned animals [61]. Thus, it has been observed that Brattleboro rats compen-

sate for the excretion of excessive diluted urine by consuming large amounts of water [69] and 

reducing their consumption of salty solutions [70], in contrast to hypox and MBH-lesioned 
animals [47, 52].

However, various hydromineral challenges have been found to modify the renal regula-

tory capacity and hydromineral behavior of Brattleboro rats. Thus, Wilke and associates [71] 

reported reductions in urine volume and increases in urine osmolality and AQP2 channels 

after food deprivation or restriction, whereas Wideman and Murphy [72] observed a drastic 

fall in the water intake of Brattleboro animals. Conversely, hypertonic NaCl administration 
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was found to markedly increase their urinary osmolality [73–75], natriuresis [57, 73, 74], and 

water intake [69]. These preserved regulatory capacities of Brattleboro rats have been related 
to the presence of increased OT plasma levels [27, 40, 45, 73, 74, 76, 77], in contrast to the AVP 

and OT deficit of neurohypox, hypox, and MBH-lesioned animals [40, 41, 45, 49, 57].

The OT-induced antidiuretic effect in Brattleboro rats was blocked by treatment with AVPR2 
antagonist [23, 78–81] but not by OT receptor antagonist [80], suggesting that OT may act on 

AVPR2 of Brattleboro rats to activate the antidiuretic response [23, 24, 82]. However, OT does 

not appear to be the only hormone involved in the antidiuretic effects observed in Brattleboro 
rats. Morrissey et al. [46] reported that prolactin, an adenohypophyseal hormone that con-

tributes to neurohormone secretion regulation [83], reduced urinary excretion volume in 

Brattleboro but not control rats.

OT also appears to be critical for the natriuretic capacity of Brattleboro rats. Thus, the suppres-

sion of OT secretion by neurohypox greatly diminished sodium excretion rates in Brattleboro 
rats; moreover, OT administration produced a substantial and sustained natriuresis in the 

neurohypophysectomized animals [74].

Besides increasing the antidiuretic and natriuretic capacity of Brattleboro rats, OT increases 
their urine osmolality, AQP2, glomerular filtration rate, and effective filtration fraction [21, 

23, 74, 78–81, 84].

Other animal models have been developed in later studies. Thus, it has been found that muta-

tions in the AQP2 gene that interfere with its cellular processing can produce autosomal reces-

sive nephrogenic diabetes insipidus [85]. In addition, the transgenic rat TGR(ASrAOGEN)680, 

characterized by a transgene-producing antisense RNA against angiotensinogen in the brain 

and a reduced blood pressure [86], exhibits mild CDI due to a 35% reduction in plasma AVP 
and, unlike observations in Brattleboro rats, normal plasma sodium and osmolality [87]. With 
regard to the renin-angiotensin system, low-renin hypertensive animal models (e.g., trans-

genic TGR(mREN2)27 rat carrying the murine Ren-2 gene) have also proven useful [88].

4. OT and low-sodium diets as complementary treatments of CDI

At the beginning of the twentieth century, patients and animals with CDI were successfully 

treated with pituitary extracts (which supposedly contained both AVP and OT) (see Qureshi 

et al. [89] for a review). However, the observation of another oxytocic effect associated with 
those treatments (stimulation of uterine muscle contraction) reduced the use of pituitary 

extracts and of OT itself. These data, alongside the discovery of Brattleboro rats, which appar-

ently developed all DI symptoms, including blockage by nephrectomy, focused interest on 

a vasopressinergic approach to CDI [90]. Thus, it was considered that AVP deficit would be 
solely responsible for the excretion of large volumes of diluted urine (hypotonic polyuria) and 

would secondarily increase serum osmolality (hyperosmolality), serum sodium concentration 

(hypernatremia), and water intake (polydipsia). For this reason, the first-choice treatment for 
CDI patients is desmopressin (1-deamino-8-d-AVP), a synthetic analog of AVP that is selective 

for AVPR2 and exerts an even more potent regulatory effect than that of the hormone itself.
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However, many studies reviewed in this chapter appear to suggest that other hormonal com-

ponents besides AVP secretion are also interrupted, including OT in acquired CDI (the most 

frequent form). In this line, more recent studies [91] compared the effects of OT and des-

mopressin administration in CDI patients, finding that both treatments had positive effects 
on urine flow reduction, serum sodium concentration, and osmolality, and increased urine 
osmolality and urinary AQP2 excretion. Other authors also reported that the administration 

of minute amounts of pituitrin (containing AVP and OT) appears to control and improve fluid 
status with minimal adverse reactions [31]. This possible therapeutic option is consistent with 

the synergic natriuretic effect of low doses of OT and AVP observed in CDI animal models 
[40, 45]. It therefore seems plausible that the combined administration in humans of low-

dose AVP and OT would enhance their effects while minimizing oxytocic side effects. Hence, 
besides its natriuretic and antidiuretic effects [24], OT administration in patients with CDI 

may exert a valuable hyponatremic effect [82].

In cases in which relatively large brain lesions are responsible for CDI (MBH model), the 
polydipsic response cannot be understood exclusively as a secondary effect of fluid excretion, 
because it continues to be observed in animals whose polyuria is interrupted by nephrectomy 

[61]. One of the factors that may explain this hyperdipsic response is diabetic hypernatremia, 

which would also not be solely a consequence of hypotonic excretion, in agreement with 

reports that lesions in the median eminence region may affect brain circuits that control body 
sodium levels [66].

Some more recent animal studies have suggested that food deprivation or a low-sodium diet 

may be potentially useful in CDI patients, always in combination with their habitual pharma-

cological treatment. In fact, low-sodium diets are frequently prescribed for patients with AVP-

resistant or nephrogenic DI [5, 92]. These data also agree with classic studies that have indicated 

a relationship between diabetic polydipsia and dietary sodium. Thus, substances that increase 

body sodium levels were reported to exacerbate polydipsia [35, 59, 93], and, conversely, water 

intake was reduced in animals that were food deprived [59, 89] or on a low-sodium diet [59].

5. Concluding remarks

In summary, although Brattleboro rats are considered as the prototype model of CDI, the 
hydromineral characteristics of these animals do not seem to be fully comparable with an 

acquired CDI animal model. Thus, there is an AVP secretion deficit in Brattleboro rats, but OT 
remains available, whereas the CDI resulting from brain damage blocks the secretion of both 

hormones. Moreover, the symptoms and characteristics of humans and animals with aCDI 

indicate the involvement of other factors besides the habitual lack of AVP, which appear to be 

related to the neurobiological systems affected in each animal model. For instance, natriuresis 
and antidiuresis are increased after salt loading in hypox animals [48, 49] but not in MBH-
lesioned animals [49] or humans with CDI [2].

Individualized therapies that take into account of the specific neurobiological system involved 
in each type of CDI are evidently desirable to improve the quality of life of these patients. 
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However, according to the research data reviewed in this chapter, all CDI patients might 

benefit from a low-sodium diet and from OT administration or, possibly, the combination of 
low doses of AVP and OT.

Acknowledgements

The authors are grateful to Richard Davies for his assistance with the English version of this 

paper.

Author details

Antonio Bernal*†, Javier Mahía† and Amadeo Puerto

*Address all correspondence to: antoniobernal@ugr.es

Department of Psychobiology and Mind, Brain and Behavior Research Center (CIMCYC), 
University of Granada, Spain

† These two authors contributed equally to the manuscript

References

[1] Bockenhauer D, Bichet DG. Inherited secondary nephrogenic diabetes insipidus: Concen-
trating on humans. American Journal of Physiology. Renal Physiology. 2013;304(8): 

F1037-F1042

[2] Fenske W, Allolio B. Current state and future perspectives in the diagnosis of diabetes 
insipidus: A clinical review. Journal of Clinical Endocrinology and Metabolism. 2012; 

97(10):426-3437

[3] Kamoi K. Diabetes Insipidus [Internet]. 2011. InTech. Available from: http://www.inte-

chopen.com/books/diabetes-insipidus [Accessed 20-01-2017]

[4] Majzoub JA, Srivatsa A. Diabetes insipidus: Clinical and basic aspects. Pediatric Endo-

crinology Reviews. 2006;4(Suppl 1):60-65

[5] Makaryus AN, McFarlane SI. Diabetes insipidus, diagnosis and treatment of a complex 
disease. Cleveland Clinic Journal of Medicine. 2006;73:65-71

[6] Di Iorgi N, Napoli F, Allegri AEM, Olivieri I, Bertelli E, Gallizia A, Rossi A, Maghnie 
M. Diabetes insipidus-diagnosis and management. Hormone Research in Paediatrics. 

2012;77:69-84

[7] Morris JF. Vasopressin and oxytocin. In: Kastin AJ, editor. Handbook of Biologically 
Active Peptides. San Diego: Academic Press; 2006

Experimental Animal Models of Human Diseases - An Effective Therapeutic Strategy80



[8] Rose BD, Post T, Stokes J. Clinical Physiology of Acid Base and Electrolyte Disorders. 
New York: McGraw-Hill; 2017

[9] Rao VV, Löffler C, Battey J, Hansmann I. The human gene for oxytocin-neurophysin I 
(OXT) is physically mapped to chromosome 20p13 by in situ hybridization. Cytogenetics 
and Cell Genetics. 1992;61(4):271-273

[10] Armstrong WE. 2014. Hypothalamic supraoptic and paraventricular nuclei. In: Paxinos 
G, editor. The Rat Nervous System. San Diego: Academic Press; 2014

[11] Kiss A, Mikkelsen JD. Oxytocin—Anatomy and functional assignments: A mini review. 

Endocrine Regulations. 2005;39:97-105

[12] Treschan TA, Peters J. The vasopressin system: Physiology and clinical strategies. 

Anesthesiology. 2006;105:599-612

[13] Dumont AS, Nemergut EC, Jane Jr, JA, Laws Jr, ER. Postoperative care following pitu-

itary surgery. Journal of Intensive Care Medicine. 2005;20:127-140

[14] Layton AT, Pannabecker TL, Dantzler WH, Layton HE. Functional implications of the 
three-dimensional architecture of the rat renal inner medulla. American Journal of 

Physiology. 2010;298(4):F973-F987

[15] Nielsen S, Frøkiaer J, Marples D, Kwon TH, Agre P, Knepper MA. Aquaporins in the 
kidney: From molecules to medicine. Physiological Reviews. 2002;82:205-244

[16] Bernal A, Mahía J, Puerto A. Oxytocin, water intake and food sodium availability in male 
rats. Hormones and Behavior. 2007;52(3):289-296

[17] Bernal A, Mahía J, Mediavilla C, Puerto A. Opposite effects of oxytocin on water intake 
induced by hypertonic NaCl or polyethylene glycol administration. Physiology and 

Behavior. 2015;141:135-142

[18] Bourque CW. Central mechanisms of osmosensation and systemic osmoregulation. 
Nature Review Neuroscience. 2008;9(7):519-531

[19] Gimpl G, Fahrenholz F. The oxytocin receptor system, structure, function and regula-

tion. Physiological Reviews. 2001;81:629-683

[20] Verbalis JG, Mangione MP, Stricker EM. Oxytocin produces natriuresis in rats at physi-

ological plasma concentrations. Endocrinology. 1991;128:1317-1322

[21] Conrad KP, Gellai M, North WG, Valtin H. Influence of oxytocin on renal hemodynamics 
and electrolyte and water excretion. American Journal of Physiology. 1986;251:F290-F296

[22] Lippert TH, Mueck AO, Seeger H, Pfaff A. Effects of oxytocin outside pregnancy. 
Hormone Research. 2003;60:262-271

[23] Lyness J, Robinson AG, Sheridan MN, Gash DM. Antidiuretic effects of oxytocin in the 
Brattleboro rat. Experientia. 1985;41:1444-1446

Animal Models of Central Diabetes Insipidus: Oxytocin and Low-Sodium Diets as...
http://dx.doi.org/10.5772/intechopen.69538

81



[24] Sasaki S. Is oxytocin a player in antidiuresis? Journal of the American Society of Nephrology. 

2008;19:189-193

[25] Andersen SE, Engstrom T, Bie P. Effects on renal sodium and potassium excre-

tion of vasopressin and oxytocin in conscious dogs. Acta Physiologica Scandinavica. 

1992;145:267-274

[26] Windle RJ, Judah JM, Forsling ML. Do vasopressin and oxytocin have synergistic renal 
effects in the conscious rat? Journal of Endocrinology. 1995;144:441-448

[27] Bundzikova J, Pirnik Z, Zelena D, Mikkelsen JD, Kiss J. Response of substances co-
expressed in hypothalamic magnocellular neurons to osmotic challenges in normal and 

Brattleboro rats. Cellular and Molecular Neurobiology. 2008;28:1033-1047

[28] Bronstein M, Malebranche B, Cunha Neto C, Musolino N. Diagnosis and treatment 
of hypothalamic disease. In: Conn P, Freeman M, editors. Neuroendocrinology in 
Physiology and Medicine. Totowa: Humana Press Inc; 2000. pp. 475-497

[29] Hadjizacharia P, Beale EO, Inaba K, Chan LS, Demetriades D. Acute diabetes insipidus 
in severe head injury: A prospective study. Journal of the American College of Surgery. 

2008;207(4):477-484

[30] Schreckinger M, Szerlip N, Mittal S. Diabetes insipidus following resection of pituitary 
tumors. Clinical Neurology and Neurosurgery. 2013;115:121-126

[31] Holcomb SS. Diabetes insipidus. Dimensions of Critical Care Nursing. 2002;21(3):94-97

[32] Yi-Chun C, Tzu-Yuan W, Li-Wei C. Diabetes insipidus and traumatic brain injury. In: 
Kamoi K, editor. Diabetes Insipidus [Internet]; 2011. InTech. Available from: http://
www.intechopen.com/books/diabetes-insipidus/diabetes-insipidus-and-traumatic-

brain-injury [Accessed 21-01-2017]

[33] Nemergut EC, Zuo Z, Jane Jr JA, Laws Jr ER. Predictors of diabetes insipidus after trans-

sphenoidal surgery: A review of 881 patients. Journal of Neurosurgery. 2005;103:448-454

[34] Bernal A, Mahía J, Puerto A. Animal models of Central Diabetes Insipidus: Human rel-
evance of acquired beyond hereditary syndromes and the role of oxytocin. Neuroscience 

and Biobehavioral Reviews. 2016;66:1-14

[35] Fisher C, Ingram WR. The effect of interruption of the supraoptico–hypophyseal tracts 
on the antidiuretic, pressor and oxytocic activity of the posterior lobe of the hypophysis. 

Endocrinology. 1936;20:762-768

[36] Adams JR, Blevins, LS, Allen GS, Verity DK, Devin JK. Disorders of water metabolism 
following transsphenoidal pituitary surgery: A single institution’s experience. Pituitary. 

2006;9:93-99

[37] Capatina C, Paluzzi A, Mitchell R, Karavitaki N. Diabetes insipidus after traumatic brain 

injury. Journal of Clinical Medicine. 2015;4(7):1448-1462

[38] Leroy C, Karrouz W, Douillard C, Do Cao C, Cortet C, Wémeau JL, Vantyghem MC. 
Diabetes insipidus. Annales d'Endocrinologie (Paris). 2013;74(5-6):496-507

Experimental Animal Models of Human Diseases - An Effective Therapeutic Strategy82



[39] Fujiwara TM, Bichet DG. Molecular biology of hereditary diabetes insipidus. Journal of 
the American Society of Nephrology. 2005;16:2836-2846

[40] Balment RJ, Brimble MJ, Forsling ML, Musabayane CT. The influence of neurohypo-

physial hormones on renal function in the acutely hypophysectomized rat. Journal of 

Physiology. 1986;381:439-452

[41] Dohanics J, Hoffman GE, Smith MS, Verbalis JG. Functional neurolobectomy induced by 
controlled compression of the pituitary stalk. Brain Research. 1992;575(2):215-222

[42] Elias PCL, Elias LLK, Castro M, Antunes-Rodrigues MJ, Moreira AC. Hypothalamic–

pituitary–adrenal axis up-regulation in rats submitted to pituitary stalk compression. 
Journal of Endocrinology. 2004;180:297-302

[43] Demunbrun T, Keller A, Levkoff A, Purser R. Pitocin restoration of renal hemodynamics 
to pre-neurohypophysectomy levels. American Journal of Physiology. 1954;179:429-434

[44] Brooks F, Pickford M. The effect of posterior pituitary hormones on the excretion of 
electrolytes in dogs. Journal of Physiology. 1958;142:468-493

[45] Balment RJ, Brimble MJ, Forsling ML, Kelly LP, Musabayane CT. A synergistic effect 
of oxytocin and vasopressin on sodium excretion in the neurohypophysectomized rat. 

Journal of Physiology. 1986;381:453-464

[46] Morrissey SE, Newth T, Rees R, Barr A, Shora F, Laycock JF. Renal effects of recombinant 
prolactin in anaesthetized rats. European Journal of Endocrinology. 2001;145(1):65-71

[47] Fregly MJ, Rowland NE. Preference threshold for NaCl solutions and sodium homeosta-

sis in hypophysectomized rats. Physiology and Behavior. 1989;45(4):825-829

[48] Dorn J, Antunes-Rodrigues J, McCann SM. Natriuresis in the rat following intraventricu-

lar carbachol. American Journal of Physiology. 1970;219(5):1292-1298

[49] Morris M, McCann SM, Orias R. Evidence for hormonal participation in the natriuretic 

and kaliuretic responses to intraventricular hypertonic saline and norepinephrine. 

Proceedings of the Society for Experimental Biology and Medicine. 1976;152(1):95-98

[50] Paxinos G, Watson C. The Rat Brain in Stereotaxic Coordinates. Amsterdam: Amsterdam 
Academic Press; 2006

[51] Bernal A, Mahía J, Puerto A. Differential lasting inhibitory effects of oxytocin and 
food-deprivation on mediobasal hypothalamic polydipsia. Brain Research Bulletin. 
2013;94:40-48

[52] Mahía J, Bernal A, Puerto A. NaCl preference and water intake effects of food availability 
in median eminence polydipsia. Neuroscience Letters. 2008;447:7-11

[53] Mahía J, Bernal A, Puerto A. Inhibition of natriuresis in median eminence polydipsia: 
Effects after intake of diets with different osmolalities and after hypertonic NaCl admin-

istration. Acta Neurobiologiae Experimentalis. 2013;73:326-337

[54] Wyndham JR, Everitt AV, Eyland A, Major J. Inhibitory effect of hypophysectomy 
and food restriction on glomerular basement membrane thickening, proteinuria and 

Animal Models of Central Diabetes Insipidus: Oxytocin and Low-Sodium Diets as...
http://dx.doi.org/10.5772/intechopen.69538

83



renal enlargement in aging male Wistar rats. Archives of Gerontology and Geriatrics. 
1987;6(4):323-337

[55] Schwartz MW, Woods SC, Porte D, Seeley RJ, Baskin DG. Central nervous system con-

trol of food intake. Nature. 2000;404:661-671

[56] Antunes-Rodrigues J, Ramalho MJ, Reis LC, Menani JV, Turrin MQ, Gutkowska J, 

McCann SM. Lesions of the hypothalamus and pituitary inhibit volume-expansion-

induced release of atrial natriuretic peptide. Proceedings of the National Academy of 

Sciences of the United States of America. 1991;88(7):2956-2960

[57] McCann SM, Franci CR, Favaretto AL, Gutkowska J, Antunes-Rodrigues J. Neuro-
endocrine regulation of salt and water metabolism. Brazilian Journal of Medical and 
Biological Research. 1997;30(4):427-441

[58] Palmieri GM, Taleisnik S. Intake of NaCl solution in rats with diabetes insipidus. Journal 

of Comparative & Physiological Psychology. 1969;68(1):38-44

[59] Swann HG. Sodium chloride and diabetes insipidus. Science. 1939;90(2325):67-68

[60] Titlebaum L, Falk J, Mayer J. Altered acceptance and rejection of NaCl in rats with dia-

betes insipidus. American Journal of Physiology. 1960;199:22-24

[61] Smith RW, McCann CS. Alterations in food and water intake after hypothalamic lesions 
in the rat. American Journal of Physiology. 1962;203:366-370

[62] Bernal A. Hipotálamo y homeostasis: Efectos de la administración de oxitocina sobre la 
regulación hidromineral de las ratas macho [thesis]. Granada: Servicio de publicaciones 
de la Universidad de Granada; 2005

[63] Johns EJ. The autonomic nervous system and pressure-natriuresis in cardiovascular-

renal interactions in response to salt. Clinical Autonomic Research. 2002;12(4):256-263

[64] Nishi EE, Bergamaschi CT, Campos RR. The crosstalk between the kidney and the cen-

tral nervous system: The role of renal nerves in blood pressure regulation. Experimental 

Physiology. 2015;100(5):479-484

[65] Yang Z, Coote JH. Paraventricular nucleus influence on renal sympathetic activity in 
vasopressin gene-deleted rats. Experimental Physiology. 2007;92(1):109-117

[66] Antunes-Rodrigues J, de Castro M, Elias LL, Valenca MM, McCann SM. Neuroendocrine 

control of body fluid metabolism. Physiological Reviews. 2004;84(1):169-208

[67] Valtin H, Schroeder HA. Familial hypothalamic diabetes insipidus in rats (Brattleboro 
Strain). American Journal of Physiology. 1964;206:425-430

[68] Sokol HW, Valtin H, editors. The Brattleboro Rat. Annals of the New York Academy of 
Sciences, vol. 394. New York: The New York Academy of Science; 1982. 828 p.

[69] Füller L, Fitzsimons JT. Thirst in Brattleboro rats. American Journal of Physiology. 1988; 
255:R217-R225

Experimental Animal Models of Human Diseases - An Effective Therapeutic Strategy84



[70] Yirmiya R, Holder MD, Derdiarian A. Salt preference in rats with hereditary hypothalamic 
diabetes insipidus (Brattleboro strain). Behavioral Neuroscience. 1988;102(4):574-579

[71] Wilke C, Sheriff S, Soleimani M, Amlal H. Vasopressin-independent regulation of col-
lecting duct aquaporin-2 in food deprivation. Kidney International. 2005;67(1):201-216

[72] Wideman CH, Murphy HM. Effects of vasopressin replacement during food-restriction 
stress. Peptides. 1991;12(2):285-288

[73] Balment RJ, Brimble MJ, Forsling ML. Release of oxytocin induced by salt loading and 
its influence on renal excretion in the male rat. Journal of Physiology. 1980;308:439-449

[74] Brimble MJ, Balment RJ, Smith CP, Windle RJ, Forsling ML. Influence of oxytocin 
on sodium excretion in the anaesthetized Brattleboro rat. Journal of Endocrinology. 
1991;129(1):49-54

[75] Edwards BR, La Rochelle FT. Antidiuretic effect of endogenous oxytocin in dehydrated 
Brattleboro homozygous rats. American Journal of Physiology. 1984;247:F453-F465

[76] Sherman TG, Day R, Civelli O, Douglass J, Herbert E, Akil HI, Watson SJ. Regulation 
of hypothalamic magnocellular neuropeptides and their mRNAs in the Brattleboro 
rat: Coordinate responses to further osmotic challenge. Journal of Neuroscience. 

1988;8(10):3785-3796

[77] Zelena D, Pintér O, Langnaese K, Richter K, Landgraf R, Makara GB, Engelmann M. 
Oxytocin in Brattleboro rats: Increased synthesis is contrasted by blunted intrahypo-

thalamic release from supraoptic nucleus neurons. Journal of Neuroendocrinology. 

2013;25:711-718

[78] Chou CL, Di Giovanni SR, Luther A, Lolait SJ, Knepper MA. Oxytocin as an antidi-

uretic hormone. II. Role of V2 vasopressin receptor. American Journal of Physiology. 

1995;269(1 Pt 2):F78-F85

[79] Chou CL, Di Giovanni SR, Mejia R, Nielsen S, Knepper MA. Oxytocin as an antidiuretic 

hormone. I. Concentration dependence of action. American Journal of Physiology. 1995; 

269(1 Pt 2):F70-F77

[80] Li C, Wang W, Summer SN, Timothy D, Brooks WDP, Falk S, Schrier RW. Molecular 
 mechanisms of antidiuretic effect of oxytocin. Journal of the American Society of 

Nephrology. 2008;19:225-232

[81] Pouzet B, Serradeil-Le GC, Bouby N, Maffrand JP, Le FG, Bankir L. Selective blockade of 
vasopressin V2 receptors reveals significant V2-mediatedwater reabsorption in Brattleboro 
rats with diabetes insipidus. Nephrology, Dialysis, Transplantation. 2001;16:725-734

[82] Adrogué HJ, Madias NE. Hyponatremia. New England Journal of Medicine. 2000; 
342(21):1581-1589

[83] Vega C, Moreno-Carranza B, Zamorano M, Quintanar-Stéphano A, Méndez I, Thebault 
S, Martínez de la Escalera G, Clapp C. Prolactin promotes oxytocin and vasopressin 

Animal Models of Central Diabetes Insipidus: Oxytocin and Low-Sodium Diets as...
http://dx.doi.org/10.5772/intechopen.69538

85



release by activating neuronal nitric oxide synthase in the supraoptic and paraventricu-

lar nuclei. American Journal of Physiology. 2010;299(6):R1701-R1708

[84] Conrad KP, Gellai M, North WG, Valtin H. Influence of oxytocin on renal hemodynamics 
and sodium excretion. Annals of the New York Academy of Sciences. 1993;689:346-362

[85] Lloyd DJ, Hall FW, Tarantino LM, Gekakis N. Diabetes insipidus in mice with a muta-

tion in aquaporin-2. PLoS Genetics. 2005;1(2):e20

[86] Voigt J, Hörtnagl H, Rex A, van Hobe L, Bader M, Fink H. Brain angiotensin and 
anxiety-related behavior: The transgenic rat TGR(ASrAOGEN)680. Brain Research. 
2005;1046:145-156

[87] Schinke M, Baltatu O, Manfred B, Peters J, Rascher W, Bricca G, Lippoldt A, Ganten D, 
Bader M. Blood pressure reduction and diabetes insipidus in transgenic rats deficient in 
brain angiotensinogen. Proceedings of the National Academy of Sciences of the United 

States of America. 1999;96:3975-3980

[88] Bader M. Transgenic animal models for the functional analysis of vasoactive peptides. 
Brazilian Journal of Medical and Biological Research. 1998;31:1171-1183

[89] Qureshi S, Galiveeti S, Bichet DG, Roth J. Diabetes insipidus: Celebrating a century of 
vasopressin therapy. Endocrinology. 2014;155(12):4605-4621

[90] Robertson GL. Diabetes insipidus. Endocrinology and Metabolism Clinics of North 

America. 1995;24:549-572

[91] Joo KW, Jeon US, Kim GH, Park J, Oh YK, Kim YS, Ahn C, Kim S, Kim SY, Lee JS, Han JS. 
Antidiuretic action of oxytocin is associated with increased urinary excretion of aquapo-

rin-2. Nephrology, Dialysis, Transplantation. 2004;19(10):2480-2486

[92] Rivkees SA, Dunbar N, Wilson TA. The management of central diabetes insipidus in 
infancy: Desmopressin, low renal solute load formula, thiazide diuretics. Journal of 

Pediatric Endocrinology & Metabolism. 2007;20(4):459-469

[93] Curtis GM. The production of experimental diabetes insipidus. Archives of Internal 

Medicine. 1924;34(6):801-826

Experimental Animal Models of Human Diseases - An Effective Therapeutic Strategy86


