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Abstract

Hypertension is a multifaceted disease that is involved in ~40% of cardiovascular mortalities and 

is the result of both genetic and environmental factors. Because of its complexity, hypertension has 

been studied by using various models and approaches, each of which tends to focus on individual 

organs or tissues to isolate the most critical and treatable causes of hypertension and the related 

damage to endorgans. Animal models of hypertension have ranged from Goldblatt’s kidney clip 

models in which the origin of the disease is clearly renal to animals that spontaneously develop 

hypertension either through targeted genetic manipulations, such as the TGR(mRen2)27, or 

selective breeding resulting in more enigmatic origins, as exemplified by the spontaneously 

hypertensive rat (SHR). These two genetically derived models simulate the less-common human 

primary hypertension in which research has been able to define a Mendelian linkage. Several 

models are more neurogenic or endocrine in nature and illustrate that crosstalk between the 

nervous system and hormones can cause a significant rise in blood pressure (BP). This review will 

examine one of these neurogenic models of hypertension, i.e., the deoxycorticosterone acetate 

(DOCA), reduced renal mass, and high-salt diet (DOCA-salt) rodent model, one of the most 

common experimental models used today. Although the DOCA-salt model is mainly believed to 

be neurogenic and has been shown to impact the central and peripheral nervous systems, it also 

significantly involves many other body organs.
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Introduction

Hypertension is historically a difficult disease to study due to the fact that genetic, dietary, 

and environmental factors (or more likely a combination of the three) contribute to the 

chronic rise in BP. Essential hypertension is defined by Oparil and Carretero as “high BP in 

which secondary causes such as renovascular disease, renal failure, pheochromocytoma, 

aldosteronism, or other causes of secondary hypertension or Mendelian forms (monogenic) 

are not present.” Essential hypertension accounts for 95% of all forms of hypertension [1]; 

however, the etiology of essential hypertension is unknown. A growing body of literature in 

both human and animal studies indicates that this disease often stems from an overactive 

sympathetic nervous system [2] and an imbalance in the renin- angiotensin system (RAS). 

The deoxycorticosterone acetate (DOCA)-salt model is ideal for defining the role of these 

two major pathways that are critical in essential hypertension pathogenesis.

The DOCA-salt model was first used to study hypertension in the 1970s and has continued 

to be refined to act as a more translational model since then. In this model, DOCA is 

administered to the animal, ranging anywhere from 20 to 150 mg/kg in rats (depending on 

the study). This leads to an imbalance of renal sodium handling where greater amounts of 

sodium and water are reabsorbed by the kidney resulting in hypervolemia [3–5]. 

Additionally, the model incorporates a high-salt diet consisting of 0.6–1% NaCl in the 

drinking water and often accompanied by uninephrectomy to increase the onset of 

hypertension [4, 6•, 7•]. Salt sensitivity and its involvement in the development of human 

essential hypertension have been well documented. Salt sensitivity was found in 26% of the 

normotensive population and 51% of the hypertensive population, indicating this element 

could be a key indicator in people who are predisposed to the development of hypertension 

[8]. Interestingly, renin, an enzyme that converts angiotensinogen into angiotensin (Ang)-I, 

was observed to be low in this salt-sensitive population [9]. This is important because the 

same phenomenon is observed in DOCA-salt-treated animals, indicating that this model not 

only incorporates a high-salt diet but also results in a low-renin hypertension, similar to what 

is observed in the human population [10].

The combination of DOCA, reduced kidney mass, and increased salt intake results in 

chronic high BP developing in distinct stages. DOCA-salt hypertension is understood to 

occur in two major phases characterized as an initial rise in BP over the first few days and 

then a sustained elevated BP for weeks. There are very few studies that followed the animals 

past 3 weeks and those that have done so show contradicting results on whether BP increases 

further or decreases after a month of treatment [11, 12].

Neurogenic Component

BP is highly variable throughout the day due to behavior but remains extremely consistent 

when measured over 24 h. The autonomic nervous system plays a critical role in both 

sensing and maintaining BP through the complex interactions of sympathetic and 

parasympathetic reflexes. Put simply, the sympathetic nerves are responsible for innervating 

the blood vessels, heart, kidneys, and adrenal medulla, all critical to sustaining healthy BP. 

Irregularities or overactivation in this neural network can result in chronically elevated BP 

[2, 13•] (Fig. 1).
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Takeda et al. showed that elevated sympathetic nerve discharge and altered baroreceptor 

reflex preceded a rise in BP in DOCA-salt-treated rats [14, 15••]. These were some of the 

first observations that an overactive sympathetic nervous system could play a major role in 

the development of hypertension. The same group went on to show that electrical 

stimulation of the hypothalamus increases splanchnic nerve activity, supporting the 

hypothesis that central control of the sympathetic nerves plays a role in elevating BP. As 

time moved forward, more novel and specific techniques were employed and evidence 

continued to build.

In 2006, O’Donaughy and Brooks measured lumbar nerve activity in conscious rats that had 

undergone DOCA-salt treatment [16]. Their findings indicate that DOCA amplifies the role 

of NaCl, leading to the sympatho-excitatory response seen in this hypertensive model. These 

results built upon previous work done by Scrogin et al. where rats were infused with a 

hypertonic fluid causing increased lumbar nerve activity and BP [17]. Experiments such as 

these emphasize that a high-salt diet could be critical to the onset of neurogenic essential 

hypertension in humans [18].

Secondary to the sensitivity to salt in the central nervous system (CNS), an overactive 

sympathetic drive has been shown to cause a rise in BP through its effect on venous smooth 

muscle tone and peripheral vascular resistance. Fink et al. showed that an increase in venous 

smooth muscle tone was due to increased sympathetic nerve activity in DOCA- salt-treated 

Sprague-Dawley rats. The effects on venous smooth muscle tone were alleviated in two 

different ways. First is by utilizing ABT-627, an endothelin subtype A receptor blocker 

administered intravenously. Secondly, smooth muscle tone was decreased through 

administration of the ganglionic blocker hexamethonium. Both of these blockers were more 

effective in lowering BP in hypertensive animals than in normotensive controls [19].

In response to the observations of increased nerve activity, there is an abundance of literature 

on ablating and/or sympathectomizing different regions of the nervous system in 

hypertension models. Some examples include lesioning areas such the area postrema, the 

anterolateral third ventricle, and the paraventricular nucleus of the hypothalamus. Animals 

that had these areas lesioned and underwent DOCA-salt treatment failed to develop or had 

attenuated BP relative to their controls [20–24]. These studies have provided evidence of 

putative candidates responsible for the sympathoexcitation that is observed in hypertensive 

patients and invaluable insight into potential therapeutic targets.

Neurohormonal Component

The neurohormonal contribution to high BP has been studied for decades but it is only 

recently that new mechanisms of action have come to light. The DOCA-salt model causes 

plasma renin and Ang-II to decrease. However, Ang-II levels, and those of its precursor 

angiotensinogen, increase in the cerebrospinal fluid (CSF) which is highly suggestive of 

brain RAS activity involvement [25, 26]. Ang-II, by means of its type 1 receptor (AT1R), 

promotes increased sympathetic activity, salt and water reabsorption, vasoconstriction, and 

aldosterone and vasopressin release and inflammation, contributing to tissue fibrosis, 

endothelium dysfunction, and hypertension [27–30] (Fig. 1).
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It has been shown that in the DOCA-salt model, there is increased Ang-II binding to AT1R 

post-treatment in areas of the brain associated with BP regulation. Gutkind et al. quantified 

binding of Ang-II after a month of DOCA-salt treatment in experimental and control groups 

using male Wistar-Kyoto rats. Bound Ang-II expression was significantly increased in the 

median preoptic nucleus and the subfornical organ [31]. Other authors provided evidence 

supporting a similar increase and confirmed the role of AT 1R in the paraventricular nucleus, 

the nucleus of the solitary tract, and the area postrema [32–34]. Conversely, parts of the 

brain not involved in BP regulation such as the olfactory bulb and suprachiasmatic nucleus 

did not display increased binding to or expression of AT1R.

When losartan, an AT1R antagonist that is frequently used in the clinic, was administered to 

rats or mice through intra-cerebroventricular (ICV) infusion, hypertension was significantly 

attenuated [6•, 35, 36]. Notably, when losartan (25 mg/kg/day) was administered to rats in 

their drinking water, the AT1R antagonist failed to decrease hypertensive symptoms, BP 

remained high, and endothelium-dependent vessel relaxation did not change [7•, 37]. Other 

pharmacological approaches have isolated changes in brain RAS as central to hypertension 

pathology. Captopril, a clinical drug that decreases vasopressin release and acts as an ACE 

inhibitor, has also been identified as acting almost entirely through brain RAS in the DOCA-

salt model [38,39]. Rats that received oral captopril (100 mg/kg/day) did not show reduced 

symptoms of hypertension after going through the DOCA-salt protocol [40]. When captopril 

was administered ICV (1.25 mg/h) before and during the DOCA-salt treatment, there was a 

significant decrease in BP. High BP was also attenuated when captopril was given ICV to 

animals with established hypertension (rats that had been going through the DOCA-salt 

hypertension protocol for 4 weeks) [41].

Recently, there has been an abundance of studies on the pro-renin receptor (PRR) and its 

involvement in the CNS regulation of BP. The presence of Ang-II depends on the precursor 

renin and/or pro-renin (for details, see 2015 review by A.H. Jan Danser [42]). It has been 

proposed that when activated, the PRR plays a detrimental role in upregulating the formation 

of Ang-I that eventually gets converted to Ang-II through ACE, as well as increasing other 

factors leading to inflammation, increased Erk1/2, and more [42]. When brain PRR is 

selectively antagonized pharmacologically through the use of PRO20, BP is attenuated in the 

DOCA-salt model [43]. Additionally, in studies performed by Li et al. (2014), in neuron-

specific PRR-knockout mice, DOCA-salt hypertension was completely prevented [44]. The 

authors attributed this highly significant prevention of hypertension to the PRR role in 

mediating the formation of Ang-II in the brain.

All pathways of the brain RAS are not always viewed as detrimental when upregulated. The 

ACE2/Ang-(1–7)/MasR arm of the RAS pathway has shown promise as a counterbalance to 

the Ang-II/AT1R activation. ACE2 converts Ang-II to Ang-(1–7), a vasodilatory peptide 

shown by our group and others to have vasodilatory effects and decrease overall BP [6•, 45–

47]. However, this beneficial axis ofthe RAS pathway is downregulated in DOCA-salt 

hypertension, leading to an unbalanced brain RAS where Ang-II levels are no longer 

regulated and as a result, a chronic elevation of BP occurs. These findings taken together 

with the pharmacological studies and the increased expression ofthe AT 1R binding after 
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DOCA-salt treatment clearly implicate brain RAS as part of hypertension pathology and 

therapeutic target.

Peripheral neurohormonal factors contribute to the pathology of hypertension as well. 

Endothelin and circulating vasopressin, well-characterized peptides involved in blood vessel 

constriction, are upregulated in DOCA-salt-induced hypertension. Lange et al. and De 

Champlain et al. observed that endothelin upregulation leads to sympathoadrenal activation 

through the adrenal medulla and potentiates high BP [48, 49]. The adrenal medulla is 

necessary to the development of DOCA-salt hypertension [50, 51]. Both authors, utilizing 

the DOCA-salt model, showed increased catecholamine release from the adrenal medulla 

dependent on the endothelin. Similarly, it is well established that during the development of 

hypertension, circulating vasopressin increases, causing vasoconstriction and water 

retention. Since the late 1970s, authors have observed up to tenfold increases in vasopressin 

and specific antagonists result in the prevention of high BP associated with persistent and 

extreme hypernatremia [52–54].

Therefore, it is important to understand that in the DOCA-salt model, peripheral effects are 

in play and must be considered when deciphering the cause of hypertension.

Cardiovascular Component

The DOCA-salt model results in hypervolemia and circulatory system remodeling. 

Cardiovascularly, these changes are primarily seen in the heart but the periphral vasculature 

is altered as well. The combination of increased peripheral resistance and venous return to 

the heart causes long-term modifications (Fig. 1). In order for the heart to remain an 

effective pump, it hypertrophies to meet the demand of the changing body. It does this in a 

number of ways including, but not limited to, increasing left ventricle weight, cardiomyocyte 

crosssectional area, cardiac output, and stroke volume. Each of these maladaptations could 

be beneficial in the short-term but contributes to the pathology of hypertension. Indeed, 

patients that have or have had hypertension are six times as likely to suffer from heart failure 

as those that have not [55].

Numerous experimental studies have examined hypertrophy during and post-DOCA-salt 

treatment, identifying alterations in cardiac function [56]. Notably, Reiter et al. have recently 

(2016) performed a study using the DOCA-salt model on pigs and observed both 

morphological and functional changes of the heart [57]. In their experiment, pigs that 

received DOCA-salt treatment and controls underwent 3T cardiovascular magnetic 

resonance imaging (MRI) at rest and during dobutamine stress. Left ventricular/atrial 

function, myocardial mass, strain, and torsion were measured along with the use of phase 

contrast to quantify blood flow and peak velocities. Many of the results mirror what has 

been seen in human hypertensive patients [58, 59]. To match the force needed to maintain 

healthy circulation, the DOCA-salt-treated pigs displayed increased left ventricle mass and 

wall thickening. This resulted in an increased left ventricle ejection fraction and decreased 

end systolic volume. The authors concluded that the increased left atrial volume was the 

most remarkable change and the changes seen in the heart could be indicators of early-stage 

heart failure.
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A brief review was recently published by Lee et al. (2015) focusing on cardiovascular 

changes due to DOCA-salt treatment [56]. In this meta-analysis of numerous studies, it is 

widely accepted that cardiovascular alterations do occur. Hypertrophy of both the left and 

right ventricles are seen along with aortic wall thickening, lumen diameter decreasing, and 

an increase in heart-rate variability. Observations such as these provide evidence that the 

cardiovascular system is one of the components that contribute to the pathogenesis of 

hypertension in DOCA-salt hypertension.

Renal Components

The notion that the kidneys play a role in hypertension has been known and studied for 

almost two centuries [60]. The kidneys have an extreme capacity to handle volume overload 

through water and salt excretion. As the nephrology community understands it, only through 

dysfunctional kidneys can the pressure-natriuresis curve (the balance between blood, water, 

and salt in the body) shift, with the result being the imbalances known as either hypo- or 

hypertension [61•, 62, 63]. However, with recent work being done on renal nerves, renal 

arteries, and aldosterone equilibrium, many classic assumptions about sodium retention and 

fluid expansion are being questioned (Fig. 1).

As stated previously, hypertension is a multifactorial disease and it remains difficult to parse 

out what part of the pathology occurs first. The DOCA-salt model intentionally disrupts the 

salt and volume balance in order to cause the animal to develop hypertension [64]. It is still 

debated as to whether, in the DOCA-salt model and in humans, the autonomic nervous 

system is sensing a homeostatic change and attempting to right itself and in so doing is 

resulting in hypertension or it is a feedforward loop initiated by the kidneys.

This debate can be exemplified through work done by Kandlikar and Fink in 2011 [65, 66] 

and then juxtaposed by more recent findings by Banek et al. in 2016 [67]. Kandlikar and 

Fink published two studies utilizing a milder form of the DOCA-salt model, implanting a 50 

mg/kg DOCA pellet subcutaneously and 1% saline in the rats’ drinking water and opting not 

to decrease renal mass or perform a uninephrectomy. In their experiments, BP in the rats was 

monitored through radio-telemetry and norepinephrine (NE) spill over was measured to 

quantify sympathetic nerve activity. Additionally, they performed renal denervation with 

appropriate controls. The results showed that there was both no effect of renal denervation 

on the development of hypertension in DOCA-treated rats and there was also not a 

significant rise in sympathetic nerve activity. Interestingly, in a second publication, different 

portions of the sympathetic nervous system were studied due to the heterogeneity of the 

nerves and the authors did find, unlike the renal nerve, the splanchnic nerve was necessary in 

the development of hypertension.

Recently, with the more common DOCA-salt model including the uninephrectomy, there is 

evidence that renal nerve activity does in fact increase [67]. Banek et al. showed that renal 

afferent and total denervation does attenuate the hypertension induced by DOCA-salt 

treatment and describes a role that inflammation could also play in the kidney. There is a 

plethora of studies in both humans, reaching clinical trials [68, 69], and animals 

manipulating renal nerve activity to influence hypertension. In regard to the neural 
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component of the renal system in the development and maintenance of hypertension, there is 

clearly still more to understand.

Intrarenal RAS is viewed as another piece of the hypertension pathology. Like the brain, the 

kidneys develop many of the major players of the RAS intrinsically. It has been shown in 

hypertensive animals that received an Ang-II infusion the RAS components in the kidney 

(angiotensinogen, renin, Ang- I, ACE, and Ang-II) contribute to increased BP [70, 71]. The 

DOCA-salt model and certain forms of human hypertension, unlike the Ang-II hypertension 

model, induce low levels of circulating renin [8, 9, 71]. Song et al. performed a study in 

2016 looking at the kidneys’ (specifically the collecting ducts) role in the low-renin, DOCA-

salt hypertension model. When renin was selectively removed from the collecting ducts, 

there was no amelioration of hypertension, and no improvement of renal injury, observed in 

animals that went through the DOCA-salt protocol, opposite to what was observed in the 

Ang-II infusion model [72]. This indicates that while RAS components of the kidneys could 

play a role in certain types of hypertension (e.g., high-renin forms), the intrarenal RAS may 

not be involved in the pathology of low-renin forms of hypertension. These studies also 

emphasize the differences between hypertension models and the potential to isolate effects 

and variation of hypertension development.

Immune Component

A relatively novel but increasingly important player in the pathology of hypertension is the 

immune system and the inflammation observed with chronic high BP. The DOCA-salt 

model among others (e.g., Ang-II infusion) has shown an increase in reactive oxygen species 

(ROS) and inflammatory markers throughout the body, including the brain, which in turn 

results in worse end-organ damages [73] (Fig. 1). Experiments utilizing the DOCA-salt 

model in combination with genetic mouse lines have elucidated likely candidates involved in 

this inflammation and worsening of the disease state.

Marvar et al., among others, have parsed out a pivotal role T cells play in the pathology of 

hypertension [74, 75••, 76]. These lymphocytes are necessary to the increase in BP and 

systemic inflammation observed in DOCA-salt hypertension. This group has run a series of 

studies examining the many roles that T cells play in hypertension, ranging from increased 

kidney damage to inflammation of the heart and decreased vascular function. Using Rag1 −/− 

mice lacking immune cells, the group originally showed that these mice were resistant to or 

failed to develop hypertension [77]. In follow-up, using an adoptive transfer technique, the 

group introduced different types of lymphocytes into the mice and challenged them with 

different hypertension protocols (including DOCA-salt treatment). Interestingly, it was only 

the addition of T cells, not B cells, which produced hypertension when the animals were 

challenged. This provides evidence that T cells are a necessary component of hypertension 

pathology.

The mechanism by which the T cells are inducing increased BP was examined by both 

knockdown and pharmacological means. When T cells lacking AT 1R, the receptor for Ang-

II, were transferred into Rag−/− mice that then went through the hypertension protocol, high 

BP was severely blunted. Additionally, when etanercept, a TNFα antagonist, was 

administered subcutaneously, hypertension was prevented and superoxide-induced vascular 
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dysfunction decreased as well [77]. Similar studies go on to show that activated T cells 

infiltrate the kidneys, vasculature, and heart releasing inflammatory cytokines including 

IFN-γ, IL-17, and TNFα, which promote sodium retention, vasoconstriction, hypertrophy, 

and oxidative injury during the development of hypertension in DOCA-salt hypertension 

[74].

Further supporting the hypothesis that inflammation is pivotal in the progression of DOCA-

salt hypertension, Krishnan et al. performed a study examining the role of inflammasomes, 

“multimeric complexes that facilitate caspase-1-mediated processing ofthe pro-inflammatory 

cytokines IL-1β and IL-18,” in the development of hypertension. DOCA-salt mice that 

lacked inflammasomes displayed blunted high BP, along with a decrease in macrophages 

and pro-inflammatory cytokines in the kidneys when compared to controls [78]. The 

presence of inflammasomes, lymphocytes, and ROS is clearly advancing the hypertensive 

state. This path of chronic inflammation is not solely observed in hypertension but other 

diseases as well (e.g., cardiovascular disease) [79], creating an even larger demand for 

research to continue in this field.

Concluding Remarks

When studying hypertension, there are many animal models to choose from. Experimenters 

must be conscious of each model’s strengths and limitations. The questions being asked 

should dictate what model is used. The phenotypes of hypertension in humans are 

understood to develop in many different ways and the variety of animal models provide 

excellent coverage ofthe different types of pathology [80]. The DOCA-salt model produces a 

low-renin, neurogenic form of hypertension and is better suited to examine neurocentric or 

high-salt diet hypotheses. On the other hand, this model may not be the correct choice for a 

genetically inherited form of hypertension that likely develops in a different way.

Although the model does display peripheral effects, ranging from renal to cardiovascular 

alterations, most of these are predated by CNS and neurohormonal changes. The brain RAS 

plays an essential role in DOCA-salt hypertension. Increase in Ang-II and its receptor AT1R 

provides evidence of an increased role of BP upregulation by the brain. When brain regions 

involved with BP regulation become overactive and sympathetic innervation of the 

cardiovascular, renal, and hormonal components of the body become unbalanced, baroreflex 

impairment and hypertension develop. High BP should inhibit sympathetic nerve activity, 

causing a drop in arterial pressure. In the DOCA-salt model, and in humans, this baroreflex 

arc becomes blunted and results in high BP (Fig. 1). The DOCA-salt treatment is not perfect 

but provides a model of hypertension that has and will continue to serve in further 

understanding the pathology of hypertension.
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Fig. 1. 
Effects of DOCA-salt treatment on different parts of the body
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