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The kidney is a major site for hypertensive target organ damage which is second only to 

diabetic nephropathy as a primary etiology for end stage renal disease (ESRD). Moreover, 

the presence of chronic kidney disease (CKD), including that due to hypertension (HTN), 

has been shown to be a strong independent risk factor for adverse cardiovascular outcomes. 1 

Nevertheless, major aspects of clinical hypertensive renal disease remain poorly understood 

such as the marked differences in individual susceptibility to hypertensive renal damage 

and/or the apparent variable renoprotective effectiveness of antihypertensive classes. Using 

experimental models to achieve clearer insights into such phenomenon through an integrated 

team approach has been a major focus of our laboratory. This review provides an overview 

of the collective contributions of this investigative team to address these unresolved issues of 

clinical hypertensive renal damage (see acknowledgments).

Clinical Patterns of Susceptibility to Hypertension-Induced Renal Damage 

(HIRD)

One of the most striking of such clinical observations is the fact that although hypertension 

(HTN) is a major population risk for ESRD, this is primarily due to the huge prevalence of 

HTN in the general population. The individual risk is surprisingly small (< 0.5%). 2,3 This is 

because the renal pathology typically observed in the vast majority of individuals with 

essential HTN is that of benign nephrosclerosis described as an accelerated aging of the 

renal vasculature. 3–5 It is characterized by a very slowly progressive thickening and 

sclerosis of the renal resistance vessels, while the glomerular capillaries are largely spared. 

Some ischemic glomerular loss does occur but is limited and happens slowly over decades. 

Given that significant reductions in renal function and ESRD only develop after large losses 

of glomerular filtration surface area have occurred, it is perhaps not too surprising that 

ESRD occurs infrequently in essential HTN. In fact, except for some genetically susceptible 

groups such as African-Americans, the only individuals with essential HTN who develop 

sufficient HIRD to cause ESRD are those in whom the HTN becomes very severe and results 

in the development of malignant nephrosclerosis. 3–9 The renal pathology in such 

individuals is characterized by acute disruptive injury and fibrinoid necrosis of small 

arteries, arterioles and glomerular capillaries, with prominent glomerular ischemia due to 
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upstream vascular injury. Acute renal failure develops over days and despite treatment is 

often followed by CKD or even ESRD.

In contrast to the relative resistance to HIRD in individuals with essential HTN in the 

absence of genetic predisposition and/or malignant nephrosclerosis, individuals with CKD 

and/or diabetes seem to exhibit a much greater susceptibility to the adverse renal effects of 

even moderate HTN. 3–9 And, in contradistinction to the largely vascular pathology of 

benign and malignant nephrosclerosis, the site of HIRD in CKD states is predominantly 

glomerular, with a pattern of accelerated segmental or global glomerulosclerosis (GS) often 

superimposed on the intrinsic phenotype of the underlying renal disease. 4–9 Given that any 

increase in physical pressure (BP) within the intrarenal vasculature, if of sufficient 

magnitude and regardless of cause, is expected to result in barotrauma and local vascular 

injury as happens in malignant HTN, 10,11 we have proposed that susceptibility to HIRD 

should be quantitatively assessed in terms of BP threshold for HIRD and the slope of the 

relationship between BP and HIRD (the increase in HIRD for a given increase in BP). 5–9,12 

The application of such a concept to the differences in susceptibility to HIRD between 

essential HTN vs. CKD is schematically illustrated in Fig. 1.

Experimental Models of HTN and CKD Replicate Patterns of Clinical 

susceptibility to HIRD

That experimental models of HTN exhibit considerable differences in the development and 

severity of renal damage has long been recognized. However, investigations to carefully 

define and quantitate such differences have been limited. Moreover, the isolated tail-cuff BP 

measurement methodology that has been utilized for such investigations is inherently 

inadequate, given the intrinsic biologic lability of BP with frequent large fluctuations 

particularly in hypertensive states. 13 In recognition of these considerations, our laboratory 

pioneered the use of the then recently developed methodology for chronic BP radiotelemetry 

to quantitate BP/HIRD relationships in experimental models of HTN. 14–19 Such results in 

models of non-malignant (spontaneously hypertensive rat, SHR) and malignant hypertension 

(stroke prone SHR, SHRsp) and progressive CKD (5/6 renal ablation) are shown in Fig. 2. 

As can be noted, these BP/HIRD relationships replicate the clinical patterns of HIRD 

susceptibility schematically illustrated in Fig. 1 with respect to the BP threshold for HIRD 

and the slopes of the relationship between BP and HIRD. The pathologic patterns are also 

similar. Both the SHR and SHRsp show minimal histologic injury and/or proteinuria despite 

substantial hypertension. Salt supplementation increases the BP in both but more so in the 

salt sensitive SHRsp such that the critical threshold for malignant nephrosclerosis is 

exceeded. By contrast, GS and proteinuria develop at a much lower BP threshold in the 

CKD model and increase linearly with increasing BP. Vascular injury is usually not observed 

except in severely hypertensive animals.

Pathophysiologic Basis for the Differences in HIRD Susceptibility

Based on the a-priori concept that an exposure to elevated pressures is a prerequisite for a 

vascular segment to develop hypertensive barotrauma-mediated injury, we have postulated 

that such large differences in HIRD susceptibility are best explained when considered in the 
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context of physical BP transmission to the renal microvasculature. 5–9,12,14–23 Normally, 

episodic or sustained increases in BP result in proportionate autoregulatory vasoconstriction 

of the preglomerular resistance vessels, mainly the afferent arteriole, such that renal blood 

flow (RBF) is maintained relatively constant within this autoregulatory (AR) range 7–9,24 

(Fig. 3). Because these resistance changes are essentially confined to the preglomerular 

vasculature, glomerular capillary pressure (PGC) and glomerular filtration rate (GFR) are 

also maintained constant. Thus the glomerular capillaries are protected from barotrauma as 

long as autoregulation is intact and BP is within the autoregulatory range. Given that such is 

the case in the vast majority of patients with essential HTN, they usually do not exhibit 

glomerular injury and proteinuria. However, the resistance arteries and arterioles exposed to 

the increased pressures develop the slowly progressive pathology of benign nephrosclerosis. 

But, if the HTN becomes very severe and exceeds the threshold for autoregulation and 

disruptive vascular injury, malignant nephrosclerosis develops.

By contrast, the impairment of renal AR associated with severe reductions in renal mass (≥ 

75%) (Fig 3) allows even moderate hypertension to be more freely transmitted to the 

glomerular capillaries with resultant barotrauma and progressive GS. In this context, it needs 

to be emphasized that these adverse effects of impaired renal autoregulation on HIRD 

susceptibility only occur in a vasodilated vascular bed. Vasodilation alone with preserved 

autoregulation such as observed after uninephrectomy, 21 only modestly increases the 

susceptibility to hypertensive injury (Fig. 3). However, when combined with impaired AR, it 

greatly amplifies the effects on HIRD susceptibility. By contrast, with a vasoconstricted 

vasculature, impaired AR (inability to vasodilate) may primarily increase the susceptibility 

to ischemic renal parenchymal injury due to a reduced capacity to maintain renal perfusion 

when BP falls. 5,6

Validation of the Concept of Autoregulatory Protection in a Malignant 

Nephrosclerosis Model

If the concept is valid that when AR is intact, malignant nephrosclerosis only develops when 

severe HTN exceeds the critical ceiling for vascular injury and autoregulatory protection, 

then two predictions follow: (i) If BP is prevented from reaching this threshold with any 

antihypertensive class, HIRD should be prevented and (ii) even after malignant 

nephrosclerosis has developed, modest reductions in BP to below this threshold into the AR 

range should lead to healing and repair of the already developed HIRD lesions, despite the 

continued HTN. Both predictions were tested using BP radiotelemetry in the salt-

supplemented SHRsp with preserved AR. 22,23 The control untreated rats only received 1% 

NaCl as their drinking water for 4 weeks while the treated groups also received one of three 

antihypertensive regimens of Hydralazine + Hydrochlorothiazide, Enalapril, or Amlodipine. 

Severe HTN and HIRD developed in the untreated SHRsp but were prevented by all three 

antihypertensive classes (Fig. S1a in the On-Line Only Supplement). 23

The second prediction was also tested using this model. As in the previous study SHRsp rats 

received 1% NaCl to drink and after 4 weeks when substantial proteinuria had already 

developed, the right kidney was removed for HIRD quantitation. Following nephrectomy, 
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the rats continued to receive 1% NaCl with Hydralazine and Hydrochlorothiazide at dosages 

that kept the BP between 160–180 mmHg. As shown in Fig. S1b & S1c, reducing the BP to 

below the critical threshold and into the normal AR range resulted in a dramatic reduction in 

proteinuria within the first week and a striking resolution of the histologic injury by 2–3 

weeks despite the continued substantial hypertension. 23 It is important to emphasize that 

this reversal of HIRD was observed without the use of regimens such as RAS blockade, 

aldosterone antagonists and/or endothelin receptor blockade that have been claimed to 

mediate such reversal through specific BP-independent mechanisms. Of note, similar 

recovery had been achieved with other antihypertensive agents before RAS blockade was 

available in patients with malignant nephrosclerosis requiring dialysis. 25 These data clearly 

demonstrate the barotrauma-mediated pathogenesis of HIRD in malignant nephrosclerosis 

and the striking capacity for its spontaneous and rapid repair, if new injury is prevented. It 

merits emphasis however, that while malignant nephrosclerosis can be prevented by modest 

BP reductions, the long-term risk for benign nephrosclerosis and more importantly, for other 

target organ damage continues with such sub-optimally controlled HTN, emphasizing the 

importance of adequate BP control.

Evidence that Physical BP Transmission is the Predominant Determinant of 

HIRD (the Angiotensin II Infusion Model)

Theoretically, the severity of HIRD is expected to be a function of (i) the severity of HTN 

(ii) the degree to which the systemic HTN is transmitted to the renal microvasculature which 

in turn depends on (a) the ambient tone of the preglomerular vasculature (b) its ability to 

autoregulate and (iii) the BP independent mechanisms that may modulate/alter the local 

tissue injury response to a given degree of pressure exposure. 5,9,12 These latter BP-

independent pathways have been the focus of much investigation and although a large 

number of such mechanisms have been postulated, 26,27 the relative quantitative 

contributions of BP-dependent and BP-independent pathways have not been rigorously 

assessed. A striking illustration of this phenomenon is provided by one of the most 

frequently used models of experimental HTN which is produced by the infusion of relatively 

large doses of exogenous Angiotensin II (Ang II). 12,28 Ang II is widely believed to promote 

renal damage through a plethora of BP-independent deleterious pathways that include 

inflammation, immune activation, oxidative stress, aberrant oxygen utilization, hypoxia and 

profibrotic signaling. 12,26,27,29 However, elegant studies using a chronic BP servocontrol 

methodology in Ang II infused rats have shown that while BP-independent mechanisms can 

cause significant renal damage, BP dependent mechanisms account for the majority of renal 

injury. 31–33 Nevertheless, the degree of renal injury observed in Ang II infusion models 

appears to be surprisingly modest. 12,30–33 Fig. 4 illustrates this strikingly limited HIRD 

despite very severe HTN in the angiotensin II infusion model when compared to either the 

SHRsp model of malignant nephrosclerosis or the 5/6 ablation model of CKD. Recent 

studies from our laboratory analyzing the pressure flow relationships in conscious Ang II 

infused hypertensive rats have provided an explanation for the discordance between the 

abundance of Ang II mediated pathogenic mechanisms and the paucity of actual histologic 

injury. 12 In addition to renal vasoconstriction which per se would be expected to reduce 

physical BP transmission, a potentiation of autoregulatory responses likely mediated by an 
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interaction with the myogenic mechanism was also seen, further reducing renal 

microvascular pressure transmission and enhancing the resistance to HIRD. Thus, the 

protection conferred by the preglomerular vasoconstriction and the reduction of physical BP 

transmission by Ang II is apparently sufficient to counteract its direct deleterious effects in 

this model. While this Ang II infusion model does provide important insights into the 

predominant importance of physical BP transmission in the pathogenesis of HIRD, its 

clinical relevance may be limited as if it does not replicate CKD states which are usually 

characterized by normal, suppressed or only mildly elevated plasma renin levels and 

presumed increased local renal RAS activation (vide-infra).

Role of Impaired Autoregulation and HIRD in the Progression of CKD

CKD regardless of etiology tends to progress even when the initiating disease is no longer 

active. The mechanisms responsible for this seemingly autonomous progression have been 

extensively investigated using the CKD model of 5/6 renal ablation as it replicates the 

phenomenon of initially normal remnant nephrons undergoing compensatory hypertrophy of 

size and function followed by proteinuria, HTN, GS and progressive nephron loss. 5,6,9,34 

The most widely accepted pathogenesis construct is the maladaptive “hyperfiltration theory” 

proposed by Brenner and colleagues. 34 It postulates that “the elevated single nephron 

glomerular filtration rate (SNGFR) common to these pathophysiologic conditions is usually 

caused by increases in the glomerular capillary plasma flow rate (QA) and mean glomerular 

capillary hydraulic pressure (PGC). The increases in PGC are ascribed to the greater adaptive 

dilation of the afferent than efferent arteriole. This relative efferent vasoconstriction was 

attributed to the tonic vasoconstrictive effects of Ang II as angiotensin-converting enzyme 

(ACE) inhibitors were shown to reduce PGC and ameliorate glomerulosclerosis. Similar 

hyperfiltration, increased PGC, GS and response to RAS blockade were described in 

experimental diabetes. 34 It bears emphasis that the PGC elevations are believed to be 

intrinsic to the hyperfiltration process per se and “that ---systemic hypertension is not 

required for glomerular capillary hyperfiltration and hypertension”. 34

By contrast, studies from our laboratory have instead suggested a central role for an 

enhanced glomerular transmission of systemic HTN in the pathogenesis of increased PGC 

and GS. 5–9 Consistent with such concepts, the severity of progressive GS after 5/6 renal 

ablation in inbred rodent strains with differing genetic susceptibilities to HTN was noted to 

be directly proportional to the severity of systemic HTN in the same rat strains. 5–9,35 To 

exclude the possible role of BP-independent differences in genetic susceptibility to GS, we 

compared the course of normotensive and hypertensive remnant kidney models in the same 

Sprague-Dawley rat strain. 16 The conventional hypertensive 5/6 renal ablation model is 

produced by combining right uninephrectomy with infarction of ~2/3 of the mass of the left 

kidney. However, if surgical resection rather than infarction is used to produce equivalent 

renal mass reduction, the severity of HTN is greatly reduced. As depicted in Fig. S2a & S2b, 

significant HTN, proteinuria and GS only developed in the hypertensive infarction but not in 

the normotensive surgical excision model. However, kidney weights, glomerular volumes, 

RBF, GFR and renal AR were comparable after hypertensive and normotensive renal mass 

reduction. 16 Additional micropuncture studies showed that comparable increases in remnant 

kidney GFR, SNGFR, and glomerular volumes are achieved with only modest ~5 mmHg 
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increases in PGC when 5/6 renal mass reduction is performed in rats that do not develop 

subsequent HTN either because of genetic resistance 36 or when surgical excision rather than 

infarction is used to reduce renal mass. 37 (Table S1) These data contradict the concept that 

glomerular hyperfiltration per se is intrinsically injurious in the absence of glomerular HTN 

or that glomerular HTN is necessary for hyperfiltration. We have further suggested 

hyperfiltration in normotensive models of reduced renal mass is accomplished without 

significant PGC increases through coordinated increases in glomerular filtration surface area 

(hypertrophy) and increases in single nephron plasma flow through proportionate afferent 

and efferent vasodilation 9,38 similar to that seen after uninephrectomy in kidney donors or 

during pregnancy. 39,40 In a sense, it is like growing new glomerular capillaries in situ. If 

there are increases in PGC, they are small and not likely to be pathogenic. In fact, increases 

in PGC are not even very effective in increasing SNGFR due to the inverse relationship 

between PGC and the ultrafiltration coefficient, Kf. 9,41,42 We have therefore interpreted the 

glomerular HTN in hyperfiltration states to be a consequence of superimposed transmission 

of coexistent systemic HTN rather than intrinsic to hyperfiltration per se (Fig. S3). 5–9,35–38

We have also suggested that the contribution of angiotensin II-mediated efferent constriction 

to glomerular HTN in these models has likely been greatly overestimated during 

micropuncture studies due to renin release and efferent constriction triggered by anesthesia, 

surgery and neurohormonal activation (vide-infra). 5,6,9,43 In this context, it may also be 

important to distinguish between the effects of Ang II on the renal microcirculation during 

states of low perfusion pressure and reduced macula densa flow (renal artery stenosis and 

hypovolemia) vs. hypertensive states with increased macula densa salt delivery (CKD states/

models). 7,29 Low macula densa flow not only stimulates renin release but also concurrent 

PGE2 release, which attenuates afferent but not efferent arteriolar responses to Ang II. This 

results in more selective efferent constriction and a context appropriate preferential 

preservation of GFR and PGC. Hence, the sensitivity to NSAID induced acute renal failure in 

such settings. Although any efferent vasoconstriction has the potential to contribute to 

glomerular HTN in hypertensive states, it is unlikely that an Ang II mediated selective 

efferent constriction is a feature of the volume replete and hypertensive clinical CKD states. 

Nevertheless, independent of the potential efferent arteriolar effects, RAS activation is also 

widely believed to play a major role in the progression of CKD through a plethora of BP-

independent non-hemodynamic pathways. However, the evidence for such pathways is much 

less definitive than claimed. The fact that RAS activation by a low salt diet in vivo does not 

activate the deleterious pathways that are initiated by angiotensin II in in vitro systems also 

indicates a context appropriate regulation of these signaling pathways in vivo. 29 And, given 

that many of the deleterious downstream pathways can also be activated by HTN, much of 

the in vivo evidence indicating a specific role for RAS that has been obtained in 

hypertensive rodent models is primarily based on the claims that RAS blockade provides 

BP-independent benefits that are not observed with other antihypertensives. However, such 

evidence is severely compromised by the limitations of the tail-cuff BP measurements that 

have been used to support such interpretations (vide-infra). 5,6,9,13–17,43,44
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Renal Autoregulation, Glomerular BP Transmission, Antihypertensives, and 

CKD Progression

The concept that renal autoregulatory capacity and glomerular BP transmission are the 

predominant determinants of GS and CKD progression is additionally supported by studies 

of antihypertensive agents in the 5/6 ablation model. To illustrate, Calcium Channel 

Blockers (CCBs) particularly dihydropyridine CCBs predictably impair renal autoregulation 

given the central role of Ca2+ entry through voltage gated Ca2+ channels in the activation of 

the myogenic mechanism. 7–9,17,24 And although the mechanisms responsible for the 

impaired renal autoregulation in CKD models remain obscure, CCBs cause a further 

impairment of renal autoregulation (Fig. S4), reduce the BP threshold for GS and increase 

the slope of the relationship between BP and GS such that greater GS is observed in CCB 

treated animals at any given level of HTN as compared to untreated controls (Fig. 5). 5–9,17 

By contrast, substitution of a low (8%) protein diet for the standard 24% protein diet, 

preserves autoregulatory capacity after 5/6 renal ablation and predictably increases the BP 

threshold for GS, reduces the slope of relationship between BP and GS and substantially 

ameliorates GS despite continued HTN. 20,45 However, if the low protein fed rats are also 

given CCBs, the protection against renal autoregulatory impairment and GS are both 

abolished. 45 Conversely, antihypertensive agents that are neutral with respect to 

autoregulatory capacity such as RAS blockade (Fig. S4) would be expected to provide 

renoprotection proportional to the achieved BP reductions in the absence of other BP-

independent beneficial effects. Indeed, when direct BP radiotelemetry has been employed, 

little evidence of BP-independent protection by RAS blockade is seen, as illustrated in 

Figure 5 using 3 different doses of ACE inhibitors and ARBs. 43 Indeed, contrary to the 

earlier reports using tail-cuff BP measurements, when BP radiotelemetry was used to 

compare the renoprotective effectiveness of the ACE inhibitor enalapril vs. low or high dose 

triple therapy regimens, the protection was found to be proportionate to the achieved BP 

reductions with all regimens. 15 This apparent discrepancy with the interpretations of the 

clinical trial data are discussed in a subsequent section (Clinical Parallels and Implications).

Efferent Arteriolar Resistance, Nitric Oxide and HIRD Susceptibility

Ambient efferent arteriolar resistance is an important physical determinant of PGC. However, 

its contribution to HIRD has been difficult to establish. As noted earlier and discussed in 

greater detail elsewhere, there are reasons to question the interpretations of efferent 

vasoconstriction based on micropuncture data under anesthesia and/or changes in filtration 

fraction. 5–9,38 Nevertheless, there is accumulating evidence that in states of endothelial 

dysfunction, relative efferent constriction may indeed contribute to the pathogenesis of 

HIRD. 46,47 There is topographic evidence of significant expression of nitric oxide synthases 

(NOS) 1 & 3 in the efferent arteriolar endothelial cells. 48 It has been suggested that these 

cells may act as shear stress sensors with the released NO serving an important efferent 

arteriolar vasodilatory protective function in states of glomerular HTN. 47,48 An impairment 

of efferent arteriolar NO production during endothelial dysfunction states such as diabetes 

and obesity may thereby promote exaggerated PGC elevations in such states and contribute 

to increased susceptibility to GS. 47,49 Indeed, when HTN induced by NOS inhibition was 
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compared to that induced by Ang II infusion in the rat, greater renal damage was observed in 

the NOS inhibition model despite a lesser severity of HTN. 12

Clinical Parallels and Implications

The validity of these concepts/insights derived from animal models have generally been 

borne out by the clinical data. 5–9,35 To illustrate, an impairment of GFR autoregulation 

similar to that in CKD models, has been observed in patients with diabetic and non-diabetic 

nephropathies. 50,51 Similarly, as would be predicted from the experimental data, 

substantially greater success has been achieved clinically with antihypertensive therapy in 

preventing malignant nephrosclerosis than in slowing CKD progression. 5–9,23 Moreover, the 

adverse impact of BP on proteinuria has been recently shown to increase with progressive 

reduction in GFR in humans as would be predicted by the data from CKD models. 52 The 

benefits from a lower BP target in patients with proteinuric renal disease and the lesser 

effectiveness of CCBs in preventing CKD progression in such patients, are also consistent 

with the experimental data. 6,42,53 By contrast, the experimental results with RAS blockade 

shown in Fig. 5 seem to be at odds with the clinical trial data and the general consensus that 

is reflected in the relevant Clinical Guidelines. However, the discrepancy may be more 

apparent than real. While the clinical trials have indeed clearly shown superior 

renoprotection with RAS blockade, the evidence that this is due to BP-independent 

mechanisms is less compelling than claimed as discussed and reviewed in greater detail 

elsewhere. 5–9,35,44 To illustrate, the original interpretations of the landmark trial of diabetic 

nephropathy conducted by the Collaborative Study Group claiming specific BP-independent 

protection by captopril are likely seriously compromised by the disproportionately greater 

randomization of the nephrotic patients at the highest risk of renal endpoints into the placebo 

group. Similarly, claims of superior renoprotection by RAS blockade in clinical trials where 

CCBs have been used in the comparator groups may in fact reflect the inferiority of CCBs 

based regimens due to adverse effects on glomerular BP transmission. Likewise, 

interpretations of BP-independent superiority of RAS blockade in clinical trials are 

confounded by the fact that systolic BP has been typically ~2–6 mmHg lower in RAS 

blockade groups than in the comparator groups. The post-hoc statistical adjustments for BP 

differences that have been used to justify such conclusions are quite problematic due to the 

phenomenon of effect modification schematically illustrated in Fig. 6. Unlike experimental 

models in which all of the animals in a group are expected to exhibit similar susceptibilities 

to HIRD, clinical trial populations are more heterogenous with varying degrees of HIRD 

susceptibility. And, most of the end points are likely to occur in the individual or subgroups 

with the greatest susceptibility to renal damage in whom small differences in BP are likely 

to have a greater impact than in the less susceptible individuals. Such differences in slopes of 

relationship between BP and renal damage may also help explain why the benefits of BP 

reduction may not be easily demonstrable in clinical trials conducted in non-proteinuric and 

slowly progressive CKD.

In any event, independent of the claims of BP-independent benefits, there is other 

compelling rationale for RAS blockade being the preferred antihypertensive strategy for 

CKD patients. 5,6,9,44 HTN in most CKD patients is primarily volume dependent with 

relative but perhaps incomplete RAS suppression. Therefore, adequate and sustained BP 
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reductions cannot be achieved without effective diuresis. Because effective diuresis activates 

RAS, combining diuretics with RAS blockade is very effective antihypertensive therapy in 

CKD. Additionally, RAS blockade counteracts the tendency to potassium and magnesium 

wasting that occurs with such diuretic use. Therefore, the antihypertensive synergy of 

diuretics and RAS blockade, and their antagonism of each other’s adverse effects makes this 

combination an effective and logical initial antihypertensive regimen for CKD patients.

Work in Progress (Renal Microvascular BP Transmission in Real Time)

As the foregoing discussion indicates, a great deal of progress has been achieved in gaining 

insights into the pathophysiology of HIRD. However, several aspects of the dynamics of BP 

transmission in real-time remain poorly defined, including the potentially separate roles of 

the myogenic and tubuloglomerular feedback (TGF) mechanisms in mediating the protective 

vs. regulatory functions of the renal autoregulatory response. 7,8 Given that systolic BP may 

have the greatest potential for target organ damage, the rapid activation kinetics of the 

afferent arteriolar myogenic response and its potential triggering by the systolic rather than 

the mean BP are consistent with the protective function of autoregulation primarily being 

mediated by the myogenic mechanism. 7–9 However, the response is not instantaneous. The 

fact that BP continuously fluctuates at multiple frequencies rather than shifting from one 

steady state to another, indicates that although the conventional steady-state assessments of 

renal AR under anesthesia have provided valuable qualitative insights, they may nevertheless 

be inadequate to provide a complete assessment of the real-time mechanics of BP 

transmission in the conscious state. Our lab is currently interrogating simultaneous BP and 

RBF recordings in conscious animals to more completely define the dynamics of renal 

autoregulatory responses and glomerular BP transmission. 7–9,21,22

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Schematic illustration of differences in susceptibility to hypertension-induced renal damage 

(HIRD) between patients with essential hypertension (benign and malignant 

nephrosclerosis) and those with diabetic and non-diabetic CKD with respect to BP 

thresholds and slopes of the relationship between BP and HIRD (Reproduced from Ref. 5 

with permission).
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Fig. 2. 
Quantitative relationships between radiotelemetrically measured systolic BP and renal injury 

in rats with intact autoregulation (normotensive Sprague-Dawley controls [SD, circles]; 

spontaneously hypertensive rat [SHR, triangles]; stroke-prone SHR [SHRsp; diamonds]; 

SHR [gray triangles] and SHRsp [gray diamonds] placed on a high salt diet) and in the 5/6 

renal ablation model of CKD [squares], with impaired autoregulation. The renal damage 

score represents a composite of vascular and glomerular damage scores in the SHRsp and % 

GS in the 5/6 ablation model (reproduced with permission from Ref. 6, based on data from 

Ref. 14,18). Minimal injury is seen in SHR with intact autoregulation despite severe 

hypertension. Injury in the salt-sensitive SHRsp administered a high NaCl diet occurs at 

blood pressures that exceed the autoregulatory capacity while the 5/6 renal ablation model, 

with impaired autoregulation, exhibits a much lower BP threshold for hypertensive injury 

than normal or SHR kidneys.
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Fig 3. 
a) Summary of renal autoregulatory patterns obtained in rats with 1) intact kidneys and 

normal autoregulation (——), 2) vasodilated vascular bed and normal autoregulation as after 

uninephrectomy) ( – – – ) and 3) vasodilated vascular bed and impaired autoregulation (i.e., 

5/6 renal ablation model of CKD) (– · – · –). (Reprinted with permission from reference 6).
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Fig. 4. 
A comparison of the qualitative relationship between BP and renal damage in the continuous 

exogenous Ang II infusion model of HTN (300–500 ng/kg/min for 4 weeks) 12 with the salt-

supplemented stroke prone spontaneously hypertensive rat (SHRsp) model of malignant 

HTN 23 and the hypertensive 5/6 renal ablation model of CKD in Sprague-Dawley rats. 14 

The average systolic BP (final 4 wks) and renal damage scores for each of the three models 

are shown. As can be seen, the rats with Ang II-induced HTN develop very limited HIRD 

despite an average systolic BP that is as high as the SHRsp. Moreover, in contrast to the 

strong correlations between BP and HIRD in both the SHRsp and 5/6 ablation models shown 

in Fig. 2, the Ang II-infused rats exhibit a much weaker correlation and a flatter slope 

(increase in HIRD/mmHg increase in average systolic BP) (r2 = 0.27, slope 0.28±0.11; p < 

0.025). By comparison, the slope value for SHRsp were 1.13±0.24 and 1.3±0.15 for the 5/6 

ablation model, p< 0.01 for both model vs. the Ang II model). (Adapted with permission 

from the cited references).
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Fig. 5. 
Compilation of data obtained in our laboratory which illustrates the quantitative 

relationships between BP and glomerulosclerosis (GS) in rats with 5/6 renal ablation who 

were left untreated or received either dehydropyridine (DHP) calcium channel blockers or 

RAS blockade. The deleterious effects of calcium channel blockers on GS as compared to 

untreated or RAS blockade treated rats are evident. (Reproduced from Ref. 6 with 

permission).
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Fig. 6. 
A schematic illustration of the potential differences in individual susceptibility to 

hypertensive renal damage. These differences are indicated by the differences in the BP 

threshold for renal (glomerular) damage and the slope of the relationships between BP and 

glomerular injury. (Reproduced from Ref. 6 with permission).
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