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Dopamine D2 receptor (DRD2) deficiency increases renal inflammation and blood pressure in mice. We show here that
long-term renal-selective silencing of Drd2 using siRNA increases renal expression of proinflammatory and profibrotic
factors and blood pressure in mice. To determine the effects of renal-selective rescue of Drd2 expression in mice, the
renal expression of DRD2 was first silenced using siRNA and 14 days later rescued by retrograde renal infusion of
adeno-associated virus (AAV) vector with DRD2. Renal Drd2 siRNA treatment decreased the renal expression of DRD2
protein by 55%, and DRD2 AAV treatment increased the renal expression of DRD2 protein by 7.5- to 10-fold. Renal-
selective DRD2 rescue reduced the expression of proinflammatory factors and kidney injury, preserved renal function,
and normalized systolic and diastolic blood pressure. These results demonstrate that the deleterious effects of renal-
selective Drd2 silencing on renal function and blood pressure were rescued by renal-selective overexpression of DRD2.
Moreover, the deleterious effects of 45-minute bilateral ischemia/reperfusion on renal function and blood pressure in mice
were ameliorated by a renal-selective increase in DRD2 expression by the retrograde ureteral infusion of DRD2 AAV
immediately after the induction of ischemia/reperfusion injury. Thus, 14 days after ischemia/reperfusion injury, the renal
expression of profibrotic factors, serum creatinine, and blood pressure were lower in mice infused with DRD2 AAV than in
those infused with control […]
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Introduction
The renal dopaminergic system plays a key role in salt homeostasis and blood pressure regulation. Dopa-
mine, which is synthesized in the renal proximal tubule and acts in autocrine and paracrine fashion, is 
responsible for at least 50% of  the net salt and water excretion when salt intake is increased (1). Genetic dis-
ruption in mice of  any of  the 5 dopamine receptor subtypes causes hypertension, and each subtype regulates 
blood pressure via dopamine receptor subtype-specific and -independent signal transduction pathways (2–6).

Inflammation, infiltration of  immune cells, and oxidative stress in the kidney are involved in the devel-
opment of  renal injury and the induction and maintenance of  hypertension (7). Renal tubule cells produce 
both proinflammatory and antiinflammatory cytokines and chemokines (8) that contribute to the develop-
ment and progression of  glomerular and tubular injury. However, the production and regulation of  inflam-
matory factors in these cells are not well understood.

Dopamine and dopaminergic drugs have been shown to regulate the inflammatory reaction and immune 
response (9–11). Mice with intrarenal dopamine deficiency have increased oxidative stress and infiltra-
tion of  inflammatory cells (12), and decreased renal dopamine production is associated with increased 
detrimental effects of  angiotensin II on renal injury (13). The antiinflammatory effects of  dopamine are 
mediated, at least in part, by the dopamine D2 receptor (DRD2) (14–18) that is expressed in proximal and 

Dopamine D2 receptor (DRD2) deficiency increases renal inflammation and blood pressure in 
mice. We show here that long-term renal-selective silencing of Drd2 using siRNA increases renal 
expression of proinflammatory and profibrotic factors and blood pressure in mice. To determine the 
effects of renal-selective rescue of Drd2 expression in mice, the renal expression of DRD2 was first 
silenced using siRNA and 14 days later rescued by retrograde renal infusion of adeno-associated 
virus (AAV) vector with DRD2. Renal Drd2 siRNA treatment decreased the renal expression of DRD2 
protein by 55%, and DRD2 AAV treatment increased the renal expression of DRD2 protein by 7.5- to 
10-fold. Renal-selective DRD2 rescue reduced the expression of proinflammatory factors and kidney 
injury, preserved renal function, and normalized systolic and diastolic blood pressure. These results 
demonstrate that the deleterious effects of renal-selective Drd2 silencing on renal function and 
blood pressure were rescued by renal-selective overexpression of DRD2. Moreover, the deleterious 
effects of 45-minute bilateral ischemia/reperfusion on renal function and blood pressure in mice 
were ameliorated by a renal-selective increase in DRD2 expression by the retrograde ureteral 
infusion of DRD2 AAV immediately after the induction of ischemia/reperfusion injury. Thus, 14 
days after ischemia/reperfusion injury, the renal expression of profibrotic factors, serum creatinine, 
and blood pressure were lower in mice infused with DRD2 AAV than in those infused with control 
AAV. These results indicate an important role of renal DRD2 in limiting renal injury and preserving 
normal renal function and blood pressure.
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distal convoluted tubules, collecting ducts, and glomerular mesangial cells (19). Lack or downregulation of  
DRD2 function in mice increases renal expression of  proinflammatory cytokines/chemokines, resulting 
in histological and functional evidence of  renal inflammation and injury, suggesting that the DRD2 has 
protective effects in the kidney by limiting the inflammatory reaction (15).

Deficient renal DRD2 function may be of  clinical relevance. Some common SNPs in the noncoding 
region of  the human DRD2 gene are associated with decreased DRD2 expression and function, and some 
of  these SNPs are associated with increased blood pressure or hypertension (20–24). Renal proximal tubule 
cells from human subjects carrying these polymorphisms express elevated levels of  proinflammatory and 
profibrotic factors and markers of  epithelial mesenchymal transition indicating that the DRD2 has protec-
tive effects in these cells (16, 17). We now show that (a) prolonged silencing of  Drd2 expression, selectively 
in the kidney, increases renal inflammation and injury and blood pressure; (b) rescue of  Drd2 expression 
selectively in the Drd2-silenced kidney with adeno-associated virus (AAV) vectors provides sustained long-
term DRD2 expression with minimal immunological consequences (25), reduces renal inflammation and 
injury, and normalizes the blood pressure; and (c) overexpression of  DRD2 in the kidney ameliorates the 
renal injury induced by ischemia/reperfusion.

Results
Retrograde ureteral infusion of  AAV-9 vector provides efficient gene transfer in the kidney. The efficiency of  renal gene 
transfer by AAV-9 following systemic administration was determined using an AAV vector encoding firefly 
luciferase under the control of  CMV promoter AAVLuc (Figure 1A). In vivo bioluminescence imaging of  
the mice showed luminescence signals in thoracic, abdominal, and pelvic cavities as well as in the hind legs 
and tail (Figure 1B). Luciferase activity assay on various organs 14 days following systemic administration 
of  AAVLuc showed marked transduction in liver, pancreas, skeletal muscle, and heart; moderate transduc-
tion in stomach and lung; and minimal transduction in kidney, spleen, and brain (Supplemental Figure 1A; 

Figure 1. Retrograde ureteral infusion of adeno-associated virus vectors provides renal-specific gene expression. (A) Schematic representation of 
adeno-associated virus (AAV) vectors AAVLuc, AAVEGFP, and DRD2 AAV carrying the firefly luciferase cDNA, EGFP, or human dopamine receptor D2 (DRD2) 
cDNA driven by the CMV promoter. AAV-inverted terminal repeats (ITR) and SV40 polyadenylation signal (SV-pA) are also indicated. Mice were infused (B) 
systemically via the jugular vein or (C) retrogradely via the left ureter with ACMVLuc vector (1 × 1011 viral genome particles) carrying firefly luciferase under 
the control of CMV. Shown are representative bioluminescence images of the mouse in ventral and dorsal positions acquired on day 14 following vector 
administration. (D) Maximum and stable bioluminescence was achieved 14 days after injection. (E) Fourteen days following vector administration, the 
mice were euthanized and a panel of tissues (KR, right kidney; KL, left kidney; Sp, spleen; Lv, liver; Pa, pancreas; St, stomach; Sk, skeletal muscle; H, heart; 
Ln, lung; Br, brain) was collected. Luciferase activity in the indicated organs was determined using the in vitro luciferase assay kit (Promega Corporation) 
on protein extracts prepared as per the manufacturer’s guidelines. Luciferase activities are reported as RLU per mg protein. (F) AAV vector genome copy 
number in the indicated organs was determined by real-time quantitative PCR. n = 3/group.
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supplemental material available online with this article; doi:10.1172/jci.insight.85888DS1). Transduction 
in the kidneys was 50-, 30-, 174-, and 137-fold lower relative to the liver, pancreas, skeletal muscle, and 
heart, respectively. Assessment of  AAV genome copies in the AAVLuc-treated mice confirmed the trans-
duction levels in various organs estimated by luciferase activity assay. AAV genome copies in the kidneys 
were 54-, 3.5-, 4.7-, and 4.3-fold lower relative to the liver, pancreas, skeletal muscle, and heart, respec-
tively (Supplemental Figure 1B). These results show that systemic administration of  AAV-9 vector does 
not provide efficient gene transfer and expression in the mouse kidney. Our results showing preferential 
transduction in the liver, pancreas, skeletal muscle, and heart by AAV-9 following systemic administration 
are consistent with previous reports (26–28).

In order to improve the gene transfer to the kidney by AAV-9, we infused the AAVLuc vector retro-
gradely via the left ureter. Luciferase expression in the mice was monitored by in vivo bioluminescence 
imaging at days 3, 7, and 14 after vector infusion. Bioluminescence signal was observed predominantly 
on the left side of  the abdomen in ventral and dorsal positions (Figure 1C). Bioluminescence signal 
approached a steady-state plateau 2 weeks after vector infusion (Figure 1D). Luciferase activity assay 
on various organs collected 14 days following infusion of  AAVLuc showed marked transduction in the 
left kidney (kidney infused with AAVLuc via the left ureter) as compared with the right kidney (unma-
nipulated), liver, heart, skeletal muscle, and pancreas (Figure 1E). Luciferase activity in the left kidney 
was 32-, 7.4-, 7.6-, 28-, and 20-fold that of  the right kidney, liver, pancreas, skeletal muscle, and heart, 
respectively (Figure 1E). AAV genome copies in the left kidneys of  mice treated with AAVLuc via the left 
ureter showed a similar trend. AAV genome copies in the left kidneys were 29-, 5-, 11-, 100-, and 13-fold 
that of  the right kidney, liver, pancreas, skeletal muscle, and heart, respectively (Figure 1F).

Immunofluorescence analyses of  the mouse left kidney infused with AAVEGFP via the left ureter 
showed EGFP expression from the collecting duct cells up to the proximal tubule cells (Figure 2).

Prolonged renal Drd2 silencing increases the expression of  inflammatory markers and arterial blood pressure. In 
order to test the role of  DRD2 in renal inflammation and blood pressure (Figure 3), we silenced in mice 
the renal expression of  DRD2 by left renal subcapsular infusion of  Drd2 siRNA via osmotic minipumps. 
DRD2 expression was silenced only in the left kidney; the right kidney was unaffected. DRD2 expression 
was decreased by 64% in the left kidneys that were infused with Drd2 siRNA relative to those treated with 
nonsilencing siRNA (NSsiRNA) (Figure 3B). The Drd2 siRNA-treated kidneys showed increased mRNA 
expression, as quantified by qRT-PCR, of  the inflammatory factors TNF-α (1.9-fold), MCP1 (2.1-fold), and 
IL-6 (1.4-fold) as well as the expression of  TGF-β extracellular matrix proteins fibronectin 1 (FN1; 1.7-fold) 
and type 1 collagen (Col1a1; 1.3-fold) (Figure 3A). The protein expression of  TNF-α, MCP1, and IL-6 was 
increased by 35%, 60%, and 200%, respectively, as determined by immunoblot (Figure 3B). By contrast, 
DRD2 protein expression and the mRNA and protein expression of  proinflammatory factors were similar 
in the untreated (right) kidneys of  mice treated by left renal subcapsular infusion with either Drd2 siRNA 
or NSsiRNA (Supplemental Figure 2).

Figure 2. Mice were retrogradely infused in the left kidney via the left ureter with AAVEGFP vector (1 × 1011 viral genome particles/mouse). Four-
teen days following vector administration the mice were euthanized and kidney sections were immunostained with EGFP antibody (green) and Lotus 
tetragonolobus agglutinin (red) that binds strongly to the ciliated renal proximal tubule cells and weakly to the renal collecting duct cells. Shown are the 
confocal images of cortex, medulla, and papilla of the immunostained kidney sections. Scale bar: 50 μm.
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Systolic blood pressure, measured under pentobarbital anesthesia, was similar in all mice before treat-
ment. However, mice treated with left renal subcapsular infusion of  Drd2 siRNA for 28 days had increased 
systolic blood pressure compared with the NSsiRNA-treated group (Figure 3C). Diastolic blood pressure 
was also increased in the Drd2 siRNA-treated mice (data not shown). These results indicate that prolonged 
reduction in DRD2 expression in one kidney causes renal inflammation and increases blood pressure 
and that these effects cannot be compensated for by the normal DRD2 expression in the contralateral 
untreated kidney.

DRD2 rescue abrogates the expression of  proinflammatory and profibrotic factors induced by Drd2 silencing. 
DRD2 expression in the mice treated with left renal subcapsular infusion of  Drd2 siRNA and left ureteral 
retrograde infusion of  control AAV (CAAV) was decreased by 55% as compared with the mice treated with 
left renal subcapsular infusion of  NSsiRNA and left ureteral retrograde infusion of  CAAV. By contrast, the 
expression of  DRD2 was increased by 7.5-fold in the mice treated with left renal subcapsular infusion of  
NSsiRNA and left ureteral retrograde infusion of  DRD2 AAV and by 10-fold in mice treated with left renal 
subcapsular infusion of  Drd2 siRNA and left ureteral retrograde infusion of  DRD2 AAV as compared with 
the mice treated with left renal subcapsular infusion of  NSsiRNA and left ureteral retrograde infusion of  
CAAV (Figure 4). Drd2 siRNA used in this experiment is species specific and designed to deplete only the 
mouse DRD2 protein. Therefore, mouse Drd2 siRNA did not attenuate the AAV-mediated human DRD2 
expression in the mouse kidney.

The mRNA expression of  TNF-α (1.6-fold), TGF-β (2.8-fold), FN1 (4.5-fold), IL-6 (2.5-fold), and 
MCP1 (1.6-fold) was increased in the left kidneys of  mice treated with Drd2 siRNA plus CAAV in com-
parison to those treated with NSsiRNA plus CAAV (Figure 5). Rescuing DRD2 expression blunted the 
increase or reversed to normal the mRNA expression of  these molecules as well as the protein expression 
of  TNF-α (Figure 5). Overexpression of  DRD2 in kidneys treated with NSsiRNA decreased the expression 
of  TNF-α, tended to decrease the expression of  IL-6 mRNA, and had no effect on the mRNA expression 
of  TGF-β, FN1, and MCP1.

Figure 3. Renal Drd2 silencing 
increases the expression of proin-
flammatory factors and blood 
pressure. Mice were treated with 
nonsilencing siRNA (NSsiRNA) or 
dopamine receptor D2 (Drd2) siRNA 
by right renal subcapsular infusion 
via osmotic minipump for 28 days. 
(A) Renal cortical mRNA expression 
of TNF-α, monocyte chemoattractant 
protein 1 (MCP1), IL-6, fibronectin 1 
(FN1), and collagen type 1a1 (Col1a1) 
was quantified by qRT-PCR. GAPDH 
mRNA was used for normalization 
of the data. n = 5–6/group, *P < 0.05 
vs. NSsiRNA, Student’s t test. (B) 
Renal cortical protein expression 
of DRD2 (55 kDa), TNF-α (25 kDa), 
MCP1 (17 kDa), and IL-6 (25 kDa) was 
determined by immunoblot. One set 
of immunoblots is shown. Relative 
abundance of the proteins was nor-
malized to GAPDH and expressed as 
a percentage of the NSsiRNA-treated 
group. n = 3–6/group, *P < 0.05 vs. 
NSsiRNA, Student’s t test. (C) Sys-
tolic blood pressures measured under 
pentobarbital anesthesia in mice 
before (Pre) and 28 days after (Post) 
siRNA infusion. n = 5–6/group, *P < 
0.05 vs. all others, 1-way ANOVA and 
Tukey test.
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DRD2 rescue minimizes the renal injury induced by Drd2 silencing. H&E staining of  kidney sections from 
Drd2 siRNA-treated kidneys that were not rescued revealed areas of  parenchymal scarring (interstitial 
fibrosis, tubular atrophy, infiltration of  inflammatory cells, and interstitial mesenchymal cell prolifer-
ation), involving less than 5% to 25% of  the cortex, while there was no frank parenchymal scaring in 
the kidneys treated with NSsiRNA or in DRD2-rescued kidneys, although these kidneys presented with 
very focal minimal interstitial fibrosis, tubular atrophy, and infiltration of  inflammatory cells. Mas-
son’s trichrome staining of  the kidney sections confirmed the presence of  multiple areas of  scaring 
with excessive collagen accumulation in the Drd2-silenced kidneys (Figure 6A), as compared with the 
NSsiRNA-treated kidneys or the DRD2-rescued group, indicating marked renal fibrosis in the Drd2-si-
lenced group. Immunostaining of  renal sections for KIM-1, a marker of  kidney injury, showed that 
the Drd2-silenced kidneys had a significantly higher number of  KIM-1-positive cells as compared with 
the NSsiRNA-treated kidneys or DRD2-rescued kidneys (Figure 6, A and B). Immunohistochemical 
analysis for anti-CD3e, a marker for T cells, showed that the Drd2-silenced kidneys had a significantly 
higher number of  infiltrating T cells as compared with the NSsiRNA-treated kidneys or DRD2-rescued 
kidneys. However, the number of  T cells in the DRD2-rescued kidneys remained higher than in the con-
trol kidneys treated with NSsiRNA (Figure 6, A and C). Serum creatinine levels were similar in mice 
treated with NSsiRNA regardless of  whether they were treated with CAAV or DRD2 AAV (0.25 ± 0.02 
vs. 0.26 ± 0.03 mg/dl). However, the serum creatinine levels were lower in mice with Drd2 silencing and 
DRD2-rescued kidneys than in mice with Drd2 silencing and unrescued kidneys, i.e., kidneys treated 
with CAAV (0.27 ± 0.02 vs. 0.40 ± 0.03 mg/dl; P < 0.05). These results show that Drd2 silencing induc-
es renal injury that can be partially prevented by rescue of  DRD2 expression.

DRD2 rescue in the mouse kidney normalizes the high blood pressure induced by Drd2 silencing. Systolic blood 
pressures at baseline and after siRNA plus AAV vector treatment were not different in the mice treated with 
NSsiRNA in combination with CAAV or DRD2 AAV (Figure 7). However, systolic blood pressures were 
significantly higher (121 ± 3 mm Hg; P < 0.05) in mice treated with Drd2 siRNA and CAAV in comparison 
with the baseline or systolic blood pressures in mice treated with NSsiRNA and CAAV (101 ± 4 mm Hg), 
NSsiRNA and DRD2 AAV (101 ± 1 mm Hg), or Drd2 siRNA and DRD2 AAV (99 ± 1.5 mm Hg) (Figure 7). 
Diastolic blood pressures were also significantly higher (91 ± 1.6 mm Hg) in the mice treated with Drd2 siR-
NA and CAAV in comparison with the baseline or diastolic blood pressures in mice treated with NSsiRNA 
and CAAV (73 ± 2.26 mm Hg), NSsiRNA and DRD2 AAV (74 ± 2.9 mm Hg), or Drd2 siRNA and DRD2 
AAV (74 ± 4 mm Hg) (Supplemental Figure 3). More importantly, the blood pressures, measured under 
pentobarbital anesthesia, in the DRD2-rescued group, i.e., mice treated with Drd2 siRNA and DRD2 AAV, 
were similar to those in mice treated with NSsiRNA and CAAV.

Increasing DRD2 expression in the mouse kidney ameliorates renal injury induced by ischemia/reperfusion. We 
further hypothesized that increasing DRD2 expression would be beneficial not only in conditions with 
reduced DRD2 expression but also in renal injury. To test this hypothesis, we determined whether DRD2 
AAV treatment provides protection in a model of  renal ischemia/reperfusion injury. We studied the effects 
of  45 minutes of  bilateral renal ischemia immediately followed by infusion of  CAAV or DRD2 AAV. The 
mice were studied 14 days later, a time when AAV-mediated DRD2 expression reaches maximum (Figure 
1D). The mRNA expression of  TGF-β, FN1, and Col1a1 was higher in mice infused with CAAV in com-

Figure 4. Increased renal expression of DRD2 in mice 
treated with DRD2 AAV. Renal cortical expression of 
dopamine D2 receptor (DRD2, 55 kDa) determined by 
immunoblot in mice treated with NSsiRNA or Drd2 siRNA 
by left renal subcapsular infusion via osmotic pump for 
28 days and treated with control adeno-associated virus 
(CAAV) or DRD2 AAV (1 × 1011 viral genome particles) by 
retrograde left ureteral infusion for 14 days after starting 
the siRNA treatment. n = 3 per group, *P < 0.05 vs. 
CAAV+NSsiRNA, 1-way ANOVA and Tukey test. NSsiRNA, 
nonsilencing siRNA.
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parison with those infused with DRD2 AAV (Figure 8A). H&E staining of  the kidney sections showed that 
the mice treated with CAAV had more ischemia/reperfusion injury compared with those treated with DRD2 
AAV (Figure 8B). Systolic blood pressures were significantly increased in mice treated with CAAV in com-
parison with their baseline systolic blood pressures. By contrast, the systolic blood pressures of  mice treated 
with DRD2 AAV were similar to their baseline blood pressures and were not different from the baseline 
blood pressures of  the CAAV-treated mice (Figure 8C). Serum creatinine levels, used as an index of  renal 
function, were also higher in mice treated with CAAV than in those treated with DRD2 AAV (Figure 8D).

Discussion
Our results show that, in mice, Drd2 silencing for 28 days in only one kidney, leaving the other kidney 
intact, increases the expression of  proinflammatory and profibrotic factors, causes renal injury, and elevates 
blood pressure. These effects are completely or partially prevented by rescuing DRD2 expression in the 
silenced kidney. Furthermore our results also show that the renal injury and the increase in blood pressure 
resulting from ischemia/reperfusion is ameliorated by overexpression of  the DRD2, demonstrating that an 
increase in DRD2 expression has protective effects against renal damage and high blood pressure.

We have shown that the lack of  DRD2 expression, caused by germline deletion (Drd2–/– mice) or silenc-
ing of  Drd2 in the remnant kidney of  uninephrectomized mice, was associated with renal inflammation 
and elevated blood pressure that reached hypertensive levels (15, 29). However, silencing of  Drd2 for 7 days 

Figure 5. Rescue of DRD2 expression reverses the increase in proinflammatory factors induced by Drd2 silencing in 
the left kidney. Twenty-eight days after left renal subcapsular infusion of siRNA and following left ureteral retrograde 
adeno-associated virus (AAV) treatment from day 14 to day 28, the mice were euthanized. mRNA expression and 
protein (25 kDa) expression of TNF-α in the renal cortex were determined by qRT-PCR and immunoblot, respectively. 
One set of immunoblots is shown. Renal cortical mRNA expression of TGF-β, fibronectin 1 (FN1), IL-6, and monocyte 
chemoattractant protein 1 (MCP1) in the mouse kidneys from indicated groups was quantified by qRT-PCR. GAPDH 
mRNA was used for normalization of the data, n =3 per group. *P < 0.05 vs. all others, **P < 0.05 vs. CAAV+Drd2 siRNA 
group, 1-way ANOVA and Tukey test. DRD2, dopamine D2 receptor; NSsiRNA, nonsilencing siRNA.
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in one kidney, leaving the other intact, did not increase blood pressure but was associated with an increase 
in inflammatory factors in the Drd2-silenced kidney (15). We now show that silencing Drd2 for 28 days in 
one kidney, leaving the other kidney intact, has the same effect as silencing Drd2 for 7 days in the remnant 
kidney of  uninephrectomized mice, suggesting that the reduction in DRD2 expression in one kidney for an 
extended period cannot be compensated by the other kidney. These results also suggest that sustained renal 
inflammation results in kidney damage and as a consequence increases blood pressure.

We hypothesized that rescuing renal DRD2 expression in mice in which renal Drd2 is silenced reduces 
renal inflammation and injury and prevents the increase in blood pressure. We used AAV vector-mediated 

Figure 6. Rescue of DRD2 expression minimizes the renal injury induced by Drd2 silencing. Twenty-eight days 
after left renal subcapsular infusion of siRNA and following left ureteral retrograde adeno-associated virus (AAV) 
treatment from day 14 to day 28, the mice were euthanized. Kidney sections from the indicated groups were 
stained with (A) H&E for morphology (scale bar: 100 μm) and Masson’s trichrome for collagen deposition (scale 
bar: 200 μm). These stains demonstrated areas of cortical scarring, appearing as clusters of smaller, atrophic 
tubules in association with increased intertubular connective tissue. Immunofluorescence/confocal microscopy 
for Ki-67 protein (scale bar: 50 μm) showed the proliferating renal tubule cells and T cells (scale bar: 100 μm). 
Quantification of (B) kidney injury molecule-1-positive (KIM-1-positive) cells and (C) T cells in the indicated kidney 
sections. n = 3/ group. *P < 0.05 vs. all others, **P < 0.05 vs. CAAV+Drd2 siRNA group, 1-way ANOVA and Tukey 
test. DRD2, dopamine D2 receptor; NSsiRNA, nonsilencing siRNA.
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gene transfer technology to demonstrate that the deleterious effect of  renal Drd2 silencing could be mini-
mized by the reexpression of  DRD2 in the Drd2-silenced kidney. AAV vectors have become one of  the most 
attractive tools for in vivo gene transfer in translational as well as basic research studies (30). AAV vectors 
provide sustained long-term gene expression with minimal immunological consequences (25). Systemic 
administration of  AAV vector provides efficient transduction of  various organs, such as the liver, heart, 
lung, and skeletal muscle but provides very low transduction in the kidney (26–28, 31). Systemic adminis-
tration of  AAV-9 carrying hepatocyte growth factor in combination with kidney-specific cadherin promot-
er provided gene expression in the mouse kidney and liver that attenuated tubulointerstitial fibrosis and 
repression of  fibrotic markers in COL4A3-deficient mice (32). In neonatal mice, systemic administration 
of  AAV-1 carrying G6Pase-A provided the gene expression in hepatocytes and kidneys that alleviated the 
metabolic abnormalities in mice with type 1A glycogen storage disease (33). In spite of  the apparent lower 
transduction in the kidneys with systemic administration of  AAV-9 vector, it provided the therapeutic ben-
efits, largely due to superior hepatic gene expression that acted in endocrine fashion on the kidney (32, 33). 
Ito et al. demonstrated that intrapelvic injection of  AAV-2 vector provides expression predominantly in the 
medulla (34). To improve transduction in the kidney epithelial cells, Chung et al. administered AAV vectors 
by retrograde ureteral infusion and showed that AAV-8 and AAV-9 transduce kidney cells efficiently com-
pared with AAV-2 and -6 serotypes (35). We used retrograde ureteral infusion of  AAV-9 vector carrying 
firefly luciferase or EGFP to determine the magnitude and distribution of  gene expression in the infused 
kidney. Our results show that retrograde ureteral infusion of  AAV-9 vector limited the gene expression to 
the infused kidney; there was minimal gene expression in the contralateral kidney, spleen, liver, pancreas, 
stomach, skeletal muscle, heart, lung, and brain. A time-course study showed that the AAV-9-mediated 
luciferase expression reached maximum by 2 weeks following vector infusion.

Treatment with DRD2 AAV for 14 days to reexpress DRD2 selectively in the Drd2-silenced kidney 
minimized the deleterious effects of  Drd2 silencing by decreasing the expression of  proinflammatory and 
profibrotic factors; limiting renal injury; preserving kidney function, as shown by the decrease in serum 
creatinine; and preventing the increase in blood pressure. The beneficial effects of  the renal DRD2 are 
also demonstrated by the effects of  its overexpression in ameliorating the increase in profibrotic factors, 
decrease in renal function, and increase in blood pressure in a model of  ischemia/reperfusion injury.

The inhibitory effects of  the DRD2 on renal inflammation are mediated by several mechanisms that 
include negative regulation of  the Akt pathway through effects on PP2A activity/expression and the miR-
217/Wnt5a/Ror2 pathway. These pathways mediate the increase in profibrotic factors in human renal 
proximal tubule cells bearing DRD2 SNPs associated with decreased DRD2 expression (17, 18).

The protective effects of  DRD2 are not restricted to renal inflammation and may be organ specif-
ic (36, 37). Lack of  DRD2 expression in astrocytes results in marked inflammation in multiple brain 
regions. The treatment of  Drd2 wild-type mice with a selective DRD2 agonist partially suppressed 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-mediated inflammation in nigral dopaminergic neurons 
(36). In a mouse model of  amyotrophic lateral sclerosis, a DRD2 agonist suppressed glial inflammation 
and moderated the progression of  the disease (38). In the respiratory tract, DRD2 activation inhibit-
ed neurogenic inflammation (39). GLC756, a D1R antagonist/DRD2 agonist, inhibited TNF-α release 
from rat mast cells, suggesting that it reduced inflammation triggered by activated mast cells (40).

Genetic factors contribute to the susceptibility to renal disease associated with essential hypertension, 

Figure 7. Rescue of left renal DRD2 expres-
sion normalizes the high blood pressure 
induced by Drd2 silencing in the left 
kidney. Systolic blood pressure (SBP) was 
measured under pentobarbital anesthesia 
in the mice prior to siRNA treatment (base-
line) and 28 days after siRNA treatment 
and 14 days (from day 14 to day 28) after 
AAV treatment. n = 3/group. *P < 0.05 vs. 
all others, 1-way ANOVA and Tukey test. 
DRD2, dopamine D2 receptor; NSsiRNA, 
nonsilencing siRNA.
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and hypertension may cause progressive kidney disease only in genetically susceptible individuals (41, 42). 
The genetic predisposition to chronic kidney disease is polygenic, but to date only a few genes have been 
shown to be contributory (43–46). Renal susceptibility genes may determine the occurrence and severity 
of  hypertension-induced progressive renal damage. Much of  the research in this field has been directed to 
determining the detrimental factors involved in disease progression. However, the role of  factors that pre-
vent inflammation and may slow the progression of  renal disease has received much less attention.

Our results provide support for the concept of  increased susceptibility to renal disease resulting from 
decreased DRD2 expression and function. Along this line, a recent study in an Asian Indian population 
with type 2 diabetes found that a DRD2 polymorphism, resulting in decreased expression of  the receptor, 
increases the susceptibility to chronic diabetic nephropathy (47).

This study suggests that the development of  therapies directed to increase renal DRD2 expression/
function may provide novel and effective approaches in the treatment of  renal injury.

Figure 8. Effect of overexpression of dopamine D2 receptor on renal ischemia/reperfusion injury. Mice were sub-
jected to 45 minutes of bilateral renal ischemia, after which the ureters of both kidneys were retrogradely infused with 
control adeno-associated virus (CAAV) or dopamine D2 receptor adeno-associated virus (DRD2 AAV). (A) The renal 
cortex was obtained for mRNA determination of TGF-β, fibronectin 1 (FN1), and collagen type 1a1 (Col1a1) (qRT-PCR). 
(B) Images of kidney sections stained with H&E showing renal morphology. Scale bar: 200 μm. (C) Blood pressure was 
measured under anesthesia before starting the ischemia period and 14 days after the induction of ischemia/reper-
fusion and retrograde ureteral infusion of CAAV or DRD2 AAV. SBP, systolic blood pressure. (D) Serum creatinine was 
measured from blood obtained prior to euthanasia. n = 3/group. (A and D) *P < 0.05 vs. CAAV, t test. (C) *P < 0.05 vs. 
all others, 1-way ANOVA followed by Tukey test.
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Methods
AAV vectors. The AAV vector harboring firefly luciferase cDNA (AAVLuc) with the expression controlled 
by the CMV was constructed using the plasmid pACS (48). To construct AAVLuc, the 2.2-kb firefly lucifer-
ase cDNA from plasmid pGL3 (Promega Corporation) was excised as a HindIII and BamHI fragment and 
inserted in between the same restriction sites of  pACS. AAV vector AAVEGFP harboring EGFP cDNA 
under the control of  CMV promoter was obtained from Penn Vector Core (University of  Pennsylvania, 
Philadelphia, Pennsylvania, USA). To construct DRD2 AAV, the 1.7-kb human DRD2 cDNA from plasmid 
RC202476 (Origene Technologies Inc.) was excised as a KpnI and FseI fragment and inserted in between 
the same restriction sites of  pACS. The amino acid sequence of  human and mouse DRD2 share 95.5% 
identity. The CAAV used as CAAV vector, which does not code for any protein, contains an EGFP cDNA 
in reverse orientation under the control of  CMV promoter. Recombinant AAV vector genomes were pack-
aged into capsids from AAV-9 serotype by the triple transfection method in HEK 293 cells, as described pre-
viously (49, 50). The AAV vectors were purified by ammonium sulfate fractionation and iodixanol gradient 
centrifugation. Titers of  the AAV vectors (viral genome particles/ml) were determined by quantitative 
real-time PCR (50, 51).

Animal procedures. C57BL/6 mice (8–10 weeks old, weighing ~20 g) were purchased from Jackson 
Laboratory. The mice were anesthetized with an intraperitoneal injection of  pentobarbital sodium (50 mg/
kg) and placed in a supine position, and legs were taped down on a heated board to maintain their body 
temperature at 37°C. For all procedures, depth of  anesthesia was monitored by foot-pinch reflex. The mice 
were treated with NSsiRNA or Drd2 siRNA by subcapsular infusion (3 μg/day) using osmotic minipump 
(15, 52, 53) for 28 days in the left kidney, leaving the contralateral kidney intact (Supplemental Figure 4A). 
Briefly, the siRNA, prepared using an in vivo transfection reagent, was loaded into the osmotic minipump 
(ALZET Osmotic Pumps). A polyethylene tube connected to the osmotic minipump was inserted under-
neath the kidney capsule for continuous delivery of  the siRNA at the rate of  3 μg/day for 28 days. The tube 
was secured underneath the kidney capsule using surgical glue, and the osmotic minipump was secured 
onto the abdominal wall by a suture.

For retrograde ureteral infusion of  AAV vectors, 14 days following the initiation of  siRNA treatment 
(Supplemental Figure 4B), the mice were anesthetized as mentioned above and an abdominal incision was 
made between the point of  the xiphoid cartilage and the navel to expose the kidneys. Then, the ureter, cor-
responding to the treated kidney, was located and gently dissected out. The distal ureteral portions closest 
to the bladder and the renal artery supplying the target kidney were clamped off  using a microvenous clip. 
Using a tuberculin syringe fitted with a 33-gauge needle, the ureter was then punctured. The needle was 
temporarily ligated in place by a snugly tied 6-0 silk suture to prevent leakage. The urine was then gently 
aspirated out. The tuberculin syringe was then removed and replaced with another containing approxi-
mately 100 μl of  the AAV vector (1 × 1011 viral genome particles), and the solution was then retrogradely 
infused into the ureter. The needle was withdrawn and a microvenous clip was placed proximal to the injec-
tion site on the ureter to prevent leakage and to attain maximum exposure to the infusion. Fifteen minutes 
later, the arterial and ureteral clips were sequentially removed and the ureter was inspected for any evidence 
of  leakage. The abdominal contents were replaced in reverse order and the incision site was closed using a 
double layer of  6-0 silk sutures for the muscle and skin.

Renal ischemia/reperfusion. The mice were anesthetized with an intraperitoneal injection of  pentobarbi-
tal sodium (50 mg/kg), and blood pressure was measured as described below. The kidneys of  the mice were 
exposed as described above. Both right and left renal vessels (artery and vein) were clamped with arterial 
clamps for 45 minutes to stop blood flow to both kidneys. Then, the clamps were removed, and, immediate-
ly thereafter, the mice were subjected to bilateral retrograde ureteral infusion of  CAAV or DRD2 AAV, as 
described above. The abdominal incision was closed, and the mice were allowed to recover. Fourteen days 
later, the mice were anesthetized and blood pressure measured. Blood, kidney, and other selected organs 
were harvested before the mice were euthanized with an overdose of  pentobarbital sodium (100 mg/kg).

Blood pressure measurement. Systolic and diastolic blood pressures were recorded, under anesthesia, at 
baseline (prior to siRNA infusion) and 14 days after AAV treatment using the femoral artery or carot-
id artery using Cardiomax II (Columbus Instruments). The organs (see below) were harvested (properly 
stored for future analyses) before the mice were euthanized with an overdose of  pentobarbital (100 mg/kg).

In vivo bioluminescence imaging. Luciferase expression in live, anesthetized mice was detected nonin-
vasively by in vivo bioluminescence imaging using previously reported methods (50, 54). The mice were 
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anesthetized and maintained on 0.5%–1% isoflurane in oxygen. D-luciferin (150 μg/g body weight, Gold 
Biotechnology Inc.) was administered to the mice by intraperitoneal injection. Five minutes following 
D-luciferin administration, the mice were imaged using an IVIS-200 imaging system (Caliper Life Scienc-
es). Photons emitted from the mice were collected and integrated for a period of  1 minute. Images were 
processed using Living Image software (Caliper Life Sciences).

Luciferase activity assay. Luciferase activity in organs was measured using a kit from the Promega Cor-
poration (E4030, Luciferase Assay System with Reporter Lysis Buffer). Kidneys, spleen, liver, pancreas, 
stomach, skeletal muscle, heart, lungs, and brain were collected from mice after bioluminescence imaging 
14 days after vector injection. Protein was obtained from the organs as recommended by the manufactur-
er, and protein concentrations were determined using the Bio-Rad DC BCA protein assay kit. Luciferase 
activity in the protein samples from each organ was determined using a Centro LB 960 microplate reader 
(Berthold Technologies USA) and expressed as RLU per mg protein.

Quantitative RT-PCR. Total RNA was purified using the RNeasy Plus Mini kit (Qiagen). cDNA was 
prepared using an RT2 First Strand kit per the manufacturer’s protocol (SABiosciences-Qiagen). Quanti-
tative gene expression was analyzed by real-time qPCR using an ABI Prism 7900 HT (Applied Biosyste-
ms). Quantitative PCR assay was performed using gene-specific primers (TNF-α: PPM03113F; MCP-1: 
PPM03151F; IL-6: PPM03015A; FN1: PPM03786A; Col1a1: PPM-3845F; TGF-β: PPM02991B; and 
GAPDH: PPM02946E) for mice from SABiosciences-Qiagen and RT2 SYBR Green ROX qPCR Master-
mix (Qiagen). Data were analyzed using the ΔΔCt method (55).

Immunoblotting. Flash-frozen tissue samples were homogenized in RIPA buffer, and equal amounts 
of  protein (20 μg) were electrophoresed under reducing conditions on 4%–20% gradient polyacrylamide 
gels and then transferred onto polyvinylidene difluoride membranes. DRD2 and TNF-α were detected by 
standard protocol using rabbit polyclonal anti-DRD2 (sc-9113, Santa Cruz Biotechnology Inc.) and rat 
anti mouse anti-TNF-α (Biolegend). Results were normalized to GAPDH and expressed as fold change, 
relative to the average signal intensity obtained from the kidneys of  the respective controls (NSsiRNA- or 
NSsiRNA plus CAAV-treated mice).

Immunohistochemistry. EGFP and KIM-1 expression and infiltrating T cells in mouse kidneys were doc-
umented by immunohistochemical analysis. For EGFP, 2 weeks following vector administration, the kid-
neys were collected and fixed in 3.7% paraformaldehyde for 1 hour at 4°C. After washing in phosphate-buff-
ered saline (3 times, 5 minutes each), the tissues were equilibrated with 30% sucrose in phosphate-buffered 
saline overnight. Six-micrometer cryosections were prepared. The sections were immunostained for EGFP 
using chicken anti-GFP antibody (Aves Labs Inc.). Lotus tetragonolobus agglutinin, which binds to the apical 
membrane of  the proximal tubule and collecting duct cells, was used to distinguish proximal tubules and 
collecting ducts from other nephron segments.

The expression of  KIM-1 protein, also known as TIM1, a kidney injury marker, was detected using a 
goat polyclonal anti-mTIM-1 antibody (R&D Systems; AF1817). The location of  KIM-1 expression was 
detected by double immune staining using anti-CD15 antibody, which is specific for renal proximal tubule 
cells. T cells in the mouse kidney sections were detected by immunohistochemistry using rabbit anti-CD3e 
monoclonal antibody (Thermo Scientific; MA5-14524) and the EXPOSE Mouse and Rabbit AP (red) 
Detection IHC Kit (Abcam). T cells were counted in 3 microscopy fields from each section at ×10 magni-
fication (n = 3 per group).

Serum creatinine. Serum creatinine was quantified using a full enzymatic method with substantially 
reduced interference compared with the Jaffe method (Crystal Chem Inc.).

Statistics. Data are expressed as mean ± SEM. Comparisons between 2 groups used the 2-tail Student’s 
t test. One-way ANOVA followed by Tukey multiple comparison test was used to assess significant differ-
ences in greater than 2 groups. P < 0.05 was considered significant.

Study approval. All animal protocols used in this study were conducted in accordance with the NIH and 
were approved by the Institutional Animal Care and Use Committee at the University of  Maryland.
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