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ABSTRACT

The accumulation of autophagosomes in postischemic kidneys may be renoprotective, but whether this

accumulation results from the induction of autophagy or fromobstructionwithin the autophagic process is

unknown. Utilizing the differential pH sensitivities of red fluorescent protein (RFP; pKa 4.5) and enhanced

green fluorescent protein (EGFP; pKa 5.9), we generated CAG-RFP-EGFP-LC3 mice to distinguish early

autophagic vacuoles from autolysosomes. In vitro and in vivo studies confirmed that in response to nutri-

ent deprivation, renal epithelial cells in CAG-RFP-EGFP-LC3 mice produce autophagic vacuoles express-

ing RFP and EGFP puncta. EGFP fluorescence diminished substantially in the acidic environment of the

autolysosomes, whereas bright RFP signals remained. Under normal conditions, nephrons expressed few

EGFP and RFPpuncta, but ischemia-reperfusion injury (IRI) led to dynamic changes in the proximal tubules,

with increased numbers of RFP and EGFP puncta that peaked at 1 day after IRI. The number of EGFP

puncta returned to control levels at 3 days after IRI, whereas the high levels of RFP puncta persisted,

indicating autophagy initiation at day 1 and autophagosome clearance during renal recovery at day 3.

Notably, proliferation decreased in cells containing RFP puncta, suggesting that autophagic cells are less

likely to divide for tubular repair. Furthermore, 87% of proximal tubular cells with activated mechanistic

target of rapamycin (mTOR), which prevents autophagy, contained no RFP puncta. Conversely, inhibition

of mTOR complex 1 induced RFP and EGFP expression and decreased cell proliferation. In summary, our

results highlight the dynamic regulation of autophagy in postischemic kidneys and suggest a role of mTOR

in autophagy resolution during renal repair.
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Autophagy is a lysosomal degradation pathway that

is essential for cellular stress adaptation and normal

homeostasis.1–3 It involves a series of membrane

rearrangements to form autophagosomes, which

are double-membraned vacuoles that contain cytoplas-

mic contents and organelles. Fusion of autophago-

somes with lysosomes results in the formation of

autolysosomes in which captured materials are de-

graded for removal of damaged organelles and re-

cycling of nutrients within the cells. Autophagy has

been recognized as a protective mechanism after re-

nal ischemia-reperfusion injury (IRI).4–8 Increased

levels of autophagy have been reported in the post-

ischemic kidneys by accumulation of autophago-

somes under electron microscopy or increased Atg

proteins by immunoblot analysis.4,7,8 However, elec-

tron microscopy can only provide static information

and does not distinguish whether the accumulation

of autophagosomes is due to the induction of au-

tophagy or a blockage in downstream processes of

autophagy. Immunoblot analysis of Atg proteins
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detects autophagy in a heterogeneous and asynchronous cell

population and does not reflect autophagy in individual com-

partments of the kidney. New tools are needed to study auto-

phagic flux, which will provide a more accurate assessment of

autophagic activity in individual cells of the organ.

LC3protein is themammalianhomologyofAtg8 inyeasts and

is essential for autophagy to occur. LC3 is cleaved to LC3-I

immediately after its synthesis. LC3-I is an ubiquitin-like protein

that can be conjugated to phosphatidylethanolamine and possi-

bly phosphatidylserine. The lipidated forms are referred toLC3-II,

which is present in all autophagic vacuoles. LC3-II is the most

widely used Atg protein to quantify autophagic levels by im-

munoblot analysis.3 Methods for immunostaining of LC3-II

have been recently developed.9 However, it is not always pos-

sible to detect low levels of endogenous LC3-II. Transfection of

cells with plasmids expressing enhanced green fluorescent pro-

tein (EGFP) fused with LC3 enables the visualization of EGFP

puncta in autophagic vacuoles. Transgenic mice expressing

EGFP-LC3 fusion protein under the cytomegalovirus immedi-

ate-early enhancer and chicken b-actin (CAG) promoter have

been generated.10 The mice are useful to study autophagy in-

duction in many organs, including the kidney, based on the

appearance of EGFP puncta identified with fluorescence mi-

croscopy.5 However, EGFP fluorescence is quenched in the

acidic environment of autolysosomes, and thus loses its ability

to track the autophagic process.

We generated a new strain of autophagy reporter mice that

express a tandem red fluorescent protein (RFP)-EGFP-LC3

fusion protein ubiquitously under the CAG promoter to ad-

vance our understanding of the dynamics of autophagy.

Specifically, the inclusion of a relatively acid-insensitive RFP

(pKa 4.5) and acid-sensitive EGFP (pKa 5.9) is expected to re-

sult in the quenching of EGFP but persistence of RFP signals in

the low pH environment of autolysosomes (pH54–5), whereas

both EGFP and RFP fluorescence will be maintained before

autophagosomes fuse with lysosomes.11,12 The mice were

used as novel tools to study the dynamics of renal epithelial

autophagy under stress conditions such as starvation and

ischemic injury.

RESULTS

Renal Epithelial Cells of CAG-RFP-EGFP-LC3 Mice

Respond to Starvation with Distinct Fluorescence

Puncta
Transgenic mice expressing RFP-EGFP-LC3 fusion protein

were morphologically indistinguishable from their wild-type

littermates. The mouse line that expressed the fusion protein

at a similar level to the endogenousLC3proteinwas selected for

our studies.

First, we isolated cells from the kidneys for primary cultures

and detected few EGFP and RFP puncta in cells grown in

nutrient-abundant medium. However, incubation of the cells

with Earle’s basic salt solution (EBSS) that contained no glu-

cose or amino acid for 2 hours resulted in a time-dependent

appearance of bright EGFP and RFP puncta (Figure 1A). Im-

munostaining showed the presence of tight junction protein

ZO-1 and the epithelial cadherin (E-cadherin), indicating that

cells that responded to autophagic stimulation were tubular

epithelial cells (Figure 1, B and C). Because EGFP could form

weak dimers and self-aggregation of EGFP has been reported,13

we tested whether this could occur in renal epithelial cells.

Immunocytochemistry with an antibody to sequestosome 1

(SQSTM1/p62), which was a polyubiquitin-binding protein

that directly interacted with LC3 on the isolation membrane

and incorporated into the autophogosome,3 showed that

.94% of puncta that emitted EGFP and RFP also contained

with SQSTM1/p62, suggesting that fluorescence puncta repre-

sented autophagic vacuoles rather than random aggregates

(Figure 2A).

All EGFP signals were colocalized with RFP as the fusion

protein was expressed. However, 35% of the RFP puncta did not

emit EGFP. Because EGFP fluorescence is sensitive to acidic pH

whereasRFPsignals arenot,wecostained the cellswith lysosomal

marker Lamp1 to distinguish fluorescence puncta in the auto-

lysosomes from those in the phagophores and autophagosomes.

The results showed thatRFPpuncta that did not emit EGFPwere

costained with Lamp1, suggesting that they were localized to the

autolysosomes. Among all RFP puncta that were localized to the

autolysosomes, 14% coemitted weak EGFP signals, indicating

that the majority of the fusion protein lost its native EGFP fluo-

rescence in the autolysosomes (Figure 2B, top panel).

Next, we treated the cells with chloroquine to increase the

lysosomal pHand detected a 5.8-fold increase in the number of

EGFP puncta in the autolysosome, further supporting the pH

sensitivity of the EGFP (Figure 2B, middle panel). Immunos-

taining with FITC-labeled anti-EGFP antibody revealed that

all RFP-containing protein emitted FITC signals (Figure 2B,

bottom panel), thus confirming the presence of EGFP in the

fusion protein. Because reappearance of green fluorescent

protein (GFP) fluorescence has been reported after fixation

with 4%paraformaldehyde (PFA) (pH 7.4) in some cell types,3

we compared the percentage of yellow puncta (both EGFP-

and RFP-positive) over total RFP puncta and found no statis-

tically significant difference in nonfixed cells (68%) and cells

promptly fixed with PFA (65%), indicating that renal epithe-

lial cells of CAG-RFP-EGFP-LC3 mice can be used to study

autophagy in real time or fixed for further immunostaining.

Next, we counted the number of cells that contained RFP

puncta and determined whether RFP puncta corresponded to

Atg5 and endogenous LC3-II protein levels. Under nutrient-

abundant conditions, 6.4%61.5% cells contained $3 RFP

puncta. However, 63.9%62.0% cells contained $3 RFP

puncta when deprived of nutrients via incubation with EBSS

for 2 hours (Figure 3A). Immunoblot analyses of Atg5 and

endogenous LC3-II showed 1.6- and 2.0-fold increases in

the protein levels, respectively (Figure 3B). These results in-

dicate that the abundance of fluorescence puncta parallels the
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increase in endogenous Atg proteins that are commonly used

to measure the degree of autophagy.3

In CAG-RFP-EGFP-LC3 mice, RFP-EGFP-LC3 is driven

by an ubiquitous CAG promoter. To confirm that the number

and localization of fluorescent puncta reflect autophagic

activity and flux in response to autophagic stimulation and

inhibition, we treated cells with chloroquine to attenuate au-

tolysosomal degradation. As expected, cells responded to chlo-

roquine treatment with an accumulation of endogenous LC3-II

protein under basal and starvation conditions (Figure 3C). We

then examined fluorescent puncta that were colocalized with

and without Lamp1. Incubation of cells with EBSS led to an

increased number of both autophagosomes (yellow dots with-

out Lamp 1) and autolysosomes (red and yellow dots with

Lamp 1) compared with those under basal conditions. The

addition of chloroquine to cells incubated with EBSS resulted

in suppression of autophagic activity with reduced autophago-

some numbers. However, within the autolysosomes, there was

an increase in yellow dots and a reciprocal decrease in red dots

(Figure 3D), reflecting the recovery of EGFP fluorescence.

These results further support the usefulness of using fluores-

cence dots to study epithelial autophagy.

We then subjected the mice to starvation, which has been

shown to be a powerful stimulus for autophagy.14 Under ad

libitum feeding conditions, epithelial cells of nephron segments

exhibited occasional EGFPand fewRFP puncta. However, in the

collecting ducts, abundant RFP puncta were

detected in intercalated cells and some RFP

puncta also coemitted EGFP fluorescence.

The high level of autophagy in intercalated

cells could reflect a high turnover rate in

membrane vesicles in this cell type.15 In the

glomerulus, podocytes also exhibited high

levels of autophagy, which were consistent

with the finding in CAG-EGFPmice.10After

32 hours of starvation, the number of cells

that contained RFP and EGFP puncta in-

creased in all nephron segments, the collect-

ing ducts, and the podocytes (Figure 4A).

Similarly to epithelial cells in culture, the

majority of RFP puncta that coemitted

EGFP were not stained for Lamp1 and rep-

resented phagophores and autophagosomes,

whereas the RFP stand-alone puncta were

costained for Lamp1 and thus represented

autolysosomes (Figure 4B).

Taken together, these results indicate

that renal epithelial cells ofCAG-RFP-EGFP-

LC3mice can respond to autophagic stimuli

with easily detectable EGFP and RFP punta

that represent autophagic vacuoles. Al-

though EGFP fluorescence can be lost in the

acidic environment of the autolysosomes,

RFP puncta persisted in all stages of auto-

phagic vacuoles. Additional use of lyso-

somal marker Lamp1 can distinguish autolysosomes from

phagophores and autophagosomes, which allows us to study

the dynamics of autophagy.

CAG-RFP-EGFP-LC3 Mice Reveal the Dynamics of

Autophagy in Postischemic Kidneys

To understand the dynamics and the flux of autophagy in the

kidneys with IRI, we used the CAG-RFP-EGFP-LC3 mice to

examine RFP puncta in the proximal tubules where the most

significant stress and injury occurred.16 In sham-operated

mice, 0.24%60.16% of proximal tubular cells contained

RFP puncta. There was no increase in RFP puncta immedi-

ately after the vascular clamp release or 4 hours after IRI. At

8 hours after IRI, 5.4%61.2% of proximal tubular cells showed

bright RFP puncta. The number of cells with RFP puncta in-

creased to 9.7%61.8%, 21.6%63.0%, and 18%61.8% at

16 hours and 1 and 3 days after IRI, respectively, and returned

to near control level at 7 days (Figure 5A). The percentage of

RFP-containing proximal tubular cells mirrors the autophagy

protein levels of LC3-II and Atg5 collected from the cortex and

the outer strip of the outer medulla (Figure 5B), thus support-

ing the usefulness of RFP puncta in evaluating tubular epithe-

lial autophagy after IRI.

Bright EGFP puncta were also detectable in proximal tu-

bular cells after IRI. To identify the intracellular localization of

EGFP puncta, immunostaining of Lamp1 was performed in

Figure 1. EGFP and RFP puncta are easily detected in response to starvation. (A)
Primary cultures isolated from kidneys of CAG-RFP-EGFP-LC3 mice show increasing
numbers of EGFP or RFP puncta in response to autophagy stimulation with glucose
and amino acid deprivation when incubated in EBSS medium for 0–120 minutes.
(B and C) Cells respond to autophagic stimulation with the appearance of RFP puncta
and have renal epithelial cell characteristics with the expression of tight junction protein
ZO-1 (blue) (B) and E-cadherin (blue) (C). Control cells are cultured in nutrient-abundant
condition. Scale bar, 10 mm.
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kidneys harvested at 1 and 3 days after IRI. The vastmajority of

EGFPwas not stained for Lamp1, suggesting its localization to

early autophagic vacuoles (i.e., phagophores and autophago-

somes) (Figure 5C). Quantitative analysis of autolysosomes,

shown by the presence of both Lamp1 and RFP, demonstrated

that 7% at 1 day and 8% at 3 days after IRI

also emitted weak EGFP, indicating that

most EGFP was quenched in the lysosomal

environment and there was no difference in

the degree of quenching at 1 or 3 days after

IRI. These results suggested that, similarly

to epithelial cells in culture, differential pH

sensitivity of EGFP and RFP could be used

to study autophagic processes in postische-

mic kidneys.

We therefore compared the percentage of

proximal tubular cells that contained EGFP

or RFP puncta. At 1 day after IRI, 23.3% of

proximal tubular cells contained EGFP puncta,

which is not significantly different from

those that contained RFP puncta (21.6%).

However, at 3 days, proximal tubular cells

that contained EGFP puncta reduced to

0.9% compared with the 18% that still

contained RFP puncta. Both EGFP and

RFP fluorescence returned to near control

level at 7 days (Figure 5A, line graph). Be-

cause most EGFP puncta represent phago-

phores and autophagososomes, these re-

sults suggested that at 1 day after IRI,

there was a higher rate of formation of early

autophagic vacuoles and/or reduced fusion

of autophagosomes with lysosomes. As kid-

neys were recovering from injury at 3 days,16

formation of early autophagic vacuoles de-

creased and autophagosomes proceeded to

fuse with lysomes for clearance. Our results

also indicated that the presence of RFP

puncta at 3 days could be used to track cells

with recent autophagy.

To test whether more cells containing

EGFP puncta at 1 day was due to reduced

degradation as a consequence of low levels

of lysosomal proteins or enzyme activities,

we performed immunoblot analyses of a

lysosomal marker Lamp2 and lysosomal

enzymes V-ATPase and cathepsin D. The

results showed no significant differences in

protein levels in the kidneys 1–7 days after

IRI (Figure 5D). To examine whether there

was a reduced V-ATPase activity that could

cause higher pH and less quenching of

EGFP fluorescence at different time points

after IRI, we focused on cells with autopha-

gic vacuoles and quantified the ratio of

EGFP and RFP puncta that were localized to the autolyso-

somes. The results showed that the ratio of EGFP over RFP

puncta was not significantly different at 1 and 3 days (0.20

versus 0.15), suggesting a similar lysosomal V-ATPase activity

to maintain lysosomal pH. We therefore concluded that there

Figure 2. EGFP and RFP puncta represent autophagic vacuoles and display differential
pH sensitivity. (A) EGFP and RFP fluorescent puncta are colocalized with SQSTM1, thus
representing autophagic vacuoles. (B) RFP puncta that do not emit EGFP are costained
with Lamp1, indicating their localization to the autolysosomes. Approximately 14% of
RFP puncta in the autolysosomes coemit weak EGFP signals (top), indicating that the
majority of EGFP loses its fluorescence in the autolysosomes. Treatment of the cells
with chloroquine to increase lysosomal pH results in an increased number of EGFP
puncta in the autolysosomes, supporting the pH sensitivity of the EGFP (middle). Im-
munostaining of FITC-labeled anti-EGFP reveals that all RFP-containing protein emits
FITC signals, indicating the presence of EGFP in the fusion protein (bottom). Scale bar,
10 mm.
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was no significant change in lysosomal degradation in the

postischemic kidneys.

Resolution of Autophagy Is Accompanied by Activation

of Mechanistic Target of Rapamycin

To understand the molecular events leading to the resolution

of epithelial autophagy, we examined the pathway of mech-

anistic target of rapamycin (mTOR) (previously referred to as

mammalian target of rapamycin), which was shown to inhibit

autophagy in many types of cells.17,18 Immunoblot analyses

showed an increase in the phosphorylation of mTOR sub-

strates S6 kinase and 4E-BP1 proteins in the postischemic kid-

neys, indicating mTOR activation (Figure 6A). Phospho-S6

kinase (p-S6) that was normally expressed in the distal nephron

and collecting ducts but not detectable in intact proximal tu-

bules could now be easily detected by immunostaining after

IRI. At 3 days, 24.0%60.3% of proximal tubular cells expressed

p-S6 (Figure 6B). Interestingly, 81.7%63.8% of the p-S6–

expressing cells contained no RFP puncta (not shown). Inhi-

bition of mTOR complex 1 (mTORC1) activity by treating the

mice with rapamycin resulted in a significantly increased num-

ber of proximal tubular cells to contain RFP puncta at 3 days

(36.0%64.1% in rapamycin-treatedmice versus 24.0%64.1%

in vehicle-treated mice, n=3, P,0.05). Quantification of early

autophagic vacuoles represented by the presence of EGFP

puncta showed a 5-fold increase in EGFP-containing proximal

tubular cells, indicating increased initiation of autophagy when

mTORC1 was inhibited.

To examine whether resolution of autophagy is accompa-

nied by tubular repair, we quantified Ki67 expression that

identified proliferating cells in the late G1 to M phases19 in the

outer stripe of the outer medulla where the S3 segments of

proximal tubules were localized (Figure 6C). At 3 days after

IRI, Ki67 expression was significantly higher in cells that did

not contain RFP puncta (38.3%63.5%) compared with cells

that contained RFP puncta (13.0%60.3%). Because cell cycle

arrest has been reported in autophagic cells,20 we examined

autophagic and nonautophagic cells for the expression of

phospho-histone H3 (Figure 6D), which identified cells in

the late G2 and M phase.21 The results showed no difference

in the expression of phospho-histone H3 (2.03% versus 2.54%,

P.0.05), suggesting that the lower rate of proliferation in

autophagic cells was likely due to reduced cell cycle entry and/or

slow progression in the early phase of the cell cycle. Next, we

examined whether activation of mTOR in autophagic cells

could stimulate proliferation by comparing Ki67 expression

in RFP-containing cells in which p-S6 was activated or inacti-

vated. The results showed a significantly higher proliferation

rate when p-S6 was activated (Figure 6E). Finally, treating mice

with rapamycin that prevented the phosphorylation of S6 ki-

nase resulted in a 2-fold decrease in Ki67 expression in injured

proximal tubules that expressed kidney injury molecule 1

Figure 3. RFP puncta corresponds to Atg5 and endogenous LC3-II protein levels. (A) Glucose and amino acid deprivation of primary
cultures of renal epithelia cells by incubating cells with EBSS for 2 hours results in a 10-fold increase in cells containing$3 RFP puncta. (B)
Immunoblot analysis shows parallel increases in Atg5 and endogenous LC3-II protein levels in cells with nutrient deprivation. Cells
grown under nutrient-abundant conditions are used as controls. Values are the mean6SEM; n=3. *P,0.05. (C) Immunoblot analysis
shows that chloroquine inhibits LC3-II degradation under basal and starvation conditions. (D) The addition of chloroquine to cells
incubated with EBSS results in a decrease in the number of autophagosomes (yellow dots without Lamp1). However, within the au-
tolysosomes that are Lamp1 positive, there is an increase in yellow dots (yellow) and a reciprocal decrease in red dots (red), reflecting
the recovery of EGFP in the presence of chloroquine. (E) The illustration demonstrates the number and localization of fluorescence dots
in cells treated with chloroquine. AL, autolysosome; AP, autophagosome; HCQ, chloroquine. Scale bar, 10 mm.
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(Figure 6F), further supporting the role ofmTOR activation for

autophagy resolution and tubular repair.

DISCUSSION

In renal tubular cells of CAG-RFP-EGFP-LC3 mice, the EGFP

and RFP puncta outside the autolysosome were distinctly

bright, which offered the advantage of easy distinction from

autofluorescence thatmight be present in the kidney.We perfused

the kidneys with PFA at the time the mice were euthanized

to fix the protein immediately and to eliminate any possible

autophagy induction during sample preparations. Although

using 4% PFA solution (pH=7.4) could potentially raise the

lysosomal pH, resulting in less quenching of EGFP fluores-

cence in the autolysosomes in some cell types, our results sug-

gested that this was not the case in tubular epithelial cells.

When the same method was used for all samples, we found

that a significantly lower number of proximal tubular cells con-

tained EGFP puncta at 3 days (0.9%) compared with 1 day

(23%) after IRI, arguing against the nonspe-

cific pH effect of PFA. Because levels of lyso-

somal proteins including V-ATPase were

similar at 1–7 days after IRI, a lower number

of EGFP puncta at 1 day was unlikely due to

more rapid degradation. Indeed, 14% of

EGFP in the autolysosome (pH = 4–5) con-

tinued to emit weak green fluorescence. Be-

cause the EGFP signal is dependent on the

enzymatic degradation and the speed at

which the acidic pHof the lysosomequenches

the fluorescence,22 the presence of EGFP

signals in autolysosomes limits the utility

of using the yellow dots to identify early

autophagic vacuoles (before the fusion

with lysosomes) and red dots to identify

autolysosomes. Additional immunostain-

ing of Lamp1 with the RFP fluorescence

could help to distinguish autolysosomes

(containing Lamp1) from early autophagic

vacuoles (containing no Lamp1). A more

acid-sensitive fluorescent protein such as

mWasabi, which has a pKa at 6.5 and is pre-

dicted to have a more complete loss of fluo-

rescence in the autolysosomes,12 may be

used to generate futuremouse tools to track

autophagic flux more directly.

RFP protein, but not EGFP protein, is

reported to be accumulated in lysosomes

of mouse embryonic fibroblasts transfected

with plasmids expressing recombinant GFP

or GFP-like proteins.23 This raises the ques-

tion of whether RFP-positive dots may be

lysosomes, but not autolysosomes, in mice

expressing RFP-EGFP-LC3 fusion protein,

although the inclusion of LC3 in the fusion protein could pos-

sibly facilitate the incorporation of the protein into autophagic

vacuoles rather than lysosomes.We examined cells stained with

FITC-labeled anti-EGFP antibody and showed that all RFP

puncta emitted FITC signals. Because EGFP protein is suscep-

tible to degradation when directly exposed to low pH and ly-

sosomal contents,23 our results suggest that these RFP puncta

are most likely not inside the lysosome in renal epithelia cells.

Autophagy is essential for energy reutilization under stress

and nutrient deprivation.2 In renal proximal tubules, autoph-

agy was not increased during the acute ischemic period or

4 hours after reperfusion, but was increased at 8 hours and

reached peak at 1–3 days after IRI. This finding suggests that,

in addition tometabolic adaptation, autophagymay play a role

in the clearance of damaged organelles and in the remodeling

of tubular cells during renal repair. Under physiologic condi-

tions, autophagy is required to maintain epithelial structural

and functional integrity. Deletion of Atg5 in tubular epithelial

cells resulted in a time-dependent accumulation of concentric

membrane bodies, deformed mitochondria, and p62- and

Figure 4. Mice respond to starvation with visible EGFP and RFP puncta in kidney
tubules and glomeruli. (A) Under normal conditions, epithelial cells of nephron seg-
ments exhibit occasional EGFP and few RFP puncta. Intercalated cells (arrows, stained
with anti–V-ATPase, blue), but not principal cells (stained with DBA, blue), of the col-
lecting ducts show abundant RFP and some EGFP puncta (top panel). Starvation for 32
hours results in increased numbers of EGFP and RFP puncta in epithelial cells of all
nephron segments and collecting ducts (bottom panel). Markers of nephron segments
(blue) are LTA, anti-TSC, and anti-THP to identify the proximal tubules, distal tubules,
and thick ascending limbs, respectively. Glomerular podocytes labeled with WT1 (blue
nuclear staining, arrows) show abundant RFP and EGFP signals under basal and star-
vation conditions. (B) Immunostaining of Lamp1 shows that the majority of RFP puncta
that coemit EGFP are not stained for Lamp1, thus representing phagophores and
autophagosomes. In comparison, RFP stand-alone puncta are costained for Lamp1,
thus representing autolysosomes. ct, collecting duct; DBA, Dolichos biflorus agglu-
tinin; dt, distal tubule; LTA, Lotus tetragonolobus agglutinin; pt, proximal tubule; tal,
thick ascending limb; THP, Tamm-Horsfall protein; TSC, thiazide-sensitive NaCl co-
transporter. Scale bar, 20 mm.

310 Journal of the American Society of Nephrology J Am Soc Nephrol 25: 305–315, 2014

BASIC RESEARCH www.jasn.org



ubiquitin-positive inclusion bodies.7,8Mice exhibited elevated

basal levels of creatinine, indicating renal functional impair-

ment. When subjected to IRI, mice with Atg5 deletion had

more apoptosis in proximal tubules and a higher level of uri-

nary neutrophil gelatinase-associated lipocalin, a biomarker

for renal injury.24 Themice also showed persistent elevation of

serum urea nitrogen and creatinine for up to 16 days after IRI.8

Because autophagy wasmore pronounced at 1–3 days after IRI

when tubular repair is most active,16 it is

conceivable that mice with autophagy

defects could also have defects in tubular

repair. Future studies using autophagy in-

hibitors or inducible systems to delete Atg

protein during the reparative phase could

test this possibility and provide insights

into the role of autophagy in tubular qual-

ity control and regeneration.

Taking advantage of being able to iden-

tify the individual autophagic cells, we

examined the initiation and resolution of

autophagy and studied themolecular events

associated with this dynamic process in the

same cell. mTOR is an energy sensor and its

activity is reducedwith nutrient and growth

factor deficiency.25 mTORC1 is activated

upon energy restoration and/or in the pres-

ence of growth factors. In many cell types,

activation of mTORC1 is sufficient to sup-

press autophagy by preventing the formation

of Atg complexes.17 mTOR phosphorylates

and inhibits the kinases ULK1/2, catalytic

subunits of a protein kinase complex that

initiates the autophagic cascade.26,27 Similar

to reports by Lieberthal et al.,28,29we showed

activation of mTORC1 in the proximal tu-

bules of the postischemic kidneys. At 3 days

after IRI, cells with mTORC1 activation had

fewer RFP puncta. This raises the possibility

that activation of mTOR could prevent

autophagy initiation or lead to autophagy

resolution by accelerating the fusion of

auphgosomes with lysosomes or enhancing

the degradation of autophagosomes con-

tents. The fact that lysososomal protein lev-

els remained unchanged after IRI did not

support the possibility of more rapid deg-

radation. On the other hand, treatment of

mice with rapamycin to inhibit mTORC1

activity resulted in higher numbers of

EGFP puncta, which represented the early

autophagic vacuoles, and supported the pos-

sibility of suppression of early autophagic

processing.

We showed that activation of mTOR

resulted in increased cell proliferation and

inhibitionofmTORwith rapamycin led to a2-fold reduction in

proliferation. These results are consistent with the study

showing that rats receiving rapamycin treatment had a lower

rate of tubular proliferation and delayed recovery of renal

function after ischemic injury.28 In mice with cisplatin-

induced AKI, however, rapamycin treatment led to a modest

but statistically significant reduction in BUN and creatinine

and a better renal morphology. The beneficial effect was

Figure 5. Dynamic changes of autophagy in proximal tubules after IRI. (A) The per-
centage of proximal tubules containing EGFP or RFP puncta peaks at 1 day and returns
to close to baseline at 7 days after IRI. Proximal tubules are stained with LTA (blue). (B)
Immunoblot analysis shows increased protein levels of Atg5 and endogenous LC3-II in
the kidneys after IRI. Values are the mean6SEM; n=3. *P,0.05. (C) The vast majority of
EGFP puncta are not stained for Lamp1 (blue) at 1 and 3 days after IRI, indicating that
EGFP puncta represent early autophagic vacuoles. (D) The levels of lysosomal proteins
Lamp2, V-ATPase, and cathepsin D do not change significantly in postischemic kid-
neys. LTA, Lotus tetragonolobus agglutinin. Values are the mean6SEM; n=3. Scale
bar, 20 mm.

J Am Soc Nephrol 25: 305–315, 2014 Tubular Autophagic Process 311

www.jasn.org BASIC RESEARCH



related to the increase in LC3-II levels at 2 days after cisplatin

injection, suggesting that early activation of autophagy during

the injury phase protected against chemical toxicity. During

the repairing phase, we demonstrated that autophagic cells

had reduced Ki67 expression and therefore were less likely

to function as precursors for cell division required for tubular

repair. We proposed that mTOR activation provides a feedback

mechanism to release cells from autophagy and to stimulate cell

cycle entry. At this time, signals permitting the transition from

cell catabolism to cell growth are not clear, but could include

knownmTORactivators such as insulin-like growth factor 1 and

hepatocyte growth factor, which have been shown to be upregu-

lated in the postischemic kidneys.30–32 Interestingly, data ob-

tained from cell-free system and cultured HEK-293T cells

showed that amino acids in the lysosomes activate Rag GTPases,

which recruit mTORC1 to the lysosomal surface for its

activation.33 Another study in normal rat kidney cells indicated

that nutrients generated by starvation-induced autophagy acti-

vated mTOR, leading to autophagy termination. Inhibition of

protein degradationwith lysosomal enzyme inhibitors abolished

mTOR activation.34 Future studies will test whether nutrients

generated by autophagy in the postischemic kidneys function

in a similar fashion to activate mTOR, resulting in the switch

from catabolism for cell survival to proliferation for tubular

repair.

CONCISE METHODS

Generation of CAG-RFP-GFP-LC3 Mice
To generate the CAG-RFP-GFP-LC3 transgenic construct, we first am-

plified the RFP-GFP-LC3 sequence from ptfLC3 (PMID: 17534139). To

Figure 6. mTOR activation accompanied with autophagy resolution and renal repair. (A) Immunoblot analysis shows increased levels of
p-S6 kinase and p-4E-BP1 protein expression in postischemic kidneys. (B) Immunostaining shows that p-S6 protein (red, arrows) is easily
detected in proximal tubular epithelial cells (stained green with LTA) after IRI. In sham-operated mice, proximal tubules (green with LTA
staining) show no p-S6 expression. However, p-S6 (red, arrowheads) is expressed in collecting ducts (blue with DBA staining). (C) Ki67
expression (blue) is reduced in autophagic cells that contain RFP puncta (arrowhead) compared with nonautophagic cells that contain no
RFP puncta (arrows). (D) No significant differences in phospho-histone H3 expression (cyan) are detected in autophagic cells that contain
RFP puncta (arrowhead) compared with nonautophagic cells (arrows) that contain no RFP puncta. Nuclei are stained with 49,6-diamidino-
2-phenylindole. (E) Activation of p-S6 kinase (green) in autophagic cells results in increased cell proliferation with the expression of Ki67
(blue, arrows). (F) Rapamycin injection results in a 2-fold decrease in Ki67 expression (blue, arrows) in injured proximal tubular cells that
express kidney injury molecule 1 (green). Values are the mean6SEM; n=3. *P,0.05. cd, collecting duct; DBA, Dolichos biflorus ag-
glutinin; LTA, Lotus tetragonolobus agglutinin; pt, proximal tubule; rap, rapamycin; veh, vehicle. Scale bar, 20 mm.
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facilitate protein purification, a Strep-tag sequence (WSHPQFEK) was

added in front of RFP. The PCR product with XhoI at 59 and NotI at 39

was inserted to pCR4TA (Invitrogen) and sequenced from both ends

(Genewiz). The fragmentwas then cloned into pCAGENvector (PMID:

1660837) between XhoI and NotI sites. The transgene was under the

control of a CAG promoter. The CAG-RFP-GFP-LC3 construct was

then linearized by SpeI and HindIII digestion. The 4.2 kb fragment

was purified and submitted for pronuclear injection into mice with

C57/B6 background by the Transgenic Core facility at the University

of Texas SouthwesternMedical Center. Genotypingwas performedwith

specific primers for a product of 208 bp in size (forward: CATGGAC-

GAGCTGTACAAGT; reverse: CACCGTGATCAGGTACAAGGA).

Renal IRI in Mice
Methods for renal IRIwere previously described.16Briefly, femaleCAG-

RFP-GFP-LC3mice (aged 6–8weeks)were anesthetizedwith isoflurane,

and renal IRI was created by clamping the left renal pedicles for 45

minutes followed by clamp release to allow reperfusion to the kidney.

The right kidney was left intact. Sham-operated mice underwent the

identical procedure except that clamping of the renal pedicles was omit-

ted. For immunohistochemistry, the mice were perfused with 4% PFA

via the left ventricle, and kidney cryosections at 6-mm thickness were

used. For immunoblot analysis, the renal cortex and the outer strips of

the outer medulla were snap-frozen in liquid nitrogen for total cellular

protein isolation. To inhibit mTORC1 activity, mice were given daily

intraperitoneal injection with rapamycin (LC Laboratories) at 5 mg/kg

of body weight 1 day before and 2 days after renal ischemic injury. All

experiments involving animals were performedwith the approval of the

Institutional Animal Care and Research Advisory Committee at Co-

lumbia University and the University of Texas Southwestern Medical

Center at Dallas.

Renal Tubular Epithelial Cell Culture and Treatment
Methods for primary renal tubular epithelial cells culture were

previously described.35 Briefly, kidneys were collected from 3-week-

old female CAG-RFP-GFP-LC3 mice after perfusion with 30 ml of

sterile PBS followed by 3 ml of 0.2% collagenase (Sigma-Aldrich).

Kidneys were cut into 1- to 2-mm3 pieces and digested with collage-

nase for 10 minutes at 37°C with gentle shaking. The digestion mix-

ture was filtered through a 40-mm cell strainer (Biosciences), washed,

and plated into 10-cm cell culture dishes in DMEM/F12 medium

supplemented with insulin (8.331027 M), selenium (6.831029

M), transferrin (6.231028 M), triiodothyronine (231029 M), and

2% FCS (Gemini Bio-Product). Medium was changed 24 hours after

initial plating. Confluent cells were transferred into chamber slides or

petri dishes and incubated with the above culture medium or EBSS

(Sigma-Aldrich) for 2 hours to deprive glucose and amino acids.

Some cells grown on chamber slides were incubatedwith chloroquine

diphosphate salt (Sigma-Aldrich) at 40 mg/ml for 2 hours during

starvationwith EBSS before fixationwith 4%PFA for further analysis.

Immunohistochemistry and Image Analyses
Immunohistochemistry was performed using established methods.36

The following antibodies at the indicated dilutions were used: Lamp1

(1:200; Abcam), kidney injury molecule 1 (1:800; R&D Systems),

phospho-S6 ribosomal protein (Ser-235/236, 1: 200; Cell Signaling

Technology), V-ATPase B1/2 (1:500; Santa Cruz Biotechnology), thi-

azide-sensitive NaCl cotransporter (1:200; generous gift from Mark

Knepper at the National Institutes of Health [NIH]), Tamm-Horsfall

protein (1:200; Biomedical Technologies, Inc.), Ki67 (1:200; Leica Bio-

systems), phospho-histone H3 (1:1000; Sigma-Aldrich), SQSTM1or

p62 (1:200; Abnova), ZO-1 (1:1000; Zymed Laboratories), E-cadherin

(1:100; Invitrogen), WT1 (1:50; Santa Cruz Biotechnology), and FITC-

conjugated anti-GFP (1:200; Rockland). Secondary antibodies were

conjugated to Cy5 (1:100; Molecular Probes) or Alexa Fluor 488 for

all the primary antibodies. Tissue sections were incubated with the

primary antibody at 4°C overnight after incubation with blocking so-

lution (10%goat serumand 0.3%BSA inPBS) and then the appropriate

secondary antibody for 1 hour at room temperature. Biotin-conjugated

Lotus tetragonolobus agglutinin (1:800; Vector Laboratories) was used to

stain proximal tubules andfluorescencewas detectedwithDaylight 649-

conjugated streptavidin (1:400; Vector Laboratories). The slides were

mounted with VECTASHIELD and examined using a Zeiss Observer

Z1 fluorescence microscope. Images were acquired using a digital cam-

era and analyzed with AxioVision Rel. 4.8.2 software (Carl Zeiss). Some

images were obtained by laser scanning confocal microscopy (Zeiss

LSM 510 META). Images were analyzed using the Zeiss LSM 510 soft-

ware package.

Immunoblot Analyses
Preparation of cellular extracts and immunoblot analysis were

performed as previously described.36 For protein extraction, 2% SDS

buffer was used and kidney lysates were kept at room temperature for

20 minutes before centrifugation at 13,000 rpm for 5 minutes. Mem-

branes were probedwith antibodies to LC3 (1:700; Novus Biologicals),

Atg5 (1:2000; Millipore), Lamp2 (1:5000; Abcam), cathepsin D

(1:5000; Santa Cruz Biotechnology), V-ATPase B1/2 (1:5000; Santa

Cruz Biotechnology), phospho-4E-BP1 (1:2000; Cell Signaling Tech-

nology), and phospho-S6 ribosomal protein (Ser-235/236, 1:2000;

Cell Signaling Technology). The membrane was incubated with the

appropriate secondary antibody conjugated with horseradish peroxi-

dase and detected by chemiluminescence. Samples were examined

with an antibody to glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) (1:1000; Santa Cruz Biotechnology) for loading controls.

Protein intensities were quantified using NIH ImageJ 1.47 software

and normalized to the intensities of the corresponding Gaphd as

loading controls.

Quantification and Statistical Analyses
To quantify fluorescence signals in primary cultures of renal tubular

epithelial cells, images at magnifications of 3400 and 3630 were

randomly selected and at least a total of 500 cells were counted in

each experiment. Cells that contained$3 RFP or EGFP puncta were

selected and counted as autophagic cells.37To quantify immunostain-

ing in the kidney, 10 fields from the outer stripe of the outer medulla

were randomly selected. The number of animals used is indicated in

each experiment. Each immunostaining was conducted in duplicate.

Data are presented as themean6SEM. The t test was used to compare

the differences between the two groups. A two-tailed P value of,0.05

was considered to be statistically significant.
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