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Abstract

Mutation in presenilin 1 (PS1) is one of the leading causes of familial Alzheimer’s disease (fAD).

PS1 mutation exacerbates the autophagic and lysosomal pathology in AD patients, leading to

accumulation of partially degraded material in bloated lysosomes and autophagosomes – a

pathology that bears some resemblance to other diseases characterized by elevated lysosomal pH,

like age-related macular degeneration. In this study, we examined the effect of the PS1-fAD

mutation A246E on lysosomal pH and lysosomal function, and asked whether restoration of

lysosomal pH could reverse some of these changes. Lysosomal pH was elevated by 0.2-0.3 pH

units in human fibroblasts with the PS1-fAD mutation. The lysosomal alkalization in PS1-fAD

fibroblasts was supported by a reduction in the pH-dependent cleavage of cathepsin D and by a

reduction in binding of BODIPY FL-pepstatin A to the cathepsin D active site. PS1-fAD cells had

increased LC3B-II/-I ratios and p62 levels, consistent with impaired lysosomal degradation and

analogous to changes induced by lysosomal alkalinization with chloroquine. PS1-fAD fibroblasts

had increased expression of ATP6V1B2, ATG5, BECN1 TFEB mRNA, and of ATP6V1B2, ATG5

and beclin at the protein level, consistent with chronic impairment of autophagic and lysosomal

functions in the mutant cells. Critically, cAMP treatment reacidified lysosomal pH in mutant PS1-

fAD; cAMP also increased the availability of active cathepsin D and lowered the LC3B-II/-I ratio.

These results confirm a small elevation in the lysosomal pH of human PS1-fAD fibroblasts,

demonstrate that this lysosomal alkalization is associated with chronic changes in autophagy and

degradation, and suggest that treatment to reacidify the lysosomes with cAMP can reverse these

changes.
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1. Intracellular waste products, damaged organelles and other targets of bulk cellular

degradation reach the lysosomes via the process known as macroautophagy (henceforward,

simply “autophagy”). The efficient clearance of this material is of particular importance in

post-mitotic cells such as cortical neurons (Boland et al., 2008). This degradation is highly

dependent on lysosomal pH (pHL): activity of lysosomal enzymes is optimal over a narrow

range of acidic levels. Substantial shifts in pHL, such as those induced by drugs like

chloroquine or bafilomycin, can severely disrupt degradative enzyme activity and block

fusion of autophagosomes with lysosomes (Yamamoto et al., 1998, Klionsky et al., 2008).

However, even an increase of only a few tenths of a unit is sufficient to depress the activity

of key lysosomal proteases and lipases (Barrett, 1970, 1972, 1973, Schwartz and Bird, 1977,

Ameis et al., 1994). These moderate elevations of pHL can perturb the clearance of cellular

waste and lead to a backup of the autophagic pathway, resulting in a slow accumulation of

waste with time.

Though the pH dependence of lysosomal enzyme activity has been recognized for decades, a

role for impaired degradation has only been implicated in neurodegenerative diseases more

recently (Pacheco et al., 2007, Cheung and Ip, 2009, Martinez-Vicente et al., 2010, Winslow

et al., 2010, Elrick and Lieberman, 2013). Alzheimer’s disease (AD) is of importance in this

regard, as fundamental defects in autophagy and autophagic degradation have been observed

(Cataldo and Nixon, 1990, Cataldo et al., 1996, Cataldo et al., 2004, Nixon, 2005, Nixon et

al., 2005, Nixon and Cataldo, 2006, Khurana et al., 2010, Lipinski et al., 2010). Although

the canonical pathologies of Alzheimer’s disease include tau and amyloid-β deposition, the

disease is also associated with the pathological build-up of partially degraded protein in

bloated lysosomes and autophagosomes (Nixon et al., 2005). While this so-called

“autophagic pathology” is observed in multiple forms of the disease, it is accentuated by

mutations in the transmembrane protein presenilin 1 (PS1), the catalytically active

component of the ı-secretase complex (Cataldo et al., 2004). As PS1 mutation is a common

cause of early-onset, inherited, familial Alzheimer’s disease (fAD), these autophagic defects

may impact disease progression. The missense mutation A246E, one of the first PS1

mutations to be identified (Sherrington et al., 1995), is of particular relevance. While the

protein with this point mutation is still capable cleaving amyloid precursor protein, it is

associated both with elevated Aı42/40 ratio (Scheuner et al., 1996, Qian et al., 1998) and

autophagic pathology (Lee et al., 2010). In addition, mice expressing the human A246E

transgene show increased amyloid beta in the absence of plaques, as well as reduced

performance (Lalonde et al., 2003). However, the mechanistic links between the mutation

and these pathologies remain unclear.

The potential contribution of lysosomal alkalization to this impaired degradation is currently

a matter of considerable interest. It has been suggested that the A246E mutation disrupts the

trafficking of a v-(H+)ATPase subunit to lysosomes and that lysosomal pH is elevated in
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these mutant cells (Lee et al., 2010). However, others have been unable to detect a

significant change in lysosomal pH using a variety of approaches (Neely et al., 2011, Coen

et al., 2012, Zhang et al., 2012) or confirm a role for defective lysosomal pH in disease

(Bezprozvanny, 2012). Given that accurate measurement of lysosomal pH is technically

challenging, this discrepancy is understandable. However, we have spent the past decade

developing a protocol that can accurately detect small changes in lysosomal pH. We have

demonstrated the effects of elevated lysosomal pH in retinal pigmented epithelial (RPE)

cells associated with Age-related Macular Degeneration (AMD) and have screened to

identify treatments that can reacidify damaged lysosomes and reverse the accumulation of

waste material (Liu et al., 2008, Baltazar et al., 2012, Guha et al., 2012, Liu et al., 2012,

Guha et al., 2013). Alzheimer’s disease has many parallels with AMD, including the slow

accumulation of incompletely degraded material in the lysosome and in lysosome-associated

organelles of aging post-mitotic cells (Isas et al., 2010, Ding et al., 2011, Kaarniranta et al.,

2011, Ohno-Matsui, 2011, Sivak, 2013). We thus applied our technique for accurate

detection of lysosomal pH to skin fibroblasts from humans with the PS1-fAD mutation and

found an elevation in lysosomal pH, a decrease in pH-dependent processing of cathepsin D

and changes in molecular and protein markers.

2. Experimental procedures

2.1. Culture of human skin fibroblast cells

This study used two distinct sets of control (CTRL) and PS1-fAD (A246E) human skin

fibroblasts from the NIA Aging Cell Culture Repository (Coriell, Camden, NJ): cell

numbers AG6840 and AG08170 were from two different PS1-fAD donors and termed “PS1-

fAD” cells, while numbers AG07621 and AG07623 were the control cells from unaffected

spouses of AD patients (termed “CTRL” cells). Cells were grown to confluence in 25cm2

primary culture flasks in minimum essential Eagle’s medium (Sigma-Aldrich, St. Louis,

MO) with 2mM GlutaMAX™, 100U/mL penicillin and 100μg/ml streptomycin and 15%

fetal bovine serum (all Life Technologies Corp., Grand Island, NY). Cells were incubated at

37°C in 5.5% CO2 and sub-cultured by room temperature incubation in 0.53mM EDTA in

HBSS (−Mg2+/−Ca2+), followed by incubation with 0.05% trypsin/0.48mM EDTA (Life

Technologies) at 37°C. Culture protocols followed in accordance with those provided by the

cell supplier. Data presented from PS1-fAD fibroblasts represent composite data from both

AG08640 and AG08170 lineages; data for CTRL fibroblasts represent composite data from

both AG07621 and AG07623 lineages. No clear differences were detected between cells

from different lineages but the same PS1 genotype.

2.2. Measurement of lysosomal pH from fibroblast cells

Lysosomal pH was measured as described using the dye LysoSensor Yellow/Blue DND-160

(Liu et al., 2008, Baltazar et al., 2012, Guha et al., 2012, Liu et al., 2012). The use of

LysoSensor Yellow/Blue (Life Technologies, Inc.) to measure lysosomal pH has the

advantage, common to ratiometric dyes, that the readout is independent of concentration.

Because the dye is membrane-permeable, readout is also representative of a broader range of

lysosomes than those reached by endocytosis of a dextran-tagged probe. Extensive

preliminary trials have optimized key experimental parameters including incubation time,

Coffey et al. Page 3

Neuroscience. Author manuscript; available in PMC 2015 March 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



dye concentration, etc. to minimize variation and give the best signal-to-noise ratio with the

lowest concentration of dye (Liu et al., 2008). For example, all readings used for a given

experimental set were performed simultaneously in 96-well plates. Incubation times were

monitored precisely, and all measurements were taken within 12-14 min of washing off the

dye. Calibrations were performed simultaneously in adjacent wells to ensure the relevance

of the measures.

In brief, CTRL and PS1-fAD fibroblasts from unaffected spouse donors were grown to at

least 80% confluence in black 96-well plates. Cells were assayed after a minimum of 6 days

in culture. The two cell types were plated in alternating rows to control for any signal

variation across the plate. To begin the assay, culture medium was removed and cells were

incubated for 3 min with 2μM LysoSensor Yellow/Blue in isotonic solution (NaCl, 105mM;

KCl, 5mM; HEPES-Acid, 6mM; Na-HEPES, 4mM; NaHCO3, 5mM; mannitol, 60mM;

glucose, 5mM; MgCl2, 0.5mM; CaCl2, 1.3mM; pH, adjusted to 7.4; osmolality, 300mOsm).

Dye loading and incubation steps were carried out at room temperature and in the dark.

After 3 min, cells were rinsed 3× with isotonic solution and incubated with additional

isotonic solution, with a relevant drug, or with pH calibration buffers. All final drug

applications (200nM bafilomycin A1, 20mM NH4Cl, 30μM tamoxifen, cAMP cocktail (500

μM cpt-cAMP, 100μM IBMX, 10μM forskolin (forskolin from LC Laboratories, Woburn,

MA)) were made up in isotonic solution. After 10 min, fluorescence was measured with a

Fluoroskan Ascent Microplate Fluorometer and recorded using the ASCENT software

package (both Thermo Scientific, Waltham, MA). Lysosomal pH was determined from the

ratio of light excited at 340nm over 380nm (F340nm/F380nm, 527nm emission). Mean light

levels at both emission wavelengths were integrated over 60 msec and recorded for each

well in sequence; this course was repeated every 60 seconds for 11 iterations. pH data are

the mean levels from 3-7 measurements taken 12-14 min after removal of the dye. In certain

recordings, absolute pH levels were obtained by calibrating the lysosomal pH against

standards; calibration wells were incubated with 15μM monensin and 30μM nigericin, each

a proton-cation ionophore that permeabilizes the lysosomal membrane to Na+ and K+,

respectively. These ionophores were added in a solution of 20mM MES (2-(N-

Morpholino)ethanesulfonic acid), 110mM KCl and 20mM NaCl, at pH values of 4.0, 4.5,

5.0, 5.5 and 6.0. It should be noted that while the use of ionophores to calibrate fluorescent

ratios into absolute values is relatively precise when working with a cytoplasmic readout

such as with fura-2 (Grynkiewicz et al., 1985), the complexities of permeating both the

plasma membrane and vesicular membranes can lead to small variations in the absolute

levels. However, our approach of measuring output simultaneously from cells grown on a

single plate, and then calibrating and normalizing to the mean control level for each plate,

ensures that the differences observed between cell types and between treatment conditions

are repeatable and reliable.

2.3. Confocal microscopy

CTRL and PS1-fAD fibroblasts were grown to near-confluence on glass coverslips. For

LysoSensor/LysoTracker staining, coverslips were first rinsed 3× in warm isotonic solution,

then co-incubated in fresh growth medium with 2μM LysoSensor Yellow/Blue and 50nM

LysoTracker DND-99 for just over 30 min at 37°C. For BODIPY FL-pepstatin A staining,
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coverslips were rinsed and then co-incubated in fresh growth medium with 1ug/ml μM

BODIPY FL-pepstatin A (Life Technologies) for 1h. Following incubation, coverslips were

rinsed 3× times and then imaged on a warm stage using a Nikon A1R Laser Scanning

Confocal Microscope and the University of Pennsylvania Live Cell Imaging Core.

LysoSensor signal was excited at 407nm using the microscope’s 405nm Diode laser;

emission was read at 450nm. The LysoTracker signal was excited at 562nm using the

microscope’s DPSS laser; emission was read at 595nm. The BODIPY FL-pepstatin A signal

was excited at 488nm using the microscope’s Argon laser; emission was read at 525nm.

Image capture and analysis were performed using Nikon Elements Advanced Research

Software package 3.2. Image capture on live cells was completed within 15min of

completing dye incubation for LysoSensor/LysoTracker staining, and within 30min of

completing dye incubation for BODIPY FL-pepstatin A.

2.4. Immunoblots

CTRL and PS1-fAD fibroblasts were grown to confluence in adjacent wells of 6-well plates,

and assayed after a minimum of 6 days in culture. On the day of protein collection, existing

medium was replaced with one of three media solutions: fresh medium (components as

described above: minimum essential Eagle’s medium, fetal bovine serum, GlutaMAX,

penicillin/streptomycin), fresh medium plus 10μM chloroquine (CTRL fibroblasts only), or

fresh medium plus cAMP cocktail. Fibroblast cultures were incubated in these solutions for

6 hours at 37°C. Cells were rinsed 3× in DPBS (+Ca2+/+Mg2+)(Life Technologies). Total

protein was extracted from fibroblasts using RIPA buffer (Sigma-Aldrich OR made in-

house) plus Complete Mini Protease Inhibitor Cocktail Tablets (Roche Applied Science,

Indianapolis, IN) according to standard protocols. Protein concentration in cellular extracts

was quantified on the BioPhotometer spectrophotometer (Eppendorf AG, Hamburg,

Germany) using the Pierce® BCA Protein Assay Kit (ThermoFisher Scientific).

Protein samples were prepared for agarose gel electrophoresis according to standard

protocols and run at 130V on a 4-15% Mini-PROTEAN® TGX™ Gel with 50μL well depth

(Bio-Rad, Hercules, CA). Gel-bound samples were then transferred to a PVDF membrane

(EMD Millipore, Billerica, MA) for immunoblotting. A solution of 5% non-fat milk (Bio-

Rad) was used for membrane blocking. To detect p62, the mouse mAb p62/SQSTM1 (D-3)

was used (#sc-28359, Santa Cruz Biotechnology, Santa Cruz, CA). To detect LC3B, the

rabbit mAb LC3B (D11) XP® was used (#3868S, Cell Signaling Technology, Beverly,

MA). To detect vATPaseB2, the rabbit pAb Anti-ATP6V1B2 was used (#ab73404, Abcam,

Cambridge, MA). To detect Atg5, the rabbit mAb Atg5 (D1G9) was used (#8540, Cell

Signaling Technology). To detect Beclin-1, the rabbit mAb Beclin-1 (D40C5) was used

(#3495P, Cell Signaling Technology). To detect GAPDH, the rabbit mAb GAPDH (14C10)

was used (#2118S, Cell Signaling Technology). The antibody used to detect cathepsin D

was a generous gift from Kathleen Boesze-Battaglia. All primary Abs were used at a

dilution of 1:1000. Secondary Abs were used at a dilution of 1:3000 and consisted of either

sheep anti-mouse (GE Healthcare Life Sciences, Amersham, UK) or donkey anti-rabbit (GE

Healthcare Life Sciences) IgG as HRP-linked whole Ab for ECL chemiluminescence.

Visualization and band quantification were performed on an ImageQuant LAS 4000

biomolecular imaging system (GE Healthcare Life Sciences, Pittsburgh, PA).
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2.5. qPCR

Total RNA was isolated from cultured human skin fibroblast cells using the TRIzol (Life

Technologies) extraction protocol, with glycogen (Life Technologies) added to improve

yield. RNA yield was determined by absorbance at 260nm, and purity confirmed by

measurement of 260nm/280nm ratio on Eppendorf Biophotometer Spectrophotometer. 1μg

of total RNA was converted into cDNA using the High Capacity RNA-to-cDNA first strand

synthesis kit (Applied Biosystems). Human primers were purchased from Life

Technologies/Sigma-Aldrich and constructed according to specifications given in Table 1.

qPCR was performed using the Power SYBR Green detector (Life Technologies) on a Life

Technologies 7300 Real Time PCR System. Final primer concentration in each well was

1μM sense and 1μM antisense primer. The thermal cycling profile was as follows: Stage 1,

50°C for 2min (1 cycle); Stage 2, 95°C for 10 min (1 cycle); Stage 3, 95°C for 15s followed

by 60°C for 1min (40 cycles). Expression levels of genes of interest were normalized

internally to each sample’s expression of the housekeeping gene ACTB (β-actin). ACTB

expression did not differ between CTRL and PS1-fAD fibroblasts across all experimental

trials. All runs included a final dissociation stage to confirm amplification of only desired

products. To control for genomic DNA contamination, PCR was also performed on samples

from reverse transcriptase reactions in which the enzyme was omitted. No products were

observed from these samples, indicating that no genomic DNA contaminated our

experimental samples.

2.6. Data analysis

All data are given as mean ± standard error of the mean. Significance was defined as p<0.05

and was determined using a one-way ANOVA followed by an appropriate post hoc test

using SigmaPlot statistics software (v11.0, Systat Software, Inc., San Jose, CA) unless

otherwise noted. When data were not normally distributed, ANOVAs were performed on

ranks.

All chemicals and compounds used were from Sigma-Aldrich Corp., St. Louis, MO unless

otherwise indicated.

3. Results

3.1. Lysosomal pH is elevated in PS1-fAD fibroblasts

Initial experiments established the feasibility of performing reliable measurements of

lysosomal pH from fibroblasts using our protocols. Fibroblasts derived from normal subjects

(CTRL) were plated into black-walled 96-well plates and briefly incubated with different

compounds known to increase pHL through varied mechanisms. These compounds included:

200nM bafilomycin A1, a specific inhibitor of v-(H+)ATPase (Bowman et al., 1988); 20mM

NH4Cl, a lysosomotropic weak base (Ohkuma and Poole, 1978); 30μM tamoxifen, a tertiary

amine whose pHL-elevating activity is distinct from its estrogen-like activity (Altan et al.,

1999); and 10μM chloroquine, a lysosomotropic agent that becomes “trapped” in the

lysosome following protonation (de Duve et al., 1974, Chung, 1986). A representative pH

measurement is shown to illustrate the strong effect of each compound upon pHL (Fig. 1,

panels A-D). Bafilomycin A1 (Fig. 1A), NH4Cl (Fig. 1B), tamoxifen (Fig. 1C), and
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chloroquine (Fig. 1D) led to a significant rise in lysosomal pH levels, as expected. While

absolute level of baseline pHL varied somewhat, the baselines recorded were comparable to

lysosomal pH levels in other cell types, and were well within the usual acidic range of the

lysosomal enzymes. Importantly, the differences found within the same experimental trial

were constant. These findings verified our ability to effectively measure pHL in these

fibroblasts, and showed that the pHL could be manipulated using standard procedures and

compounds.

Subsequent experiments compared the baseline lysosomal pH levels between CTRL and

PS1-fAD fibroblasts. The fibroblasts examined had the PS1-fAD missense mutation A246E,

which is linked to both perturbed autophagy (Lee et al., 2010) and elevated Aı42/40 ratio

(Scheuner et al., 1996, Qian et al., 1998). Fig. 1E illustrates a typical experiment, with

CTRL fibroblasts at a pH of from 4.38 ± 0.13 and PS1-fAD fibroblasts at 4.75 ± 0.17. This

small but significant elevation in lysosomal pH was confirmed in numerous trials from both

sets of donor pairs. In a total of 26 individual trials, a significant elevation in lysosomal pH

was detected in the PS1-fAD cells, as indicated by an increased emission ratio (Fig. 1F, the

ratios were more reliable than calibration across double membranes - see Methods). This

rise corresponds to an increase of approximately 0.2 pH units. No substantive difference was

observed in autofluorescence between CTRL and PS1-fAD fibroblasts at wavelengths used

for the pHL assay.

While fluorescent readings from the plate reader provided the most accurate comparison of

lysosomal pH, it was important to examine the lysosomes microscopically. No major

difference in overall LysoSensor staining patterns or fluorescence output from the two cell

types was observed by confocal imaging (Figs. 1G-H). Similarly, no substantial differences

were observed between CTRL and PS1-fAD cells using LysoTracker dye (Figs. 1I-J). With

both dyes, the number and distribution of fluorescing organelles varied on a cell-to-cell

basis. Bafilomycin treatment completely eliminated LysoTracker fluorescence for both cell

types, confirming the readout.

3.2. Availability of active cathepsin D is reduced in PS1-fAD fibroblasts

Cathepsin D, the primary aspartyl protease of the lysosome, has a particularly acidic pH

optimum (Barrett, 1970) as well a pH-dependent maturation (Rosenfeld, 1982). It was

therefore reasoned that the enzyme’s sharp tuning would make its activity and availability

particularly sensitive to pH shifts over the range observed in the PS1-fAD fibroblasts. To

this end, both CTRL and PS1-fAD fibroblasts were incubated with BODIPY FL-pepstatin

A, which selectively binds to active cathepsin D (Chen et al., 2000), and examined under a

confocal microscope. PS1-fAD cells exhibited markedly reduced BODIPY FL-pepstatin A

fluorescence when compared against CTRL fibroblasts (Fig. 2A). When mean fluorescence

intensity per cell was calculated for both CTRL and PS1-fAD fibroblasts, BODIPY FL-

pepstatin A fluorescence was significantly reduced by approximately 50%, indicating a

substantial loss in the availability of active cathepsin D with PS1-fAD mutation (Fig. 2B).

Having observed a significant reduction in active site availability by BODIPY FL-pepstatin

A, cathepsin D levels in both CTRL and PS1-fAD fibroblasts were next examined by

Western blot. The antibody detected four primary bands: one each at 52 and 47kDa,
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corresponding with immature/intermediate forms of cathepsin D (Gieselmann et al., 1983),

and one each at 34 and 28kDa, corresponding with processed, mature forms of cathepsin D

(Fig. 2C) (Erickson et al., 1981). The ratio of 28kDa/52kDa cathepsin D was found to be

significantly reduced in PS1-fAD fibroblasts, indicating impaired maturation of cathepsin D

in mutant cells (Fig. 2D). Importantly, while no significant changes were observed in the

relative levels of either the 52 or 47kDa forms of cathepsin D (Fig. 2E,F), the reduction in

levels of mature cathepsin D approached significance at 34kDa (Fig. 2G) and was

significant at 28kDa when compared against CTRL fibroblasts (Fig. 2H). This indicated that

the PS1-fAD cells have reduced maturation, and not initial production, of the protease.

Together, these data support the premise that even a small pH elevation has real

consequences for the functionality of a major lysosomal enzyme, and suggest that PS1-fAD

cells may have impaired degradation as a consequence of the loss of cathepsin D.

3.3 Altered levels of key proteins support elevated pHL

The finding that cathepsin D availability and maturation is markedly reduced in PS1-fAD

fibroblasts (Fig. 2) suggested that the autophagic degradative system may be perturbed as a

result of pH elevation, and prompted an examination of autophagic markers. To provide a

general index of autophagic activity, the levels of the proteins LC3B and p62 were

determined in control and mutant cell types. LC3B is an intracellular protein, the

accumulation of which is often used to identify shifts in autophagic flux (Klionsky et al.,

2012). Upon initiation of autophagy the cytosolic LC3B-I form of the protein is cleaved and

conjugated to phosphatidylethanolamine to form LC3B-II, which associates with

autophagosomal membranes. Elevation of lysosomal pH can lead to a backlog of autophagy

and can raise the ratio of LC3B-II to LC3B-I, as previously shown in LS174 cells exposed to

bafilomycin A1 (Bellot et al., 2009). The ratio of LC3B-II/-I was also elevated in PS1-fAD

fibroblasts compared to CTRL (Fig. 3A, B). This increase reflected a significant elevation in

the relative level of LC3B-II in PS1-fAD fibroblasts (Fig. 3,A, C). Chloroquine also induced

a rise in LC3B-II/-I in CTRL fibroblasts (Fig. 3D, E) which, as with the PS1-fAD

fibroblasts, reflected a significant change in LC3B-II (Fig. 3F). While qualitatively similar,

the magnitude of this increase in LC3BII/I with chloroquine was considerably greater than

that observed with PS1-fAD cells, consistent with the relative magnitude of lysosomal

alkalinization under the two conditions.

The increased lysosomal pH levels in PS1-fAD cells is also supported by changes in the

levels of the autophagy-associated protein p62, also known as sequestosome-1. p62 itself is

primarily degraded by autophagy (Bjorkoy et al., 2005), and therefore its elevation can be

indicative of impaired autophagic degradation. Levels of p62 were increased more than two-

fold in PS1-fAD cells as compared to control (Fig 3G,H). Chloroquine also triggered an

increase in p62 levels in control fibroblasts (Fig. 3G,I). Together, elevation of the LC3B-II/-

I ratio and of p62 provides support for an elevated lysosomal pH in PS1-fAD cells on a

protein level, and implies functional consequences consistent with this rise, although the use

of these two measures does not rule out other mechanisms by which autophagic degradation

might be inhibited in PS1-fAD fibroblasts, such as through the mTOR signaling pathway.
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3.4. PS1-fAD mutation results in altered expression of lysosome- and autophagy-
associated genes

Additional support for a perturbed degradative system in PS1-fAD cells was sought at a

molecular level by examining the expression of genes associated with lysosomal pH and

autophagy. Lysosomal pH is regulated by a complex series of feedback systems, with pH

elevation leading to alterations in mRNA message for certain key genes (Settembre et al.,

2012). qPCR demonstrated that relative expression of the B2 subunit of the v-(H+)ATPase

proton pump rose 89% in PS1-fAD fibroblasts (Fig. 4A). For ATG5, whose gene product is

associated with autophagosome elongation, relative expression rose 87% in PS1-fAD

fibroblasts (Fig. 4B). Similarly, expression of BCN1, whose product beclin is involved in the

genesis of autophagosomes, was also increased by 92% in PS1-fAD fibroblasts (Fig. 4C).

Finally, there was a significant increase in expression of TFEB, the transcription factor

responsible for lysosomal biogenesis, which has also recently been identified as a link

between lysosomal and autophagic processes (Settembre et al., 2011, Roczniak-Ferguson et

al., 2012); relative expression rose 59% in PS1-fAD fibroblasts (Fig. 4D). All expression

data were first normalized internally to the ubiquitously- and highly-expressed ı-actin

(ACTB) message prior to comparison, as no difference in ACTB expression was detected

between CTRL and PS1-fAD fibroblasts.

3.5. Protein level shifts in PS1-fAD fibroblasts of lysosome- and autophagy-associated
proteins mirror gene expression changes

While disruption of the lysosome- and autophagy-associated genes identified in Fig. 4

provided support for perturbed autophagy in PS1-fAD fibroblasts, validation at the protein

level was desired to confirm the functional effect of the increased mRNA levels. To this end,

the levels of vATPaseB2, Atg5, and beclin-1 were evaluated by Western blot. TFEB levels

were not examined at this time, since the primary mechanism of TFEB’s action is through a

nuclear translocation event (Settembre et al., 2012), and not purely through increased

expression.

The protein level of vATPaseB2 in CTRL fibroblasts was found to be unaffected by 6h

incubation with CHQ, but was significantly increased in PS1-fAD fibroblasts when

compared against CTRL cells (Fig. 5A-C). Similar results were observed for the protein

level of Atg5 (Fig. 5D-F) and for the level of beclin-1 (Fig. 5G-I): in these cases, as well,

CHQ incubation proved insufficient to increase protein levels, but PS1-fAD mutation

reliably produced this increase. Together, these data provide further support for a

perturbation of the degradative system in PS1-fAD cells, while also highlighting a possible

difference between the effect of acute and chronic lysosomal pH elevation upon that system.

3.6. Intracellular cAMP elevation re-acidifies lysosomes and reduces LC3B accumulation

Since pH measurement, protein level, and gene expression data all support the conclusion

that the lysosomal pH is defective in the PS1-fAD fibroblasts, attempts were made to restore

pH using the intracellular signaling molecule cAMP. Previous work from our laboratory has

demonstrated that intracellular elevation of cAMP can partially restore pHL that has been

elevated by either pathological or by pharmacological means (Liu et al., 2008, Guha et al.,

2012). Importantly, cAMP re-acidified RPE lysosomes in cells from old mice whose
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lysosomes had been damaged for an extended time, suggesting the approach might also

restore acidity to lysosomes in the PS1-fAD fibroblasts. cAMP also has been shown to

promote acidification in a variety of contexts and across a range of cell types (Alzamora et

al., 2010, Paunescu et al., 2010).

Increased intracellular cAMP levels reduced pHL in PS1-fAD fibroblasts (Fig. 6A). A

cAMP-elevating cocktail, composed of cell-permeable cpt-cAMP, IBMX, and forskolin,

consistently restored pHL in the mutant fibroblasts. The cAMP mix led to a small but

insignificant drop in the lysosomal pH of control cells. Interestingly, preliminary data

indicate that cAMP induced a larger acidification of lysosomes from control fibroblasts

whose lysosomes had been alkalized either with NH4Cl or with tamoxifen. The re-acidifying

effect of cAMP was also larger in epithelial cells with alkalized lysosomes (Liu et al., 2012),

consistent with the findings in fibroblasts.

To validate the functional implications of lysosomal acidification of PS1-fAD fibroblasts by

cAMP, the consequences of cAMP-induced pHL restoration on both cathepsin D active site

availability and on autophagy were examined. PS1-fAD cells treated with cAMP cocktail

had greater BODIPY FL-pepstatin A fluorescence when compared against untreated PS1-

fAD fibroblasts (Fig. 6B). When mean fluorescence intensity per cell was calculated for

both treated and untreated PS1-fAD fibroblasts, BODIPY FL-pepstatin A fluorescence was

significantly increased by about 10% in treated fibroblasts, indicating that 6h cAMP

treatment and pH restoration brings about at least partial recovery of active cathepsin D (Fig.

6C). Still, even partial restoration of enzyme activity proved sufficient to improve clearance

through the autophagosomal degradation pathway; incubation with the cAMP cocktail

reduced the LC3B-II/I ratio by 60% (Fig. 6D, E), and significantly decreased LC3B-II levels

while increasing LC3B-I (Fig. 6D, F). As cAMP interferes with p62 independently through

the ubiquitin-proteasome degradative pathway (Myeku et al., 2012), an examination of p62

levels was not pursued here.

4. Discussion

In this study, human skin fibroblasts containing the PS1-fAD mutation A246E were found to

exhibit elevated lysosomal pH (Fig. 1), reduced availability of active cathepsin D and

reduced cleavage to the mature form of the enzyme (Fig. 2), and also impaired degradation

of autophagic substrates (Fig. 3) as compared to levels from control fibroblasts. Substantive

increases in expression of genes associated with lysosomal and autophagic degradative

machineries were also detected in PS1-fAD fibroblasts (Fig. 4), with increases mirrored by

protein levels (Fig. 5). Finally, lysosomal acidification was restored by elevation of

intracellular cAMP, leading to a partial restoration of cathepsin D active site availability, as

well as reduction in the LC3B-II/-I ratio (Fig. 6), Together, these changes indicate a small

but significant steady-state dysfunction in lysosomal pH and degradation as a consequence

of the A246E PS1-fAD mutation, and offer some clues as to how to address this problem

therapeutically.
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4.1. Elevation of lysosomal pH

The concurrence of effects on pH, cathepsin D, protein and gene levels strongly support the

conclusion that lysosomes in PS1-fAD fibroblasts are alkalized as compared to controls. Our

protocol to measure lysosomal pH enables the accurate detection of small changes in this

pH. While the elevation of lysosomal pH by 0.2 units may appear small, this change occurs

across the sharpest part of the pH/activity curve for many lysosomal enzymes, where even a

minimal rise in pHL is sufficient to depress enzymatic activity and slow down degradation

of cellular materials (Barrett, 1970). A pHL elevation of only 0.2 units was recently shown

to impair proteolysis in macrophage phagosomes (Jiang et al., 2012), confirming that modest

alkalizations are capable of inducing pathological changes. The decreased cleavage of

cathepsin D into the mature form and the reduction in binding of BODIPY FL-pepstatin A to

the active site of this major lysosomal protease are consistent with functional consequences

of this lysosomal alkalization. This deficit is likely small enough that most cellular processes

can progress unhindered under normal circumstances. However, the gradual accumulation of

improperly processed material may decrease efficient cellular function over time. This slow

accumulation is predicted to be more severe in active post-mitotic cells like neurons, which

rely upon high baseline levels of autophagic degradation as a primary clearance mechanism

(Boland et al., 2008). Given the differences between acute modulations of autophagy and the

chronic changes in PS1-fAD fibroblasts, however, the situation is likely to be complex, and

differences in the magnitude of the LC3 response in PS1 cells compared to control and those

treated with CHQ are not unreasonable. Of interest in this regard is a manuscript

demonstrating that chronic treatment by chloroquine and NH4Cl, but not 3-MA, leads to

increased p62 and LC3B-ll/LC3B-l in rat cortical neurons (Myeku and Figueiredo-Pereira,

2011). Whether that result reflects the short-term actions of 3-MA (Wu et al., 2010), or

merely different feedback systems activated by lysosomal alkalization, is not clear.

While this modest alkalization may have functional consequences over time, the small

magnitude of the change may explain why this difference has been so difficult to detect.

Measuring lysosomal pH is a difficult task under ideal conditions, and single-wavelength

assays such as LysoTracker Red may not be sensitive enough to detect such small changes

(Neely et al., 2011, Coen et al., 2012). Similarly, while the microscopy-based assay for

measuring pHL used by Zhang et al. (2012) may enable specific localization of acidic

organelles, its readout of average vesicular pH apparently yields a value far higher, both in

WT- and PS1k/PSdko-ES, than would be found in functional lysosomes, and therefore the

utility of such an approach to address the question of lysosomal pH is rather unclear. Our

assay has been designed to minimize variation and detect small differences in vesicular pH;

the use of a membrane-permeable pH probe may also enable access to different

compartments than dextran-conjugated probes, the readout of which is necessarily restricted

to that lysosomal sub-population undergoing fusion with endosomes, and thus may not be

indicative of compromised lysosomal subpopulations. In particular, the concordance of our

direct pH measurement data with the more indirect BODIPY FL-pepstatin A data, as well as

with the immunoblots showing impaired maturation of cathepsin D, provides strong support

for the accuracy of our approach.
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This study does not identify the ultimate source of pHL dysregulation in these fibroblast

culture types. It may indeed result from improper trafficking of v-(H+)ATPase due to a

defect in the v0a1 subunit, as the Nixon laboratory has suggested (Lee et al., 2010), or

perhaps from some other underlying defect or defects in the autophagic or endo-lysosomal

axes. Our qPCR results indicating an increase in message for the proton pump suggest a

compensatory mechanism is being attempted. It is important to note that our qPCR probes

were designed to amplify ATP6V1B2, the B2 subunit of the proton pump, which is the more

ubiquitously expressed variant of the B subunit of v-(H+)ATPase (Puopolo et al., 1992, van

Hille et al., 1994). No issues with this subunit have been identified thus far in AD.

The gene expression and protein data are generally consistent with feedback attempts to

compensate for a perturbed lysosomal pH. The fact that a relatively short-term incubation

with CHQ is insufficient to induce the protein increases observed in PS1-fAD suggests, too,

that these fibroblasts may initially attempt to manage pH increases by some other means

than increased autophagic initiation. A sustained, life-long increase in pH, however, may

differentially affect the degradative system along the entirety of its axis. Interestingly, BCN1

expression is also increased in fibroblasts from patients with certain storage diseases

(Pacheco et al., 2007), further substantiating the similarities observed between primary

lysosomal disorders and Alzheimer’s disease (Nixon, 2004, Nixon et al., 2008), and

suggesting that up-regulation of autophagy in response to accumulated material, while

perhaps a conserved strategy, may not be effective in all cases. The small-but-significant up-

regulation of TFEB in PS1-fAD fibroblasts is particularly intriguing, given that Zhang et al.

(2012) reported no difference from wild type in the expression of TFEB while investigating

gene expression profiles of PS1ko and PSdko-ES cells, as well as PScdko mice. The group

also saw no change in the expression of ATG5 and BCN1 in any of these PSko models.

These discrepancies suggest that cells containing mutated, but otherwise intact, PS1 exhibit

a differential expression profile from cells that lack PS1 and/or PS2 all together; some

caution should therefore be observed in conflating and comparing results obtained through

the use of a variety of models and techniques. Together, the elevated expression and protein

levels of these genes critical for autophagy and lysosomal acidification provide additional

evidence for perturbed lysosomal pH and, moreover, may be indicative of a degradative

system attempting to compensate for a chronic defect at the lysosomal pH level.

Regardless, the major difference between these control and PS1-fAD fibroblasts is the

A246E mutation in presenilin 1, and as multiple groups have implicated autophagic

disruption in Alzheimer’s disease, the evidence points toward a basic deficit in cells with the

Alzheimer’s disease-associated PS1 mutation that predisposes the cells toward a phenotype

of accelerated aging, including lysosomal failure and protein buildup.

4.2. Re-acidification by cAMP

Importantly, our data show that re-acidifying lysosomes via elevated intracellular cAMP can

help to restore the lysosomal pH and autophagic turnover associated with the PS1-fAD

(A246E) mutation. The mechanism by which cAMP may do this in these fibroblasts is

currently unknown, though similar acidifying processes have been linked to protein kinase A

(PKA) activity in other cells (Liu et al., 2008, Alzamora et al., 2010, Paunescu et al., 2010)
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and may involve the activation of a Cl− channel (Liu et al., 2012). Another intriguing

mechanistic possibility for cAMP’s effect on pHL could involve PKA-mediated inhibition of

glycogen synthase kinase 3 (GSK3) (Fang et al., 2000). While the activity of both the ı and ı

isoforms of GSK3 has been associated with AD pathology (Cho and Johnson, 2003, Phiel et

al., 2003), a number of recent studies have also identified links between GSK3 and

lysosomal dysfunction, whether pharmacologically- or pathologically-induced (Dobrowolski

et al., 2012, Parr et al., 2012, Avrahami et al., 2013). GSK3 inhibition reportedly restores

lysosomal acidification defects in both the 5XFAD mouse model and in cells lacking PS1/2

(Avrahami et al., 2013) and also improves amyloid pathology (Parr et al., 2012, Avrahami et

al., 2013). Interestingly, low PKA activity has been reported in brain tissue from AD

patients (Liang et al., 2007), consistent with a reduction in regulated lysosomal acidification.

Augmenting this system by increasing intracellular cAMP levels and re-acidifying

lysosomes may help to enhance clearance in older neurons and prevent additional

consequences of lysosomal defect, such as perturbed calcium signaling (Christensen et al.,

2002). The ability of cAMP to reverse the rise in LC3B-II/-I ratio seen in the PS1-fAD

mutant cells also supports the central role of lysosomal pH in controlling this ratio. In

particular, the fact that cAMP simultaneously increases LC3B-I while decreasing LC3B-II

points its considerable power to affect autophagy and autophagic clearance, perhaps through

some more fundamental effect on the system than pH alone. Intriguingly, the effect of short-

term cAMP treatment apparently reduces LC3B-II to a level below the control baseline; we

suspect that this may be due to differences between chronic and acute effects on autophagic

states. By contrast, the reduction of baseline pHL observed in control fibroblasts was

minimal and not significant. Preliminary results suggest, however, that cAMP lowers

lysosomal pH in control fibroblasts when that pH is artificially elevated, which is consistent

with the idea that the cAMP cocktail proves most effective when pHL is perturbed from

baseline.

Overall, this study suggests that small deficits in autophagic degradation, linked to improper

maintenance of lysosomal pH, may contribute to pathologic build-up of protein in PS1-fAD

fibroblasts, and that lysosomal re-acidification may offer a strategy by which this

accumulation can be ameliorated. In other words: regardless of whether lysosomal failure is

the precipitating event in disease, or simply a consequence of PS1-mutation-associated

phenotypes, re-acidification could equalize the cellular playing field.
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Highlights

• Fibroblasts with the Alzheimer’s-associated PS1 mutation A246E have elevated

lysosomal pH

• PS1-fAD fibroblasts with reduction in pH-dependent cathepsin D maturation

and active site access

• Increased lysosomal pH correlates with accumulation of proteins normally

degraded by autophagy

• PS1-fAD fibroblasts up-regulate expression of genes and proteins linked to

lysosomal pH

• Raising intracellular cAMP lowers lysosomal pH, reduces protein buildup in

PS1-fAD fibroblasts
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Figure 1. PS1-fAD mutation yields elevated pHL in human skin fibroblasts
A-D, Fifteen minute treatment with pHL-elevating compounds significantly increases

lysosomal pH in fibroblasts from controls. A, Bafilomycin A1 (Baf A1) 200nM. B, NH4Cl

20mM. C, Tamoxifen (Tmx) 30μM. D, Chloroquine (CHQ) 10μM; for each n=6-14 wells.

E, Lysosomal pH levels in CTRL vs. PS1-fAD fibroblasts, n= 10. F, Summary of baseline

lysosomal pH levels across 26 separate experiments, expressed as uncalibrated ratios of

fluorescence excited at 340 vs. 380 nm - ~ pHL (lysosomal pH). Each experiment from 7-10

wells of each genotype, total 222 CNTL and 224 PS1-fAD. All values normalized to the
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mean control for each experimental set. G-H, Confocal images of 2μM LysoSensor staining

at ex/em 405/450nm for CTRL, G, and PS1-fAD fibroblasts, H. I-J, Confocal images of

50nM LysoTracker staining at ex/em 405/450nm for CTRL, I, and PS1-fAD fibroblasts, J.

Scale bars = 10μm. Throughout, “ * ” signifies p <0.05 and CTRL = untreated control

fibroblasts.
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Figure 2. Cathepsin D active site availability and maturation reduced in PS1-fAD fibroblasts
A, BODIPY FL-pepstatin A fluorescence is markedly reduced in PS1-fAD fibroblasts when

compared to CTRL. Scale bar = 100μM. B, Mean intensity per cell analysis of BODIPY FL-

pepstatin A fluorescence reveals a significant loss in fluorescence; n = 42 CTRL and 40

PS1-fAD cells. C, A sample Western blot showing reduction of mature cathepsin D in PS1-

fAD fibroblasts. D, The ratio of 28kDa/52kDa cathepsin D is reduced in PS1-fAD

fibroblasts. E. The level of 52kDa or, in F, 47kDa cathepsin D, is the same in PS1-fAD and

control fibroblasts. The reduction in the mature 34kDa band approaches significance in G at

p=0.07, while the mature 28kDa band is significantly reduced in PS1-fAD cells, H. For D-
H, n = 3. Throughout, “ * ” signifies p <0.05 and CTRL = untreated control fibroblasts.
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Figure 3. Elevated pHL impairs autophagic degradation through the lysosomes
A, A sample Western blot showing elevation of LC3B-II in PS1-fAD fibroblasts. B, LC3B-

II/-I is elevated in PS1-fAD fibroblasts. C, LC3B-I is unchanged in PS1-fAD fibroblasts,

while LC3B-II is significantly elevated. For B, C, n =15 CTRL, 16 PS1-fAD, 9 blots total.

D, A sample Western blot showing elevation of LC3B-II in CTRL cells treated with 10μM

chloroquine (CHQ) for 6 hours. E, LC3B-II/-I is elevated in CTRL fibroblasts treated with

CHQ. F, LC3B-I is unchanged in CHQ-treated fibroblasts, while LC3B-II is significantly

elevated. For E, F, n =5 CTRL, 5 CTRL + CHQ, 5 blots total. G, A sample Western blot

showing elevation of p62 in PS1-fAD fibroblasts and in CTRL cells treated with 10μM
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CHQ for 6 hrs. H, p62 is elevated in PS1-fAD fibroblasts, (n =13 CTRL, 14 PS1-fAD, 8

blots total). I, p62 is elevated following 6h chloroquine incubation, n = 5 per condition, 5

blots total. Throughout, “ * ” signifies p <0.05 and CTRL = untreated control fibroblasts.

Protein level of each protein was normalized to GAPDH as an internal control.
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Figure 4. PS1-fAD fibroblasts exhibit altered gene expression profile
Results from quantitative PCR experiments indicating the increased expression of genes in

fibroblasts from the PS1-fAD cells as compared to unaffected controls. A, ATP6V1B2

expression elevated in PS1-fAD fibroblasts. B, ATG5 expression elevated in PS1-fAD

fibroblasts. C, BECN1 expression elevated in PS1-fAD fibroblasts. D, TFEB expression

elevated in PS1-fAD fibroblasts. n=4 independent trials for each. “ * ” signifies p <0.05 for

entire figure. Expression level of each gene was first normalized to ACTB expression as an

internal control.
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Figure 5. PS1-fAD fibroblasts have increased levels of lysosome- and autophagy-associated
proteins
A, A sample Western blot showing elevation of vATPaseB2 (ATP6V1B2) in PS1-fAD

fibroblasts, but not in CTRL cells treated with 10μM CHQ for 6 hrs. B, vATPaseB2 is not

elevated following 6h CHQ incubation; n = 4 CTRL, 4 CHQ, 4 blots total. C, vATPaseB2 is

elevated in PS1-fAD fibroblasts; n = 4 CTRL, 4 PS1-fAD, 4 blots total. D, A sample

Western blot showing elevation of Atg5 in PS1-fAD fibroblasts, but not in CTRL cells

treated with 10μM CHQ for 6 hrs. E, Atg5 is not elevated following 6h CHQ incubation; n =
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5 CTRL, 5 CHQ, 5 blots total. F, Atg5 is elevated in PS1-fAD fibroblasts; n = 7 CTRL, 8

PS1-fAD, 6 blots total. G, A sample Western blot showing elevation of beclin-1 in PS1-fAD

fibroblasts, but not in CTRL cells treated with 10μM CHQ for 6 hrs. H, Beclin-1 is not

elevated following 6h CHQ incubation; n = 4 CTRL, 4 CHQ, 4 blots total. I, Beclin-1 is

elevated in PS1-fAD fibroblasts; n = 8 CTRL, 8 PS1-fAD, 6 blots total. Throughout, “ * ”

signifies p <0.05 and CTRL = untreated control fibroblasts. Protein level of each protein was

normalized to GAPDH as an internal control.
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Figure 6. cAMP restores pHL and improves clearance in PS1-fAD fibroblasts
A, Treatment of PS1-fAD cells with cAMP reduced lysosomal pH levels back to control

levels. Treatment of control cells with the cocktail had a minimal effect. LysoSensor ratios

normalized to mean control of each day’s experiment. N = 14 plates with 7-10 wells each.

cAMP cocktail = 500μM cpt-cAMP + 100μM IBMX + 10μM forksolin. * = p <0.05 vs

control, # = p <0.05 vs PS1-fAD alone. B, BODIPY FL-pepstatin A fluorescence is

increased in PS1-fAD fibroblasts treated with cAMP cocktail. Scale bar = 100μM. C, Mean

intensity per cell analysis of BODIPY FL-pepstatin A fluorescence reveals a significant

increase in fluorescence; n = 60 PS1-fAD and 81 PS1-fAD cells. D, Western blot showing

incubation with cAMP cocktail decreases LC3B-II/-I in PS1-fAD fibroblasts. E, Summary

of 6 Western blots showing a significant decrease in LC3B-II/-I in PS1-fAD fibroblasts

treated with the cAMP cocktail. F, LC3B-I is significantly increased in cAMP-treated

fibroblasts, while LC3B-II is significantly reduced. For E, F, n = 11 PS1-fAD, 8 PS1-fAD +

cAMP, 6 blots total. # = p < 0.05 for the entire figure.
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Table 1
qPCR Primers

Target NCBI code Primer Pair Tm (C°) Product
Length (bp)

ACTB NM_01101.3 Sense: AGAAAATCTGGCACCACACC
Anti-Sense: GGGGTGTTGAAGGTCTCAAA

59.97
59.94

142

ATP6V1B2 NM_001693.3 Sense: GAGGGGCAGATCTATGTGGA
Anti-Sense: GCATGATCCTTCCTGGTCAT

60.00
59.89

128

ATG5 NM_004849.2 Sense: GCAAGCCAGACAGGAAAAAG
Anti-Sense: GACCTTCAGTGGTCCGGTAA

59.99
59.97

137

BECN1 NM_003766.3 Sense: AGGTTGAGAAAGGCGAGACA
Anti-Sense: GCIIIIGTCCACTGCTCCTC

59.99
60.00

139

TFEB NM_001167827.2 Sense: GTCCGAGACCTATGGGAACA
Anti-Sense: CGTCCAGACGCATAATGTTG

58.52
57.28

218
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