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Figure 1

σ1R agonists (a, b), but not antagonists (c), increased
mitochondrial ROS under physiological conditions in
mouse forebrain mitochondria. (d) agonist/antagonist
studies.

Figure 5

σ1R agonists, but not antagonists, increased complex I
activity in mouse forebrain mitochondria under
physiological conditions

Figure 4

σ1R ligands attenuated Aβ1-42-induced alteration of
respiration in mouse forebrain mitochondria

Figure 2

σ1R agonists (b, c), but not antagonists (d) attenuate
Aβ1-42-induced increase in mitochondrial ROS in
mouse forebrain mitochondria

Figure 6

σ1R ligands failed to affect complex II-IV activity in mouse
forebrain mitochondria under physiological conditions

Figure 3

σ1R ligands failed to markedly impact oxygen
consumption (state 3 or RCR) in mouse forebrain
extracts

Introduction
Alzheimer’s disease (AD) is one of the most spread form of dementia in
the World. Growing data of evidence suggest that mitochondrial
alterations precede the appearance of pathological hallmarks of the
disease such as accumulation of Aβ peptide and hyperphosphorylated tau
protein. The sigma1 receptor (σ1R) is a chaperone protein residing at
mitochondria associated endoplasmic reticulum (ER) membranes (MAMs)
[1]. The σ1R is highly expressed in the central nervous system and its
activation by ligands stimulates neuromodulation and neuroprotection, as
shown in several AD models in vitro and in vivo [2,3]. The σ1R is able to
stabilize Ca2+ crosstalk between ER and mitochondria and to regulate
hippocampal dendritic spine formation via a free radical-sensitive
mechanism involving  the Rac1-GTP pathway [4,5]. But the σ1R effects on
mitochondria in physiological and pathological conditions (amyloid
toxicity) and its downstream signaling are still not fully understood. We
here evaluated the impacts of σ1R ligands on reactive oxygen species
(ROS) production and/or mitochondrial respiration and complex activities
using direct application of amyloid-β peptides (Aβ1-42). The σ1R agonists
(PRE084, DHEAS, ANAVEX1-41, ANAVEX3-71) increased total ROS
production in physiological condition but decreased it in pathological
conditions. The σ1R antagonists  (NE100, progesterone) had no
significant effect. The σ1R agonists and antagonist showed no direct
effect on respiration but the agonists ameliorated the RCR deficit
triggered by direct application of Aβ1-42 on mitochondria. We also
observed that the σ1R agonists markedly increased complex I activity in
physiological conditions, while antagonist did not. This effect was blocked
by chelating Ca2+ with EGTA. They failed to affect complex II-IV activities.
These experiments so far showed that σ1R activity result in dual
regulation of the mitochondrial oxidative stress status: in basal conditions,
σ1R activity results in a moderate ROS increase, putatively used as a
physiological signal, while in pathological conditions, agonists promoted a
marked anti-oxidant effect.

Figure 7

σ1R agonists attenuated Aβ1-42-induced alteration of
complex I and IV activities in mouse forebrain
mitochondria

Figure 8

σ1R ligands failed to markedly affect  NOX activities (a, b)
and SOD activity (c, d) in mouse forebrain mitochondria
(a, c) and homogenates (b, d) under physiological
conditions

Comments
The present study showed that:

1. σ1R agonists (PRE-084, AN1-41, AN3-71, DHEAS, donepezil) increased mitochondrial ROS, moderately but significantly. σ1R antagonists did not and prevented the σ1R agonists effects, confirming that it is a σ1R-mediated effect. This ROS increase could
act as a physiological signal in physiological conditions.

2. Aβ proteins, and endogenous Aβ1-42 more efficiently than Aβ25-35 short fragment, markedly increased mitochondrial ROS level. σ1R agonists (PRE-084, AN1-41, and to a lesser extent AN3-71, DHEAS, donepezil) decreased Aβ1-42-induced increase in
mitochondrial ROS. σ1R antagonists did not affect Aβ1-42-induced increase in mitochondrial ROS. This observation confirmed that, in pathological conditions, σ1R agonists have anti-oxidant potential.

3. The σ1R ligands (agonists or antagonists) did not markedly impact the efficacy of mitochondrial oxidative respiration. No effect was measured on state 2, state 3 or the RCR in physiological conditions.

4. Aβ1-42 significantly decreased mitochondrial oxidative respiration. σ1R agonists (PRE-084, AN1-41, and to a lesser extent AN2-73) attenuated Aβ1-42-induced decrease in RCR. The σ1R antagonists did not.

5. Analysis of complex activities showed that σ1R agonists (PRE-084, AN1-41, AN2-73, AN3-71) increased complex I activity. σ1R antagonists did not and prevented the σ1R agonist effect. This potentiation of complex I activity was Ca2+ dependent since addit
ion of EGTA could prevent the σ1R-mediated increase without affecting basal activity. σ1R ligands failed to affect the activity of complexes II, III and IV. The increase in complex I activity may be  coherent to explain the σ1R-induced increase in ROS sin
ce σ1R ligands failed to affect other sources of ROS accumulation in mitochondria and homogenates, namely NOX and SOD activities.

6. Aβ1-42 significantly decreased the activities of complexes I and IV. σ1R agonists (but PRE-084 only) attenuated Aβ1-42-induced complex I dysfuntion and σ1R agonists (PRE-084, AN1-41, AN2-73, AN3-71) attenuated Aβ1-42-induced complex IV dysfuntion.
This observation confirmed the protective potential of σ1R agonists against Aβ-induced mitochondrial toxicity.

7. These data demonstrated that σ1R agonists directly impact mitochondrial physiology. As mitochondrial and MAMs alterations are triggering events in numerous neurodegenerative disorders and metabolic diseases, our results confirm and extend the
therapeutic potential of selective or non-selective σ1R agonists.

Mouse forebrain mitochondria (0.2 mg/ml) were incubated in respiration buffer with σ1R ligands during 20 min at RT
and DCF fluorescence was monitored for 30 min at 37°C. Data are expressed as percentage of the no-drug value.
ANOVA: F(5,45) = 3.09, p < 0.05, n = 8 for PRE-084, F(5,45) = 3.53, p < 0.01, n = 8 for DHEA, F(5,47) = 1.17, p > 0.05, n
= 8 for donepezil in (a); F(5,29) = 3.60, p < 0.05, n = 5 for AN1-41, F(5,41) = 0.05, p > 0.05 , n = 5 for AN2-73, F(5,41) =
3.28, p < 0.05, n = 7 for AN3-71 in (b); F(5,68) = 0.57, p > 0.05, n = 12 for NE-100, F(5,34) = 0.26, p > 0.05, n = 6 for
PROG in (c). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. 100% level; one-sample t-test. n = 6-7 for PRE-084 and AN1-
41 ± NE-100 antagonism and n = 4 for DHEAS ± PROG antagonism in (d). # p < 0.05, ## p < 0.01, ### p < 0.001 vs.
agonist alone; Student's t-test.

Mouse forebrain mitochondria (0.2 mg/ml) were incubated in respiration buffer with Aβ1-42 or Aβ25-35
and/or σ1R ligands during 20 min at RT and DCF fluorescence was monitored for 30 min at 37°C. Data
are expressed as percentage of control (no drug) values. Blue lines in (b-d) indicated the relative ratio
of ROS level in pathological vs. physiological conditions: in presence or absence of Aβ1-42 (4 µM).
ANOVA: F(6,36) = 7.13, p < 0.0001, n = 7 for Aβ1-42, F(5,27) = 10.4, p < 0.0001, n = 5 for Aβ25-35 in (a);
F(6,62) = 3.03, p < 0.05, n = 9 for PRE-084, F(6,33) = 3.41, p < 0.05, n = 5 for DHEA, F(6,75) = 3,70, p <
0.01, n = 11 for donepezil in (b); F(6,38) = 2.81, p > 0.05, n = 6 for AN1-41, F(6,53) = 2.09, p > 0.05 , n = 8
for AN2-73, F(6,31) = 1.26, p > 0.05, n = 5 for AN3-71 in (c); F(6,48) = 2.23, p > 0.05, n = 7 for NE-100,
F(6,27) = 2.60, p < 0.05, n = 4 for progesterone in (d). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. 100%
level, # p < 0.05, ## p < 0.01 vs. Aβ1-42 (4 µM) level, one-sample t-test.

Mitochondria (approx. 0.8
mg/ml) were loaded into
the chamber with
appropriate buffer at 30°C.
Data, representative of 3-7
measures per
determination, present the
state 3 values, expressed
as nmol O2 consumption
per min per mg of
mitochondrial protein, and
the respiratory control ratio
(RCR), i.e., the state
3/state 2 ratio, expressed
as percentage of the no-
drug value. n = 3-6 per
group in (a), 5-6 in (b), and
4-5 in (c). * p < 0.05 vs.
100% level, one-sample t-
test.

Mitochondria (approx. 0.8 mg/ml) were loaded into the chamber with appropriate buffer at 30°C. (a)
Typical respiration graphs: state 2 is recorded after addition of pyruvate/malate (5 mM), state 3 after
addition of ADP (0.5 mM) and state 4 after addition of CAT (1 µM). (b) dose-response effect of Aβ1-42.
Data, representative of 3-7 measures per determination, present the state 3 values, expressed as nmol
O2 consumption per min per mg of mitochondrial protein, and the respiratory control ratio (RCR), i.e.,
the state 3/state 2 ratio, expressed as percentage of the no-drug value. n = 4-7 per group in (b), 3-7 in
(c), and 4 in (d). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. 100% level, one-sample t-test. # p < 0.05 vs.
Aβ1-42 data, Student's t-test.

Mitochondria (150 µg) were loaded in the spectrophotometer cuvette with appropriate buffer at 30°C and the
decrease in absorbance was recorded after addition of NADH (200 µM) and DUQ (100 µM). (a) Typical
spectrophotometer recordings. (b) PRE-084 and NE-100 were tested in the 0.3-10 µM concentration range
and other agonists (AN1-41, AN2-73, AN3-71) or antagonists (PROG) were tested at 1 and 10 µM. (c)
Antagonism studies between PRE-084 (1 µM) and NE-100 (1 µM) or PROG (10 µM). (d) Effect of the Ca2+

chelator EGTA (0-30 mM) on PRE-084-induced increase in complex I activity. ANOVA: F(4,30) = 4.14, p < 0.01,
n = 5-7 for PRE-084, F(4,23) = 0.18, p > 0.05, n = 3-6 for NE-100, n = 6-12 per group for other drugs, in (b);
F(3,25) = 6.29, p < 0.01, n = 5-7 for PRE-084/NE-100 data, F(3,24) = 8.83, p < 0.001; n = 5-7 for PRE-084/PROG
data, in (c). n = 5-6 per point in (d). * p < 0.05, ** p < 0.01 vs. 100% level, one-sample t-test. # p < 0.05, ## p <
0.01 vs. PRE-084 (1 µM) group, Student's t-test.

 (a, c, e) Typical spectrophotometer recordings. (a, b) Complex II activity: mitochondria (50 µg) were
loaded in the spectrophotometer cuvette with appropriate buffer at 30°C and the decrease in absorbance
was recorded after addition of DUQ (100 µM) and DCIP (80 µM). n = 6-8 per group. (c, d) Complex III
activity: mitochondria (25 µg) were loaded in the spectrophotometer cuvette with appropriate buffer at
30°C and the increase in absorbance was recorded after addition of DUQH2 (100 µM) and cytochrome c
(40 µM). n = 4-6 per group. (e, f) Complex IV activity: mitochondria (25 µg) were loaded in the
spectrophotometer cuvette with appropriate buffer at 30°C and the decrease in absorbance was
recorded after addition of KPB (10 mM) and cytochrome c reduced (33 µM). n = 5-6 per group. * p <
0.05, ** p < 0.01 vs. 100% level, one-sample t-test.

Mitochondria (150 or 25 µg) were loaded in the spectrophotometer cuvette with appropriate buffer at 30°C and
activities were recorded as previously specified. (a) Dose-response effect of Aβ1-42 (1-4 µM) on complex I
activity and (b) effects of the σ1R ligands, tested at 1 and 10 µM. (c) Dose-response effect of Aβ1-42 (1-4 µM)
on complex IV activity and (b) effects of the σ1R ligands, tested at 1 and 10 µM. ANOVA: F(3,33) = 6.90, p <
0.01, n = 10, in (a); F(3,17) = 6.23, p < 0.01, n = 4-6, in (c). n = 4-7 in (c) and (d). * p < 0.05, ** p < 0.01, *** p <
0.001 vs. 100% level, one-sample t-test. # p < 0.05 vs. Aβ1-42 data, Student's t-test.

Figure 9
Proposed model of interaction between
σ1R and the mitochondrial electron
transfer chain

The σ1R is located within MAM on the ER membranes. Through direct
interaction with IP3R, it modulates Ca2+ efflux in MAM and modulates complex I
through VDAC/ANT and MCU complexes. The σ1R is also located on outer
mitochondrial membranes where it can directly interact with complex I, but does
not affect NOX or SOD activities. Abbreviations: I~V: complexes I~V of the
electron transfer chain; ANT: adenine nucleotide translocator; ER: endoplasmic
reticulum; IP3R: inositol-1,4,5 receptor; MAM: mitochondria-associated ER
membranes; MCU: mitochondrial calcium uniporter; Mfn1/2: mitofusin type 1/2;
Mito: mitochondria; NOX4: NADPH oxidase type 4; SOD: superoxide
dismutase; VDAC: voltage-dependent anion channel.
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Mitochondria or homogenate (about 40 µg proteins) and the σ1R ligands at 1 and 10 µM, or SOD or
VAS3947, were used with appropriate buffer and reagents and luminescence was read immediately in (a,
b) or at 450 nm after 20 min incubation at 37°C in (c, d). n = 8-11 per group in (a) and n = 5 per group in
(b), with n = 4 for VAS3947 in (a) and (b). n = 4 in (c) and n = 2 in (d). * p < 0.05, ** p < 0.01, *** p < 0.001
vs. 100% level, one-sample t-test.


