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Estrogens are powerful modulators of neuronal physiology and in
humans may affect a broad range of functions, including repro-
ductive, emotional, and cognitive behaviors. We studied the con-
tribution of estrogen receptors (ERs) in modulation of emotional
processes and analyzed the effects of deleting ERa or ERb in mice.
Behavior consistent with increased anxiety was observed princi-
pally in ERb mutant females and was associated with a reduced
threshold for the induction of synaptic plasticity in the basolateral
amygdala. Local increase of 5-hydroxytryptamine 1a receptor ex-
pression in medial amygdala may contribute to these changes. Our
data show that, particularly in females, there is an important role
for ERb-mediated estrogen signaling in the processing of emo-
tional behavior.

There is a strong link between estrogen and emotional dis-
turbances in humans. Mood fluctuations, depression, irrita-

bility, and anxiety have often been associated with low levels of
estradiol in postmenopausal women (1, 2), whereas estrogen
replacement therapy ameliorates these psychological conditions
(1–3). Reduced estrogen signaling in rodents leads to behavior
indicative of increased anxiety (4, §). Little is known, however,
about either the mechanisms or sites of estrogen actions in these
modulatory processes, or the neurotransmitter systems involved
in these regulations.

In the nervous system, estrogen signals are transduced by both
nuclear estrogen receptors (ERa and ERb), which act as tran-
scription factors, and by a nongenomic pathway, which has yet to
be identified. Both receptors show similar patterns of expression
and are found at abundance in medial amygdala, bed nucleus of
stria terminalis and preoptic area, whereas in hippocampus, ERa
is the predominant ER isotype in mouse (5). Recent analysis of
reproductive and aggressive behavior in ERa and ERb null
mutant mice provided the first clear evidence for a role for ERs
in brain functions (6–8).

High levels of estrogens have been shown to increase dendrite
growth and synaptic plasticity in the rat hippocampus in vitro and
in vivo (9, 10). Furthermore, the in vivo experiments revealed
that estrogen enhances neuronal excitability in the hippocampus
(11). In the basolateral amygdala, a structure involved in fear and
anxiety, estrogens have quite the opposite effect and reduce
neuronal excitability (11, 12). Although the exact mode of action
by which estrogen exerts its diverse effects is not clear, it is almost
certain that the inhibitory neurotransmitter g-aminobutyric acid
(GABA) is involved (13, 14, ¶). GABA is implicated in fear and
anxiety, on the evidence of both pharmacological (15, 16) and
gene-targeting (17, 18) experiments. Regulation of the expres-
sion of the GABA synthesizing enzyme glutamic acid decarbox-
ylase (GAD) by ERs (13,¶, 19) may be crucial to modulation of
GABA type A activity and, therefore, to fear and anxiety.
Moreover, GABAergic tone in amygdala can be affected by
serotonergic signaling (20, 21), which in turn can be down-
regulated by estrogen’s effects on the 5-hydroxytryptamine 1a
(5-HT1a) receptor (22, 23). This receptor has been directly
implicated in pathological depression and anxiety (24, 25) and

thus provides another possible mechanism of estrogen action in
the amygdala.

In the present study, we have assessed the role of ERs in
emotional behavior by analyzing mice carrying null mutations in
the corresponding genes. We also have established that obser-
vations of enhanced anxiety in mutant females coincides with
changes in synaptic plasticity in the basolateral amygdala. The
data indicate that changes in serotonergic signaling may underlie
the observed behavioral and physiological abnormalities.

Materials and Methods
Behavioral Testing. Era and ERb mutant mice were generated as
described (26) and were in a 25% 129ySv, 75% C57yB6 genetic
background at the time of testing. All animals were housed in
cohorts of 5–10 mice per cage in a 12-h lightydark cycle with
freely available food and water. Behavioral testing was con-
ducted between 13:00 and 17:00. For the open field (OF) test,
each animal was placed in the middle of a brightly illuminated
80 3 80-cm enclosure with transparent walls and a floor marked
with 16 (20 3 20 cm) squares. To begin each trial, a mouse was
placed in the center of the arena, and the time taken to move to
the edge at the beginning of the test, the total number of squares
crossed (locomotion), and the number of times each mouse
reared on its hind legs and tail were scored for 15 minyday. The
number of forward head extensions (stretching activity) was
recorded during the time before each animal moved from the
center at the beginning of the test. Thigmotaxis was calculated
as the number of squares crossed along the walls and expressed
as the percent of total square crosses during the first 5 min after
an animal reached the wall of the box at the beginning of the test.
OF testing was conducted on 3 consecutive days. For the
elevated plus maze, mice were placed in the central part of the
maze, and the percentage of time spent in the open arm and the
number of times an animal stretched its head to look down were
recorded during 5 min. The rotarod test was performed on 7–8
mice for each group. Each mouse was positioned on the rubber-
covered rod for 30 s, after which time the rod began to rotate.
Each mouse was tested three times, and the longest time the
animal stayed on the rotating rod was used for calculations. For
each behavioral paradigm, results were analyzed by using
ANOVA and Tukey–Kramer post hoc tests.
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5-HT, 5-hydroxytryptamine; GABA, g-aminobutyric acid.

‡To whom reprint requests should be addressed. E-mail: chapmanPF@cf.ac.uk.

§Koss, W. A., Sajdyk, T.J., Morin, S. M., Shekhar, A. & Gehlert, D.R. (2000) Meeting of the
Society for Neuroscience, New Orleans, Nov. 2000, abstr. 659.3.

¶Rudick, C. N. & Woolley, C. S. (2000) Meeting of the Society for Neuroscience, New Orleans,
Nov. 2000, abstr. 431.12.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

12278–12282 u PNAS u October 9, 2001 u vol. 98 u no. 21 www.pnas.orgycgiydoiy10.1073ypnas.221451898



Electrophysiology. Coronal sections of 400 mm were prepared in
ice-cold artificial cerebrospinal f luid composed of 126 mM
NaCly2.5 mM KCly2.5 mM CaCl2y1.3 mM MgS04y1 mM
NaHPO4y26 mM NaHCO3y11 mM glucose (which only during
dissection contained 1 mM kynurenic acid) and were incubated
in artificial cerebrospinal f luid at room temperature at least 1 h
before testing. Recordings were made in artificial cerebrospinal
f luid in a submersion chamber at 30°C by stimulating lateral
amygdala or Schaffer collaterals and recording in basolateral
amygdala or striatum radiatum of hippocampal CA1, respec-
tively. To induce long-term potentiation (LTP) in amygdala, we
used five trains of 10 high-frequency theta-like bursts at 5 Hz,
either at baseline stimulus intensity (weak tetanus) or at double
the baseline stimulus intensity (strong tetanus). To induce LTP
in hippocampus, three trains of 10 high-frequency theta bursts at
5 Hz were delivered at baseline stimulus intensity. Repeated
measures (across time) analysis of variance was conducted on the
mean values for amplitude or slope in 5-min time epochs before
and after LTP induction. The Tukey–Kramer test was used for
post hoc analysis.

Immunohistochemistry. Frozen, 14-mm-thick sections from
8-month-old females were collected on Superfrost plus slides
and fixed for 10 min in Zamboni fixative at room temperature.
After 30 min blocking with 10% normal goat serum in the
PBSy0.05% Tween-20 buffer, the staining was performed at 4°C
overnight with one of the following antibodies: guinea pig
anti-5-HT1a (1:2,000, Chemicon), rabbit anti-serotonin reuptake
transporter (1:5,000, gift from P. Gaspar, INSERM, France), or
rabbit anti-GAD65y67 (1:2,000, Sigma). The 1-h incubations
with CY3-conjugated secondary antibodies against guinea pig or
rabbit (1:500, The Jackson Laboratory) and three 5-min washes
after each incubation were performed in PBSy0.05% Tween-20
buffer at room temperature. Nuclei were stained with 49,6-
diamidino-2-phenylindole (DAPI), which was contained in the
final mounting medium Vectashield (Vector Laboratories).

The quantification of the fluorescence and cell counts were
done at magnification of 3500 (see Fig. 4 C and F). Briefly, in
each slice medial amygdala (Me) and ventral posterolateral
thalamus (VPL) regions were identified by comparing the
overall morphology to the DAPI staining, and the total f luo-
rescence was scored in both regions by using the image analyses
software IMAGE-PRO PLUS (Media Cybernetics, Silver Spring,
MD). For the cell counts, the number of DAPI-stained nuclei
was considered as the total number of cells, and all of the cells
in the same region labeled with anti-5-HT1A antibody were
counted as 5-HT1A-expressing cells.

Steroid Measurements. Blood samples were collected from mice
between 8 and 9 a.m. immediately after removing the mice from
their cages. For evaluating corticosterone levels in stress condi-
tions, mice were subjected to an open field with background
noise for 20 min, 10 min before blood sampling. Plasma prep-
arations were kept frozen until progesterone and corticosterone
levels were measured with RIA kits (ICN).

Results
Behavioral Analysis of ER Mutant Mice. Adult (.7 months old)
ERa2/2 and ERb2/2 mice and their wild-type (WT) littermate
controls were tested in the OF and the elevated plus maze (Figs.
1 and 2), two paradigms in which rodents display anxiety (27, 28).
In the OF, more anxious animals exhibit a range of behaviors
that include increased latency to move from the center of the
field to the wall at the beginning of the test, increased thigmo-
taxis (wall hugging), and a reduction in overall locomotion and
rearing (29, 30). A three-way ANOVA comparing genotype and
sex over 3 testing days revealed a significant interaction of
genotype by day for latency to move to the edge [F(4,128) 5 3.5,

P , 0.02]. Subsequent post hoc analysis indicated that ERb2/2

mice showed a significantly longer latency to move to the edge
of the OF on first being placed in the arena (70 6 17 s for ERb2/2

Fig. 1. Behavioral analysis of ERa and ERb null mutant mice in the open field.
The latency to move to the edge of the OF after being placed in the center at
the beginning of the test was scored (a), and the rate of stretching during this
period on the first day of testing was expressed as stretches per s (b). Thyg-
motaxis (c), locomotion (d), and rearing (e) all were recorded in WT (n 5 26,
n 5 24), ERa2/2 (n 5 9, n 5 7), and ERb2/2 (n 5 11, n 5 15) females and males,
respectively, and were expressed as means 6 SEM. ***, P , 0.001; **, P , 0.01;

*, P , 0.05 with respect to WT female group.

Fig. 2. Behavioral evaluation of ERa2/2 and ERb2/2 mice in the elevated plus
maze. The percent of time mice spent in the open arm (a) and the number of
head dips (b) were expressed as means 6 SEM. ***, P , 0.001; **, P , 0.01; *,
P , 0.05 with respect to WT female group.

Krȩżel et al. PNAS u October 9, 2001 u vol. 98 u no. 21 u 12279

N
EU

RO
BI

O
LO

G
Y



mice compared with 29 6 11 and 22 6 5 s for ERa2/2 and WT
groups respectively, P , 0.001; Fig. 1a). During this initial time
spent in the center of the OF, but not later, mutant mice also
showed more head and neck stretching behavior than WT mice
[F(2,34) 5 5.6, P , 0.003], another indication of enhanced
anxiety (31). The rate of stretching, calculated as the number of
stretches divided by the amount of time spent in the center
before moving to the edge, was significantly higher for ERb2/2

(0.1 6 0.02 stretches per s) than ERa2/2 mice (0.04 6 0.01) or
WT littermates (0.03 6 0.01; Fig. 1b). For all of the other
measures including thigmotaxis [F(2,65) 5 3.2, P , 0.05],
rearings [F(2,65) 5 3.2, P , 0.05], and locomotion [F(2,65) 5
3.4, P , 0.05], two-way ANOVA showed significant interactions
of genotype by sex, indicating that these aspects of OF behavior
were affected by the mutation in a gender-dependent manner.
Further, post hoc analysis showed that the significant increase in
thigmotaxis was apparent only in ERb2/2 females. During the
first 5 min after reaching the edge of the OF, 96 6 1% of the
locomotor activity of ERb2/2 females was in the outermost
squares (i.e., along the wall) compared with 89 6 1.2% or 87 6
1.3% in WT or ERa2/2 females (Fig. 1c). No difference was
observed in male groups (Fig. 1c). Total locomotion (117 6 11)
was also significantly reduced in ERb mutant females compared
with ERa2/2 and WT females (188 6 12 and 166 6 11,
respectively; Fig. 1d), whereas rearing was significantly reduced
in both ERa2/2 and ERb2/2 (38 6 3.6 and 37 6 4.9) females as
compared with WT controls (69 6 4; Fig. 1e). It is likely that the
reduction in ERa2/2 rearing is because of obesity, as the ERa2/2

females weighed on average 37 6 2 g, which was significantly
more (P , 0.001) than WT or ERb2/2 females (28 6 1 and 29 6
1 g, respectively; see also ref. 44). In contrast to female behavior,
ERa2/2 and ERb2/2 males showed a trend toward increased
locomotion when compared with their WT controls (Fig. 1d;
P ,0.07 and P , 0.06, respectively), which although not statis-
tically significant, agrees with observations reported by Ogawa
et al. (6, 7).

Increased anxiety in ERb mutant females was also evident in
the elevated plus maze. Two-way ANOVA revealed a significant
main effect of genotype [F(2,71) 5 8, P , 0.005; F(2,71) 5 12,
P , 0.001] and a significant interaction of genotype by sex for
time spent in the open arm [F(2,71) 5 3.2, P , 0.05] and head
dips; i.e., the number of times each mouse looked down from the
maze [F(2,71) 5 4.5, P , 0.02]. Post hoc analysis showed that
female ERb2/2 mice were significantly different from ERa2/2

and WT females in spending less time in the open arm (10 6 3%
vs. 37 6 6% and 40 6 7%, respectively; Fig. 2a) and head dipping
less frequently (9 6 2% vs. 26 6 5% and 16 6 2%, respectively;
Fig. 2b). WT, ERa, and ERb mutant males were not significantly
different on either of these measures (Fig. 2).

Female ERb2/2 was therefore the only group that showed
consistent behavioral abnormalities across all tests that are
sensitive to enhanced anxiety. ERb, however, is expressed in the
hypothalamic-pituitary axis and in brain structures implicated in
motor control and coordination (for review see refs. 14 and 32).
Thus, the abnormal behavior of ERb2/2 mice could result from
either locomotor deficits or abnormal stress hormone responses.
The former is unlikely for two reasons: (i) WT and ERb2/2

females or males performed equally well on the rotarod test for
motor functions and remained on the rotating rod (5 revolu-
tionsymin) for 160 6 19 and 173 6 4 s or 155 6 15 and 151 6
17 s, respectively; (ii) the scores for latency to move were not
significantly different between mutant and WT males and
females on the second day of testing (Fig. 1a), indicating that
these mice can move as easily as their controls. Elevated stress
hormone levels were equally unlikely to account for behavioral
differences, as corticosterone levels did not differ between WT
and ERb2/2 females, either in unstressed mice [F(1,11) 5 0.4,

P , 0.6; 42 6 15 and 31 6 6 mgyml] or stressed mice [F(1,9) 5
4.2, P , 0.07; 893 6 17 and 740 6 62 mgyml, respectively].

Electrophysiological Evaluation of Amygdala Functions. Using brain
slice preparations, we analyzed synaptic plasticity in the amyg-
dala. Before tetanic stimulation, field excitatory postsynaptic
potentials (fEPSP) in basolateral amygdala (BLA) were re-
corded in response to a range of stimulus intensities delivered to
the lateral amygdala. We found no significant differences in
responses of WT and ERb2/2 females at any stimulus intensity
(Fig. 3a). However, significant sex-dependent genotype differ-
ences [F(1,32) 5 5.6, P , 0.02] were found in LTP. Post hoc
analysis revealed that LTP was induced by weak tetanic stimulus
delivered at half the intensity of typical tetanic stimulation in
BLA of ERb2/2 (136 6 12% of baseline amplitude or 170 6 30%
of baseline slope values), but not WT females (107 6 4% or
113 6 5%) or WT (107 6 3% or 100 6 8%) and ERb2/2 (104 6
1% or 98 6 7%) male mice (P , 0.01, 40 min after potentiation
in Fig. 3b). Stronger tetanic stimulation was sufficient to induce
LTP in WT amygdala (124 6 3% or 115 6 4%) that was not
different from ERb2/2 (124 6 6% or 124 6 13%), 40 min after
tetanus in females or WT (124 6 3% or 113 6 8%) and ERb2/2

(121 6 3% or 113 6 1%) males, although short-term potenti-
ation was still greater in the slices from mutant females than
controls (P , 0.01) 5 min after potentiation (Fig. 3c). In contrast
to the amygdala, hippocampal synaptic function was apparently

Fig. 3. Effects of ERb deletion on synaptic physiology in the amygdala.
Input–output curves recorded in the absence or presence of 3 mM bicuculline
(a), induction of LTP by weak tetanus (b), strong tetanus (c), and weak tetanus
in the presence of 3 mM bicuculline (d) were collected from seven ERb2/2 and
eight WT females except in the bicuculline experiment, where three ERb

mutant and four WT females were used. Data were expressed as means 6 SEM.
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not affected in ERb mutant mice. Field excitatory postsynaptic
potentials recorded in the striatum radiatum of ERb2/2 and WT
mice were comparable across a range of different stimulus
intensities activating Schaffer collaterals (not shown). We also
found that hippocampal synaptic plasticity in the CA1 region, a
site of estrogen action in rat (33), was not altered in the absence
of ERb. Theta-burst stimulation induced LTP 50 min after
tetanus in slices from both mutant (150 6 2%) and WT (146 6
1%) mice.

GABAergic signaling is one of the principle modulators of
amygdala activity. We therefore tested the hypothesis that
reduced GABAergic inhibition could lead to reduced thresholds
for synaptic plasticity in the amygdala. Weak tetanic stimulation
delivered in the presence of the GABAA antagonist bicuculline
(3 mM) resulted in potentiation of synaptic responses in BLA of
both WT (122 6 8) and ERb2/2 (115 6 4%) females (Fig. 3d).
The low level of potentiation and lack of significant difference
between the groups may reflect the observation that baseline
responses were larger in both groups after bicuculline adminis-
tration (Fig. 3a).

Effects of ER Inactivation on GABAergic and Serotonergic Neurotrans-
mission. Although it is possible that estrogen-mediated changes
in GABAergic function are responsible for both the reduction of
LTP induction threshold and the changes in behavior, it is
unlikely that any drastic changes in GABA receptor distribution
or GABA metabolism could be at the origin of these alterations.
The distribution of the GABA type A–benzodiazepine receptor
complex and the expression of GAD were unchanged in mutant
females when tested by in situ binding with 2 nM benzodiazepine
ligand [3H]RO 15-1788 and by GAD65y67 immunohistochem-
istry (data not shown).

We looked, therefore, at serotonin (5-HT), a strong modulator
of GABAergic neurotransmission in amygdala. Our focus was on
the 5-HT1a receptor, one of the principal 5-HT receptors in-
volved in emotional processing (24, 25) and target for estrogen
modulation (23, 34) that has recently been shown to be an
important regulator of GABA type A functions (20, 35, 36). Our
immunohistochemical analysis revealed a significant increase in
the expression of 5-HT1a in amygdala of mutant females (Fig. 4
A–F). In contrast, its expression was unchanged in other parts of
the brain, including BLA and VPL, a structure positioned close
to the amygdaloid complex. Within the amygdala, the increase of
5-HT1a was particularly marked in the Me and reached 84%

when compared with the VPL as the intraslice reference in
mutant females (P 5 0.05, Fig. 4G). The number of labeled cells
was also significantly higher in mutants and ranged from 28% to
50% of the total number of cells in the Me of WT and mutant
females, respectively (P , 0.05, Fig. 4H). Statistical analyses
indicate that the changes in 5-HT1A expression were, indeed,
greater in females, as the ANOVA revealed a significant inter-
action of genotype by sex for both measures [F(1,8) 5 5.4, P ,
0.05 for percent of cells f luorescing in the amygdala compared
with VPL and F(1,8) 5 5.4, P , 0.05 for the percent of Me cells
that were fluorescing]. There is a possibility that these changes
could have been caused by local changes in serotonergic inner-
vation (37). However, the distribution of the serotonergic ter-
minals was not changed when visualized by immunohistochem-
ical detection of 5-HT reuptake transporter (not shown).
Furthermore, the reduction of 5-HT1a transcript andyor protein
expression in the Me of estrogen-treated rats (23) along with the
strong expression of ERb in this region (5, 38) suggests that
alteration of 5-HT1a expression is at least in part at the tran-
scriptional level. Finally, it was also possible that the changes in
synaptic plasticity threshold could be attributed to changes in
progesterone concentration (11, 12). However, we found no
differences in progesterone plasma concentrations of WT and
ERb2/2 females as measured during diestrous (2.3 6 0.6 and
2.1 6 0.6 ngyml, respectively).

Discussion
There is an established link between depression, anxiety, and low
levels of estradiol in women (1, 2, §). We propose that estrogen
nuclear receptors may be key mediators of these regulatory
functions of estrogen. Moreover, ERb may be the principle
receptor implicated in these regulatory processes because, with
the exception of rearing behaviors, ERa null mutant mice were
comparable to their WT littermates and did not display abnor-
mal anxiety. ERb functions may also be implicated in the control
of some aspects of male fear and anxiety, as mutant males and
females were equally affected in the measures of latency and
stretching rate (Fig. 1 a and b). It is significant that the enhanced
anxiety is associated with a reduced threshold for synaptic
plasticity in the amygdala, principally in adult female mice. A
large body of evidence indicates that the amygdala is important
to anxiety and fear for both sexes in rodents (16, 39, 40) and
humans (41). A reduced threshold for synaptic enhancement in
this structure could result in exaggerated responses to normally
innocuous stimuli or environments, a characteristic feature of
fear and anxiety disorders. Of the many possible mechanisms for
this phenomenon, our data suggest that regulation of inhibitory
GABAergic neurotransmission may play a critical role. Whether
reduction of GABA responses in the lateral amygdala–BLA
complex is the mechanism by which anxiety is increased in ERb
mutant mice remains to be tested, but our evidence indicates that
pharmacological manipulation of GABA type A receptors in
WT mice can mimic some of the effects of ERb null mutation.
The reduced GABAergic inhibition in BLA could be at the
origin of changes in synaptic plasticity and increased anxiety in
ERb mutant females. Although the number of benzodiazepine-
sensitive GABA receptors and the expression of GAD are
unchanged in knockout mice, it is possible that the loss of ERb
affects transcription andyor post-translational modifications of
subunits of GABA type A receptors. This could lead to func-
tional changes in GABA type A receptor-mediated transmission
that would not affect expression levels or binding. Regulation of
transmembrane chloride gradient may be another mechanism by
which ERb could modulate GABA signaling. Differential ex-
pression of ion cotransporters, which was recently suggested to
account for sexually dimorphic GABA responses in postnatal
brain (42), may be a powerful means of regulating neuronal
functions by ERb. The effects of ERb signaling on GABAergic

Fig. 4. Immunohistochemical detection of 5-HT1a receptors in the medial
amygdala. The regions of selected brain sections are presented for histological
identification (A and D). Sections from WT (B and C) and ERb2/2 (E and F)
females were stained for the 5-HT1a receptor. Fluorescence in the medial
amygdala was represented as the percent of the fluorescence in VPL (G). All of
the cells labeled for 5-HT1a in medial amygdala were represented as the
percent of total cell number in this region as determined by DAPI staining (H).
Me, medial amygdala; MePV, medical amygdala posteroventral; opt, optic
tract. (Bar: 100 mm in A, B, D, and E; 50 mm in C and F.)
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tone may also be mediated by serotonergic neurotransmission. It
is reasonable to propose that increased presynaptic 5-HT1A
activation may reduce GABA release in the amygdaloid complex
including BLA, an observation suggested also by in vitro studies
on dissociated BLA neurons (35, 36). However, further investi-
gations will be necessary to understand the functional relation-
ships between different subnuclei of amygdala and the relevance
of serotonergic and GABAergic signaling in these processes. In
the view of ERb expression in other structures, particularly the
dorsal raphe and bed nucleus stria terminalis (5, 43), it is possible
that abnormalities in ERb modulation of the functions of these

and related structures may also contribute to present behavioral
alterations. Finally, the present study suggests also that ERb may
be critically involved in the expression of anxiety disorders to
which women may be particularly susceptible.
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