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Abstract

A long-held view has been that interest of male mice in female body odors reflects an activation of
reward circuits in the male brain following their detection by the vomeronasal organ (VNO) and
processing via the accessory olfactory system. We found that adult, sexually naive male mice
acquired a conditioned place preference (CPP) after repeatedly receiving estrous female urine on
the nose and being placed in an initially non-preferred chamber with soiled estrous bedding on the
floor. CPP was not acquired in control mice that received saline on the nose before being placed in
a non-preferred chamber with clean bedding. Robust acquisition of a CPP using estrous female
odors as the reward persisted in separate groups of mice in which VNO-accessory olfactory
function was disrupted by bilateral lesioning of the accessory olfactory bulb (AOB) or in which
main olfactory function was disrupted by zinc sulfate lesions of the main olfactory epithelium
(MOE). By contrast, no CPP was acquired for estrous odors in males that received combined AOB
and MOE lesions. Either the main or the accessory olfactory system suffices to mediate the
rewarding effects of estrous female odors in the male mouse, even in the absence of prior mating
experience. The main olfactory system is part of the circuitry that responds to chemosignals
involved in motivated behavior, a role that may be particularly important for humans which lack a
functional accessory olfactory system.
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Chemosignals exuded in urine and tears control social communication in several rodent
species. It is now widely accepted (e.g., Lin et al., 2004; Brennan and Zufall, 2006; Kang et
al., 2011) that volatile chemosignals, which are detected by the main olfactory epithelium
(MOE) and processed via the main olfactory bulb, as well as non-volatile chemosignals,
which are detected by the vomeronasal organ (VNO) and processed via the accessory
olfactory bulb (AOB), both make essential contributions to aspects of social communication
in mice of both sexes. These chemosignal-induced social behaviors reflect the integration of
inputs from the main and accessory olfactory systems in the medial (‘vomeronasal’)
amygdala (Licht and Meredith, 1987; Lehman and Winans, 1982; Kang et al., 2011)
followed by transmission of these inputs to the hypothalamus and basal forebrain. In
humans, chemosignals produced in male underarm sweat (Wyart et al., 2007) and in female
tears (Gelstein et al., 2011) modulate sexual attraction/arousal to sexually relevant visual
cues in opposite-sex subjects. In so far as humans lack a functional VNO-accessory
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olfactory system (Frasnelli et al, 2011; Trotier, 2011), these observed effects of
chemosignals presumably reflect their detection and processing via the main olfactory
system.

The neural circuits that mediate behavioral effects of sexually relevant chemosignals in
human as well as other adult mammals are not well understood. Evidence establishing an
important role of the main olfactory system in the processing of social chemosignals in mice
would further support the notion that social odor communication in humans may be
subserved entirely by this system. Male rodents are hard-wired to seek out and investigate
opposite-sex bedding/non-volatile urinary odors; however, a rigorous behavioral assessment
of the reward salience of female chemosignals for male rodents (as well as humans) is
lacking. In male rodents (Bressler & Baum, 1996; Pankevich et al. 2006b) exposure to soiled
bedding from an estrous female augmented Fos expression in segments of the mesolimbic
dopamine pathway. However, the relative contribution of the main vs. the accessory
olfactory system to the detection and processing of sexually rewarding chemosignals is
unknown.

We examined whether processing of rewarding chemosignals occurs via the main and/or the
accessory olfactory system of mice using the conditioned place preference (CPP) paradigm,
which has been widely used to establish the reward salience of natural incentive stimuli
(mating, aggression, water, sucrose, food) in addition to abused drugs. After first
establishing that a CPP was reliably acquired by males exposed to estrous female urine and
estrous bedding, we compared the ability of bilateral electrolytic lesions of the AOB, zinc
sulfate lesions of the MOE, or combined AOB and MOE lesions to block males’ acquisition
of a CPP to estrous female chemosignals. Numerous studies (e.g., Stowers et al., 2002) have
used mice with a null mutation of the TRP-2c cation channel (which is expressed only in the
VNO) to study the effects of disrupting the function of the accessory olfactory system in
mice. We elected to use a surgical (AOB lesions) instead of a genetic method to disrupt
accessory olfactory function because previous studies (Kelliher et al., 2006; Hasen and
Gammie, 2009) have shown that aspects of accessory olfactory function (e.g., pregnancy
block in females) persist in TRP-2¢c mutant mice. This implies that signaling mechanisms in
addition to TRP-2c exist in mice, a finding recently confirmed by two different studies (Kim
etal., 2012; Yang and Delay, 2010). We administered AOB lesions to mice instead of
surgically removing the VNO because of our previous observation (Martel and Baum, 2007)
that volatile opposite-sex urinary chemosignals, detected by the main olfactory system,
specifically stimulated Fos expression in the AOB, acting via centrifugal inputs to the AOB
that originate in the medial amygdala (Martel and Baum, 2009). We elected to use a
chemical (intranasal zinc sulfate) instead of a genetic method to disrupt main olfactory
function because previous research (Lin et al., 2007; Thompson et al., 2012; Pacifico et al.,
2012) suggests that there are multiple signaling pathways in main olfactory epithelium
sensory neurons that are difficult to eliminate using single gene mutations.

Testes-intact male Swiss Webster mice were purchased from Charles River at 6-8 weeks of
age and housed in groups of 4 under a reversed 12L/12D light/dark photoperiod. All
behavioral testing occurred during the dark phase of the L/D cycle. Food and water were
provided ad libitum, except for the days that the buried cookie finding protocol was carried
out in a subset of males (see below for more details). All procedures were approved by the
Boston University Charles River Campus Animal Care and Use Committee. Male mice were
sexually naive and were housed in colony racks with an air circulation system that prevented
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unwanted exposure to female body odors during these experiments. Female mice (6-8
weeks of age) were also purchased to serve as urine and bedding donors (details, below).

Placement of lesions in the AOB and MOE and confirmation of their location and efficacy

Males were given either complete bilateral electrolytic or sham lesions of the accessory
olfactory bulbs (AOBx or AOB sham), as previously described (Jakupovic et al. 2008;
Martel and Baum, 2009) 7 days prior to the onset of behavioral testing (see time line in Fig
1). Other males received authentic or sham MOE lesions by flushing the nares with 7 pl of a
10% ZnSO4 solution or saline (Martel and Baum, 2007) under ketamine (120 mg/kg) and
xylazine (12mg/kg) anesthesia one day after the pre-conditioning assessment of males’
chamber preferences (Fig. 1). A final group of males received AOB lesions combined with
MOE lesions. To assess lesion damage, AOBx and AOB sham-operated mice were perfused
with 4% paraformaldehyde and the brains were processed histologically to verify the
accurate placement of lesions. The right and left olfactory bulbs (including MOB and AOB)
were blocked from the rest of the brain and cut sagittally on a cryostat. The resulting
sections (30 um thick) were collected sequentially from the medial to the lateral border of
the olfactory bulb, mounted on glass slides, and later stained with Cresyl Violet to visualize
the cell layers. The slides were coded to conceal subjects’ group identities, and an observer
used power point software to trace the outline of each lesion onto a common template. Fig. 2
shows a schematic representation of the overlap of all lesions (black) along with the
maximal extent (gray) of any lesion (left and right hemispheres shown separately) in males
included in the groups that only received bilateral AOB lesions or that received both
bilateral AOB lesions and zinc sulfate lesions of the MOE. Of 18 males given bilateral AOB
lesions, data from seven males judged to have incomplete AOB lesions were omitted,
leaving 11 males in the AOB lesioned group. Of the 12 males given combined AOB and
MOE lesions, 11 were judged to have complete AOB plus MOE lesions and included in the
present study. Note that the size and extent of lesions that essentially eliminated the AOB
while causing minimal damage to the abutting main olfactory bulb appeared to be very
similar in the two groups of males that received them.

Immediately following the completion of CPP testing (Day 10 in Fig. 1), each male that
received either an authentic MOE lesion or a sham MOE lesion received two tests of main
olfactory function: 1) habituation—dishabituation tests to determine whether males could
discriminate between male and estrous female volatile urinary odors (Baum & Keverne,
2002), and 2) a latency to find a hidden cookie test (Martel and Baum, 2007). All MOE
sham males successfully discriminated male vs. estrous female urinary volatiles and located
the buried cookie within an average of 50 sec. By contrast, 8 out of 9 males that were given
only MOE zinc sulfate lesions and 11 out of 12 males that were given combined MOE and
AOB lesions were unable to discriminate male vs. estrous female urinary volatiles and failed
to locate the buried cookie within 5 min (results not shown). MOE lesions were judged to be
successful in the males that failed both olfactory tests, and only these males were retained in
the study.

Collection of urine and soiled bedding

Estrous female urine and bedding were collected from female mice following ovariectomy
and treatment with ovarian hormones: females were implanted subcutaneously with a
Silastic capsule (inner diameter 1.57 mm; outer diameter 2.41 mm; 5 mm long) containing a
1:1 mixture of 17B-estradiol and cholesterol at the time of ovariectomy. Beginning 7 days
later and again at 5-7 day intervals these estradiol-primed females received a s.c. injection
of 500 pg of progesterone dissolved in sesame oil 4 hours before being placed either in a
metabolic chamber for urine collection or in a colony cage on clean bedding. Male urine was
collected from 8 testes-intact, group-housed males in separate metabolic chambers. To avoid
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the loss of ephemeral (volatile) estrous urinary chemosignals (Sipos et al. 1995), we
collected and froze urine voided by estrous females every hour. Soiled bedding was
collected after 4 hours. Urine and/or soiled bedding from 8 mice of the same sex/endocrine
status were pooled and aliquots were stored at —80° C in 1.5 ml eppendorf tubes (urine) and
plastic zip-lock freezer bags (soiled bedding), respectively.

Conditioned place preference training procedure

Results

Group-housed males were transferred from the animal care facility to a quiet holding suite
one hour before each testing session began. On the first day of testing, prior to
administration of MOE lesion/sham operations to 4 groups of males (see time line in Fig. 1),
food was removed in the morning to ensure that subjects were motivated to consume a
cookie when it was presented 8 h later. After completion of CPP testing, the mice were
again food deprived during the assessment of olfactory function using discrimination tests
for mouse urinary odors for 8 h prior to the cookie finding test.

Conditioned place preference tests were conducted in two-chambered Plexiglas boxes (57x
14x 19 cm) inside an isolation cubicle (61x 65x 51cm; Coulbourn Instruments, Allentown,
PA). One chamber had black walls and smooth plastic flooring while the other chamber had
white walls with gray dots and textured plastic flooring. During testing, chambers were
sealed with a clear Plexiglas ceiling with ventilation holes. Subjects’ moment-to-moment
positions were video-tracked by a digital camera and Any-Maze software (Stoelting Co.,
Wood Dale, Il, USA). Chambers were cleaned with 10% Alconox (Alconox Inc., White
Plains, NY, USA) in water and thoroughly dried after every session. On day 1 (habituation)
subjects were allowed to move freely between the two adjacent chambers for 20 min (Fig.
1). On day 2 mice were again given free access to the adjacent chambers for 20 min and the
time spent in each chamber was measured and used to specify a non-preferred chamber for
each subject. No bedding was placed on the chamber floors during these tests. Over days 5-
9, half of the mice in each treatment group were given a conditioning session in which they
were confined behind a Plexiglas barrier in subjects’ initially non-preferred chamber for 20
minutes on bedding that contained soiled estrous female bedding (SEFB). Because we
suspected that mice with MOE lesions might not investigate urinary odors, and therefore
prevent the accessory olfactory system from being exposed to non-volatiles, 10 pl estrous
female urine (EFU) was pipetted directly onto subjects’ noses prior to confinement in the
non-preferred chamber containing SEFB to insure a minimal level of exposure to urinary
non-volatiles. After the conditioning session, mice were returned to their home cages for two
hours before being placed back in the CPP apparatus for confinement in the initially
preferred chamber for 20 min. Clean bedding was placed on the floor of this chamber, and
mice received 10 pl saline pipetted on the nose prior to this control session. Mice were then
returned to the animal facility until testing the next day. The remaining males in each
treatment group received the conditioning and control sessions in reverse order. On Day 10
mice were given free access to the apparatus for 20 min as was done on day 2, and the times
spent in each chamber were measured. Time that subjects in each of the 8 groups spent in
the initially non-preferred chamber as well as preference ratios (number of seconds spent in
the initially non-preferred chamber divided by the time spent in both chambers) were
compiled for each subject for the pre- and post-conditioning tests (test days 2 and 10,
respectively) (Horseman and Paredes, 2004). Paired 2-tailed t tests were used to determine
whether, for each treatment group, time spent in the initially non-preferred chamber along
with preference ratios differed before vs. after conditioning.

In the absence of any surgical manipulation of the olfactory nervous system, sexually naive
male mice spent significantly more time in the initially non-preferred chamber after
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receiving conditioning sessions in which characteristics of that chamber were paired with
EFU-SEFB (Fig. 3A, C). Significant (2-tailed, paired t test comparisons) pre- vs post-
conditioning values for time spent in the non-preferred side (t (df = 18) = 4.828, p < 0.0001)
and for preference ratios (t (df = 18) = 4.98, p < 0.0001) were obtained, demonstrating that
estrous odors established a CPP in male subjects. By contrast, CPP was not acquired in other
males that were given saline on the nose and placed on clean bedding during conditioning
sessions. Males given lesions of the MOE alone still showed significant CPP learning (Fig.
3B, D). Significant differences between pre-vs post-conditioning values for time spent in the
non-preferred chamber (t (df = 7) = 2.967, p < 0.02) and for preference ratios (t (df =7) =
2.73, p = 0.029) were obtained. Likewise, males given bilateral lesions of the AOB alone
still showed significant CPP learning for estrous odors. Significant differences between pre-
vs post-conditioning values for time spent in the non-preferred side (t (df = 10) = 2.352, p <
0.04) and for preference ratios (t (df = 10) = 2.59, p = 0.027) were obtained. The acquisition
of a CPP to odor stimuli from estrous females was also seen in groups of males that received
sham surgical manipulations of the MOE and/or the AOB (P < 0.05 by paired t tests in each
case). By contrast, combined lesions of the AOB and MOE eliminated the ability of repeated
exposure to EFU and SEFB to establish a CPP in a final group of males (Fig. 3B, D).

Discussion

Combined lesions of the AOB and MOE blocked acquisition of a CPP for estrous female
chemosignals in sexually naive male mice whereas CPP readily occurred in males given
either MOE or AOB lesions alone. This suggests that the reward circuitry mediating CPP
learning is activated by redundant chemosignal input from either the main or the accessory
olfactory systems and provides comparative support for the suggestion that human social
odors could be detected by circuitry within the main olfactory system. Previously, we
identified a sub-population of MOB mitral cells that send direct projections to the medial
amygdala (both anterior and posterior-dorsal subdivisions) in both male and female mice
(Kang et al., 2009; Kang et al., 2011). Whether this pathway is involved in processing the
rewarding aspects of social odors that were examined in the present study will require more
work. Nevertheless, such a pathway, if conserved in humans, would be well positioned to
transmit signals to hypothalamic targets that exhibit sexually dimorphic responses following
exposure of human subjects to a putative pheromone, androstadienone (Savic et al., 2001). It
is worth noting that existence of a direct MOB to medial amygdala projection in non-human
primates has been known for many years (Carmichael et al, 1994; Turner et al, 1978.)

Our observation that robust acquisition of a CPP occurred in sexually naive males after
AOB lesions argues against the view that main olfactory system inputs only assume the
ability to mediate rewarding effects of estrous female chemosignals after they are paired
with accessory olfactory inputs that occur during mating in male mice (Swaney et al., 2008).
It is well established that pairing socially irrelevant odor cues (e.g. methyl salicylate vapors)
with mating experience in male rodents allows those odors to assume the capacity later to
facilitate LH and testosterone secretion (Graham and DesJardins, 1980) and to promote
mating partner preference (Kippin & Pfaus, 2001). However, our results suggest that estrous
female chemosignals (unlike non-social odorants) detected by the main olfactory system
readily gain access to brain reward circuits even in males that lack prior mating experience.
In a previous study (Pankevich 2006) we observed significant CPP learning for access to
odors from an estrous female in mating-experienced male mice given VNO lesions. Our
initial interpretation of that result was that the main olfactory system was able to mediate
that CPP learning in the absence of accessory olfactory inputs because we used sexually
experienced males in our experiment. The present results suggest, however, that even in
sexually naive male mice both the main and the accessory olfactory systems are hard-wired
to convey social odor inputs from estrous females into the circuitry that mediates reward.
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Our current results in male mice are at apparent odds with a previous study (Martinez-Ricos
et al., 2007) using ovary-intact adult female mice that lacked mating experience and which
had never been previously exposed to either volatile or non-volatile male chemosignals.
Those females, which were studied at unspecified stages of the estrous cycle, acquired a
CPP after nasal contact with soiled bedding from testes-intact males, but not after nasal
contact with bedding from other females or from castrated males nor after exposure to
volatiles emitted from the bedding of testes-intact males. The authors concluded that VNO-
accessory olfactory system inputs were required for the CPP learning observed in their
females. They suggested that only females with prior mating experience, or which had
experienced the simultaneous activation of the main and the accessory olfactory systems in
response to volatile and non-volatile male chemosignals, would be able to acquire a CPP to
volatile male chemosignals. Conclusive evidence that VNO-accessory olfactory processing
of male chemosignals caused the CPP observed by Martinos-Ricos awaits a study showing
that VNO or AOB lesions block such learning in female mice.

The activation of mesolimbic dopamine (DA) neurons that project from the ventral
tegmental area to the n. accumbens has been linked to the motivation to engage in a range of
natural goal-directed behaviors (e.g., feeding, mating, parenting) as well as the ingestion of
several drugs of abuse (Wise, 2004). These DA neurons were previously implicated in
responses to female chemosignals by our (Pankevich et al., 2006b) observation that
exposure of sexually naive male mice to soiled estrous bedding augmented Fos expression in
the n. accumbens core. Tract tracing studies (Pardo-Bellver et al., 2012; Usunoff et al.,
2009) demonstrated robust labeling of the n. accumbens following injection of an
anterograde tracer into the posterior-dorsal medial amygdala, raising the possibility that
social odor inputs to the MeA from either the MOB or AOB (Kang et al., 2011) can be
passed on to the n. accumbens via this pathway. In confirmation of this hypothesis,
Malkesman et al. (2010) reported an increase in DA concentrations in the n. accumbens of
sexually naive male mice following nasal contact with estrous female urine. In apparent
contradiction, however, neurotoxic destruction of DA neurons projecting to the n.
accumbens failed to disrupt the preference of female mice to seek out a container of soiled
male bedding (Martinez-Hernandez et al., 2012). Those investigators (Novejarque et al.,
2011) suggested that projections from the medial amygdala to other targets in the ventral
forebrain, including the olfactory tubercle or the islands of Calleja, may underlie the
rewarding effects of chemosignals. However, a simple preference to approach and
investigate urinary odors may not be a predictor of the ability of such odors to act as
reinforcers in a CPP paradigm. In pilot studies for the present study, we found that urinary
odors from castrated male mice also served to establish a CPP in gonadally intact male
subjects, indicating that non-sexual, social odors can be reinforcing. Also, a single
component of testes-intact male urine (darcin) can serve as an incentive stimulus for CPP
learning in both female and male mice (Roberts et al., 2012). It seems likely that several
conspecific social odors can be incentives for CPP learning, although there is no reason to
expect that biologically “irrelevant” odors (e.g. peppermint) can serve this purpose.
Importantly, our conditioning procedure, by itself, did not cause a change in chamber
preference: male mice that were only exposed to saline on the nose plus clean bedding
showed no change in compartment preference. More research using CPP training in mice of
both sexes is needed to rigorously assess the reward salience of different social odors with
the ultimate aim of identifying the reward circuits that are activated by inputs from the
accessory and the main olfactory systems.

It is noteworthy that neither disruption of accessory olfactory function by surgical removal
of the VNO nor disruption of main olfactory function by zinc sulfate irrigation of the nares
blocked the ability of estrous female urinary chemosignals to elicit ultrasonic “courtship”

vocalizations in sexually naive male mice (Sipos et al., 1995). This outcome resembles our
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observation that CPP for estrous odors continued to be acquired in mice given either AOB or
MOE lesions. Sipos et al. (1995) also reported that combined lesioning of the VNO and the
MOE eliminated the ability of male mice to emit ultrasonics in response to female urinary
volatiles just as we observed that combined AOB and MOE lesions eliminated the ability of
males to acquire a CPP to estrous odors.

In conclusion, the ability of an incentive stimulus to establish a CPP has become the gold
standard for assessing brain mechanisms controlling reward (e.g. Lammel et al., 2012). We
used this procedure to show that the main olfactory system suffices to convey estrous female
chemosignal inputs needed to activate reward circuits in the male mouse brain, even in the
absence of prior mating experience/simultaneous activation of the VNO-accessory system
that was previously thought to enable the main olfactory system to assume this function.
Future studies are needed to identify the specific input pathways from the two olfactory
systems to reward circuits in the forebrain, along with the behavioral contexts under which
each system is activated in ways that contribute to reproductive success in the two sexes.
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Figure 1.

Time line showing the sequence of surgical and behavioral testing procedures in the present
study. CS+ conditioning sessions: male mice received estrous female urine on the nose prior
to being confined to the previously non-preferred chamber with soiled estrous female
bedding on the floor. CS- conditioning sessions: male mice received sterile saline on the
nose prior to being confined to the previously preferred chamber with clean bedding on the
floor. Each male mouse received both a CS+ and a CS— conditioning session (order
counterbalanced in each treatment group; separated by approximately 2h) on test days 5-9.
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Sham-Lesion Bilateral AOB Lesions Bilateral AOB Lesions
and MOE Lesions
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Schematic representations of bilateral (left and right hemispheres shown separately) lesions
of the accessory olfactory bulb (AOB) in groups of male mice that either received only AOB
lesions (n = 11) or AOB lesions plus lesions of the main olfactory epithelium (MOE) (n =
11). Drawings of the glomerular, mitral, and granule cell layers of the AOB from a sham-
operated control male are shown in sagittal sections taken from the lateral, middle, and
medial aspects of the entire olfactory bulb from one hemisphere. The black shading
represents the area of overlap of AOB lesions in all members of each group; the gray
shading represents the area of greatest extent of AOB lesions in any member of each group.
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Figure 3.

(panels A and C). Acquisition by male mice of a conditioned place preference (CPP) for a
chamber in which they previously received estrous female urine (EFU) on the nose and were
exposed to soiled estrous female bedding (SEFB). Control males given saline on the nose
(saline) and exposed to clean bedding (CB) acquired no CPP. (panels B and D) Separate
lesions of the main olfactory epithelium (MOEX) or of the accessory olfactory bulb (AOBX),
like sham surgical manipulations of these structures (MOE Sham; AOB Sham; AOB MOE
Sham), failed to block the ability of male mice to acquire a CPP to EFU-SEFB. Combined
lesions of the AOB and MOE (AOBx MOEX) blocked males’ acquisition of a CPP to EFU-
SEFB. Data in the top panels (A, B) are expressed as time (in seconds) spent in the initially
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non-preferred chamber of the apparatus whereas data in lower panels (C, D) are expressed as
preference ratios, defined as the number of seconds spent in the initially non-preferred
chamber divided by the time spent in both chambers (mean +/- SEM). For each treatment
group of males, time and preference ratio values are shown for the pre-conditioning and for
the post-conditioning tests. *p < 0.05, 2-tailed, within-groups t test comparisons of values in
the post- vs. pre-conditioning tests. The number (N) of subjects in each group is shown
beneath each pair of bars.
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