
Zinc transporter ZnT-3 regulates presynaptic Erk1/2
signaling and hippocampus-dependent memory
Carlos Sindreua, Richard D. Palmiterb,c,1, and Daniel R. Storma,1

Departments of aPharmacology and bBiochemistry and cThe Howard Hughes Medical Institute, University of Washington, Seattle, WA 98195

Contributed by Richard D. Palmiter, December 21, 2010 (sent for review November 21, 2010)

The physiological role of vesicular zinc at central glutamatergic
synapses remains poorly understood. Here we show that mice
lacking the synapse-specific vesicular zinc transporter ZnT3 (ZnT3KO
mice) have reduced activation of the Erk1/2 MAPK in hippocampal
mossy fiber terminals, disinhibition of zinc-sensitive MAPK tyrosine
phosphatase activity, and impaired MAPK signaling during hippo-
campus-dependent learning. Activity-dependent exocytosis is re-
quired for the effect of zinc on presynaptic MAPK and phosphatase
activity. ZnT3KO mice have complete deficits in contextual discrim-
ination and spatial workingmemory. Local blockade of zinc orMAPK
in the mossy fiber pathway of wild-type mice impairs contextual
discrimination. We conclude that ZnT3 is important for zinc homeo-
stasis modulating presynaptic MAPK signaling and is required for
hippocampus-dependent memory.
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Signals mediated by the Erk1/2 pathway of the MAPK family
regulate a myriad of functions in the brain including de-

velopment (1), memory stabilization (2), and drug addiction (3).
Erk has been shown to regulate neuronal plasticity through direct
actions on synaptic effectors (4, 5) or by altering gene expression
(6, 7). Memory consolidation, reconsolidation, extinction, and
persistence can all be impaired by Erk inhibition (8–12).
The mossy fiber (MF) pathway of the hippocampus shows high

levels of Erk activation under basal conditions (13). A feature of
MF terminals is a high concentration of zinc in synaptic vesicles
(14). Zinc is highly compartmentalized in neurons because of the
coordinated actions of protein transporters and buffers (15). Zinc
is coreleased with glutamate during MF exocytosis (16), and it can
modulate ionotropic receptor currents (17–20) and synaptic plas-
ticity in tissue slices (21–24). Exogenous application of zinc also
can activate tyrosine kinase receptor B (TrkB) and Erk in neurons
(21, 25, 26), but whether synaptic vesicle zinc modulates neuronal
signal transduction is unclear. Little is known about the role of
synaptic zinc in learning andmemory. The zinc transporter ZnT3 is
localized in clear synaptic vesicles of cortical glutamatergic ter-
minals (27, 28). Targeted deletion of ZnT3 prevents synaptic
vesicle zinc uptake (29) and ablates the extracellular release of zinc
by action potentials (16). Disruption of zinc homeostasis in
ZnT3KO mice appears to be synapse specific, because zinc levels
are reduced in fibers normally containing zinc but not in cell bodies
or brain regions devoid of vesicular zinc (29, 30). Further, seizure-
induced increases in somatic (i.e., extrasynaptic) zinc are spared in
ZnT3KO mice (31). Although initial attempts did not reveal cog-
nitive deficits in ZnT3KO mice (32), recent evidence showed im-
paired fear memory (33) as well as accelerated aging-related
decline of spatial memory (34) in ZnT3KOmice. Here we analyze
the role of synaptic vesicle zinc for Erk-dependent signaling in the
hippocampus and memory formation in young adult mice.

Results
Zinc Is Required for Tonic and Induced Activation of Erk1/2 in
Hippocampal MFs. To explore the role of zinc in Erk signaling,
we focused on the MF terminals that connect the dentate gyrus
with the CA3 subregion of the hippocampus. Although synaptic
zinc is found in other cortical regions (Fig. S1A), the MFs show

the highest zinc levels because of the prominent presynaptic
expression of ZnT3 (Fig. S1 B and C). The active, dually phos-
phorylated form of Erk1/2 (i.e., pErk) also is enriched in the
MFs. pErk and ZnT3 were largely colocalized in naïve mice (Fig.
S1C). Triple immunostaining confirmed that most pErk in MFs
was present in presynaptic structures, either in glutamatergic
[vesicular glutamate transporter 1 (VGLUT1)-positive] termi-
nals or in neurofilament-rich axonal fibers (Fig. S1 D and E). In
contrast, pErk in the stratum radiatum was segregated from
presynaptic markers, in keeping with its reported somatoden-
dritic distribution in CA1 (13).
Is Erk activation affected by the abundance of zinc? pErk

immunostaining in pyramidal somata was similar in ZnT3KO
and WT mice (Fig. S1F). In contrast, ZnT3KO mice showed an
∼30% reduction in MF pErk compared with WT mice under
baseline conditions (Fig. 1 A and B). Subcellular fractionation of
hippocampal extracts showed decreased pErk in the S1, S2, and
LP1 fractions of ZnT3KOmice compared with controls (Fig. 1C).
Purification of the LP1 fraction by discontinuous sucrose gradient
confirmed the reduction of pErk in synaptic membranes (Fig. 1D).
Increases in MF pErk induced by a subconvulsive dose of kainate
were suppressed in ZnT3KO mice, as seen in whole-cell lysates
(Fig. 1E) and in MF sections (Fig. S1G). The pErk deficit in
ZnT3KOmice occurred despite normal expression of Erk protein
(Erk2/actin ratio in ZnT3KO, 0.65 ± 0.16; ratio in WT, 0.64 ±
0.18; P = 0.86; n = 14/14), normal MF innervation revealed by
staining for calbindin (Fig. S1H), and normal density and size of
synaptic boutons (Fig. S1 I and J).
Acute injection of the metal ion chelator diethyldithiocarbamate

(DEDTC) inWTmice decreased the levels of MF pErk compared
with vehicle (Fig. 2A). The effect of DEDTC on pErk was rapid
(<15 min), was fully reversible within 3 h (Fig. 2B) (i.e., a time
course that paralleled synaptic zinc chelation) (Fig. S2A), and had
no lasting deleterious effects on learning as assessed 2 d after in-
jection (Fig. S2B). DEDTC decreased pErk in a dose-dependent
manner (Fig. 2C). Moreover, unilateral infusion of N,N,N′,N′-
tetrakis(2-pyridylmethyl)ethylenediamine (TPEN, a different
chelator with high affinity for zinc) into the hippocampus also
reduced MF pErk compared with vehicle (Fig. S2C). ZnT3KO
mice injected with DEDTC showed a smaller decrease in pErk
compared with WT littermates (Fig. 2D), confirming that these
chelators affect pErk, at least in part, by removing synaptic vesicle
zinc. Injection of the NMDA receptor (NMDAR) blocker 3-
(+)-2-carboxypiperazin-4-yl)propyl-l-phosphonate (CPP) (n = 5),
of the L-type Ca2+ channel blocker diltiazem (n = 5), or genetic
knock-out of the zinc-sensitive NR2A subunit (n = 5) did
notmodifyMFpErk or the decrease induced byDEDTC (Fig. 2D).
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To clarify whether extracellular release of zinc is required for
the modulation of pErk, conscious mice received CA3 infusions
of agatoxin IVA, a P/Q-type Ca2+ channel antagonist that
reduces exocytosis at MFs, or of tetanus toxin, which cleaves
vesicle-associated membrane protein 2 (VAMP-2) and hence
directly inhibits fusion and release of vesicles. Agatoxin reduced
MF pErk by 37 ± 8% in WT mice but by only 19 ± 5% in
ZnT3KO mice (Fig. S2D). Tetanus toxin reduced MF pErk by 33
± 5% in WT mice, but it failed to reduce pErk in ZnT3KO mice
(−9 ± 3% change) (Fig. S2E), indicating that ZnT3 is required
for the effect of exocytosis on MF pErk.

MAPK Tyrosine Phosphatase Activity Is Enhanced in ZnT3KO Mice.
ZnT3KO mice showed intact activation of other signals impli-
cated in neuroplasticity, including activity-regulated cytoskeletal-
associated protein (Arc), Akt/protein kinase B, PKC, JNK, and
calmodulin-dependent protein kinase II CaMKII) (Fig. S3A).
PKA phosphorylation of the AMPA receptor subunit GluR1 and
the NMDA receptor subunit NR1, NMDAR composition, and
activation of the TrkB and Src tyrosine kinases also were spared
in synaptic membrane fractions of ZnT3KO hippocampi (Fig. S3
B and C). Further, unlike pErk, WT mice injected with DEDTC
or infused with TPEN in the hippocampus showed no significant
reduction in phosphorylated TrkB (pTrkB) in the MFs 30 or 60
min later (Fig. S3D). Global levels of phosphorylated species
also were similar between genotypes (Fig. S3 E and F).

In kinase assays in vitro, addition of up to 100 μM Zn2+ failed
to stimulate the activity of Erk2 toward the substrate myelin
basic protein (Fig. S3G), pointing to an indirect mechanism of
action. We reasoned that any effect of zinc involving proteins up-
stream of Erk should be reflected in the activation of the MAPK
kinase MEK1/2. However, phosphorylated MEK (pMEK) was
present at similar levels in ZnT3KO and WT mice, despite the
reduced pErk in the same mutants (Fig. S3H).
To address the role of protein phosphatases in ZnT3KOdeficits,

we incubated His-tagged pErk2 in lysates from KO and WT mice
and compared the rates of dephosphorylation. Erk2 became
dephosphorylated at a faster rate in ZnT3KO lysates, and the
addition of 10 μM Zn2+ slowed dephosphorylation (Fig. 3A).
When pulled-down proteins were probed with phosphoamino
acid-specific antibodies, phosphotyrosine (p-Y) but not phospho-
threonine (p-T) decreased significantly faster in ZnT3KO lysates
than inWT lysates (Fig. 3B). Addition of the tyrosine phosphatase
(PTP) inhibitor orthovanadate blocked pErk dephosphorylation
(Fig. 3C). Conversely, incubation of hippocampal slices with
orthovanadate increased MF pErk in ZnT3KO mice to a greater
extent than inWTmice (Fig. 3D andE). To verify that zinc release
couples to phosphatase inhibition in MFs, we manipulated zinc

Fig. 1. ZnT3 is required foractivationofErk1/2 inhippocampalMF. (A)MFpErk
staining in ZnT3KO andWTmice. (Scale bar: 100 μm.) (B) Summary data of basal
MF pErk levels. ZnT3KO vs. WT, P = 0.003; n = 19–21 mice per group. (C) Sub-
cellular fractions fromhippocampusofWTandZnT3KOmice.Dataare fromtwo
experiments, each with four mice per group, and normalized to the pErk/Erk
ratio in WT mice (KO vs. WT, P < 0.05 for S1, S2, and LP1 fractions; P > 0.05 for
other fractions). (D) pErk levels from the fraction obtained at the 1/1.2-M in-
terface after separation of LP1 (pooled tissue from four mice per group). (E)
Changes inMFpErk intensity 90minafter i.p. injectionof10mg/kgkainate (KA).
WTvs. KO inKA,P<0.01.n=5–8pergroup. Interactionbetween treatmentand
genotype,F(1,19)=5.16;P=0.034.Similar changeswerefound inWesternblotsof
whole-hippocampal lysates (P < 0.05 KO vs. WT; n = 4–6 per group).

Fig. 2. Acute chelation of zinc in WT mice decreases MF pErk levels. (A and
B) Time course of decreases in pErk after DEDTC administration. (Scale bar:
100 μm.) DEDTC = 63 ± 6% of control at 30 min; P < 0.0001; n = 7/7. DEDTC =
94 ± 14% of control at 180 min; P = 0.34; n = 4 mice per group. (C) Dose
dependence of pErk decrease induced by DEDTC 30 min after injection.
Vehicle vs. 250 and 500 mg/kg DEDTC, P < 0.01; n = 6–10 per group. Vehicle
vs. 50 and 100 mg/kg DEDTC, P > 0.2; n = 5–8 per group. (D) Summary data of
the effect of various treatments on MF pErk. Relative pErk reduction was
calculated by taking as reference the pErk intensity in the paired control
group. P = 0.002 WT vs. ZnT3KO; P = 0.017 TPEN vs. vehicle; P > 0.05 control
vs. CPP, diltiazem, or NR2AKO; n = 5–7 mice per group.
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levels exclusively in the extracellular space before adding bisper-
oxovanadium 1,10-phenanthroline [bpV(phen)], a potent PTP
inhibitor. First applying 20 μM Zn2+ to the medium occluded the
increase in MF pErk by bpV(phen) (Fig. 3E). However, adding
Tricine (a cell-impermeable zinc chelator) to the medium did not
potentiate the effect of bpV(phen) alone. To test if low levels of
spontaneous release in resting slices may prevent Tricine from
depleting presynaptic zinc, slices were depolarized with 4-
aminopyridine in the presence or absence of Tricine and, after
wash-out, were incubated in the presence or absence of bpV
(phen). Tricine significantly potentiated the effect of bpV(phen)
on MF pErk compared with depolarized control slices (Fig. 3E),
consistent with disinhibition of PTPwhen zinc reuptake is blocked.

Impaired Training-Induced Erk Activation in MFs of ZnT3KO Mice.
ZnT3KO mice were tested for their ability to show pErk
increases after contextual fear conditioning. Mice received a foot
shock 2 min after exploring a novel chamber. Control mice were
shocked without preexposure (i.e., within 5 s), which prevents
formation of the associative memory. The intensity of pErk sig-
nal within MFs increased by 2.4 ± 0.9-fold compared with con-
trol at 10 min after training in WT mice but not in ZnT3KO mice
(0.9 ± 0.6-fold) (Fig. 4 A and B). In contrast, training increased

pErk to similar levels in CA1 somata of WT and ZnT3KO mice
(Fig. 4 F and G). To confirm that ZnT3 supports Erk activity on
presynaptic substrates, we monitored changes in phosphorylation
of synapsin I at residues S62/67 (pSyn I), which is specific for
Erk1/2 (35). Basal pSyn I in ZnT3KO naïve mice was 65 ± 11%
of WT (Fig. 4C). Following training, pSyn I transiently increased
in WT but not in ZnT3KO mice (Fig. 4 D and E). We confirmed
that reactivity to the foot shock and immediate postshock
freezing were similar in ZnT3KO and WT mice (Fig. S4).

ZnT3 Is Required for Spatial Working Memory and Contextual
Discrimination. Does impaired Erk signaling in ZnT3KO mice
lead to cognitive deficits? ZnT3KO mice showed normal mem-
ory for fear conditioning and passive avoidance, even under

Fig. 3. PTP disinhibition underlies Erk dephosphorylation in ZnT3KO mice.
(A) His-pErk2 was incubated for different times in ZnT3KO and WT lysates in
the presence of U0126 (10 μM), and the remaining phosphorylation was
assessed with pErk antibodies. Plot summarizes data from three separate
experiments (each using four mice per group). Interaction between time and
genotype, F(3,8) = 5.39; P =0.025. Adding ZnCl2 reduced Erk dephosphorylation
at 10min; P = 0.014 comparedwith control. (B) Experiments similar to those in
A were probed with p-T or p-Y antibodies. Interaction between time and
genotype, F(3,19) = 9.20; P = 0.006. (C) Preincubation with 1 mM Na3VO4 (OV)
prevented Erk2 dephosphorylation. (D) Representative image of the effect of
OV on MF pErk in ZnT3KO slices. Arrows point to MFs. (Scale bar: 100 μm.) (E)
PTP inhibition induced agreaterMFpErk increase in ZnT3KO slices and in slices
depolarized in the presence of Tricine (n = 6–8 slices per group). WT vs. KO, P =
0.007; tricine vs. Tricine plus 4-aminopyridine (4AP), P = 0.0002; P > 0.05 for all
other comparisons.

Fig. 4. Impaired induction of presynaptic Erk signaling in ZnT3KO mice
after training. (A) Synapsin I and pErk staining in MFs of WT and ZnT3KO
mice 10 min after training. (Scale bar: 5 μm.) (B) Relative frequency dis-
tributions of pErk intensity within individual MF terminals (i.e., colocalized
with synapsin I). pErk level was normalized to levels in unpaired mice for
each genotype. WT paired shock vs. WT unpaired, P < 0.000; n = 5–9 mice per
group, 142 boutons. KO paired vs. unpaired, P = 0.55; n = 5–8 mice per
group, 141 boutons. Interaction between treatment and genotype, F(1,25) =
25.32, P < 0.0001. (C) Basal levels of pSyn and Syn in naive ZnT3KO and WT
mice. Each lane contains pooled samples (n = 3) from separate experiments.
Ratio pSyn/Syn in WT vs. KO, P = 0.034; n = 7 mice per group. (D) Levels of
pSyn and Syn 10 min after training. Each lane contains pooled samples from
six to eight mice. P, paired; U, unpaired. (E) Mean pSyn/Syn values obtained
from individually run samples taken 10 and 30 min after training. Interaction
between genotype and treatment, F(1,24) = 12.21; P = 0.0019. Paired WT vs.
paired KO mice at 10 min, P = 0.01. (F) pErk staining in the CA1 pyramidal
layer. Green, Hoescht; red, pErk. (Scale bar: 40 μm.) (G) Summary data of
pErk staining in CA1. Effect of treatment, F(1,20) = 5.74; P = 0.026. Paired WT
vs. paired KO mice, P = 0.54.
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gradual training regimes designed to unmask potential ceiling
effects in the expression of memory (Fig. S5 A and B). Spatial
working memory and contextual discrimination appear to be
particularly sensitive to hippocampal function (36, 37). WT mice
quickly learned to alternate between arms in the rewarded-al-
ternation T-maze task for working memory, whereas ZnT3KO
mice performed at chance levels over several days (Fig. 5A). The
deficit in ZnT3KO mice was observed across all trials performed
in each session between days 3 and 6 (Fig. S6A). When ZnT3KO
and WT mice were placed in an open field, they showed in-
distinguishable rearing activity, center time, and locomotor ha-
bituation over the course of 1 h (Fig. S5 C and D). Further,
ZnT3KO mice were able to recognize novel or displaced objects
normally (Fig. S5E), indicating that the spatial working memory
deficit in ZnT3KO mice is not caused by altered motivation or
ability to learn explicit information.
For contextual discrimination memory, mice were exposed

daily to two similar chambers but were shocked in only one of
them for three consecutive days. On the test day, WT mice froze
more in the chamber paired with the shock than in the safe
chamber, whereas mutant mice showed similar levels of freezing
in both chambers (Fig. 5B). To rule out an effect of extinction on
the differential freezing displayed byWTmice, they were exposed
to a third (novel) chamber followed by reexposure to the shock
chamber 2 d later (days 5 and 6). Again, WT mice froze more in
the shock chamber, whereas ZnT3KO mice did not (Fig. S6B).

Zinc and Erk1/2 in the MF Pathway Regulate Contextual Discrimina-
tion. To assess the potential contribution of MF zinc to the behav-
iors described above, TPENwas infused into theCA3 region ofWT
mice. TPENdid not affect fear conditioning compared with vehicle
(Fig. S6C). However, TPEN did impair contextual discrimination
when infused immediately after foot shock during training (Fig.
5C). In contrast, vehicle-infused mice showed robust contextual

discrimination. TPEN infusions reduced pErk inMFs to 74± 9%of
control without affecting pErk in CA1 (Fig. S6D). Thus, zinc che-
lation confined to CA3 reproduced the ZnT3KO phenotype. In
analogous experiments, WT mice received a daily dose of the
MEK1/2 inhibitor SL327 immediately after training and then were
tested in drug-free conditions. Vehicle-injected mice discriminated
between chambers normally (Fig. S6E). An inhibitor dose (15 mg/
kg) that reduced pErk by ∼30%, similar to the reduction in
ZnT3KO mice, blocked contextual discrimination but not condi-
tioning (Fig. S6E). In contrast, a dose (40mg/kg) that reduced pErk
by >80% significantly reduced conditioning in both chambers. To
inhibit pErk more selectively, we injected lentivirus expressing
a dominant-negative form ofMEK1 (K97M substitution; dnMEK)
into the dorsal dentate gyrus. Transduced neurons coexpressing
EGFP projected MF axons to CA3 and amounted to 20–40% of
granule cells (Fig. S6F). When trained for contextual discrimina-
tion, vector-injected mice showed higher freezing in the shock
chamber than in the safe chamber (Fig. 5D). In contrast, dnMEK-
injected mice froze similarly in both chambers. Thus, Erk signaling
within granule cells is required for contextual discrimination.

Discussion
We have found that knockout of ZnT3 suppresses the activity-
dependent activation of Erk1/2 signaling in MF terminals, dis-
inhibits MAPK phosphatase, and impairs hippocampus-
dependent memory. Vesicular exocytosis promoted Erk activation
and coupled to PTP inhibition in a zinc-dependent manner. The
effect of zinc on Erk activation was independent of NMDARs or
L-type Ca2+ channels. Because TrkB and MEK1/2 were not af-
fected by genetic or pharmacological zinc blockade, our data do
not support an indirect effect of zinc on PTPs through upstream
activators. A parsimonious interpretation is that the process of
zinc release and recycling increases cytoplasmic zinc at the nerve
terminal to inhibit PTP (Fig. S6G). In keeping with this notion,
addition of zinc slowed Erk dephosphorylation in assays in vitro,
and PTPs are notorious for binding zinc with high affinity (38, 39).
Our results predict that increased activity of MFs during learning
would enhance zinc inhibition of PTP and further stimulate pre-
synaptic Erk activation. Consistent with this prediction, deficits in
MF pErk in ZnT3KO mice were more pronounced after behav-
ioral training than in basal conditions.
The impairments in spatial working memory and contextual

discrimination in ZnT3KO mice suggest a role for ZnT3 in
encoding differences between similar events, a property for which
the dentate gyrus-to-CA3 pathway appears to be important (40).
The ZnT3KO phenotype complements recent reports supporting
a role for synaptic zinc in cognition (33, 34, 41, 42). Furthermore,
the associated deficit in Erk signaling in ZnT3KO mice, which we
show is required in the MF pathway for contextual discrimination,
suggests a possible molecular mechanism for the memory defects.
Presynaptic pErk also modulates MF plasticity (43). Additional
work is required to reveal the cognitive implications of zinc actions
on other targets such as NMDARs (22, 44). Although CA1 re-
ceives inputs from CA3, temporoammonic projections devoid of
synaptic zinc may be more instrumental in activating CA1 than
previously recognized (45, 46). Such a scenario would be consistent
with the normal spatial reference memory (32, 34) and CA1 acti-
vation in ZnT3KO mice. In conclusion, our data indicate that the
unique targeting of Erk1/2 to MF terminals renders it subject to
modulation by zinc through the inhibition of MAPK tyrosine
phosphatases. Zinc control of Erk signaling during behavioral
training may be required for some forms of cognition.

Methods
Methods are described in more detail in SI Methods.

Animals. Mice (3-4 mo old) were obtained from heterozygous ZnT3 (Slc30a3)
breeders that had been back-crossed from a 129Sv/Ev background into

Fig. 5. Memory impairment in ZnT3KOmice and after local blockade of zinc
or Erk1/2. (A) Daily averages of correct alternations in ZnT3KO and WT mice;
effect of genotype, F(1,105) = 19.36; P < 0.0001. (B) Freezing in the shock
chamber was greater in WT mice (P = 0.0017) but not in ZnT3KO mice (P =
0.82) comparedwith freezing in the safe chamber. Effect of genotype, F(1,36) =
8.79; P = 0.0054. (C)Mice show contextual discrimination after CA3 infusion of
vehicle (P = 0.006) but not after CA3 infusion of TPEN (P = 0.78). Interaction
between treatment and chamber, F(1,18) = 5.06; P = 0.037. (D) Mice show
contextual discrimination after transduction of dentate gyrus with vector (P =
0.044; n = 8) but not with dnMEK1 (P = 0.34; n = 9) in dentate gyrus.
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a C57Bl6/J background for at least seven generations. Genotyping was done
as previously described (29). Procedures were approved by the Institutional
Animal Care and Use Committee (University of Washington).

Biochemistry. Tissuefractionationandactivityassayswereperformedaccording
to standard methods (47) or following manufacturers’ recommendations.

Immunohistochemistry. Cryosections were incubated overnight with primary
antibodies and developed with Alexa Fluor 488/647 secondary antibodies or
with cyanine 3-conjugated tyramide signal amplification according to the
manufacturer’s instructions (Perkin-Elmer).

Acute Slices. Transverse hippocampal slices (350 μm) were used 60 min after
sectioning and maintained in oxygenated standard artificial cerebrospinal

fluid containing (in mM) 124 NaCl, 4 KCl, 1 MgCl2, 2.5 CaCl2, 1.25 NaH2PO4,
26 NaHCO3, and 10 D-glucose.

Stereotaxic Injections. Mice were bilaterally cannulated or injected with
a Hamilton syringe as previously described (48). Cannulated mice were
allowed to recover for at least 1 wk before training or receiving infusions.

Behavior. All behavioral assays were performed on experimentally naïve mice
and are described in SI Methods.
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