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Abstract
Since zinc transporter ZnT3 is localized to the hippocampus and perirhinal cortex, we used ZnT3
knockout mice (KO) to analyze the role of ZnT3 in memory and behavior dependent on these
brain regions. ZnT3KO mice were normal in initial learning in the standard water maze but had
difficulty finding a second platform location. The mutants showed increased social interaction but
were deficient in social and object recognition memory. These data suggest that ZnT3 is involved
in certain types of spatial memory and behavior dependent on the hippocampus and perirhinal
cortex.
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The human MTL is involved in the conscious memory for facts and events, often called
declarative memory [1]. Analysis of memory deficits of patients has brought much insight
into our understanding of memory [2, 3]. These studies of patients with MTL lesions have
prompted developing models in monkeys and rodents designed to resemble memory deficits
to allow for more precise functional dissection of MTL structures. Using this approach,
much information was gathered on which MTL structures are responsible for various types
of declarative memory. Still, very few genes are known to be enriched in the MTL, which is
unfortunate because this would provide new insights into region-and circuitry-specific
molecular mechanisms involved in declarative memory [4]. Zinc transporter ZnT3 is
strongly enriched in MTL including the amygdala, hippocampus and perirhinal cortex [5].
ZnT3 is selectively located in the vesicles of zinc-secreting neurons and is responsible for
most of the zinc released into the synapse [6]. The expression pattern of the ZnT3 protein is
very similar to Zn2+ distribution [5, 7–9]. Zn2+ is involved in normal brain function [10–13]
as well as in several pathological conditions, including Alzheimer’s disease [14]. In neurons,
synaptic zinc may act as a neuromodulator [6, 15] and is involved in synaptic plasticity [9,
16–18].

ZnT3KO mice (a generous gift from Richard Palmiter, University of Washington) were
maintained on C57BL/6J background (N>10) [8]. Homozygous KO mice and their wild-
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type (WT) littermates were generated by breeding ZnT3 heterozygous mice. All mice were
maintained on a 12-h light/dark cycle. Behavioral experiments were conducted on 3–4
month old male littermates during the light phase of the cycle with experimenter blind to the
genotype.

To analyze cell types expressing ZnT3 in MTL, we performed immunocytochemical co-
localization experiments using antibodies against ZnT3 and synaptophysin (presynaptic
marker) or MAP2a/b (dendritic marker). After incubation with the primary antibodies
(rabbit anti-ZnT3 antibody (a gift from Richard Palmiter, 1:100), mouse anti-synaptophysin
antibody (Sigma, 1:100), or mouse anti-MAP2a/b (Abcam, 1:200) in the presence of the
M.O.M kit (Vector), sections were incubated with the biotinylated goat anti-rabbit antibody
(Vector, 1:600) followed by fluorescein avidin (Vector, 1:800) and Cy3-conjugated donkey
anti-mouse antibody (Jackson ImmunoResearch, 1:1600). Antibody labeling for
synaptophysin showed co-localization with ZnT3 (Fig. 1A). Labeling for MAP2a/b showed
proximity of the ZnT3-positive presynaptic structures to the MAP2-positive dendrites (Fig.
1B). These experiments confirmed ZnT3 presynaptic expression in the MTL principal
neurons. Also, digoxigenin-RNA in situ hybridization performed on hippocampal brain
slices showed ZnT3 RNA presence in WT but not ZnT3KO mice (Fig. 1C).

To test hippocampus-dependent memory in ZnT3KO mice, we first analyzed their
performance in the standard water maze protocol [19]. The training apparatus was a circular
pool (1.8 m diameter) filled with water, which was made opaque by the addition of white
nontoxic latex paint. The pool was surrounded by numerous visual cues, which were kept in
constant locations for the entire training period. A circular escape platform (13 cm diameter)
was submerged ~0.8 cm below the surface of the water. The task was composed of three
training phases as previously described [20]. The first phase consisted of two days of
training the mice to reach a visible platform (procedural memory) followed by the second
phase consisting of six days of training to find a hidden platform (spatial memory). The third
phase was a transfer task consisting of three days with a hidden platform located in the
quadrant opposite to the location of the platform during the spatial phase. For each phase,
four trials, 90-s maximum with a 15-min inter-trial interval (ITI), were given daily.
Statistical analysis was run using Statview (SAS institute). In the first phase, both KO and
WT mice learned to locate the visible platform (F(1,18) = 79.53; P < 0.001) regardless of
their genotypes (P > 0.306; Fig. 2A). In addition, during phase 1 no difference was detected
between genotypes in swim speed (data not shown; Ps > 0.479) showing that ZnT3KO mice
did not have visual, sensory, motor or motivational deficits consistent with previously
published work [7, 21]. During the second phase, both genotypes were able to find the
platform (F(5,95) = 41.54; P < 0.001) and displayed a similar level of performance (P >
0.398; Fig. 2B). During phase 2, no difference between WT and KO mice was detected in
swim speed (data no shown; Ps > 0.125) as well as in time spent near the wall (data not
shown; Ps > 0.190). When analyzed as a probe test, the first trial of the transfer test (phase 3;
Fig. 2F) revealed that both genotypes spent significantly more time in the target quadrant
(old platform location in phase 2) than in the other quadrants (F(3,57) = 60.717; P < 0.001)
but without difference between WT and KO mice (Ps > 0.078). This analysis confirmed that
both genotypes used a spatial strategy during phase 2. In the transfer test, the mutants
showed a deficit in learning the new location of the platform (Fig. 2C–E). More specifically,
on the second day of the transfer test ZnT3KO mice spent more time searching for the
platform than did control mice (Scheffe’s F, P < 0.035). Further analysis of the first trial of
the second day showed that the mutants needed more time to reach the platform (unpaired
student t-test, t = 3.32; P < 0.004; Fig. 2D) because they spent more time swimming in the
area of the former location of the platform (unpaired student t-test, t = 3.21; P < 0.005, Fig.
2E). Analysis of swim speed did not reveal any differences between the genotypes (data not
shown; Ps > 0.063). The probe test performed 24 h after the third day of transfer (Fig. 2G)
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showed that both genotypes used a spatial strategy during spending 40% of the time in the
target quadrant (F(3,57) = 23.181; P < 0.001) without any difference between genotype (Ps =
0.397).

To examine ZnT3KO mice in another memory paradigm dependent on the hippocampus, we
turned to contextual fear conditioning and extinction. During training, mice received 10
shocks (2 s, 0.7 mA) with an average of a 75-s ITI explicitly unpaired with 10 tones (30 s,
2.8 kHz, 85 db). The percentage of time spent freezing was measured by FreezeView
software (Coulbourn Instruments). During the acquisition phase, all mice learned the task
(F(12, 360) = 99.14; P < 0.001) with a similar rate of progression between the genotypes (P >
0.070; Fig. 3A). Both groups learned equally well as shown by the average of the last 3
minutes of the acquisition (P > 0.129, data not shown). The extinction of fear memory was
performed in the acquisition context 5 h following training. The mice were exposed to the
acquisition context for 10 min a day for 4 days total. At the beginning of the first extinction
session, ZnT3KO mice froze less than WT mice (unpaired student t-test, t = 3.34; P <
0.002), showing a deficit in contextual fear memory. During extinction, although both
groups extinguished through all 4 days of extinction (F(15, 450) = 35.99; P < 0.001; Fig. 3B),
the ANOVA showed genotype effect between ZnT3KO and WT mice (F(1, 30) = 8.88; P <
0.006) with ZnT3KO mice freezing less than WT littermates. Moreover, a significant
interaction between genotype and extinction sessions was found (F(15, 450) = 2.30; P <
0.004). Interestingly, analysis performed on curves normalized to the initial learning (Fig.
3C) showed that both genotypes extinguished with the same rate (Ps > 0.735).

ZnT3KO mice were also examined in hippocampus-dependent social memory. Before the
beginning of the experiment, mice were housed individually for a week and then were
exposed to a stranger mouse for 15 min each day for 2 days for habituation. The social
interaction test consisted of placing an intruder into the home cage of the experimental
mouse for 5 min. The investigating behavior of the host towards the intruder was video
recorded. For social discrimination, after a 24-hr interval, the same intruder was placed into
the cage of the host together with a novel mouse. The investigating behavior of the host
towards the old mouse vs. new mouse was video recorded for 5 min. Video recordings were
analyzed off-line by two independent observers. During social interactions, ZnT3KO mice
spent significantly more time with a stranger mouse compared to the control mice (unpaired
student t-test, t = 2.84; P < 0.012; Fig. 3D). However, this did not lead to an increase in
aggressive behavior (data not shown). During the social discrimination phase, WT mice
spent significantly more time with an unfamiliar mouse than with a familiar mouse (paired
student t-test, t = 2.68; P < 0.025), whereas ZnT3KO mice failed to discriminate between
the two mice (P > 0.192; Fig. 3E).

Because ZnT3 is expressed in the perirhinal cortex, we analyzed ZnT3KO mice in object
recognition using protocol sensitive to perirhinal lesions [22]. Mice were placed individually
in the corner of an arena (43.2-cm × 43.2-cm) and were allowed to explore two objects (out
of total three objects used in the experiment) for 8 min which were placed equidistantly from
the wall. During the presentation session no preference was detected for one object over the
other for both genotypes (P > 0.578; data not shown). After a 24-hr delay, each mouse was
returned to the arena, which now contained a novel object and one of the old objects.
Testing lasted for 5 min and was video recorded; the time spent exploring a novel object vs.
an old object was analyzed off-line. WT mice spent more time investigating the novel object
during the retention session (paired student t-test, t = 2.63; P < 0.025), while ZnT3KO mice
spent an equal amount of time with both the new and the old object (P > 0.200; Fig. 3F).

In summary, our work shows that ZnT3 is involved in several types of memory dependent
on MTL: spatial memory, contextual fear conditioning/extinction and social memory are
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dependent on the hippocampus, and object recognition is dependent on the perirhinal cortex
and hippocampus. We previously showed that ZnT3, in addition to be strongly expressed in
the amygdala, is highly enriched in the hippocampus and perirhinal cortex [7]; the deficits in
the behaviors controlled by these two brain areas in ZnT3KO mice show the role of ZnT3 in
the hippocampo-perirhinal neural circuitry. Because ZnT3 is the major transporter of
synaptically released zinc in the brain, our experiments also suggest Zn2+ involvement in
these behaviors.

In the standard water maze, ZnT3KO mice learned normally the location of the platform, as
reported previously by Cole et al. [21] and by Adlard et al. [23] for young adult KO mice
(but not older KO mice). However, during reversal learning they spent more time finding
new platform location compared to the WT mice, which is also consistent with the study by
Cole et al. [21]. Since in the transfer task we found differences on day 2 but not on day 1, we
analyzed the percentage of time spent by the WT and the KO mice in each quadrant on day
1 of the transfer task. Both genotypes spent a lot of time looking for the platform in the
original platform location. This explains why there was no difference on day 1 of the
transfer task. The WT mice on day 1 of the transfer task did not learn yet the new location,
but on day 2 they learned it better than the KO mice. Interestingly, normal initial learning
but difficulty in finding a second platform location in ZnT3KO mice is reminiscent of the
spatial memory deficit found in patient H.M., who was able to locate an invisible sensor
during initial learning but not the second sensor location in a spatial memory task designed
to be a human analogue of the Morris water maze [24]. In humans, this spatial task is
thought to be dependent on the parahippocampal cortex [25], which is likely to be normal in
ZnT3KO mice since this brain area does not express ZnT3 [7]. By contrast, finding new
routes requires the intact hippocampus, which is deficient in ZnT3KO mice [26, 27].

In contextual fear conditioning and extinction, ZnT3KO mice showed deficiency as well.
Mice were trained with the CS and US presented in an explicitly unpaired fashion; this
protocol favors hippocampal vs. amygdala involvement and supports conditioning to the
context by minimizing CS-US contingency [28, 29]. Although ZnT3KO mice learned
normally during fear conditioning training, 5 h later when tested in the same context (at the
beginning of the extinction session) they froze much less than the WT mice. When we
normalized the extinction curves to the initial freezing we found that the rate of extinction
was similar between the WT and KO mice. These data suggest that the mutants are able to
learn and extinguish normally the CS-US association; however, they are deficient in
retaining/recalling fear memory for the context after initial learning. Studies of the
hippocampal involvement in contextual fear conditioning have provided controversial
results [28, 30–34]. Phillips and LeDoux [28] showed that pretraining hippocampal lesions
do not affect foreground contextual conditioning (unpaired); however, they pointed out that
they cannot rule out a role for the hippocampus in the foreground conditioning. Trifilieff et
al. [35] showed an enhancement of synaptic efficacy in the CA1 of the dorsal hippocampus
after unpaired fear conditioning. They also showed that injections of the MEK inhibitor
U0126 in the dorsal hippocampus 30 min before or 7.5 h after conditioning impaired
memory for the context in the unpaired fear conditioning protocol. Thus, there is some
evidence for the role of the dorsal hippocampus in foreground conditioning. An earlier work
by Cole et al. [21] did not find abnormalities in contextual fear conditioning in ZnT3KO
mice. The differences in our results and theirs may be in the strain background. Their mice
were on a mixed C57 × 129 background while our mice are backcrossed to the C57 strain.
There are also some differences in the protocols: during training we used 10 explicitly
unpaired CS-US presentations while Cole et al. [21] used 3 paired CS-US presentations. A
recent paper by Sindreu et al. [26] also examined ZnT3KO mice in contextual fear learning.
They showed that ZnT3KO mice were normal in gradual acquisition of contextual fear
conditioning over 5 days (with a mild shock, 0.4 mA); the mutants however were deficient
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in contextual discrimination. Overall, our results and others show that ZnT3 is involved in
some straight-forward contextual learning but not in all behavioral tasks where contextual
memory is tested. Hippocampal ZnT3 is likely involved in contextual fear learning, although
ZnT3 expression in the amygdala and perirhinal cortex may also contribute to this
phenotype.

We found that ZnT3KO mice have deficits in social recognition. Long-term social memory
in mice has been shown to be dependent on the hippocampus [36]. Interestingly, Kogan et
al. found that housing of mice in groups allows long-term social memory to be formed, but
when the mice were housed individually, they could retain memory for 30 min only. We
keep our mice in groups and house them individually for one week before the experiments.
The WT mice were capable of learning social recognition, although the mutants showed
deficit. This discrepancy between our results and those by Kogan et al. may be attributed to
differences in the protocols, such as analyzing mouse interactions for 5 min in our protocol
versus 2 min by Kogan et al. An increase in social interactions in KO mice may be attributed
to the deficits in memory for social recognition in the mutants. An initial interest during an
encounter between mice of the same sex is driven by novelty and later should cease in WT
mice due to lack of novelty. Since the mutants have a memory deficiency for social
recognition (as we showed) they continue interacting. Our previous work as well as others
demonstrated that many of the mice that are knockouts for amygdala-enriched genes had an
increase in social interactions [37, 38]. This may be due to the fact that the amygdala
projections to the areas of the hippocampus and cortex that control social interactions are
deficient thus leading to abnormally long social interactions. Decreased amygdala function
leads to decreased danger assessment and thus the KO animals spend more time interacting.

ZnT3KO mice were deficient in object recognition, which is controlled by the hippocampus
and perirhinal cortex. According to one view, the perirhinal cortex is critically important for
recognition of the object’s novelty, while the hippocampus contributes to the performance of
certain object recognition tasks when contextual information becomes important [39]. The
protocol we were using was adapted from the study where perirhinal lesions affected
performance in rats [22], thus our results may point to ZnT3 expression in the perirhinal
cortex as important in object recognition. Another possibility is that recollection and
familiarity are controlled by both the hippocampus and perirhinal cortex and that methods
commonly used to differentiate between recollection and familiarity actually distinguish
between strong and weak memories [40, 41]. It is interesting in this regard that our recently
published work suggested that ZnT3 is involved in weak or complex fear memories but may
be dispensable for learned fear acquired in standard cued conditioning with several CS-US
presentations [7].

In conclusion, our present results show that ZnT3 is involved in several forms of spatial
memory and behavior dependent on the hippocampus and perirhinal cortex. Our current data
together with our earlier work on the role of ZnT3 in the amygdala-dependent fear learning
[7] and work by Sindreu et al. on the role of hippocampal ZnT3 in contextual discrimination
[26] suggest that ZnT3 is important in cognitive function where re-learning or attention to
visual/auditory/contextual details is required.
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Figure 1.
Localization of ZnT3 protein in the hippocampus. A, There is a strong overlap (yellow)
between antibodies against ZnT3 (green) and synaptophysin (red), a presynaptic marker. B,
Double-labeling using anti-ZnT3 (green) and anti-MAP2a/b (red), a dendritic marker, shows
no co-localization but proximity between the ZnT3- and MAP2-labeled neurons (arrows).
Scale bar is 1 μm. C, ZnT3 mRNA is present in the hippocampus in WT mice (left panel)
but not in KO mice (right panel).
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Figure 2.
ZnT3KO mice have normal learning in the water maze, but showed deficits in reversal
learning. A, No difference was found between the genotypes (10 WT and 11 KO) in the
visible platform task in the water maze (phase 1). B, Both genotypes learned similarly in the
spatial memory task (phase 2). C, In the transfer task (reversal learning), both genotypes
learned the new location of the platform, but ZnT3KO mice needed significantly more time
to find the platform during the second day (phase 3). D and E, First trial of the second day of
the transfer task. D, Mutants needed significantly more time to find the platform. E, Time
spend on the former platform location during the first trial of the second day of transfer,
showing that ZnT3KO mice spent significantly more time in the previous platform location.
F, First trial of phase 3 analyzed as a probe trial showed that both genotypes used a spatial
strategy during phase 2. G, Probe trial performed 24 h after the end of phase 3 showed that
WT and KO mice used spatial strategy during phase 3. H, Representative swim paths used
by KO and WT mice during each phase. Pictures on the left represent swim paths used on
day 2 of phase 1 (visible platform). Pictures in the middle represent swim paths that were
used on day 6 of phase 2 (spatial phase). Pictures on the right represent swim paths used
during day 2 of phase 3 (reversal – transfer) when KO mice spent significantly more time
finding the platform. Results are presented as mean ± SEM. *, P < 0.05; **, P < 0.01.
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Figure 3.
Contextual fear, social interaction, and object recognition are deficient in ZnT3KO mice. A,
B and C, Contextual fear conditioning. A, Both genotypes (16 WT and 16 KO) had a similar
rate of freezing during the acquisition phase. B, During the extinction phase, ZnT3KO mice
froze less than WT littermates. Percent of freezing to the context is shown by 4 blocks of
150 s during 4 days of extinction. C, Extinction normalized to the initial freezing showed no
difference in the rate of extinction between WT and KO mice. D, ZnT3KO mice (n = 9)
have a significant increase in social interactions compared to WT littermates (n = 10). E,
During social memory test, ZnT3KO mice failed to recognize an unfamiliar mouse from the
familiar mouse compared to the control mice. F, Object recognition. During testing
ZnT3KO mice (n = 11) failed to discriminate between the old object and the new object
compared to control mice (n = 11). Results are presented as mean ± SEM. Results are
presented as mean ± SEM. *, P < 0.05.
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