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Abstract

Hippocampal-dependent synaptic plasticity and memory are modulated by apamin-sensitive small
conductance Ca2*-activated K* (SK) channels. Transgenic mice overexpressing SK2 channels (SK2
+/T mice) exhibit marked deficits in hippocampal memory and synaptic plasticity, as previously
reported. Here, we examined whether SK2 overexpression affects the encoding or retention of
contextual memory. Compared with wild-type littermates, SK2+/T mice exhibited significantly less
context-dependent freezing 10 min and 24 h after conditioning. Interestingly, this contextual memory
impairment was eliminated if SK2+/T mice were permitted longer pre-exposure to the conditioning
chamber. These data support converging evidence that SK2 channels restrict the encoding of
hippocampal memory.

The hippocampus is a critical neurobiological substrate for several forms of explicit memory
(Eichenbaum 2000). The activation of N-methyl-D-aspartate (NMDA) receptors has been
shown to be critical for forms of hippocampal synaptic plasticity, such as long-term potentiation
(LTP) and long-term depression (LTD) (Malenka and Nicoll 1999), and for hippocampal
memory (Bannerman et al. 1995; Cravens et al. 2006; Niewoehner et al. 2007). Several types
of potassium (K*) channels influence hippocampal neuronal excitability and modulate NMDA
receptor-dependent synaptic plasticity. In particular, small conductance Ca2*activated K*
(Kca (SK)) channels regulate hippocampal neuronal excitability, hippocampal synaptic
plasticity, and memory encoding (Behnisch and Reymann 1998; Stocker et al. 1999; Stack-
man et al. 2002; Kramar et al. 2004; Ris et al. 2007). In addition, SK channels appear to regulate
synaptically evoked glutamatergic excitatory postsynaptic potentials (EPSPs) in the
hippocampus; blockade of SK channels with apamin potentiates glutamatergic EPSPs (Faber
et al. 2005; Ngo-Anh et al. 2005). These findings suggest that SK channels may negatively
regulate NMDA receptor-dependent synaptic plasticity and memory via a feedback loop that
depresses synaptic NMDA receptor activity.

All three SK channel subtypes (Kca2.1, Kca2.2, and Kcg2.3 [SK1, SK2 and SK3]) are
expressed in the rodent hippocampus (Kohler et al. 1996), yet in layers CAl and CA3, SK1
and SK2 channels predominate over SK3 channels (Stocker and Pedarzani 2000; Sailer et al.
2002, 2004). We recently reported that transgenic mice that overexpress SK2 channels (SK2
+/T mice) exhibit fourfold larger apamin-sensitive hyperpolarizing currents, and attenuated
subthreshold glutamatergic EPSPs and synaptic plasticity in hippocampal slices compared with
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that of wild-type (WT) littermates (Hammond et al. 2006). These physiological alterations
were matched by substantial deficits of SK2+/T mice in spatial learning and memory in the
Morris water maze task and deficits in contextual fear memory after delay fear conditioning.
These data indicate that SK2 channels modulate hippocampal synaptic plasticity and memory.
However, it is of interest to define the precise memory processes that are affected by SK
channels.

Apamin enhances the encoding of hippocampal-dependent spatial and object memory in male
C57BL/6J mice by reducing the amount of training required to establish lasting memory in the
Morris water maze and a spontaneous novel object recognition task (Stackman et al. 2002).
Together, these data suggest that blocking SK channels with apamin affects the initial encoding
of memory likely by influencing the patterns of neuronal activation and synaptic plasticity
necessary for the storage of new information (Tzounopoulos and Stackman 2003). Initial
assessments of SK2+/T mice indicated that the overexpression of SK2 channels impaired
hippocampal memory (Hammond et al. 2006). We conducted the present studies to determine
whether SK2 overexpression affects the encoding or retention of contextual memory processes.

The production and complete characterization of SK2+/T mice was reported previously
(Hammond et al. 2006). We first examined whether SK2 overexpression impairs retention of
the memory for the context—footshock association after delay fear conditioning in naive male
WT and SK2+/T mice, aged 8—10 wk. WT (n =12) and SK2+/T (n = 14) mice were first exposed
to the conditioning chamber (Freeze Monitor, 20 x 25 x 12.5 cm, San Diego Instruments) for
a 5-min context pre-exposure session. There were no significant differences in freezing during
the context pre-exposure session (Fig. 1A; ty4 = 1.33, n.s.) indicating similar levels of motor
behavior among the two groups of mice before conditioning. During the delay conditioning
session 24 h later (Fig. 1B), mice were returned to the same chamber and received three pairings
of a 30-sec auditory tone (CS, 68 dB, 30 Hz) and a 1-sec 0.5 mA footshock (US). A two-factor
ANOVA on percent freezing data, with genotype as a between-group factor and CS-US pairing
as a repeated measure revealed a significant effect of CS-US pairing, F(2 4g) = 5.28; P < 0.008,
asignificant main effect of genotype, F(1 24) = 5.94; P <0.025, and a nonsignificant interaction
of genotype X session, F(, 4g) = 0.46; n.s. An analysis of data from the final CS-US pairing
indicated no difference in percent freezing between the two groups of mice, t)4 = 1.76, n.s. The
retention of contextual fear memory was tested by returning the mice to the same chamber for
a 5-min context test at 10 min and 24 h after conditioning. Both genotypes exhibited
conditioned fear to the context when tested at 10 min and 24 h postconditioning, expressed as
an increase in percent freezing relative to the pre-exposure session (Fig. 1C). Analysis of
context test freezing measures by two-factor ANOVA yielded a significant effect of session,
F(2,48) = 24.66; P < 0.001, a significant interaction of genotype X session, F(; 48) = 6.54; P <
0.003, and a significant effect of genotype, F(1 24) = 42.37; P < 0.001. Post-hoc comparisons
revealed that SK2+/T mice exhibited significantly less percent freezing than WT mice during
the context test at 10 min (tp4 = 3.56; P < 0.003) and at 24 h (t;4 = 4.67; P < 0.001). These data
indicate that SK2 overexpression impairs contextual fear conditioning, consistent with our
previous report (Hammond et al. 2006). The fact that SK2+/T mice froze significantly less than
WT mice during a context test just 10 min after conditioning suggests that the memory for the
context may not have been sufficiently encoded during the pre-exposure session or that the
contextual memory was not consolidated after the pre-exposure session. Either failure would
have rendered the contextual memory unavailable for association with the footshock during
the conditioning session. It is also possible that the contextual memory was established during
the pre-exposure session but was not sufficiently reactivated during the conditioning session
to permit its association with the aversive footshock stimulus.

Both genotypes exhibited conditioned freezing when the tone was presented in an environment
distinct from the original training context (Fig. 1D). Analysis by two-factor ANOVA revealed
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a significant effect of minutes (min 1, the pre-tone interval; min 2, the post-tone interval),
F(1,24) = 32.06; P < 0.001, a significant interaction of genotype X min, F(; 24y = 5.13; P <
0.035, and a near-significant main effect of genotype, F(1 24)=5.13; P = 0.05. Post-hoc analyses
revealed that percent freezing did not differ between genotypes during the pretone interval
(min 1), ty4 = 0.69; n.s. However, SK2+/T mice froze significantly less in response to the tone
(min 2) than did the WT mice, ty4 = 2.39; P < 0.03 consistent with our previous report
(Hammond et al. 2006). In light of the recent demonstration that auditory stimuli in the range
used in the present study produced auditory brainstem responses in SK2+/T mice that were not
different from those of WT mice (Maison et al. 2007), we conclude that the deficits of the SK2
+/T mice in cued fear conditioning are not due to sensory impairments.

Together, these data suggest that SK2 overexpression impairs both short- and long-term
retention of contextual fear memory, an effect perhaps due to a weak association of the
contextual representation with the footshock during the conditioning session. However, a more
conservative interpretation of the impaired retention at 10 min post-training might be that the
impairment is attributed to the state of the contextual representation encoded during context
pre-exposure. Specifically, if the contextual memory was not encoded sufficiently during pre-
exposure, then only a weak contextual memory would be available to be associated with the
footshock stimulus during conditioning.

Itis possible that SK2+/T mice might require more time to fully encode the contextual memory.
Totest this, we examined the effects of increased context pre-exposure on subsequent retention
of contextual fear memory. Naive mice received one 5-min (1 x 5-min; WT, n = 14, and SK2
+/T, n = 13) or three 5-min (3 x 5-min; WT, n = 17, and SK2+/T, n = 17) context pre-exposure
sessions on Day 1. Mice that received three context pre-exposure sessions were returned to
their home cages after each session to permit thorough cleaning of the conditioning chambers.
The intersession interval was ~10 min. Conditioning and test sessions were conducted exactly
as described for the experiment above.

There were no significant differences between WT and SK2+/T mice in freezing during the
context pre-exposure sessions (Fig. 2A). During the delay conditioning session 24 h later (Fig.
2B), mice were returned to the same chamber and received three CS—-US pairings. A two-factor
ANOVA on percent freezing data, with genotype and condition (1 x 5-min, 3 x 5-min) as
between-group factors and CS-US pairing as a repeated measure revealed a significant effect
of CS-US pairing, F2,114) = 9.70; P <0.001, a significant main effect of genotype, F(; 57) =
6.04; P <0.02, a non-significant effect of condition, F( 57) = 0.90; n.s., a nonsignifi-cant
interaction of genotype X CS-US pairing, F(2 114y = 1.24; n.s., a nonsignificant interaction of
genotype X condition, F114) = 2.71; n.s., and a nonsignificant interaction of genotype X
condition X CS-US pairing, F(2 114) = 0.69; n.s. Overall, these results indicate that there was
a significant genotypic difference in freezing during the conditioning session, although the
degree to which each group acquired the conditioned freezing response did not differ.
Furthermore, there was no difference in levels of freezing during the conditioning session
between mice that received one or three 5-min context pre-exposure sessions.

All mice exhibited conditioned fear to the context when tested 24 h after conditioning,
expressed as an increase in percent freezing relative to the pre-exposure session (Fig. 2C-1).
Analyses of context test freezing by a two-factor ANOVA yielded a significant main effect of
genotype, F(1 57y = 14.64; P <0.001, a significant main effect of condition, F(; 57) = 7.66; P <
0.009, and a nonsignificant interaction of genotype X condition, F1 57) = 1.97; n.s. SK2+/T
mice that received only one 5-min context pre-exposure session exhibited weak freezing during
the context session. However, SK2+/T mice that received three 5-min context pre-exposure
sessions exhibited freezing during the context test that was comparable to that of both groups
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of WT mice. These data indicate that retention of contextual fear memory was improved in the
SK2+/T mice that received more extensive exposure to the context prior to conditioning.

Given that the context test is an extinction trial, we also examined genotypic differences in
freezing responses over the context test for the 3 x 5-min pre-exposure mice, since these two
groups exhibited equivalent total percent freezing scores. Figure 2, C-2, depicting percentage
freezing measures for each 30-sec bin of the context test, reveals an equivalent within session
decline in freezing responses for WT and SK2+/T mice. Analyses by a two-factor repeated
measures ANOVA yielded a significant main effect of 30-sec bin, F(g 153) = 5.58; P < 0.001,
but a nonsignificant interaction of genotype X condition, F(g 153) = 1.36; n.s., and a
nonsignificant main effect of genotype, F(1,17) <1; n.s.

Both genotypes exhibited conditioned fear to the tone when presented in a novel environment,
yet again, SK2+/T mice exhibited significantly less tone-elicited freezing than the WT mice
(Fig. 2D). Analyses revealed a significant effect of minutes, F(; 57y = 89.70; P < 0.001, a
significant interaction of genotype X min, F(y 57y = 9.77; P < 0.004, a significant main effect
of genotype, F(1 57) = 6.55; P < 0.014, but a nonsignificant main effect of condition, F(; 57) =
0.27; n.s., and nonsignificant interactions of genotype X condition, F(; 57y = 0.1; n.s., and
genotype X condition X min, F(; 57 = 1.08; n.s.

The hippocampal-dependent memory of the context is encoded during exploration of the
conditioning chamber during context pre-exposure (Rudy et al. 2002; Matus-Amat et al.
2004). Provided it was consolidated, the contextual representation is then reactivated and
associated with the aversive footshock stimulus during conditioning. Freezing or the expression
of fear during the context test reflects the successful retention of the context + footshock
association over the 24-h retention interval. Contextual fear memory was impaired in the SK2
+/T mice during tests given 10 min after and 24 h after fear conditioning, suggesting that the
SK2+/T mice had not sufficiently encoded the memory of the context. Tripling the amount of
time that SK2+/T were allowed to explore the conditioning chambers during context pre-
exposure was sufficient to alleviate the contextual fear memory deficit of the transgenic mice.
Presumably, the additional opportunity to explore the conditioning chamber enabled the mice
to completely encode the context memory. Thus, while the WT mice can encode a context
representation during a single 5-min exposure, the SK2+/T mice require a longer period of
encoding to produce a stable representation of the context that can be associated 24 h later with
an aversive footshock stimulus. This result is similar to the recent report showing that increased
pre-exposure to the context improves contextual fear conditioning in rats with lesions of the
dorsal hippocampus (Wiltgen et al. 2006). This interpretation is consistent with the view that
SK2 overexpression delays, but does not completely block contextual fear conditioning.

Overtraining may have enabled SK2+/T mice to use alternative learning pathways or
mechanisms. Such alternative mechanisms likely mediate acquisition of conditioned
contextual fear in rats after excitotoxic lesion of the dorsal hippocampus (Maren et al. 1997;
Wiltgen et al. 2006). Specifically, rodents with compromised hippocampal function would be
capable of acquiring an association of the footshock with one stimulus element of the context,
rather than forming an association of the footshock with a configural representation of the
context. The elemental stimulus+footshock association would permit those rodents to then
display what would appear to be “context”-dependent freezing during the context test, provided
that that stimulus element was available during the test session. Thus, SK2 overexpression may
impair the use of a hippocampal-based pathway for encoding a configural representation of
the context, but spare an alternative pathway's ability to form a configural representation or
permit learning an elemental association.
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The finding that increasing context pre-exposure was sufficient to eliminate the deficit in
contextual fear memory in the SK2+/T mice suggests that SK2 overexpression does not affect
memory retention or consolidation and memory retrieval. This interpretation is based on the
inference that the increased context pre-exposure permitted SK2+/T mice to form a configural
representation of the context on Day 1. This context memory was successfully retained over
24 h, when it was then reactivated and associated with the footshock stimulus on Day 2. The
subsequent retention of this context + footshock memory over 24 h enabled the SK2+/T mice
to demonstrate strong conditioned fear to the context on Day 3. Thus, we interpret these findings
as evidence that SK2 overexpression affects contextual memory encoding, but not retention
over 24-h intervals. Simply, SK2 over-expression impairs, but does not abolish encoding of
contextual memory. Once encoded, the contextual memory was consolidated and then retrieved
during conditioning and associated with the footshock stimulus. The lack of effect of SK2
overexpression on memory retention or retrieval is consistent with our previous report that SK
channel blockade improved spatial and object memory encoding, but did not significantly
affect memory retention (Stackman et al. 2002). The equivalent context test freezing responses
of WT and SK2+/T mice that received 3 x 5-min context pre-exposure (Fig. 2C-2), suggest
that the strength of the context memory decays in a similar manner for both groups of mice
during extinction. We are now explicitly testing the influence of SK2 overexpression on long-
term retention of contextual fear memory as part of a larger effort to define the differential
influence of SK channels on distinct memory processes.

The memory-encoding deficits of SK2+/T mice likely represent a functional consequence of
elevated SK2 channel-mediated attenuation of hippocampal physiological processes necessary
for learning. The dendritic SK channel-mediated attenuation of glutamatergic EPSPs (Faber
et al. 2005; Ngo-Anh et al. 2005) is significantly greater in hippocampal slices from SK2+/T
mice (Hammond et al. 2006). Thus, it is possible that the increased dampening of hippocampal
glutamatergic activity might slow, but not completely block context memory encoding in the
SK2+/T mice. The induction of LTP at CA3-CAL synapses in hippocampal slices from SK2
+/T mice is impaired with moderate (50 Hz) stimulation, but not with a more intense, 100-Hz
stimulation (Hammond et al. 2006). Likewise, blocking SK channels can facilitate LTP/LTD
induction in response to stimulation that fails to induce lasting plasticity under control
conditions (Stackman et al. 2002; Kramar et al. 2004; Ris et al. 2007). These data demonstrate
that SK channels constrain but do not fully prevent hippocampal synaptic plasticity. These data
are reminiscent of reports that weak to moderate blockade of hippocampal NMDA receptors
produced a deficit of spatial learning that could be overcome with additional training (Butcher
et al. 1990; Davis et al. 1992).

It is important to also consider the contribution of amygdaloid SK2 channels to the fear-
conditioning deficits of the SK2+/T mice. SK channels limit glutamatergic EPSPs and synaptic
plasticity in the lateral amygdala (Faber et al. 2005). Therefore, the deficits in contextual and
cued fear memory of SK2+/T mice may be a consequence of the overexpression of SK2
channels in the lateral and basal nuclei of the amygdala, since these nuclei are fundamental for
acquiring both elemental and configural associations (Phillips and LeDoux 1992; Muller et al.
1997; Maren 1998). Interestingly, overtraining can alleviate basolateral amygdala lesion-
induced deficits in contextual fear memory (Ponnusamy et al. 2007), but not deficits in cued
fear memory (Maren 1998). From these results, one might conclude that overtraining enabled
the SK2+/T mice to encode a hippocampal-dependent configural representation of the context,
rather than an amygdala-dependent elemental representation, since overtraining does not
improve amygdala-dependent association of footshock and an elemental stimulus. It would be
interesting to test whether overtraining SK2+/T mice during conditioning (e.g., presenting nine
CS-US pairings, rather than three,) eliminates their deficit in cued fear memory 24 h later.
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The present data are consistent with the view that increased SK2 channel activity impairs
contextual memory encoding. It has been argued that age-related memory impairments may
be due in part to changes in intracellular Ca2* buffering during aging. The consequences of
such age-related changes in Ca2* buffering appear to be an increase in the Ca*-dependent
afterhyperpolarization (Norris et al. 1998) and in the activation of SK channels (Norris et al.
1998; Blank et al. 2003). It will be of interest to determine whether SK2 channel protein
expression increases with age and whether blocking SK2 channels can limit age-related
memory impairment.
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Figure 1.

Contextual and cued fear conditioning is impaired in mice that overexpress SK2 channels.
(A) Levels of percent time freezing did not differ between WT and SK2+/T mice during the 5-
min context pre-exposure session on Day 1. (B) Both groups of mice exhibited similar levels
of freezing during the conditioning session on Day 2. The gray vertical bars indicate the 30-
sec periods during each auditory tone CS. (C) Retention of contextual fear memory was tested
at 10 min (test of short-term memory) and 24 h (test of long-term memory) after conditioning.
The respective freezing data from the pre-exposure session are plotted here for comparison.
Both genotypes exhibited conditioned fear demonstrated by an increase in freezing relative to
the pre-exposure session. However, the SK2+/T mice exhibited significantly less percent
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freezing compared with WT littermates during both retention tests, indicating impaired
contextual conditioning. (D) Retention of cued fear memory was tested ~1 h after the context
test on Day 3. There were no differences in percent freezing between genotypes before the tone
was presented (Pre-tone). However, SK2+/T mice exhibited significantly less freezing in
response to the tone compared with WT mice, indicating that SK2 over expression also
impaired cued fear conditioning. All error bars, SEM. Significant differences are indicated by
an asterisk (* P < 0.05; see text for details).
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Figure 2.

Effects of extending context pre-exposure time on retention of contextual fear memory. (A)
The level of percent time freezing did not differ between WT and SK2+/T mice whether the
mice received either one 5-min context pre-exposure or three 5-min context pre-exposure
sessions on Day 1. The data for the mice that received one 5-min context pre-exposure session
are plotted in S1 together with the data from the first context pre-exposure session of those
mice that received three 5-min context pre-exposure sessions (S1, S2, and S3). Note the break
in the ordinate axis. A repeated measures ANOVA on total percent time freezing for the 3 x
5-min pre-exposure mice yielded a significant effect of session, F(; g4y = 8.22; P <0.002, a
nonsignificant interaction of genotype X session, F(2 g4y = 2.24; n.s., and a nonsignificant main
effect of genotype, F(1 32) = 1.83; n.s. These data indicate that while freezing increased over
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the course of the three 5-min exposures to the conditioning chambers, there was no genotypic
difference in freezing behavior prior to conditioning. The increase in amount of time the mice
spent immobile would be expected to increase as the animals habituate to the locomotor
activational effects of exposure to a novel environment. Genotypic differences in freezing
behavior during the second and third 5-min pre-exposure sessions may reflect delayed
habituation by the SK2+/T mice. (B) The freezing data from the conditioning trials presented
on Day 2 are plotted separately for the 1 x 5-min group (left) and 3 x 5-min group (right) for
clarity. Both groups of mice exhibited similar levels of freezing during the conditioning session.
The gray vertical bars indicate the 30-sec periods during the presentation of each auditory tone
CS. (C) Retention of contextual fear memory was tested at 24 h after conditioning. (C-1) SK2
+/T mice that received one 5-min context pre-exposure session exhibited significantly less
freezing during the context test than did comparably trained WT mice. This result is consistent
with the data of Figure 1C. In contrast, SK2+/T mice that received three 5-min context pre-
exposure sessions exhibited freezing that was comparable to the WT mice. (C-2) The freezing
measures for the two groups of mice that received three 5-min pre-exposure sessions were
calculated in 30-sec bins and plotted accordingly to examine the dynamic of freezing over the
course of the 5-min context test. These data suggest that the rate and degree of extinction of
context fear memory was equivalent across the two groups of mice. (D) Retention of cued fear
memory was tested ~1 h after the context test on Day 3. There were no differences in percent
freezing between genotypes before the tone was presented (Pre-tone), and SK2+/T mice
exhibited significantly less freezing in response to the tone compared with WT mice, regardless
of context pre-exposure condition. All error bars, SEM. Significant differences are indicated
by an asterisk (* P < 0.05; see text for details).
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