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Small Conductance (SK) Channels

SK channels have six transmembrane domains and
assemble as tetramers to form functional channels. Three
SK channel subunits (SK1, SK2, SK3) have been cloned
so far (Kohler and others 1996). Pharmacological stud-
ies of SK channels expressed in Xenopus oocytes have
revealed that all three SK channel subtypes are specifi-
cally blocked by apamin, although there are differences
in sensitivity among the channel subtypes (Strobaek and
others 2000; Grunnet and others 2001). To date, apamin
and transgenic mice (Bond and others 2000) have been
the main tools for studying the role of these channels.

The mRNAs for all three SK subtypes are present
throughout the mammalian central nervous system,
albeit in varying densities. The SK1 and SK2 subunits
are found in high densities in limbic forebrain regions
such as the hippocampus, entorhinal cortex, septum, and
amygdala (Stocker and Pedarzani 2000; Sailer and oth-
ers 2002). SK3 subunits are expressed in low levels in
the hippocampus; higher levels of SK3 subunits are
found in the medial habenula, supraoptic nucleus, dorsal

raphe, and the locus coeruleus (Tacconi and others
2001).

SK channels are voltage insensitive, and their activa-
tion is dependent on increases in intracellular Ca2+. In
most neurons, action potentials are followed by an after-
hyperpolarization (AHP) with three kinetic components
(fast, medium, and slow AHP). The medium AHP (mAHP)
is blocked by apamin and therefore is attributable to SK
channels. Blockade of the mAHP of CA1 hippocampal
neurons increases the number of action potentials dis-
charged in response to current injection (Stocker and
others 1999; Stackman and others 2002) (see Fig. 1).
This modulatory influence on neuronal excitability has
led to the proposal that SK channels play a role in the
induction of synaptic plasticity.

SK Channels Influence Synaptic Plasticity

Multiple forms of activity-dependent synaptic plastic-
ity occur at the Schaffer collateral CA1 synapses in the
hippocampus, including long-term potentiation (LTP)
and long-term depression (LTD) (Malenka and Nicoll
1993). The influx of Ca2+ through the N-methyl-D-aspar-
tate receptor (NMDAR) and the consequent rise in
cytosolic Ca2+ are essential requirements for LTP and
LTD (Malenka and others 1992; Mulkey and Malenka
1992). The magnitude of Ca2+ influx, as determined by
the degree and pattern of NMDAR activation, distin-
guishes whether a synapse undergoes LTP or LTD:
Large Ca2+ influx leads to LTP, and modest Ca2+ influx
leads to LTD (Artola and Singer 1993; Malenka and
Nicoll 1993).

SK channels couple intracellular Ca2+ levels and mem-
brane potential. Therefore, during repetitive synaptic
activation leading to Ca2+ influx, SK channels may mod-
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ulate the induction of synaptic plasticity. Behnisch and
Reymann (1998) reported that LTP in the CA1 region
was increased by extracellular application of apamin. In
a study of age-related alterations in synaptic plasticity,
blockade of L-type Ca2+ channels by nifedipine facilitat-
ed synaptic plasticity in Schaffer collateral CA1 synaps-
es in slices from aged rats (Norris and others 1998;
Foster 1999). It was concluded that the facilitation of
synaptic plasticity was mediated by a reduction in SK
channel activity because application of apamin mim-
icked the effect of nifedipine. The authors suggested that
an age-related increase in SK channel activity may
underlie impaired plasticity and memory in aging. In
addition, application of apamin facilitates the induction
of LTP and LTD when induced by different stimulation
frequencies (Stackman and others 2002) (see Fig. 2).
The smooth transition from LTD to LTP may be demon-
strated by systematically varying the frequency of con-
ditioning stimulation for a given number of pulses. The
frequency-response relationships for control and
apamin-treated slices demonstrate that blockade of SK
channels shifts the frequency-response function to the
lower frequencies, facilitating the induction of synaptic
plasticity. Stimulation frequencies that do not induce
synaptic plasticity in control slices (i.e., 5 Hz and 25 Hz)
produce LTD and LTP, respectively, in the presence of
apamin. This facilitation requires NMDAR activation
and appears to involve postsynaptic mechanisms
(Stackman and others 2002).

SK Channels and Memory

Because LTP and LTD represent the most successful
experimental models for elucidating the cellular mecha-
nisms of memory, the role of SK channels on both plas-
ticity and memory processes has been extensively stud-
ied. Much of the neurobiological study of learning and
memory mechanisms has focused on hippocampal-
dependent memory. The hippocampal formation is an

essential neurobiological sufbstrate for declarative or
explicit memory—forms of memory that are affected by
aging and Alzheimer’s disease. Apamin alleviates the
memory deficits of mice with compromised hippocam-
pal function when tested in the Morris water maze
(Ikonen and others 1998; Ikonen and Riekkinen 1999).
The water maze is a hippocampal-dependent spatial task
in which mice use extramaze visual cues to learn and
remember the location of an escape platform submerged
just below the surface of the water (Morris and others
1982). Apamin given by systemic or intracerebroventric-
ular injection attenuates the memory deficits of scopo-
lamine (Ghelardini and others 1998; Inan and others
2000). Scopolamine is a cholinergic antagonist that pro-
duces amnesia likely by affecting hippocampal and cortical
activity. Collectively, these data indicate that blocking
SK channels improves memory retention in experimen-
tal models of amnesia.

Mixed results have been reported for apamin’s effects
on hippocampal-dependent memory in intact rodents.
Apamin did not significantly affect memory encoding
(i.e., acquisition) in normal rodents in the water maze
(van der Staay and others 1999). However, it produced
weak influences on spatial memory retention in mice but
not in rats. In contrast, apamin facilitates the encoding of
memory as assessed by habituation of exploratory activ-
ity (Deschaux and Bizot 1997) and facilitates memory
encoding in two nonspatial memory tasks (Deschaux
and others 1997; Fournier and others 2001). Apamin had
no effect on memory retention or retrieval in these stud-
ies. The differential effects of apamin on distinct stages
of memory may explain the discrepancies between these
sets of data.

To address this discrepancy, recent behavioral studies
were designed to explicitly test the influence of apamin
on the initial stage of spatial memory formation or
encoding (Stackman and others 2002). Apamin-treated
mice exhibited faster learning of the platform location
during the initial training trials in the Morris water maze
(see Fig. 3A). Probe tests, in which the platform was
removed from the pool, were used to test the spatial
search behavior at an early, intermediate, and late stage
of memory encoding. Apamin-treated mice exhibited
significant spatial memory after minimal training,
whereas control mice exhibited chance levels of per-
formance (see Fig. 3B). There were no further differ-
ences in performance on subsequent probe tests after
more extensive training. These data suggest that block-
ing SK channels facilitated the encoding of spatial mem-
ory. These findings differ from previous water maze
studies in which spatial memory was not probed until
after extensive training (Ikonen and others 1998; Ikonen
and Riekkinen 1999; van der Staay and others 1999).
The effects of apamin on spatial memory encoding may
be specific to the hippocampus because apamin did not
influence memory encoding in a hippocampal-independent
water maze task (see Fig. 3C). Together, these data sug-
gest that blockade of SK channels facilitates an early
stage of hippocampal-dependent spatial memory.

Fig. 1. Blockade of the apamin-sensitive afterhyperpolarization
(mAHP) increases neuronal excitability. A, Medium AHP currents
were evoked in voltage clamp by a 200-msec depolarizing
pulse to +20 mV followed by a return to the –55 mV holding
potential. After application of apamin (100 nM), the mAHP of the
tail current was selectively inhibited. B, Apamin increased the
excitability of hippocampal CA1 neurons. Response of a CA1
pyramidal neuron to a 1-s depolarizing current pulse. C,
Response of the same neuron to the same depolarizing current
pulse in the presence of apamin. Under control conditions,
cells fired an average ± SEM of 4.7 ± 1.2 action
potentials/depolarizing pulse, which increased to 6.7 ± 1.7 with
apamin.
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Systemic apamin produced a similar effect on hip-
pocampal-dependent nonspatial memory as assessed in
the spontaneous object recognition task (Stackman and
others 2002). In this hippocampal-dependent task (Clark
and others 2000), the animal explores two identical
novel objects in a familiar arena during a sample session
(see Fig. 4A). During a subsequent test session, the ani-
mal is returned to the arena that now contains one of the
original objects and a novel object. If the animal encod-

ed and retained the memory of the objects explored ear-
lier, then it should now spend more time exploring the
novel object.

The spontaneous object recognition task was also
modified to explicitly examine the influence of apamin
at different stages of object memory encoding
(Stackman and others 2002). Apamin- and saline-treated
mice were placed into the arena containing two identical
novel objects and then removed from the arena after

Fig. 2. Apamin block of small conductance channel activity facilitates the induction of synaptic plasticity. A, A 100-Hz, 1-s tetanus
stimulation protocol in control- and apamin (100 nM)–treated slices. B, A 5-Hz, 900-pulse stimulation protocol in control- and apamin
(100 nM)–treated slices. C, Frequency-response relationship for the induction of long-term potentiation (LTP) and long-term depres-
sion (LTD) in controls and experiments from slices in which apamin was applied. The main effect of 900 pulses of conditioning stim-
ulation delivered at various frequencies to the Schaffer collaterals on the synaptic response measured 40 to 50 min after conditioning
is shown. *P < 0.05, versus respective control data point, Student’s t-test. Dashed line indicates the transition between LTD and LTP.
Synaptic strength was measured as the initial slope of the recorded field excitatory postsynaptic potential (EPSP).

Fig. 3. Apamin block of small conductance channels facilitates the encoding of spatial memory. A, Apamin-treated mice exhibited
accelerated acquisition during the initial training trials of the Morris water maze task. Cumulative distance to platform measures of
saline- and apamin-treated mice plotted in blocks of 4 training trials. This plot indicates that apamin-treated mice swam in closer prox-
imity to the platform during the first 4-trial block of training than saline-treated mice (*P < 0.04, post hoc Tukey multiple comparisons
test). Inset figure depicts cumulative distance to platform measures plotted for each of the first 4 trials for both groups of mice, illus-
trating the improvement in platform search behavior of apamin-treated mice as compared to control mice. B, During a 30-s probe test
interpolated after the 4th training trial, apamin-treated mice spent significantly more time in the training quadrant during this 1st probe
test than control mice (* vs. saline-treated mice on probe test 1, P < 0.009, planned comparison Student’s t-test). The dashed line at
25% represents chance performance. There were no group differences in platform search behavior after more extensive training (i.e.,
during the 2nd or 3rd probe tests). TQ, training quadrant; AR, adjacent right; OPP, opposite; AL, adjacent left. C, Apamin did not facil-
itate acquisition of a nonhippocampal visible platform water maze task. Escape latency measures of saline- and apamin-treated mice
plotted in blocks of 2 training trials.
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accumulating either 19 s (minimal training) or 38 s
(extensive training) of sample object exploration. During
the test session, imposed 24 h after the sample session,
the minimally trained control mice exhibited poor novel
object preference, whereas the apamin-treated mice
exhibited significant novel object preference (see Fig.
4B) (Stackman and others 2002). There was no differ-
ence in novel object preference ratio between extensive-
ly trained control- and apamin-treated mice. In addition,
apamin did not affect the retention of object memory at
24- or 48-h delays in extensively trained mice.
Collectively, these data suggest that SK channels play a
specific role in the early stages of memory encoding.
Modification of the water maze and object recognition

tasks was necessary to determine the specificity of
apamin’s influence on memory encoding.

A Model for the Role of SK Channels in
Synaptic Plasticity and Memory

During SK channel activation, hyperpolarization of the
postsynaptic neuron may act to indirectly suppress
NMDAR-mediated synaptic plasticity. Postsynaptic
depolarization induced by repetitive synaptic stimulation
increases intracellular Ca2+ and activates SK channels.
By hyperpolarizing the postsynaptic membrane, SK
channels decrease excitability and may modulate the
activation of NMDARs, which involves voltage-dependent
removal of the Mg2+ block (Mayer and others 1988). By
affecting the degree of NMDAR activation and the sub-
sequent Ca2+ entry, SK channels modulate the induction
of synaptic plasticity (see Fig. 5). This model accounts
for recently reported effects of apamin on hippocampal
plasticity and memory. However, apamin also facilitates
several forms of nonhippocampal memory (Messier and
others 1991; van der Staay and others 1999), suggesting
that SK channels can exert similar effects in nonhip-
pocampal memory circuits that employ NMDAR-
dependent plasticity.

The model predicts that SK channels reside in close
proximity to NMDARs in the postsynaptic membrane,
forming a local regulatory circuit mediated by Ca2+

entering through NMDARs, but currently there is not
experimental support for this hypothesis. Determining
the Ca2+ source for synaptic activation of SK channels is
an important yet unanswered question. Imaging studies
directly measuring Ca2+ influx during repetitive synaptic
stimulation in the presence or absence of apamin could
provide a better way to test the validity of this model.
The influence of apamin on NMDAR-dependent synap-
tic plasticity can be more easily explained by dendritic
localization of SK channels, although direct evidence for
this is currently unavailable. However, several studies
have indirectly supported dendritic localization of SK
channels (Cangiano and others 2002; Womack and
Khodakhah 2003). It will be important for future studies
to define the subcellular localization of SK channels
within hippocampal neurons. The ability of SK channels
to modulate the threshold for synaptic plasticity makes
them a potential target for physiological modulatory
mechanisms such as neurotransmitters, second messen-
ger pathways, and development. It has been suggested
that a progressive elevation in SK channel activity dur-
ing aging may explain age-related increases in the
threshold for synaptic plasticity and memory impair-
ments (Norris and others 1998; Foster 1999). Finally,
given that current pharmacological agents cannot distin-
guish between subunits, transgenic mice with selective
manipulation of each of the three different subtypes of
SK channels will provide useful tools for the elucidation
of the differential roles of each SK channel subtype.
Understanding the mechanisms through which specific
SK subunits regulate hippocampal memory may prove

Fig. 4. Apamin block of small conductance channels facilitates
the encoding of object memory. A, A diagrammatic representa-
tion of the sample (left) and test (right) sessions of the sponta-
neous object recognition task. Object memory is quantified by
a novel object preference ratio, computed as the amount of
time spent exploring the novel object during the test session
divided by the total time spent exploring both the familiar and
novel object. B, The object recognition task was modified to
test the influence of apamin on object memory encoding.
During a test session 24 h after the sample session, minimally
trained (19 s) apamin-treated mice exhibited significant novel
object preference, whereas controls did not (* vs. saline-treated
mice permitted 19 s of object exploration, P < 0.04, planned
comparison Student’s t-test). There was no difference in novel
object preference ratio during the 24-h test session between
extensively trained (38 s) apamin- and control-treated mice.
The dashed line at 0.5 represents chance performance or a lack
of discrimination between the novel and familiar object.
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useful for the development of treatment strategies for
memory disorders.
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