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SUMMARY
In the brain, calcium influx following a train of action potentials activates potassium channels that
mediate a slow afterhyperpolarization current (IsAHP). The key steps between calcium influx and
potassium channel activation remain unknown. Here, we report that the key intermediate between
calcium and the sAHP channels is the diffusible calcium sensor hippocalcin. Brief depolarizations
sufficient to activate the IsAHP in wild-type mice do not elicit the IsAHP in hippocalcin knockout
mice. Introduction of hippocalcin in cultured hippocampal neurons leads to a pronounced IsAHP while
neurons expressing a hippocalcin mutant, lacking N-terminal myristoylation, exhibit a small IsAHP
that is similar to that recorded in uninfected neurons. This implies hippocalcin must bind to the plasma
membrane to mediate its effects. These findings support a model in which the calcium sensor for the
sAHP channels is not pre-associated with the channel complex.

INTRODUCTION
In the brain, calcium prevents runaway neuronal activity and seizures by activating potassium
channels to dampen neuronal excitability. In adapting neurons, this leads to a pronounced
afterhyperpolarization and consequently spike frequency adaptation. The
afterhyperpolarization is subdivided into three phases: fast (fAHP), medium (mAHP), and slow
(sAHP). Unlike the fAHP and mAHP that last for a few seconds, the sAHP hyperpolarizes the
neurons for many seconds and is highly regulated by neurotransmitters and neuromodulators
such as norepinephrine, glutamate, acetylcholine, and serotonin (Nicoll, 1988). Although the
sAHP has been extensively studied for the past three decades, both the potassium channel
underlying the sAHP and the mechanism of calcium activation remain unknown (Vogalis et
al., 2003).

The emerging view of calcium gating of potassium channels is that calcium directly gates the
channels by binding either to a calcium sensor intrinsic to the potassium channels (i.e. BK
channels) or a calcium sensor covalently tethered to the channels (i.e. SK channels). Calcium
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activated potassium channels are also pre-associated with calcium channels, scaffolding
molecules, and signal transduction proteins (Bekerfeld et al, 2006; Levitan, 2006). Overall,
this data support a model in which calcium-activated potassium channels are part of a large
membrane delimited macromolecular complex that leads to the formation of calcium signaling
in micro- and nano- domains.

Here, we provide evidence that the calcium gating of the sAHP potassium channels does not
conform to the classical model of potassium channel gating by calcium. First, we show that
the calcium chelators EGTA and BAPTA modulate the current kinetics of the sAHP channels
and the apamin SK channels in an opposite manner, suggesting that the calcium gating of the
sAHP and SK channels is through different mechanisms. Next, we propose that the diffusible
neuronal calcium sensor hippocalcin is the critical protein in the calcium gating of the sAHP
channels, as brief depolarizations do not lead to the activation of the IsAHP in hippocalcin
knockout mice. Finally, neurons in culture virally infected with hippocalcin exhibit a robust
sAHP, unlike uninfected neurons, or neurons infected with a hippocalcin mutant that cannot
associate to the plasma membrane. Our data support a novel calcium signaling mechanism that
allows for neurons to integrate the calcium signal across the entire cell and not only in nano-
or micro- domains.

RESULTS AND DISCUSSION
Calcium transients in response to a brief depolarization to activate voltage-gated calcium
channels peak and decay faster than the activation and deactivation kinetics of the sAHP.
(Abel et al., 2004; Jahromi et al., 1999; Sah and Clements, 1999). Several theories have been
proposed to explain this disparity: (1) the slow sAHP kinetics may reflect diffusion of calcium
from voltage-gated calcium channels to sAHP channels (Lancaster and Zucker, 1994). (2)
Alternatively, calcium-activated potassium channels with high affinity for calcium, but with
slow binding and unbinding kinetics may gate the sAHP (Sah and Clements, 1999). (3) Calcium
may engage an intracellular intermediate that in turn activates sAHP channels (Abel et al.,
2004; Gerlach et al., 2004).

To distinguish among these possibilities, we compared the effects of different calcium buffers
on the kinetics of the IsAHP and the apamin-sensitive SK component of the medium AHP
(ISK-AHP). SK channels are calcium activated potassium channels with constitutively bound
calmodulin acting as their calcium sensor (Xia et al., 1998). Therefore, if the sAHP is activated
through a similar mechanism, calcium buffers should have qualitatively the same effect on
both channels.

To isolate ISK-AHP from the total depolarization induced IAHP, 100 nM apamin is bath applied
to produce an irreversible complete block of SK channels (Stocker, 2004). Currents in the
presence of apamin were subtracted from those without apamin to determine ISK-AHP. The
slow current remaining in apamin reflects the IsAHP (Figure 1A right). In the presence of either
0.5 mM EGTA or 0.5 mM BAPTA, the ISK-AHP decays much faster than in the absence of any
added calcium buffers (Figure 1B; Sah, 1992). In contrast, the IsAHP decay kinetics do not
change in the presence of 0.5 mM EGTA and they are significantly prolonged in the presence
of 0.5 mM BAPTA (Figure 1C). Higher concentrations of BAPTA (1 mM) slow the IsAHP
kinetics even further (data not shown; τdecay = 9.31 ± 1.3 s, n=4; (Sah and Clements, 1999) as
do higher concentrations of EGTA (2 mM; Sah and Clements, 1999).

What accounts for the difference between ISK-AHP and IsAHP when exogenous buffers are
introduced? Upon activation of voltage-gated calcium channels, calcium clouds expand
radially from the membrane towards the intracellular space away from the calcium channels.
This leads to an approximately exponential decay of the calcium concentration at the membrane

Tzingounis et al. Page 2

Neuron. Author manuscript; available in PMC 2008 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



following calcium channel closure. The decay of the calcium transient depends on the
endogenous calcium buffers and calcium uptake/extrusion mechanisms (Neher, 1998). EGTA
and BAPTA are mobile calcium buffers that accelerate the decay of calcium at the membrane,
but prolong calcium clearance from the intracellular space (Dargan and Parker, 2003; Sah and
Clements, 1999). Therefore, one interpretation for the difference between ISK-AHP and IsAHP
is that ISK-AHP reports the peak calcium concentration in close proximity to the calcium
channels and its decay away from the membrane, while IsAHP reflects the buildup of calcium
in the intracellular space. A prediction of this model is that the IsAHP will depend on the rate
of calcium accumulation in intracellular compartments. Accordingly, the time-to-peak of the
IsAHP (662 ± 46 ms, n=7) in the presence of either 0.5 mM EGTA (1051 ± 113 ms, n=6; p<0.01
ANOVA) or 0.5 mM BAPTA (1602 ± 63 ms, n=5; p<.0001 ANOVA) is significantly delayed
compared to control conditions (Figure 1C left; see also Jahromi et al., 1999; Lancaster and
Zucker, 1994; Sah and Clements, 1999; Zhang et al., 1995). This is in contrast to the peak
latency of the ISK-AHP (Figure 1B; 0 mM buffer: 22.06 ± 3 ms, n=7; 0.5 mM EGTA: 18.3 ± 3
ms, n=5 p=0.68; 0.5 mM BAPTA: 14.6 ± 3 ms, n=5, p=0.25 ANOVA). This implies that the
slowing of the IsAHP peak latency is due to the longer time it takes for calcium to reach
equilibrium in the presence of EGTA and BAPTA (Lee et al., 2000). Further supporting our
hypothesis that the buildup of calcium in the intracellular space triggers the IsAHP, IsAHP
induction closely parallels global cytosolic calcium concentration (Abel et al., 2004; Knopfel
et al., 1990) while ISK-AHP does not (Abel et al., 2004).

If the IsAHP depends on the buildup of calcium entering the neuron, then a diffusible
intermediate that relays the increase of intracellular calcium to the sAHP potassium channels
may be involved. One candidate is the multifunctional calcium sensor calmodulin. However,
we do not favor calmodulin as the critical intermediate for the following reasons: (1) In most
ion channels modulated by calmodulin, calmodulin is part of the channel complex even in the
apostate (Bradley et al, 2004; Erickson et al., 2001; Wen and Levitan, 2002; Xia et al., 1998).
(2) The IsAHP has a calcium affinity of 200 nM, which is higher than the affinities of potassium
channels modulated by calmodulin (Stocker, 2004). Other possible candidates for
intermediates between calcium and sAHP include members of the Neuronal Calcium Sensor
(NCS) protein family.

The NCS family is comprised of a large number of proteins known to regulate synaptic
plasticity (Palmer et al, 2005) and the activity of ion channels including potassium and calcium
channels (An et al., 2000; Few et al., 2005). Hippocalcin, a member of this protein family, is
highly enriched in hippocampus and is found in cortical areas with prominent sAHPs
(Kobayashi et al., 2005; Paterlini et al., 2000). The IsAHP and hippocalcin share similar calcium
sensitivity (Ca threshold for activation: ~160 nM vs ~180 nM and Ca Km: ~200 nM vs ~290
nM, respectively; Abel et al., 2004; O’Callaghan et al., 2003). In addition, following a train of
action potentials, hippocalcin associates with the plasma membrane in cultured hippocampal
neurons (Belan et al., 2005). Binding of calcium to hippocalcin promotes a conformational
change that exposes a myristoyl moiety (calcium myristoyl switch; Kobayashi et al., 1993;
O’Callaghan et al., 2003). This allows hippocalcin to associate with the plasma membrane
thereby shifting hippocalcin from a freely diffusible cytosolic protein to a membrane-bound
protein.

To examine a possible role of hippocalcin in modulating the activity of the IsAHP, we assayed
the ISK-AHP and the IsAHP in hippocampal slices prepared from either wild-type (HC+/+) or
hippocalcin knockout (HC−/−) mice in a blind study (Kobayashi et al., 2005; Korhonen et al.,
2005) (Figure 2). Consistent with hippocalcin being a high affinity calcium binding protein,
the ISK-AHP in slices from HC−/− mice had larger peak amplitudes (Figure 2A; 149.1 ± 11 pA,
n=15; p<0.05 Students-t-test) than those from HC+/+ slices (114.9 ± 4.9 pA, n=10). To control
for differences in ISK-AHP kinetics we measured the charge transfer through the ISK-AHP. Like
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the peak amplitudes, we found that the time integral was doubled in the HC−/− mice (HC+/+:
37.9 ± 5.9 pC, n=10; HC−/−: 68.5 ± 9.2 pC, n=15; p<0.05 Students-t-test). Thus, with respect
to ISK-AHP, hippocalcin acts as a calcium buffer. In contrast, the IsAHP is not readily observable
in slices prepared from HC−/− mice even in neurons with a robust ISK-AHP (Figure 2B).
Compromised calcium handling in HC−/−mice could explain our data. However, the increased
peak amplitude of SK currents argues against this possibility.

The amplitude of the sAHP depends on the duration of the depolarizing pulse used to induce
the sAHP (Madison and Nicoll, 1984), suggesting that hippocalcin may set the threshold for
sAHP activation. Indeed, increasing the duration of the stimulus from 100 ms to 300 ms induces
a larger IsAHP in HC−/− slices. In a blind study, the IsAHP following a long depolarizing pulse
(300 ms) was 51.05 ± 5.01 pA (n=28) in slices prepared from HC+/+ mice, while the IsAHP in
slices prepared from HC−/− mice was only 27.9 ± 2.4 pA (n=31; p<.0001; Student’s-t-test; i.e.
50% reduced). A summary of the IsAHPs from either HC+/+ or HC−/− mice evoked using
different depolarizing pulse durations is shown in figure 3A. Notice, that at all stimulus
durations the IsAHP from HC−/− mice is significantly smaller than the IsAHP recorded in
HC+/+ mice.

The need to use long duration pulses (300 ms) to induce IsAHP in HC−/− mice raises the question
of whether IsAHPs recorded in HC−/− mice has properties similar to the IsAHP recorded in
HC+/+ mice. Like the IsAHP in HC+/+ mice, the IsAHP in HC−/− mice induced by a long
depolarizing pulse (300 ms) has slow kinetics (HC+/+: 3.82 ± 0.17 s, n=28; HC−/−: 3.36 ± 0.22
s, n=31; p=0.11 Student’s t-test) and is blocked by the inorganic non-selective voltage-gated
calcium channel blocker cadmium (data not shown; HC+/+: 88.7 ± 2 % block, n=4; HC−/−: 79.8
± 5 % block, n=3). Another hallmark of the sAHP is its selective inhibition by norepinephrine
(NE) through beta 1-noradrenergic receptors (Madison and Nicoll, 1982). In HC−/− mice, the
block of the IsAHP by NE following a long depolarizing pulse (300 ms) is significantly smaller
than that in HC+/+ mice (Figure 3B). Thus, although long duration depolarizing pulses in
HC−/− mice induce a IsAHP that is ~50% of the HC+/+ IsAHP, the NE sensitive IsAHP is even
further reduced to ~30% of the HC+/+ IsAHP (NE sensitive current: HC+/+: 32.5 ± 3.8 pA, n=14;
HC−/−: 11.7 ± 3.5, n=16; p<0.001 Students-t-test).

Together our data suggest that hippocalcin is the key intermediate step in the signal transduction
cascade between intracellular calcium and generation of the NE sensitive IsAHP. Upon calcium
binding to hippocalcin, a myristoyl moiety is exposed that allows hippocalcin to bind the
plasma membrane (O’Callaghan et al., 2002; O’Callaghan et al., 2003). A close homologue of
hippocalcin, VILIP-2, also found in hippocampus, modulates calcium channels by relieving
calcium-induced inactivation. To exert its effect VILIP-2 has to associate with the plasma
membrane by utilizing the calcium myristoyl switch (Few et al., 2005). To test whether
hippocalcin must be membrane bound to modulate IsAHP, we used dissociated neurons kept in
culture for 8–9 days. Previous studies have reported difficulty in recording IsAHP in dissociated
neuronal cultures (Alger et al., 1994) or that the IsAHP runs down within a few minutes of using
standard electrophysiological techniques (Shah and Haylett, 2000).

To examine the functional role of hippocalcin myristoylation in generating the IsAHP we used
a mutant, HCG2A, in which the normally myristoylated glycine is mutated to an alanine. This
mutation is known to prevent N-terminal myristoylation of hippocalcin (O’Callaghan et al.,
2002; O’Callaghan et al., 2003). Similar to previous reports, uninfected neurons have little or
no IsAHP (Figure 4). However, neurons infected with wild-type hippocalcin (HCwt) show a
robust IsAHP, while neurons infected with a hippocalcin mutant (HCG2A) that cannot bind to
the plasma membrane have an IsAHP that is similar to the IsAHP recorded in uninfected neurons
(Figure 4). Therefore, like VILIP-2, hippocalcin must bind to the plasma membrane to induce
its modulation.
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The prevailing view of potassium channel activation by calcium is that it is membrane
delimited. That is, the potassium channels, the calcium sensor, and in some cases the calcium
channels are pre-assembled in a macromolecular protein complex (Berkerfeld et al, 2006;
Levitan et al, 2006). This results to the formation of signaling nano- and micro-domains, which
are necessary for neurotransmission release and rapid repolarization of the membrane
following action potentials. However, pre-association of potassium channels with the calcium
sensor would also dissociate the potassium channels from detecting any changes in the global
calcium levels.

Here, we show that the neuronal calcium sensor hippocalcin, which is not associated with the
channel complex, gates the potassium channel that mediates the slow afterhyperpolarization.
Thus, the IsAHP is greatly reduced in hippocampal slices from hippocalcin knockout mice.
Furthermore, expression of wild-type hippocalcin in dissociated neurons, but not a hippocalcin
mutant lacking the myristoyl moiety, markedly enhances IsAHP. The latter finding indicates
that movement of hippocalcin from the cytosol to the membrane is a necessary step in the
gating of the IsAHP. Our findings strongly suggest that the IsAHP channels respond to a global
rise in cytosolic calcium and that an intermediary step is required to relay the signal back to
the membrane. Hippocalcin is ideally suited for this intermediary step, since it binds cytosolic
calcium and then binds to the cell membrane, via a calcium myristoyl switch.

A number of issues remain unresolved. Although IsAHP is greatly reduced in hippocalcin
knockout mice, a small IsAHP can still be detected in response to prolonged depolarizing pulses.
As low concentrations of BAPTA (0.5 mM) also prolong the IsAHP kinetics in hippocalcin
knockout mice (data not shown), perhaps one of the numerous other diffusible neuronal calcium
sensors accounts for this remaining current. How does hippocalcin activate IsAHP channels?
Previously it has been shown that the calcium neuronal sensor KChIP binds directly to the
cytoplasmic amino termini of A-type potassium channels and modulates their kinetics in a
calcium dependent manner (An et al, 2000). Perhaps a similar mechanism may account for
hippocalcin’s activation of the sAHP channels. Are hippocalcin knockout mice hyperexcitable,
as might be expected, from the loss of the sAHP? Although hippocalcin levels decrease during
epileptogenesis (Elliott et al, 2003), to date, no studies have addressed whether or not
hippocalcin knockout mice are susceptible to seizures. However, the increase in calcium
activation of SK channels (Figure 2) or other calcium activation processes might compensate
for the sAHP loss. Regardless what the answers to these questions may be, the mechanism
uncovered in this study allows the channels underlying the IsAHP to integrate calcium changes
across the entire cell and thus respond to overall changes in neuronal excitability.

EXPERIMENTAL PROCEDURES
Experiments were carried out according to the guidelines of the UCSF Committee of Animal
Research.

Knocout mice and PCR genotyping
The hippocalcin knockout mice (HC−/−) were maintained by breeding HC−/− males and
females. The HC−/− mice were backcrossed to C57Bl/6 backround eight times (see (Kobayashi
et al., 2005; Korhonen et al., 2005) for details on generation and description of HC−/− mice).
PCR genotyping of the mouse tail prep DNA was performed as described previously
(Kobayashi et al., 2005) using the following primers: (1) 5′-
ACTGGCTCCTCAGCCTTTGTCTCTGA ACAC-3′, (2) 5′-
TCGTGCTTTACGGTATCGCCGCTCCCGATT-3′, (3) 5′-
TAGCCAGAGCTATGTAGTGA GATCCTGTCTC-3′.

Tzingounis et al. Page 5

Neuron. Author manuscript; available in PMC 2008 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Recordings and Solutions
Briefly, transverse hippocampal slices (300–400 μm) were prepared from 16 to 22 day-old
hippocalcin knockout and wild-type mice. Animals were decapitated, and the hippocampus
was dissected out and glued to the stage of a vibroslicer (Leica Instruments) in ice-cold artificial
cerebrospinal fluid (ACSF) (in mM): 119 NaCl, 2.5 KCl, 1.3 MgSO4, 2.5 CaCl2, 1
NaH2PO4, 26 NaHCO3, 10 glucose; equilibrated with 95% O2 and 5% CO2. Slices were
maintained at 35 °C (30 min) and then at room temperature in a storage chamber that was
continuously perfused with ACSF for at least 1 hr prior to recordings. Whole-cell recordings
were made with infrared differential interference contrast optics using a ×40 water-immersion
objective on an upright microscope (Olympus BX50). Pipettes with resistances of 3 to 4 MΩ
were used. The series resistance, as measured by the instantaneous current response to a 4 mV
step with only the pipette capacitance canceled, was always less than 30 MΩ. Pipette solutions
contained (in mM) 150 potassium methylsulfate, 10 KCl, 10 HEPES, 4 NaCl, 4 Mg2ATP, and
0.4 Na4GTP. Osmolarity was adjusted to 290–300 mOsm/l and pH to 7.25–7.35 with KOH.
The slices were bathed in a modified ACSF containing 500 nM TTX to block voltage gated
sodium channels. Responses following depolarizing pulses of varying durations (see text) were
collected with an Axopatch-1D amplifier, filtered at 2 kHz, digitized at 5 kHz and analysed on
line using Igor Pro software (Wavemetrics, Lake Oswego, OR, USA). Statistical significance
was determined using either variance analysis (ANOVA) with Tukey as a post hoc test or
unpaired Student’s-t-test.

Dissociated neurons and Viral Infection
Dissociated hippocampal cultures were prepared from P0 Sprague-Dawley rat pups as
described previously (Adesnik et al., 2005). Cultures were used for physiology between 8–9
DIV. For viral infection of rat dissociated neurons Hippocalcin-EGFP and G2A-EGFP were
subcloned into pSCA1 and viral particles were generated by transfecting pSCA1-Hippocalcin
(or G2A)-EGFP and pHelper into HEK293 cells. After 48–72hrs following transfection
supernatants were harvested, aliquoted and stored −80oC. Prior to infection, the viral particles
were activated with chymotrypsin. For infection, viral solutions were added to rat dissociated
neurons that were 8–9 DIV. A depolarizing pulse (150 ms) to +15 mV from a holding
membrane potential of −50 mV is used to induce the IsAHP in dissociated cultured neurons
(Shah and Haylett, 2000).
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Figure 1. Calcium buffers differentially regulate the kinetics of the apamin-sensitive AHP current
(ISK-AHP) as compared to the sAHP current (IsAHP)
(A) Activation of the AHP current (IAHP) and isolation of the ISK-AHP and IsAHP. Left, the
currents underlying the AHP are recorded under voltage clamp in slices prepared from wild-
type (HC+/+) mice. IAHP is triggered using a brief depolarizing voltage step from a holding
membrane potential (Vholding) of −55 mV to +15 mV to activate voltage-gated calcium
channels. Application of 100 nM apamin suppresses an early component of the IAHP. Right,
the pharmacologically isolated ISK-AHP and IsAHP is shown. Notice the different time scales.
(B) Left, representative traces showing the ISK-AHP in the absence of calcium buffers (black
trace), in the presence of 0.5 mM EGTA, or in 0.5 mM BAPTA (gray trace). Traces are
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normalized to their peak amplitude. Right, summary graph showing that the decay time
constant of the ISK-AHP is faster in the presence of either 0.5 mM EGTA (81.25 ± 7.5 ms, n=5;
p<.005) or 0.5 mM BAPTA (93.8 ± 11 ms, n=5, p<0.01) as compared to control ISK-AHP (225.6
± 35 ms, n=7) recorded in the absence of any intracellular calcium buffers. (C) Left,
representative traces showing the IsAHP recorded in the absence of calcium buffers (black
trace), in the presence of 0.5 mM EGTA, or in 0.5 mM BAPTA (gray trace). Traces are
normalized to their peak amplitude. Right, graph summarizing the effect of 0.5 mM EGTA
(4.13 ± 0.31 s, n=6; p=0.98) and 0.5 mM BAPTA (8.03 ± 0.39 s, n=5, p<.0001) on the IsAHP
decay kinetics as compared to control IsAHP recorded in the absence of any intracellular calcium
buffers (4.22 ± 0.33 s, n=7). Error bars show s.e.m.
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Figure 2. Loss of IsAHP in slices prepared from hippocalcin knockout mice
(A) Left, traces of the current underlying the apamin sensitive AHP following a 100 ms
depolarizing step to +15 mV from Vholding of −55 mV in slices prepared from either HC+/+ or
hippocalcin knockout mice (HC−/−). Right, summary graph showing the amplitude of
ISK-AHP is increased in slices prepared from HC−/− mice (149.1 ± 11 pA, n=15; p<0.05), as
compared to slices from HC+/+ mice (114.9 ± 4.9 pA, n=10). (B) Left, traces of the current
underlying the sAHP from the same neurons and same stimulation protocol as described in A.
Right, summary graph showing the amplitude of the IsAHP is decreased in slices prepared from
HC−/− mice (14.56 ± 1.86 pA, n=15; p<.005), as compared to slices from HC+/+ mice (44.13
± 9.9 pA, n=10). Error bars show s.e.m.
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Figure 3. Long depolarizing pulses can evoke a IsAHP in hippocalcin knockout mice that is largely
norepinephrine insensitive
(A) Left top, representative traces from HC+/+ mice that shows either short (50 ms or 100 ms)
or long (300 ms or 600 ms) depolarizing pulses to +15 mV (Vholding = −55 mV) evoke the
IsAHP. Left bottom, representative traces that shows only long (300 ms or 600 ms) depolarizing
pulses to +15 mV (Vholding = −55 mV) evoke the IsAHP in HC−/− mice. Right, mean IsAHP peak
amplitude from either HC+/+ or HC−/− mice in response to a depolarizing pulse to +15 mV
(Vholding = −55mV) of varying durations. The IsAHP amplitude is significantly different
between HC+/+ and HC−/− mice for all pulse durations: 50 ms (HC+/+: 21.6 ± 5.9 pA, n=5;
HC−/−: 3.81 ± 0.9 pA, n=7; p<0.01), 100 ms (HC+/+: 43.4 ± 6.9 pA, n=15; HC−/−: 12.1 ± 1.5
pA, n=24, p<.0001), 300 ms (HC+/+: 52.9 ± 7.4, n=15; HC−/−: 24.5 ± 2.3, n=24; p<.005), or
600 ms (HC+/+: 55.00 ± 10.5 pA, n= 4; HC−/−: 29.9 ± 5.2 pA, n=7; p<0.05) pulse duration.
(B) Left, representative traces of IsAHP induced by a 300 ms depolarizing pulse to +15 mV
(Vholding = −55mV) before and after application of 20 μM norepinephrine in slices prepared
from either HC+/+ or HC−/− mice. Right, summary graph of the IsAHP block induced by NE
(HC+/+: 67.5 ± 3.7 % block, n=16; HC−/−: 37.1 ± 3.9 % block, n=14; p<.0001; Students-t-test).
Error bars show s.e.m.
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Figure 4. Myristoylation of hippocalcin is required for IsAHP regulation
(A) Traces showing the dependence of IsAHP on myristoylated hippocalcin. Top trace is from
an uninfected neuron on a cover slip infected with wild-type hippocalcin. Middle panel shows
a trace from an infected neuron expressing wild-type hippocalcin (HCwt), while the bottom
panel shows a neuron infected with HCG2A, a mutant hippocalcin that cannot be myristoylated.
(B) Top, graph summarizing the effect of expressing either HCwt (55.2 ± 11 pA, n=16; p<0.01)
or HCG2A (21.8 ± 4.2 pA, n=16; p=0.98) to uninfected neurons (20.1 ± 4.3 pA, n=13) as
measured by the peak IsAHP amplitude. Bottom, graph summarizing the effect of expressing
either HCwt (271.2 ± 51 pC, n=16; p<0.001) or HCG2A (94.3 ± 20.1 pC, n=16; p=0.9) to
uninfected neurons (72.6 ± 15.9 pC, n=13) as measured by the area of the IsAHP (350 ms
following the end of the depolarizing pulse to 10 s). Error bars show s.e.m.
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