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Abstract
The slow afterhyperpolarization (sAHP) in hippocampal neurons has been implicated in learning
and memory. However, its precise role in cell excitability and central nervous system function has
not been explicitly tested for 2 reasons: 1) there are, at present, no selective inhibitors that
effectively reduce the underlying current in vivo or in intact in vitro tissue preparations, and 2)
although it is known that a small conductance K+ channel that activates after a rise in [Ca2+]i
underlies the sAHP, the exact molecular identity remains unknown. We show that 3-
(triphenylmethylaminomethyl)pyridine (UCL2077), a novel compound, suppressed the sAHP
present in hippocampal neurons in culture (IC50 = 0.5 μM) and in the slice preparation (IC50 ≈ 10
μM). UCL2077 was selective, having minimal effects on Ca2+ channels, action potentials, input
resistance and the medium afterhyperpolarization. UCL2077 also had little effect on
heterologously expressed small conductance Ca2+-activated K+ (SK) channels. Moreover,
UCL2077 and apamin, a selective SK channel blocker, affected spike firing in hippocampal
neurons in different ways. These results provide further evidence that SK channels are unlikely to
underlie the sAHP. This study also demonstrates that UCL2077, the most potent, selective sAHP
blocker described so far, is a useful pharmacological tool for exploring the role of sAHP channels
in the regulation of cell excitability in intact tissue preparations and, potentially, in vivo.

A train of action potentials in hippocampal neurons is followed by an afterhyperpolarization
comprising fast, medium (mAHP), and slow (sAHP) components (Storm, 1990; Sah and
Faber, 2002). The sAHP has been reported to be important for regulation of spike frequency
accommodation and, therefore, neuronal function (Lancaster and Nicoll, 1987; Storm, 1990;
Sah and Faber, 2002; Disterhoft et al., 2004). Indeed, these channels have been suggested to
have a role in hippocampal memory encoding processes. In particular, enhanced sAHP has
been observed in older animals and has been correlated with impairments in learning (Power
et al., 2002; Tombaugh et al., 2005). Therefore, sAHP current blockers can potentially be
useful for improving learning and memory. Although it is known that a small conductance
K+ channel that requires Ca2+ entry for activation underlies the sAHP (Lancaster and Nicoll,
1987; Sah and Isaacson, 1995; Sah and Faber, 2002), the molecular identity of the channel is
still a mystery. Three small conductance Ca2+-activated K+ channels (SK1–3) have been
cloned, of which SK1 and SK2 are strongly expressed in the hippocampus (Stocker et al.,
1999). Initial studies suggested that SK1 could be a potential molecular candidate for the
sAHP (Kohler et al., 1996; Vergara et al., 1998). However, several more recent studies have
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indicated that it is unlikely to contribute to the sAHP in hippocampal neurons (Shah and
Haylett, 2000b; Strobaek et al., 2000; Grunnet et al., 2001; Shah et al., 2001; Bond et al.,
2004; Villalobos et al., 2004). Thus, the progress in our understanding of the contribution of
the sAHP channels to cell excitability has been limited by ignorance of the identity of these
channels.

In addition, until recently, there were no selective blockers of the sAHP. The sAHP can be
abolished by neurotransmitters such as noradrenaline (Madison and Nicoll, 1982, 1986;
Malenka and Nicoll, 1986; Storm, 1990; Sah and Faber, 2002). In the absence of specific
inhibitors, these have been used to study the role of the sAHP in cell excitability and
behavior. Neurotransmitters, however, have multiple actions, making it difficult to
determine whether the effects observed are due to modulation of the sAHP or other currents.
For example, noradrenaline blocks the sAHP by elevating cAMP levels and increasing
protein kinase A activity (Madison and Nicoll, 1986; Pedarzani and Storm, 1993). cAMP,
however, alters the gating of other ion channels, including the hyperpolarization-activated
cation channels (Wainger et al., 2001), and can thereby modify cell firing and excitability
independently of its effects on the sAHP (Robinson and Siegelbaum, 2003). Although the
studies using neurotransmitters to reduce the sAHP have provided significant information
regarding the physiological role of the sAHP current, it would be beneficial to revisit the
question with more selective blockers to understand the contribution of the current per se to
cell excitability.

We have previously described the sAHP inhibitor UCL2027 (Shah et al., 2001). Although
this particular blocker suppressed the sAHP in dissociated hippocampal neurons with an
IC50 of 1 μM, it is very lipophilic and liable to extensive tissue binding. Because the
compound also has an aqueous solubility limit of 10 μM, it not ideal for in vitro studies
involving slice preparations or in vivo research. In an attempt to find more potent sAHP
blockers that might be useful for understanding its physiological role, we synthesized and
tested many compounds related to UCL2027 (Zunszain et al., 2002). We now report the
actions of a related compound, UCL2077, a more powerful sAHP inhibitor in cultured
hippocampal neurons. In addition, it reduced the sAHP in hippocampal neurons present in
brain slices. We took advantage of the activity of this compound to explore the role of the
sAHP in spike frequency adaptation in hippocampal neurons present in the slice preparation
and compared the changes in firing produced by sAHP channel inhibition with that caused
by SK channel block.

Materials and Methods
Hippocampal Cell Culture

Hippocampal pyramidal neurons were cultured as described previously (Shah et al., 2001).
In brief, 4- to 7-day-old Sprague-Dawley rats were decapitated, and hippocampal regions
were subdissected and incubated in Hanks' buffered saline solution containing trypsin.
Individual cells were released by trituration and resuspended in Neurobasal medium
supplemented with 2% B27, 0.5 mM L-glutamine, and 10% fetal calf serum (FCS). The cells
were plated onto plastic dishes (previously coated with poly-D-lysine) and maintained in
culture for 15 days using the growth medium without the FCS.

Maintenance and Transfection of HEK293 Cells
HEK293 cells were grown in Dulbecco's modified Eagle's medium supplemented with 2
mM L-glutamine, 50 U/ml penicillin, 50 μg/ml streptomycin, and 10% FCS. Cells were
transfected with either hSK1 (kind gift from Dr. J. P. Adelman, Vollum Institute, Oregon
Health and Science University, Portland, OR) or rSK2 (kind gift from Dr. W. Joiner and
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Prof. L. K. Kaczmarek, Department of Cellular and Molecular Physiology, Yale University
School of Medicine, New Haven, CT) and GFP using a modified calcium phosphate method
(Shah and Haylett, 2000b).

Hippocampal Slice Preparation
Hippocampal slices were prepared as described previously (Shah et al., 2004). In brief, 5- to
6-week-old Sprague-Dawley rats were anesthetized, brains were removed, and 400-μm
slices were cut using a vibratome (Leica, Wetzlar, Germany). The slices were maintained at
room temperature in a holding chamber containing external solution (solution A) composed
of 125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 25 mM NaHCO3, 2 mM CaCl2, 2 mM
MgCl2, and 10 mM glucose; pH 7.3 when bubbled continuously with 95% O2/5% CO2.

Electrophysiological Studies
Perforated Patch Recordings of sIAHP from Cultured Neurons—The sIAHP was
recorded from neurons that had been in culture for at least 8 days as described previously
(Shah et al., 2001). In brief, the culture dishes were superfused with solution A also
containing 5 mM HEPES and 5 μM DNQX. Perforated patches were obtained at 32–34°C
with 4- to 10-MΩ pipettes containing 126 mM KMeSO4, 14 mM KCl, 10 mM HEPES, 3
mM MgCl2, 2 mM Na2ATP, 0.3 mM Na2GTP, pH adjusted to 7.3, and 0.12 mg/ml
amphotericin. Thirteen action potentials were elicited using 5-ms current pulses (frequency
= 76.5 Hz) under discontinuous current-clamp, and the afterhyperpolarization current
(sIAHP) produced was recorded under voltage clamp at −55 mV. Voltage and current signals
were filtered at 3 and 0.3 kHz, respectively, using an AxoClamp 2A and acquired using
pCLAMP 6 software (Molecular Devices, Sunnyvale, CA).

Measurement of Ca2+ Currents—Cultured hippocampal neurons possess an extensive
dendritic tree and are difficult to voltage-clamp. Ca2+ currents were therefore recorded from
freshly dissociated cells, which have only a small apical dendrite. Pyramidal cells were
isolated and plated as described above and recordings made 3.5 to 8 h after isolation at 32–
34°C. The cells were superfused with 115 mM NaCl, 2 mM KCl, 2 mM CaCl2, 0.5 mM
MgCl2, 11 mM glucose, 10 mM HEPES, 25 mM TEA, 0.0003 mM tetrodotoxin, and 0.005
mM DNQX, pH adjusted to 7.4. Whole-cell recordings were made with a List EPC-7
amplifier using 7- to 10-MΩ patch pipettes filled with 135 mM CsCl, 0.5 mM CaCl2, 2 mM
MgCl2, 10 mM HEPES, 3 mM EGTA, 2 mM Na2ATP, and 0.3 mM Na2GTP, pH adjusted
to 7.3. The cells were held at −80 mV and the Ca2+ current was elicited using a ramp
protocol (Fig. 1E). Signals were filtered at 1 kHz and digitized at 3.33 kHz using pCLAMP
6.

Recordings from Hippocampal Cells in Slices—Slices were placed in a recording
chamber containing solution A with 0.05 mM DL-2-amino-5-phosphonopentanoic acid, 0.01
mM 6-cyano-2,3-dihydroxy-7-nitroquinoxaline, 0.01 mM bicuculline, and 0.001 mM CGP
55,845 added. The solution in the recording chamber was maintained at a temperature of
33–35°C (Shah et al., 2004). Whole-cell current-clamp recordings were obtained using 10–
12 MΩ pipettes filled with 120 mM KMeSO4, 20 mM KCl, 10 mM HEPES, 2 mM MgCl2,
0.2 mM EGTA, 4 mM Na2ATP, and 0.3 mM Tris-GTP, 14 mM Tris-phosphocreatinine, pH
adjusted to 7.3. A train of 10 action potentials at a frequency of 66.7 Hz was applied at a
holding potential of −60 mV, and the resulting sAHP acquired using an AxoClamp 2B
amplifier. Signals were filtered at 30 kHz using the Axoclamp 2B and obtained using
pCLAMP 8 software (digitized at 10 kHz).

Measurements of Expressed SK Currents—Cells transfected with either hSK1 or
rSK2 subunits 24 h previously and identified by GFP fluorescence, were superfused with
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150 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, and 10 mM
glucose, pH adjusted to 7.4 using 1 M NaOH. Whole-cell recordings were made using 3- to
5-MΩ pipettes filled with 130 mM KCl, 5 mM HEDTA, 10 mM HEPES, 3 mM MgCl2, 0.67
mM CaCl2, and 2 mM Na2ATP, pH adjusted to 7.2 (free [Ca2+] calculated to be 1 μM).
Cells were clamped at −80 mV using a List EPC-7 amplifier and voltage pulses applied to
evoke SK currents (Fig. 2A). Signals were filtered at 5 kHz and acquired using pCLAMP 6.

Data Analysis
Data were analyzed using pCLAMP software. The average amplitude of three successive
records of sIAHP and sAHP traces in the presence of the drug was expressed as a percentage
of that in the absence of the compound. The sIAHP and sAHP decay time constants, as well
as the amplitude of the mIAHP recorded in cultured hippocampal neurons, were estimated by
fitting a multicomponent exponential equation as described previously (Shah et al., 2001).
With the current-clamp experiments done using the slice preparation, the mAHP peak could
be easily distinguished by eye in both the absence and the presence of UCL2077 or apamin
(Fig. 4).

The input resistance was measured using 1-s hyperpolarizing current pulses of −100 pA
from a potential of −70 mV in the absence and presence of the drugs. One-second,
depolarizing pulses were applied to study the effects of UCL2077 on the number and
frequency of action potentials (see Fig. 5). The minimum current required to evoke a single
action potential was used to measure spike threshold. The width and amplitude of the last
action potential in the train that was used to evoke the sAHP was also measured in the
absence and presence of UCL2077. The action potential width was measured at −20 mV,
and the amplitude was measured from the threshold to the tip of the spike.

To investigate effects on the high-voltage-activated (HVA) Ca2+ current, the peak average
of two successive traces in the presence of the drug were expressed as a percentage of the
average peak of the traces acquired immediately before application and after washout of
UCL2077. This allowed for alterations in the peak Ca2+ current that may occur because of
rundown.

SK current steady-state amplitudes in HEK293 cells were measured at −40 mV to minimize
the contribution of series resistance errors and the small endogenous delayed rectifier
current. The SK current amplitude in the presence of the drug was expressed as a percentage
of the average current before addition and after washout of the compound.

All results are expressed as mean ± S.E. Statistical analysis was carried out using the
appropriate Student's t test. Concentration-inhibition curves were fitted with a modified Hill
equation (Shah et al., 2001).

Materials
All tissue culture reagents were purchased from Invitrogen (UK). All other materials were
acquired from Sigma-Aldrich (UK) apart from apamin and KMeSO4, which were bought
from Alamone Labs (Jerusalem, Israel) and Pfaltz and Bauer Ltd. (Waterbury, CT),
respectively. UCL2077 (Fig. 1A) was synthesized by authors M.J.-T and C.R.G. Stocks of
100 mM UCL2077 were prepared in dimethyl sulfoxide and kept refrigerated. For
experimental purposes, the solutions were diluted at least 10,000-fold in the external
solution (final dimethyl sulfoxide concentration <0.01%) because it was found to be
insoluble at concentrations >10 μM in our external solution.
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Results
Effects of UCL2077 on the sIAHP Recorded in Cultured Hippocampal Neurons

The chemistry program produced a number of compounds related to UCL2027, which were
tested for sAHP blocking action using cultured hippocampal neurons (Zunszain et al., 2002).
We chose this particular system for two reasons: 1) although it would be more
straightforward to test the activity of compounds on expressed channels, the channel
underlying the sAHP is unknown, and 2) the sIAHP could be recorded very stably for 1 h,
and test compounds could be applied and washed off very rapidly (< 1 min). We identified
UCL2077 (Fig. 1A) as a potent sIAHP blocker. In contrast to UCL2027, 3 μM UCL2077
abolished the current (Fig. 1, B and C). Maximum effects of the compound were achieved
within 2 min and recovery within 5 min (Fig. 1B). The IC50 for block of the sIAHP was 0.5 ±
0.1 μM (Fig. 1D), approximately 2-fold more potent than UCL2027 (Shah et al., 2001).
Unlike neurotransmitters (e.g., see Malenka and Nicoll, 1986; Krause and Pedarzani, 2000),
UCL2077 also had little effect on the decay time constant (τ) or time to peak of the sIAHP
(see Table 1). Furthermore, the mIAHP [due to apamin-sensitive SK channels in cultured
hippocampal neurons (Shah et al., 2001)] was unaffected [percentage inhibition = −18.9 ±
10.0% (n = 3)] by 1 μM UCL2077 (Fig. 1). In addition, at concentrations <1 μM, UCL2077
had no effect on resting membrane potential (RMP) under current clamp or the outward
holding current under voltage clamp. At 3 μM, UCL2077 reversibly reduced the outward
holding current present at −55 mV. The decrease of the outward holding current, however,
was very variable, ranging from 5 to 40% (n = 3). Alterations in the outward holding current
can be equivalent to neuronal depolarization in unclamped cell (Fig. 1B). Indeed, the resting
membrane potential depolarized from −62.7 ± 1.2 mV (n = 3) under control conditions to
−59.3 ± 0.3 mV (n = 3, p = 0.15) in the presence of 3 μM UCL2077.

It is noteworthy that in two thirds of cells, a slow inward current (an “afterdepolarization”)
after the action potential train was revealed in the presence of 3 μM UCL2077 (Fig. 1, B and
C). A similar current is observed when the sAHP is abolished in CA1 pyramidal neurons
(see, for example, Wu et al., 2004). This afterdepolarization may be due to a residual Ca2+

current or other channels activated by Ca2+ (Caeser et al., 1993; Magee and Carruth, 1999;
Wu et al., 2004; Yue and Yaari, 2004).

UCL2077 Effects on Ca2+ Influx
Inhibition of the sIAHP might also result from reductions in Ca2+ entry caused by either Ca2+

channel block or narrowing of action potentials (which are necessary to elicit the sIAHP). We
thus measured the effects of UCL2077 directly on the HVA Ca2+ current, because Ca2+

entry through these channels is likely to be involved in the generation of the sIAHP in
hippocampal neurons (Shah and Haylett, 2000a). UCL2077 (3 μM) had no effect on the
HVA Ca2+ current [inhibition = 1.1 ± 1.2% (n = 7); Fig. 2]. In many cases, it was difficult to
distinguish between the low-voltage-activated Ca2+ current and the HVA Ca2+ current (see
Fig. 2C). However, because UCL2077 had little effect on the kinetics of the Ca2+ current or
the amplitude of the current, it is assumed that it did not affect the low-voltage-activated
component either. In addition, at concentrations ≤1 μM, it had little effect on action
potential width or amplitude (Fig. 2, Table 1). In this respect, UCL2077 is more selective
than UCL2027 because UCL2027 causes widening of action potentials at concentrations that
block the sAHP by 80% or less (see Shah et al., 2001). Action potential broadening,
however, did occur in the presence of 3 μM UCL2077 (Fig. 2, Table 1). Wider action
potentials, however, would be expected to increase the Ca2+ influx into the cell, leading to
sIAHP enhancement, not reduction. These results indicate that UCL2077 does not alter Ca2+

influx into neurons.
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Effects of UCL2077 on the Cloned SK Channels
Noise analysis studies have indicated that the sAHP channel has a small conductance (2–5
pS; Sah and Isaacson, 1995). Because Ca2+ entry is required for the initiation of the sAHP, it
has been assumed that a small conductance K+ channel activated by Ca2+ generates the
current. SK channels are therefore likely candidates. However, many recent studies,
(including ours) have indicated that the SK channels cloned so far are unlikely to underlie
the sIAHP (Shah and Haylett, 2000b; Shah et al., 2001; Bond et al., 2004; Villalobos et al.,
2004). Nonetheless, we tested the effects of UCL2077 on the cloned SK1 and SK2 channels
because these are highly expressed in hippocampal neurons (Stocker et al., 1999). Because
rat hippocampal neurons were used, it would be ideal to use the rat homologs of SK
channels. However, rSK1 subunits when expressed on their own in heterologous systems do
not form functional channels (Bowden et al., 2001; Benton et al., 2003; D'Hoedt et al.,
2004). We have thus examined the effects of UCL2077 on channels formed by expression of
hSK1 or rSK2 subunits in HEK293 cells. UCL2077 (3 μM) reduced hSK1 and rSK2 current
by only 27.2 ± 3.8% (n = 4) and 16.2 ± 8.9% (n = 4), respectively (Fig. 3). As expected, 10
nM UCL1848, a selective SK channel blocker (Shah and Haylett, 2000b; Hosseini et al.,
2001; Benton et al., 2003), reduced the SK1 and SK2 currents by 61.5 ± 4.3% (n = 7) and
90.1 ± 0.4% (n = 3, Fig. 3), respectively. These results show that concentrations of UCL
2077 that affect the sIAHP have much smaller effects on SK channels.

Effects of UCL2077 on sAHP in Hippocampal Neurones in Slices
As noted earlier, it is important to examine the activity of this compound on sAHP block in
a more intact preparation. Because UCL2077 is 2-fold more potent than UCL2027 (Shah et
al., 2001), it seemed worthwhile to test the effects of suppressing the sAHP recorded from
visually identified hippocampal neurons present in slices obtained from adult rats. A train of
10 action potentials at −60 mV resulted in a fast afterdepolarization followed by a mAHP
and a sAHP in all cells tested (see Fig. 4). The average sAHP amplitude and decay time
constant (τ) were 4.79 ± 0.5 mV (n = 19) and 2.05 ± 0.1 s (n = 19), respectively. There was
also no significant rundown of the AHPs over a period of approximately 1 h (decrease =
0.32 ± 3.7%; n = 9). Unlike the cultured neuron system, concentrations of UCL2077 less
than 3 μM had little effect on neurons present in the slice preparation. This may be due to
tissue sequestration of the compound. In addition, because of limitations in solubility of the
compound, concentrations greater than 10 μM cannot be used. We therefore explored the
effects of 10 μM UCL2077 on the sAHP. Bath application of this concentration of the
compound reduced the sAHP by 60.2 ± 5.9% (n = 8, Fig. 4, A and C), without having a
significant effect on the neuronal RMP (the RMP at −60 mV depolarized by 2.3 ± 1.0 mV (n
= 7, p > 0.05). The onset of the effects of the compound was slow (approximately 5 min;
Fig. 4B) and may be due in part to the slow perfusion rate of 1 ml/min. Maximal block of
the sAHP was achieved within 20 min of application and was irreversible up to 20 min after
washout in six cells. Partial reversal was obtained in the remaining two neurons. UCL2077
(10 μM) had little effect on action potential width or threshold or the sAHP τ (see Table 2;
Fig. 4D). The mAHP was also unaffected (decrease = 7.0 ± 17%, n = 6; Fig. 4, A and C).
UCL2077 is thus the first synthetic compound to block the sAHP in more intact tissue
preparations and represents a significant step forward in the pharmacology of the sAHP.

Effects of UCL2077 and Apamin on Hippocampal Cell Excitability
As explained in the Introduction, it would be beneficial to evaluate the effects of specifically
suppressing the sAHP on cell excitability. Because UCL2077 is the most potent, selective
sAHP blocker so far and the only one that is effective in dense tissue preparations such as
the slice preparation, we used it to study the effects of a reduced sAHP on spike frequency
adaptation using the hippocampal slice preparation. Its actions were compared with those of
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apamin (an SK channel blocker), because an SK-like channel could underlie the sAHP (Sah
and Isaacson, 1995; Vergara et al., 1998).

Application of 10 μM UCL2077 significantly increased the action potential number
produced at small current pulses (Fig. 5, A and C) In contrast, treatment with 100 nM
apamin [a supramaximal concentration (Stocker et al., 1999)] had no significant effect on
action potential number at low current pulses of less than 250 pA in magnitude (Fig. 5C). At
higher current pulses (≥250 pA), apamin did substantially increase the number of action
potentials, but its effect was significantly less than that of UCL2077 (Fig. 5, B and C). The
effects of apamin were irreversible up to 20 min after washout as reported in earlier studies
(Stocker et al., 1999). In these same cells, apamin was found to reduce the mAHP evoked by
a train of 10 action potentials by 18.5 ± 0.2% (n = 5). Apamin had no effect on action
potential shape (data not shown) or the sAHP (inhibition = −2.9 ± 4.5%, n = 5). Alterations
in action potential number could result from changes in a cell's input resistance. Therefore,
the input resistance was monitored throughout the recordings and was not significantly
altered in the presence of either UCL2077 or apamin (Fig. 5D). These results suggest that
sAHP channels are more powerful regulators of spike frequency adaptation than SK
channels.

Because the mAHP is short in duration (<500 ms), SK channel block may affect the interval
between the first few action potentials and thereby modulate the initial firing frequency. We
therefore studied the effects of apamin on action potential frequency in the first 250 ms of a
1-s step. Only steps that in the absence of the peptide produced two to four action potentials
were used. We found that the spike frequency and thus the interspike interval in the first 250
ms was indeed altered in the presence of apamin (Fig. 5E). As expected, the firing frequency
for the last 250 ms was less affected (Fig. 5F). Thus, SK channels are important for
controlling early spike frequency adaptation.

It can be hypothesized that, because of its slow onset and time course, the sAHP would
affect firing frequency in the last 250 ms more than in the first 250 ms. Indeed, UCL2077
significantly increased the number of spikes occurring in the last 250 ms (Fig. 5F). It had a
nonsignificant but more variable effect during the first 250 ms (Fig. 5E). These results show
that the sAHP per se is an influential controller of action potential firing and plays a
particularly significant role in affecting spike frequency adaptation.

Discussion
In this study, we report the most potent, direct sAHP blocker produced so far. This particular
compound, UCL2077, is also the first of its kind to effectively reduce the sAHP in a slice
preparation and thus may be beneficial for in vivo and in vitro studies involving intact tissue
preparations. This is a significant step forward in the pharmacology of sAHP suppressors
because the only effective blockers described so far are neurotransmitters such as
noradrenaline, which are not ideal probes; they affect multiple intracellular processes with
effects on multiple channels. Note, however, that 10-fold higher concentrations of UCL2077
were required to block the sAHP in slices than in cultured cells, indicating that the
compound might be sequestered by tissue. Hence, even more potent compounds are required
for abolition of the sAHP in intact tissue preparations. Nonetheless, we have shown that
UCL2077 can be useful for further evaluating the physiological role of the sAHP in in vitro
studies and, possibly, by extension in in vivo studies.

UCL2077 had no effect on the Ca2+ current or the time course of the sAHP/sIAHP recorded
from both cultured hippocampal neurons and hippocampal neurons present in the slice
preparation. Partial block of the sAHP by neurotransmitters alters its decay time constant (τ;
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e.g., see Malenka and Nicoll, 1986; Krause and Pedarzani, 2000). Because τ was unaffected
by UCL2077, it indicates that its mechanism of action differs from that of neurotransmitters.
It is thus possible that UCL2077 may block the sAHP by directly inhibiting the underlying
K+ channel. Indeed, UCL2077 is a derivative of clotrimazole, which is a known inhibitor of
the intermediate conductance Ca2+-activated K+ (IK) channel (Alvarez et al., 1992;
Brugnara et al., 1993; Logsdon et al., 1997; Rittenhouse et al., 1997; Jensen et al., 1998;
Hoffman et al., 2003). However, because the molecular identity of the K+ channel that
generates the sAHP is unknown, this hypothesis cannot be directly tested. UCL2077 may, in
fact, prove useful in identifying the molecular correlate of the sAHP.

A small conductance K+ channel activated by Ca2+ is believed to underlie the sAHP (Sah
and Isaacson, 1995) and thus SK channels can potentially underlie the current (Vergara et
al., 1998). We therefore tested the effects of UCL2077 on channels formed by expression of
SK1 and SK2 subunits in cultured HEK293 cells. At concentrations that abolished the sIAHP
in cultured hippocampal neurons, UCL2077 had little effect on SK current (Fig. 3).
Furthermore, SK channels are known to underlie the mAHP in hippocampal neurons
(Stocker et al., 1999; Bond et al., 2004; Villalobos et al., 2004; Gu et al., 2005), and
UCL2077 had little effect on the mIAHP in cultured hippocampal neurons (Fig. 1) or the
mAHP in hippocampal neurons present in the slice preparation (Fig. 4). Thus, these results
provide further evidence that SK channels are unlikely to contribute to the generation of the
sAHP in hippocampal neurons, although it cannot be ruled out that the presence of as-yet-
unidentified accessory subunits may result in alterations of the pharmacological and
biophysical properties of SK channels such that the consequential channel complex
generates the sAHP.

We also used the slice preparation and UCL2077 to further evaluate the effects of
specifically suppressing the sAHP on hippocampal cell excitability. Consistent with the time
course of the sAHP, the number of spikes at the end of a long (>500 ms) depolarizing pulse
was substantially increased in the presence of UCL2077 (Fig. 5F). This is in agreement with
results from previous studies using neurotransmitters to suppress the sAHP (Storm, 1990;
Sah and Faber, 2002). It is noteworthy that there was also a nonsignificant, variable increase
in the number of spikes during the beginning of a current pulse in the presence of UCL2077
(Fig. 5E), which might be explained by the suggestion that the sAHP, in addition to the fast
afterhyperpolarization and mAHP, can also be activated by a single action potential (Storm,
1990). The effects of UCL2077 were independent of alterations in resting membrane
potential, spike threshold (Table 2), input resistance (Fig. 5D), and the mAHP (Fig. 4, A and
C), indicating that the compound has little effect on M or h channels, modulation of which
can also substantially alter spike frequency adaptation (Aiken et al., 1995; Robinson and
Siegelbaum, 2003; Gu et al., 2005). This is an advantage of using UCL2077 over
neurotransmitters such as acetylcholine or noradrenaline for studying the physiological role
of the sAHP.

Because SK channels have previously been suggested to underlie the sAHP (Vergara et al.,
1998), we compared the actions of a specific SK channel blocker with those of UCL2077 on
spike frequency adaptation. Unlike UCL2077, the SK channel blocker apamin had a much
smaller effect on action potential number (Fig. 5) and only significantly altered early spike
frequency adaptation (Fig. 5E). This result indicates that sAHP suppression is likely to
generate significantly more somatic action potentials in response to a strong synaptic input
and so increase neuronal output. Therefore, more action potentials would back-propagate
into dendrites and facilitate opening of NMDA receptor channels by removing the Mg2+

block, enhancing further incoming excitatory synaptic inputs and, perhaps, synaptic
integration (Johnston et al., 1999). SK channel inhibition may also affect NMDA receptor
activation. However, because it is possible that they are located in dendrites and spines near
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the NMDA receptor, this effect is more likely to be mediated by local dendritic and spine
depolarization (Cai et al., 2004; Faber et al., 2005; Ngo-Anh et al., 2005). Thus, SK and
sAHP channel blockers affect hippocampal cellular information processing by different
mechanisms and may thereby influence learning and memory processes distinctly.
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ABBREVIATIONS

mAHP medium afterhyperpolarization

sAHP slow afterhyperpolarization

UCL2027 2-tritylaminothiazole

FCS fetal calf serum

HEK human embryonic kidney

sIAHP slow afterhyperpolarization current

CGP 55,845 (2S)-3-[[(1S)-1-(3,4-dichlorophenyl)ethyl] amino-2-hydroxypropyl]
(phenylmethyl) phosphinic acid

UCL2077 3-(triphenylmethylaminomethyl)pyridine

HVA high-voltage-activated

NMDA N-methyl-D-aspartate
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Fig. 1.
Effects of UCL2077 on the sAHP recorded from dissociated hippocampal neurons. A, The
chemical structure of UCL2077. B, the time course of block of the sIAHP by 3 μM UCL2077
in cultured hippocampal neurons. At −55 mV, there is an outward holding current (in this
case, 120 pA), which UCL2077 partially suppressed. The effect on the holding current is
variable (between 5 and 40%, as noted in the text). Action potentials have been removed for
clarity. The mIAHP was unaffected in the presence of UCL2077, and this is more clearly
shown on an enhanced time scale in C. In addition, sometimes the sIAHP increased with
time; in this particular cell, that seems to be the case in that there is an over-recovery upon
washout of UCL2077. C, effects of UCL2077 shown on an enhanced time scale. The traces
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shown correspond to (i), (ii), and (iii) in B. D, concentration-inhibition curve for UCL2077.
The numbers of observations for each concentration are shown above the symbol.

Shah et al. Page 13

Mol Pharmacol. Author manuscript; available in PMC 2008 April 28.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 2.
Effects of UCL2077 on action potentials and the Ca2+ current. A and B, trains of action
potentials in the absence and presence of UCL2077 when applied at concentrations of 1 and
3 μM, respectively. A (iii) and B (iii) are superimposed records of the last action potential in
a train of 13 action potentials before (black) and after (red) application of UCL2077. Note
that the resting membrane potential is slightly depolarized in the presence of 3 μM
UCL2077, as shown in B (i) and B (ii). The scale bars shown in A (ii) and B (ii) apply to A
(i) and B (i), respectively. In addition, the vertical scale bars shown in A (ii) and B (ii) also
apply to A (iii) and B (iii), respectively. C, the Ca2+ current was elicited by a ramp as
shown. Note the traces in the absence and presence of 3 μM UCL2077 overlap. Cd2+ (100
μM) was applied to determine the amplitude of the HVA Ca2+ current.
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Fig. 3.
Effects of UCL2077 on SK currents. Example traces of hSK1 (A) and rSK2 (B) currents in
the absence, presence, and washout of 3 μM UCL2077. The currents were elicited by 100-
to 200-ms steps from −120/−140 mV to +40 mV from a holding potential of −80 mV. C,
summary of effects of 3 μM UCL2077 and 10 nM UCL1848 on SK currents. The numbers
of observations for each treatment are shown above the bar.
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Fig. 4.
Effect of UCL2077 on the sAHP in hippocampal neurons present in the slice preparation. A,
representative illustrations of the sAHP produced by an action potential train at −60 mV in
hippocampal CA1 pyramidal neurons present in the slice preparation before and after
application of 10 μM UCL2077. As explained in the text, concentrations of UCL2077 lower
than 3 μM were ineffective in the slice preparation; presumably, as is known to occur with
many compounds, it is sequestered by tissue. Note that UCL2077 had little effect on the
mAHP (shown on an enhanced time scale in the inset). B, time course of the effects of 10
μM UCL2077 on the sAHP shown in A. C, bar graph to show the relative inhibition by 10
μM UCL2077 of the sAHP and mAHP recorded from hippocampal neurons present in the
slice preparation. D, records of trains of action potentials in the absence and presence of 10
μM UCL2077. Superimposed traces of the last action potential under control conditions
(black) and with UCL2077 present (red) are shown on an enhanced time scale.
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Fig. 5.
Comparison of effects of UCL2077 and apamin on spike frequency adaptation in
hippocampal neurons. A and B, typical effects of 10 μM UCL2077 and 100 nM apamin on
spike-firing when a 250-pA depolarizing pulse is applied from −70 mV. The scale bars
shown in A apply to B. C, graph depicting action potential (AP) number produced by current
pulses in the absence (open symbols) and presence (closed symbols) of 10 μM UCL2077 or
100 nM apamin. D, E, and F, graphs show the effects of 10 μM UCL2077 and 100 nM
apamin on input resistance (IR) and spike frequency within the first 250 ms (E) or the last
250 ms (F) of a 1-s step. *, significance at p < 0.05.
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TABLE 1

Effects of UCL2077 on action potential shapes and sAHP kinetics in cultured hippocampal pyramidal neurons

Before Application of UCL2077 In the Presence of UCL2077

Action potential width (1 μM) 1.24 ± 0.2 ms (n = 5) 1.42 ± 0.2 ms (n = 5)

Action potential width (3 μM) 1.90 ± 0.5 ms (n = 3) 2.73 ± 0.6 ms (n = 3)*

Action potential amplitude (3 μM) 68.9 ± 4.0 mV (n = 3) 66.7 ± 1.6 mV (n = 3)

Decay time constant (1 μM) 1.15 ± 0.4 s (n = 5) 0.93 ± 0.4 s (n = 5)

Time to peak (1 μM) 0.50 ± 0.02 s (n = 5) 0.53 ± 0.02 s (n = 5)

*
P < 0.05.
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TABLE 2

Effects of UCL2077 on action potential and sAHP kinetics measured from hippocampal neurons present in the
slice preparation.

Before Application of UCL2077 In the Presence of UCL2077

Action potential width  1.39 ± 0.5 ms (n = 8)  1.31 ± 0.4 ms (n = 8)

Action potential threshold −49.1 ± 2.4 mV (n = 5) −48.2 ± 2.0 mV (n = 5)

Action potential amplitude  74.8 ± 2.2 mV (n = 8)  69.1 ± 1.9 mV (n = 8)

Decay time constant  2.31 ± 0.1 s (n = 8)  2.46 ± 0.3 s (n = 8)

Time to peak  0.56 ± 0.02 s (n = 8)  0.62 ± 0.06 (n = 8)

*
P < 0.05
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