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Many neurons of the CNS and peripheral nervous system express a slow afterhyperpolarization that is mediated by a slow calcium-
activated potassium current. Previous work has shown that this aftercurrent regulates repetitive firing and is an important target for
neuromodulators signaling through receptors coupled to G-proteins of the G�q-11 and G�s subtypes. Yet, despite considerable effort, a
molecular-level understanding of the potassium current underlying the slow afterhyperpolarization and its modulation has proven
elusive. Here, we use a combination of pharmacological and molecular biological approaches in cortical brain slices to show that the
functional expression of the slow calcium-activated afterhyperpolarizing current in pyramidal cells is critically dependent on membrane
phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P2] and that this dependence accounts for its inhibition by 5-HT2A receptors. Fur-
thermore, we show that PtdIns(4,5)P2 regulates the calcium sensitivity of IsAHP in a manner that suggests it acts downstream from the rise
in intracellular calcium. These results clarify key functional aspects of the slow afterhyperpolarization current and its modulation by
5-HT2A receptors and point to a key role for PtdIns(4,5)P2 in the gating of this current.

Introduction
Many neurons express calcium-activated potassium currents that
produce long-lasting afterhyperpolarizations following one or
more action potentials. Since the work of Meech and associates in
the 1970s (Meech, 1978), these afterhyperpolarizations have been
the subject of intense interest because of their ability to regulate
repetitive firing and shape how cells encode excitatory inputs into
spiking. It is now widely recognized that calcium-activated after-
hyperpolarizations involve distinct molecular and kinetic com-
ponents (Pennefather et al., 1985; Schwindt et al., 1988; Sah and
Faber, 2002; Vogalis et al., 2003). In pyramidal cells of the hip-
pocampus and cortex, the early phases of the afterhyperpolariza-
tion are mediated by KCa1.1 (BK, Maxi-K) and especially KCa2.X
channels, but the mechanism underlying the late phase, generally
known as the slow afterhyperpolarization (sAHP) remains ill de-
fined (Sah and Faber, 2002; Vogalis et al., 2003). This is an im-
portant gap in our understanding because the sAHP plays an
important role in setting the neuronal gain and is regulated by a
variety of neuromodulators and thus is thought to play an important
role regulating neuronal activity in a variety of brain regions (Nicoll,
1988; Vogalis et al., 2003; Stocker et al., 2004; Higgs et al., 2006).

Past efforts to understand the mechanism underlying the
sAHP have focused on identifying the potassium channel carry-
ing the current underlying this afterpotential (IsAHP) and eluci-
dating the mechanism by which calcium gates this current.
However, despite substantial work, there is as yet little consensus
regarding the properties or identity of the channels carrying
IsAHP. Thus, for example, single-channel analyses have shown
remarkable heterogeneity in the properties of putative IsAHP

channels in different cells (Vogalis et al., 2003), while genetic and
pharmacological approaches have suggested the involvement of
more than one ion channel depending on the cellular back-
ground (Tzingounis and Nicoll, 2008). Similarly, although IsAHP

is activated by a rise in intracellular calcium, exactly how this
occurs is unclear. The slow rise and slow decay of IsAHP has been
reported to imperfectly track bulk intracellular calcium (Abel et
al., 2004), consistent with the recent demonstration that visinin-
like neuronal calcium sensor proteins can function as a partial
calcium sensor for IsAHP (Tzingounis et al., 2007; Villalobos and
Andrade, 2010). These observations can be unified by the sugges-
tion that IsAHP is gated by calcium acting through an enzymatic
cascade (Schwindt et al., 1992; Lasser-Ross et al., 1997). However,
how such a mechanism could function has remained unad-
dressed. Thus, despite substantial progress, neither the channels
carrying IsAHP nor the mechanism through which calcium gates
this current are currently known.

Materials and Methods
Slice preparation. The procedures used for slice preparation were per-
formed in accordance with the U.S. Public Health Service’s Policy on
Humane Care and Use of Laboratory Animals and were approved by the
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Institutional Animal Care and Use Commit-
tees at Wayne State University and the Univer-
sity of Tennessee Health Sciences Center.
Recordings were obtained from acute cortical
brains slices or cortical brain slices maintained
in organotypic culture as previously described
(Béïque et al., 2007; Yan et al., 2009). Briefly,
male rats (Sprague Dawley) or mice [PLC�1
knock-out (Kim et al., 1997) or wild-type lit-
termates] of either sex were anesthetized with
halothane or isoflurane and killed by decapita-
tion. Slices to be maintained in organotypic
culture were prepared from 7- to 12-d-old an-
imals while slices prepared for acute recordings
were prepared from 14- to 21-d-old animals.
Brains were quickly removed and placed in ice-
cold Ringer’s solution of standard composition
(in mM: 119 NaCl, 2.5 KCl, 1.3 MgSO4, 2.5
CaCl2, 1 NaH2PO4, 26.2 NaHCO3, and 11 glu-
cose) supplemented with 10 mM HEPES and
bubbled to saturation with 95% O2 and 5%
CO2. The anterior pole of the brain was then
isolated, affixed to a block with cyanoacrylate
glue, and cut using a vibratome (Lancer series
1000; Ted Pella) to produce nominally 300-
�m-thick coronal brain slices. For the calcium
imaging experiments, the slices were prepared
using a modified high-sucrose cutting solution
containing the following (in mM): 250 sucrose,
2.5 KCl, 1 Na3PO4, 11 glucose, 4 MgSO4, 0.1
CaCl2, 15 HEPES. Acute slices were transferred
to a holding chamber where they were allowed
to recover for at least 1 h in Ringer’s solution.
Slices destined for culture were placed on in-
serts and cultured according to the method of
Stoppini et al. (1991) as previously described
(Béïque et al., 2007).

Electrophysiological recordings. Brain slices
were transferred one at a time to a recording
chamber on the stage of an upright microscope
(Nikon E600FN or Olympus BX50WI) where
they were superfused with Ringer’s solution
bubbled to saturation with 95% O2 plus 5%
CO2 and maintained at 30 � 1°C. Slices were
imaged using differential interference contrast
and fluorescence to identify transfected cells.
Recordings were obtained from layer V pyra-
midal neurons of the prelimbic or anterior cin-
gulate subdivisions of the medial prefrontal
cortex (Krettek and Price, 1977). Transfected
cells were identified by the expression of either
EGFP or mCherry, and recordings from trans-
fected cells in organotypic slices and their con-
trols were conducted 2–7 d after transfection.
To compare IsAHP in transfected and untrans-
fected cells, we recorded from neighboring
cells, in most cases as simultaneous and some-
times in sequential recordings, in the same slice
to try to minimize variability in the amplitude
of IsAHP. For these experiments, transfected
and untransfected cells were separated by no
more than 200 �m and located at approxi-
mately the same cortical depth.

Electrical signals were recorded using AxoC-
lamp 2B, AxoPatch-1D, or Multiclamp 700B amplifiers (Molecular De-
vices) and digitized and stored in a PC under the control of pClamp 10.
Recording pipettes were pulled from borosilicate glass (outer diameter,
1.2 mm) using a Flaming–Brown P-97 horizontal puller (Sutter Instru-
ment) to give resistance ranging from 2 to 4 M� when filled with the

appropriate intracellular recording solution. Most recordings were ob-
tained using a potassium-based intracellular solution containing the fol-
lowing (in mM): 130 KMeSO4, 5 KCl, 5 NaCl, 0.02 EGTA, 1 MgCl2, 10
Na2 phosphocreatine, 4 ATP, 0.3 GTP, and 11 HEPES, pH 7.3–7.4. After
initial characterization of the IsAHP rundown, this intracellular recording
solution was supplemented with 10 –30 mM myo-inositol, a concentra-

Figure 1. IsAHP in pyramidal cells of the cerebral cortex runs down upon prolonged whole-cell recording. A1, Traces illustrating
the rundown of IsAHP in a pyramidal cell of layer V at varying times after attaining whole-cell access. In this experiment, 300 nM

apamin was applied to the slice at the onset to inhibit ImAHP and isolate IsAHP. A2, Summary plot illustrating the rundown of IsAHP in
six pyramidal cells. Inset, Summary plot depicting the holding current recorded between measurements of IsAHP in this same group
of cells. Notice that, while IsAHP runs down over time upon whole-cell recording, the holding current remains stable indicating that
the rundown of IsAHP does not reflect a generalized rundown of channel activity. B, In contrast to IsAHP, ImAHP experiences limited
rundown upon prolonged whole-cell recording. The top traces depict the selective rundown of IsAHP and the relative preservation
of ImAHP in a different cell. Recordings were obtained at 0 min (black trace), 10 min (gray trace), and 30 min (light gray trace). The
graph depicts the amplitude of ImAHP over 1 h recording in four pyramidal cells of layer V. Inset, Administration of 300 nM apamin
blocks ImAHP. Calibration: 20 pA, 1 s. C, Rundown of the IsAHP is not associated with a concomitant decrease in calcium influx.
Pyramidal cells were depolarized to �20 mV for 100 ms to open voltage-dependent calcium channels and the resulting IsAHP, and
intracellular calcium transients were measured simultaneously in a group of eight pyramidal cells. Notice that the calcium tran-
sients remained generally stable while IsAHP ran down to �20% of its initial value over the course of the recording. Inset,
Intracellular calcium transients (100 �M fura-2) recorded at 0 min (black trace), 10 min (gray trace), and 30 min (light gray trace)
after breaking into the cell.
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tion range that overlaps the estimated intracellular concentration of ino-
sitol in central neurons (Fisher et al., 2002). In these experiments, the
concentration of KMeSO4 in the intracellular solution was reduced to
maintain osmotic equilibrium. For calcium measurements, electrodes
were filled with an intracellular recording solution containing the follow-
ing (in mM): 130.5 KMeSO4, 10 KCl, 7.5 NaCl, 2 MgCl2, 10 HEPES, 2
ATP, 0.2 GTP, and 100 �M fura-2 pentapotassium salt (Invitrogen).
Generally, neurons were held at �60 mV and IsAHP was triggered using a
100-ms-long depolarizing step to �20 mV. ImAHP and IsAHP were mea-
sured 30 –50 and 300 – 400 ms after the end of the depolarizing step,
respectively (Villalobos et al., 2004). In some experiments, apamin (300
nM) was bath-applied to selectively inhibit ImAHP and isolate IsAHP. Sta-
tistical comparisons used t test unless otherwise indicated, and all values
are reported as mean � SEM.

Calcium imaging. For the calcium imaging experiments, electrical and
optical data were collected synchronously using a single computer using
a custom Windows-based program (CCD32; written by Dr. J. Callaway,
University of Tennessee, Memphis, TN) (Abel et al., 2004). Electrical
records were digitized at 16 bit resolution at 10 kHz, and corrected for a
10 mV liquid junction potential. Optical recordings were obtained using

a Sensicam PCO cooled CCD camera at a frame
rate of 50 Hz. Optical data were obtained by
exciting the dye (100 �M fura-2) at a wave-
length of 380 � 10 nm and measuring fluores-
cence changes at an emission wavelength of
520 � 40 nm. Changes in fluorescence values
were processed and interpreted using a modi-
fication of the methods described by Lev-Ram
et al. (1992). In this manuscript, we present the
data as percentage �F/F. Fluorescence mea-
surements were corrected for photobleaching
during the trial by measuring the bleaching
that occurred when the cell was held hyperpo-
larized (�60 mV), filtering the resulting curve
at 3 Hz, and subtracting the resulting curve
from trials in which the cell was depolarized.
An autofluorescence correction was performed
by subtraction of measured autofluorescence
of a nearby region of the slice from the mea-
sured initial value of F.

Reagents. Drugs were prepared as concen-
trated stock in H2O and kept frozen. They were
thawed immediately before the experiment and
administered to the slice dissolved in the Ringer’s
at known concentrations. Most drugs were ob-
tained from Sigma-Aldrich. TTX was obtained
from EMD Biosciences, and (R)-(�)-�-(2,3-
dimethoxyphenyl)-1-[2-(4-fluorophenyl)ethyl]-
4-piperidinemethanol (MDL100907) was a kind
gift from Dr. Kenner Rice (Laboratory of Medic-
inal Chemistry, NIDDK, Bethesda, MD). EGFP-
tagged PIP5K�90 and PIP5K�93 (Giudici et al.,
2004, 2006) were kinds gifts from Drs. M. L. Giu-
dici and R. F. Irvine (University of Cambridge,
Cambridge, UK) and PLC-�PH (Stauffer et al.,
1998) was a kind gift from Dr. T. Meyer (Stanford
University, Stanford, CA). Mouse INPP5b in
pCMV-Sport6 was obtained from the NIH Mam-
malian Genome Collection (IMAGE ID 4457437;
ATCC catalog #10324723).

Results
Rundown of IsAHP upon prolonged
whole-cell recordings
Pyramidal cells of layer V of the prefrontal
cortex express an IsAHP that can be trig-
gered using a brief depolarizing step capa-
ble of activating voltage-gated calcium
channels to allow calcium influx into the

cell (Fig. 1A1). A prominent feature of this IsAHP recorded in the
whole-cell configuration is that it runs down over time (Fig. 1A2).
As illustrated in Figure 1A, under our recording conditions, IsAHP

decreases by nearly 80% within 1 h of recording without any
obvious change in its time course (Fig. 1A1) or the holding cur-
rent of the cell (Fig. 1A2, inset).

Since IsAHP is a calcium-activated current, the rundown could
simply reflect decreased calcium influx secondary to the run-
down of calcium currents. We first assessed this possibility by
examining the rundown of ImAHP, a second calcium-activated
potassium current carried by Kca2.x (SK) channels that is also
expressed in these pyramidal cells (Villalobos et al., 2004). As
illustrated in Figure 1B, top traces, IsAHP runs down much more
rapidly than ImAHP in pyramidal cells expressing both ImAHP and
IsAHP. Because the time courses of these currents overlap, it was
difficult to quantify the rundown of ImAHP in isolation. There-
fore, we examined the rundown of ImAHP in pyramidal cells ex-

Figure 2. IsAHP rundown can be slowed down by addition of the inositol precursor myo-inositol to the recording pipette. A,
Summary graph depicting the rundown of IsAHP over time in low-glucose extracellular solution (5.5 mM; gray circles; n � 4 cells)
and in low-glucose extracellular solution after the addition of 30 mM myo-inositol to the intracellular recording solution (open
circles; n � 5 cells). B, Addition of myo-inositol to the recording solution has no detectable effect on calcium influx after gaining
whole-cell access. B1, Image illustrating a pyramidal cell filled with the calcium-sensitive dye fura-2 (100 �M). Scale bar, 22 �m.
B2, Graph depicting the amplitude of the calcium transients recorded under control conditions (no added inositol) and after
inclusion of myo-inositol (black squares) in the recording pipette in a group of eight cells. Inset, Calcium transients recorded at 0
min (black), 10 min (dark gray), and 30 min (light gray) after breaking into the cell, with and without myo-inositol in the recording
pipette.
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pressing small IsAHP values. As illustrated
in Figure 1B, graph, the amplitude of
ImAHP remains relatively stable over nearly
1 h of whole-cell recording, a time frame
during which IsAHP undergoes near com-
plete rundown. This suggested limited
rundown of calcium currents and calcium
influx under our recording conditions. To
test for changes in calcium influx, we
additionally conducted calcium imaging
experiments using fura-2 while simultane-
ously recording IsAHP (Abel et al., 2004).
As illustrated in Figure 1C, under our re-
cording conditions, somatic and dendritic
fura-2 transients, which are proportional
to changes in calcium concentration, re-
mained stable over nearly an hour of
whole recording. In contrast, IsAHP re-
corded simultaneously again exhibited
very substantial rundown. These experi-
ments show a clear dissociation between
the rundown of IsAHP and changes in fura-
2/calcium transients and thus do not sup-
port the idea that the rundown of IsAHP is
simply secondary to the rundown of cal-
cium currents.

Facilitating phosphatidylinositol
4,5-bisphosphate biosynthesis protects
IsAHP from rundown
The activity of a number of ion channels,
including many potassium channels, de-
pends on membrane phosphatidylinositol
4,5-bisphosphate [PtdIns(4,5)P2], and the
loss of PtdIns(4,5)P2 results in the run-
down of these currents (for review, see
Rohacs et al., 2002). These observations
raised the possibility that the rundown of
IsAHP observed in pyramidal neurons of
the prefrontal cortex could similarly in-
volve loss of membrane PtdIns(4,5)P2. To
test this conjecture, we took advantage of
the previous demonstration that mem-
brane PtdIns(4,5)P2 levels can be effec-
tively manipulated in intact cells by
regulating its synthesis and degradation (Suh and Hille, 2002;
Zhang et al., 2003; Li et al., 2005).

In a first series of experiments, we facilitated PtdIns(4,5)P2

biosynthesis by increasing intracellular inositol, which is the
obligatory starting substrate for the synthesis of PtdIns(4,5)P2.
For these experiments, we minimized de novo inositol biosynthe-
sis by reducing extracellular glucose from 11 to 5.5 mM while
maintaining intracellular ATP levels by including Mg-ATP
plus phosphocreatine in the recording solution. Low glucose
accelerated the early phase of the rundown and also made it
more consistent from cell to cell. Intracellular perfusion of
myo-inositol at concentrations close to those estimated to be
present in central neurons (Fisher et al., 2002) resulted in
significant protection of IsAHP from rundown (Fig. 2). Overall,
in this experiment, IsAHP was found to decay to 42 � 4.3% of
its initial amplitude within 30 min in the absence of inositol
but remained at 80 � 1.3% of its initial amplitude in the
presence of inositol ( p � 0.01).

While these results supported the idea that the rundown of
IsAHP involved impaired inositol metabolism, it remained possi-
ble that inositol could protect IsAHP indirectly, by increasing cal-
cium influx. Therefore, we again imaged intracellular calcium
transients as a function of time in the presence and absence of
myo-inositol added to the intracellular solution. As illustrated
in Figure 2 B, we could not detect any significant differences in
calcium influx in response to intracellular perfusion of myo-
inositol. These results argued against a possible indirect effect
on calcium entry and pointed to a direct effect of inositol on
the stability of IsAHP.

Because the addition of inositol to the intracellular solution
afforded only partial protection from the rundown, we used
particle-mediated gene transfer (biolistic or “gene gun”) to addi-
tionally overexpress the PtdIns(4,5)P2 synthetic enzyme phos-
phatidylinositol 4-phosphate 5-kinase (PIP5K). In mammals,
PIP5K activity is mediated by three isoforms, PIP5KI�, PIP5KI�,
and PIP5KI�, which are thought to be responsible for the synthe-

Figure 3. Expression of PIP5K protects IsAHP from rundown. A, Image depicting a pyramidal cell transfected with PIP5K�93
fused to GFP (green) and mCherry (red) in a cortical brain slice maintained in organotypic culture. B, Traces illustrating IsAHP in a
control cell and a cell transfected with PIP5K�93 5 and 30 min after gaining whole-cell access into the cell (arrows). C, Summary
plot illustrating the effect of transfecting PIP5K� on the rundown of IsAHP in eight cells (4 cells transfected with PIP5K�90 and 4
cells transfected with PIP5K�93, all recorded with inositol) and eight control cells recorded without added inositol in the recording
solution. Because we observed no obvious differences between the two alternatively spliced isoforms of PIP5K�, the results from
these experiments were pooled.
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sis of most cellular PtdIns(4,5)P2. Among these enzymes, the �
isoform shows the strongest expression in the brain including the
cerebral cortex (Akiba et al., 2002) and has been shown to be
primarily responsible for the synthesis of PtdIns(4,5)P2 in the
brain (Volpicelli-Daley et al., 2010). Therefore, for these experi-
ments, we expressed two alternative spliced isoforms of PIP5K�
(PIP5K�90 or PIP5K�93) tagged with GFP (Giudici et al., 2006).
Biolistic transfection of either of these enzyme isoforms into py-
ramidal cells in organotypic brain slices (Villalobos et al., 2004;
Béïque et al., 2007) resulted in strong expression of the fused
protein, as visualized by the EGFP fluorescence, which localized
predominantly to the plasma membrane including fine dendritic
processes (Fig. 3A). To test the effect of facilitating PtdIns(4,5)P2

biosynthesis on IsAHP, we conducted paired recordings from
transfected and neighboring untransfected neurons. Since ex-
pression of EGFP alone has no effect on IsAHP (Yan et al., 2009),
this approach was preferred to mock transfections because it con-
trols more stringently for cell location and slice history. As illus-
trated in Figure 3, B and C, expression of PIP5K�90 or PIP5K�93
in conjunction with the addition of intracellular inositol greatly
protected IsAHP from rundown, especially at late times in the
experiment (Fig. 3B,C). Together, these experiments show that
manipulations that facilitate PtdIns(4,5)P2 biosynthesis protect
IsAHP from rundown.

Inhibition of PtdIns(4,5)P2 biosynthesis accelerates the
rundown of IsAHP

If the functional expression of IsAHP depends on membrane
PtdIns(4,5)P2, then inhibiting the synthesis of this phosphoino-
sitide should accelerate the rundown of IsAHP (Suh and Hille,

2002). To test this idea, we first used the lipid kinase inhibitor
wortmannin to inhibit PtdIns(4,5)P2 biosynthesis (Nakanishi et
al., 1995; Meyers and Cantley, 1997). As illustrated in Figure 4, A
and B, bath application of wortmannin (10 �M) significantly ac-
celerated the rundown of IsAHP. Thus, in these experiments, the
amplitude of IsAHP remained at 80 � 6.0% of its initial amplitude
after 30 min in the control cells while it decreased to 49 � 4.4% of
its initial value in the presence of wortmannin (p � 0.005; Fig.
4D). Within the phosphoinositide synthetic pathway, wortman-
nin not only inhibits the synthesis of PtdIns(4,5)P2 but also of
PtdIns(3,4,5)P3 by inhibiting phosphoinositide 3-kinase (PI3K).
Therefore, to control for this activity, we also tested the effect of
the selective PI3K inhibitor 2-(4-morpholinyl)-8-phenyl-4H-1-
benzopyran-4-one (LY 294002) on the rundown of IsAHP. As il-
lustrated in Figure 4, A and C, administration of LY 294002 (10
�M) had no significant effect on the rundown of IsAHP. Thus, in
this experiment, the amplitude of IsAHP after 30 min of whole-cell
recording averaged 77 � 5.2% of its initial value under control
conditions and 75 � 3.8% in the presence of LY 294002 (p �
0.49; Fig. 4D). As an additional control, we again simultaneously
recorded IsAHP and imaged calcium transients in response to de-
polarizing voltage steps in the presence and absence of wortman-
nin. In these experiments, wortmannin again accelerated the
rundown of IsAHP but had little effect on the amplitude of the
calcium transients (n � 7; p � 0.8; data not shown).

While these experiments again supported the idea that the
functional expression of IsAHP depended on PtdIns(4,5)P2, they
were limited by broad activity of wortmannin against a variety of
kinases. Therefore, we sought more specific approaches to reduce
the availability of membrane PtdIns(4,5)P2. In an additional set

Figure 4. Wortmannin, but not LY 294002, accelerates the rundown of IsAHP. A, Effect of wortmannin (10 �M) or LY 294002 (10 �M) on the rundown of IsAHP. B, Plot summarizing the effect of
wortmannin on the rundown of IsAHP. Control, n � 6 cells; wortmannin, n � 5 cells. All these experiments were conducted with inositol in the intracellular solution. C, Plot summarizing the effect
of LY 294002 on the rundown of IsAHP (control, n � 9 cells; LY 294002, n � 17 cells). D, Comparison of the amplitude of IsAHP under control conditions, in the presence of wortmannin and in the
presence of LY 294002 30 and 60 min after gaining whole-cell access. *p � 0.005. Error bars indicate SEM. For all the graphs in this figure, the amplitude of IsAHP was normalized to the initial value
measured shortly after gaining whole-cell access. All recordings for this experiment included myo-inositol in the recording pipette.
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of experiments, we again used particle-
mediated gene transfer to express the
mouse enzyme 5-phosphatase II/Inpp5b,
which dephosphorylates PtdIns(4,5)P2

and thus reduces its membrane concen-
tration (Li et al., 2005). This 5-phospha-
tase was chosen because, among known
5	-phosphatases, this isoform is well ex-
pressed in the brain, including the cere-
bral cortex (Allen Brain Atlas). To test the
effect of the 5-phosphatase on IsAHP, we
again conducted paired recordings from
transfected and neighboring untrans-
fected cells 2 d after transfection. As il-
lustrated in Figure 5A, expression of
5-phosphatase II/Inpp5b resulted in a sig-
nificant reduction in the amplitude of
IsAHP (p � 0.05). Importantly, expression
of the phosphatase had no significant ef-
fect on the amplitude of ImAHP, indicating
that the inhibition of IsAHP was unlikely to
simply reflect a decrement in calcium
channel functioning (control, 99 � 18 pA;
5-phosphatase II/Inpp5b, 105 � 61 pA;
p � 0.94; Fig. 4A, inset).

In a second set of experiments, we ex-
amined the effect of sequestering PtdIns
(4,5)P2 on IsAHP using the PH domain of
phospholipase C-�1 fused to GFP (PLC-
�PH) (Stauffer et al., 1998). Previous
studies have shown that this construct se-
lectively binds and sequesters membrane
PtdIns(4,5)P2, making this phosphoinosi-
tide unavailable to the ion channels (Li et
al., 2005). As illustrated in Figure 5B, ex-
pression of the PLC-�PH in pyramidal
cells resulted in a significant reduction in
the amplitude of the IsAHP when com-
pared with neighboring control untrans-
fected cells. Again, expression of this
construct had no significant effect on the
amplitude of ImAHP (Fig. 5B, inset; con-
trol, 65 � 9 pA; PLC-�PH, 55 � 7 pA; p �
0.2). Combined, these results indicated
that the functional expression of IsAHP de-
pends on the availability of membrane
PtdIns(4,5)P2.

5-HT2A receptors inhibit IsAHP by
signaling the breakdown of
PtdIns(4,5)P2

As noted in the Introduction, activation of heptahelical receptors
coupling to heterotrimeric G-proteins of the G�q-11 subtype in-
hibit IsAHP in many cell types (Nicoll, 1988; Krause et al., 2002;
Villalobos et al., 2005). Since such receptors elicit the breakdown
of PtdIns(4,5)P2 through the activation of phospholipase C�, the
results outlined above suggest a ready mechanism for such an
inhibition (Suh and Hille, 2002; Delmas and Brown, 2005; Li et
al., 2005; Logothetis et al., 2007). To test this possibility, we took
advantage of our previous demonstration that serotonin recep-
tors of the 5-HT2A subtype, which couple to heterotrimeric
G-proteins of the G�q-11 subtype, strongly inhibit IsAHP in pyra-
midal cells of the anterior cerebral cortex (Villalobos et al., 2005).

Because 5-HT2A receptors can potentially signal through mul-
tiple parallel biochemical cascades (Berg et al., 1998; Williams et
al., 2007), we first asked whether the ability of 5-HT2A receptors
to inhibit IsAHP requires PLC�. PLC�1 is the predominant PLC�
isoform expressed in the cerebral cortex (Watanabe et al., 1998);
therefore, we examined the ability of the preferential 5-HT2A

receptor agonist �-methyl-serotonin to inhibit IsAHP in PLC�1
knock-out mice (Kim et al., 1997). Consistent with previous
findings, administration of �-methyl-serotonin to wild-type
mice inhibited IsAHP and induced the appearance of a slow
afterdepolarization (Araneda and Andrade, 1991; Villalobos et
al., 2005). In contrast, administration of �-methyl-serotonin to
PLC�1 knock-out mice had little if any effect on IsAHP in most

Figure 5. Expression of a 5-phosphatase or a PtdIns(4,5)P2 sequestering construct inhibit IsAHP. A, Transfection of
5-phosphatase II/InPP5B into pyramidal cells in organotypic brain slices reduces IsAHP amplitude. Left traces illustrate IsAHP re-
corded from neighboring 5-phosphatase II-transfected (green) and untransfected (black) pyramidal cells 2–3 d after transfection.
Right graph summarizes the effect of expressing the 5-phosphatase II on IsAHP in nine transfected and six control neurons. p �
0.05. The inset compares the amplitude of ImAHP in this same group of cells. B, Transfection of the pleckstrin homology domain of
PLC� fused to EGFP (GFP-PHPLC�1), which sequesters PtdIns(4,5)P2, reduces IsAHP. Left traces illustrate IsAHP recorded from a
pyramidal neuron transfected with GFP-PHPLC�1 (green) and a nearby nontransfected control cell (black) 2–3 d after transfection.
Right graph summarizes the results obtained in seven transfected and six control neurons. p � 0.05. The inset compares the effect
of expressing GFP-PHPLC�1 on ImAHP in this same group of cells.
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cells tested (Fig. 6A). These results indicated that the ability of
5-HT2A receptors to inhibit IsAHP is dependent on the functional
expression of PLC�1 and thus also the ability to elicit the break-
down of PtdIns(4,5)P2.

To test the idea that 5-HT2A receptors inhibit IsAHP by reduc-
ing membrane PtdIns(4,5)P2 levels, we again took advantage of
the ability of wortmannin to inhibit PI4K and hence block the
resynthesis of this phosphoinositide after activation of PLC�. If
5-HT2A receptors inhibit IsAHP by lowering the availability of
membrane PtdIns(4,5)P2, then wortmannin but not LY 294002
should render the 5-HT2A receptor-signaled inhibition of IsAHP

effectively irreversible (Suh and Hille, 2002). To test this idea, we
activated 5-HT2A receptors using �-methyl-serotonin and rap-
idly terminated its effect by applying the 5-HT2A receptor antag-
onist MDL100907 (1 �M). As illustrated in Figure 6B1, under
control conditions the �-methyl-serotonin-induced inhibition
of IsAHP exhibited a rapid recovery, but this inhibition became
essentially irreversible in the presence of wortmannin (10 �M;
Fig. 6B1). In contrast, when this experiment was repeated using
LY 294004 instead of wortmannin, the recovery of IsAHP was in-
distinguishable from control. These results support the idea that
5-HT2A receptors inhibit IsAHP by activating PLC� and reducing
membrane PtdIns(4,5)P2.

PtdIns(4,5)P2 regulates the calcium sensitivity of IsAHP

PtdIns(4,5)P2 plays an essential role in the gating of a variety of
potassium channels [Hansen et al. (2011) and references

therein]. For example, G�� gates Kir3 channels by stabilizing the
interaction of PtdIns(4,5)P2 with the channel (Huang et al.,
1998). Similarly, the potassium channel auxiliary subunit
KCNE1 facilitates KCNQ1 currents in the heart by increasing the
affinity of the channel for PtdIns(4,5)P2 (Li et al., 2011). Thus,
one possible interpretation of the results above is that
PtdIns(4,5)P2 is required downstream from calcium to activate
IsAHP. If that was the case, it could be expected that increasing the
concentration of PtdIns(4,5)P2 should facilitate the ability of cal-
cium to activate this current. To test this idea, we again overex-
pressed PIP5K, a manipulation previously shown to increase
membrane PtdIns(4,5)P2 (Li et al., 2005; Suh et al., 2006), and
examined the calcium sensitivity of IsAHP.

To assess the calcium dependence of IsAHP, we took advantage
of the previous demonstration that the calcium-triggering IsAHP

enters the cell through voltage-activated calcium channels. As a
result, depolarizing steps of increasing amplitude or duration
can be used to elicit graded increases in calcium that lead to
progressive activation of IsAHP (Villalobos and Andrade,
2010). As illustrated in Figure 7A, under our recording condi-
tions 10- to 100-ms-long depolarizing steps to �20 mV result in
graded activation of IsAHP amplitude with little further activation
with longer steps (Fig. 7B). Expression of either PIP5K�90 or
PIP5K�93 had no detectable effect on the maximal amplitude of
IsAHP determined using 100 long depolarizing steps (control,
58 � 6 pA; PIP5K, 56 � 3 pA) but resulted in a large increase in
the apparent calcium sensitivity of IsAHP (Fig. 7A). Thus, in cells

Figure 6. 5-HT2A receptors inhibit IsAHP by signaling the breakdown of PtdIns(4,5)P2. A1, Inhibition of IsAHP by 30 �M �-methyl-5-HT in pyramidal cells in cortical slices derived from wild-type
or PLC�1 knock-out mice. A2, Graph summarizing the effect of 30 �M �-methyl-5-HT on the amplitude of IsAHP in 9 pyramidal cells in slices derived from PLC�1 knock-out mice and 16 pyramidal
cells in slices derived from their wild-type littermates. *p � 0.05. B1, Effect of wortmannin (10 �M) on the time course of IsAHP inhibition elicited by 10 �M �-methyl-5-HT. The presence of
wortmannin in the bath is indicated by the gray circles (n � 4 cells). B2, Effect of LY 294002 (10 �M) on the time of IsAHP inhibition by 10 �M �-methyl-5-HT. The gray circles denote the presence
of LY 294002 in the bath (control, n � 5 cells; LY, n � 6 cells). In both of these experiments, the selective 5-HT2A receptor antagonist MDL100907 (1 �M) was added immediately after
�-methyl-5-HT to terminate 5-HT2A receptor stimulation.
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transfected with PIP5K, IsAHP was maxi-
mally activated by 10- to 20-ms-long de-
polarizing steps, which correspond to step
durations near threshold for activating
IsAHP under control conditions, and ap-
peared saturated through the rest of the
control activation range (Fig. 7A). This fa-
cilitation was seen most dramatically
when using depolarizing steps in the 1–10
ms range, which under control conditions
elicit little or no IsAHP but produce robust
graded increases in IsAHP amplitude in
cells transfected with PIP5K (Fig. 7C,D).
In contrast to the dramatic effects of over-
expressing PIP5K on the activation of
IsAHP, we observed no difference in the ac-
tivation of ImAHP (Fig. 7A, inset). This ar-
gues against the possibility that these
changes could simply reflect changes in
calcium influx. Together, these results sup-
port the idea PtdIns(4,5)P2 acts downstream
from calcium in the gating of IsAHP.

Discussion
The slow calcium-activated afterhyperpo-
larization generated by IsAHP has long
been recognized as an important regula-
tor of neuronal excitability in many
neuronal cell types. However, despite
considerable effort, the molecular basis
underlying IsAHP, the mechanism through
which it is gated by calcium, and how this
current is regulated by heptahelical recep-
tors remain poorly understood. In the current work, we show
that the functional expression and gating of IsAHP in cortical py-
ramidal neurons is dependent on membrane PtdIns(4,5)P2 and
that 5-HT2A receptors inhibit this aftercurrent by activating
PLC� and reducing membrane PtdIns(4,5)P2 levels.

The first hint that IsAHP could be regulated by PtdIns(4,5)P2

emerged from the observation that this current runs down upon
prolonged whole-cell recording. A similar rundown has been
seen for other potassium currents, such as those carried by Kir

and Kv7 channels. In those cases, the rundown has been shown to
result from depletion of membrane PtdIns(4,5)P2 during pro-
longed whole-cell recording (Logothetis et al., 2007; Rohacs,
2009), which compromises the ability of the cell to synthesize
PtdIns(4,5)P2. Consistent with the possible involvement of such a
mechanism, the rundown of IsAHP was suppressed by manipula-
tions that facilitate PtdIns(4,5)P2 biosynthesis, such as increasing
the availability of inositol or expressing of the synthetic enzyme
PIP5K, and conversely was accelerated by pharmacological inhi-
bition of PtdIns(4,5)P2 biosynthesis. Equally important, de-
creasing the concentration of membrane PtdIns(4,5)P2 by
expressing a 5	-phosphatase or sequestering this phospholipid
by expressing the PH domain of PLC�1 both resulted in pro-
found suppressions of IsAHP. These converging results lead us
to conclude that the functional expression of IsAHP depends on
the availability of PtdIns(4,5)P2 at the plasma membrane.

One potential confound of the above experiments is that IsAHP

is triggered by calcium influx, and calcium channel activity itself
has been shown to be dependent on membrane PtdIns(4,5)P2

(Delmas et al., 2005). However, changes in IsAHP were clearly
dissociable from changes in ImAHP, a second calcium-activated

potassium current also expressed in these cells. Furthermore, cal-
cium transients imaged at the level of the soma and proximal
dendrites did not undergo the dramatic rundown exhibited by
IsAHP. These observations are consistent with results from recent
studies showing that depletion of membrane PtdIns(4,5)P2 is
considerably less effective in suppressing high-voltage-activated
calcium channel activity than potassium channel activity (Suh et
al., 2010). Thus, while neither of these controls alone can com-
pletely exclude the possibility that calcium currents rundown
could contribute to the rundown of IsAHP, together they make it
unlikely that the observed changes in IsAHP could be explained
simply by changes in calcium entry. As such, they support the
idea that the functional expression of IsAHP is directly dependent
on the availability of membrane PtdIns(4,5)P2.

Previous studies have shown that IsAHP is inhibited by hepta-
helical receptors coupling to G�q-11, although the specific mech-
anisms underlying this effect remain poorly understood (Krause
et al., 2002). Here, we show that 5-HT2A receptors, which couple
to heterotrimeric G-proteins of the G�q-11, inhibit IsAHP in pyra-
midal cells through a mechanism dependent on the expression of
PLC�1. Furthermore, we show that the ability of these receptors
to inhibit IsAHP is rendered effectively irreversible upon adminis-
tration of wortmannin, which can be expected to inhibit resyn-
thesis of PtdIns(4,5)P2, but not of LY 294002, which shares with
wortmannin the ability to inhibit PI3K. By analogy with the in-
hibition of KCNQ channels by muscarinic receptors (Suh and
Hille, 2002), we interpret these results to indicate that 5-HT2A

receptors, and probably other G�q-11-coupled heptahelical re-
ceptors also expressed in pyramidal cells (Araneda and Andrade,

Figure 7. Expression of PIP5K facilitates the calcium activation of IsAHP. A, Increasing calcium influx using depolarizing steps of
increasing duration (10 –100 ms) elicit a IsAHP of graded amplitude. Expression of PIP5K�93 greatly facilitates this process such
that steps as short as 10 –20 ms produce near-maximal activation of this current [n � 7 control cells (gray) and n � 11 PIP5K
transfected cells (black)]. This effect on the activation of IsAHP contrasts with the lack of a detectable effect on the activation of ImAHP

[n � 5 control (gray) and n � 3 PIP5K-transfected neurons (black); inset]. B, Increasing the duration of the depolarizing steps
beyond �200 ms has little additional effect on the amplitude of IsAHP either under control conditions or after transfection with
PIP5K. C, D, The ability of PIP5K to facilitate the calcium gating of IsAHP is most evident when using very short depolarizing steps
(1–10 ms). Under control conditions, such short steps fail to significantly activate IsAHP, while after transfection with PIP5K they
produce robust, graded activations of this current.
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1991), inhibit IsAHP by reducing the availability of membrane
PtdIns(4,5)P2.

Many potassium channels including Kir and Kv7 are directly
activated by PtdIns(4,5)P2, which acts as the “primary agonist”
for these channels (Hansen et al., 2011). Could calcium act
through PtdIns(4,5)P2 to activate IsAHP? In the current work, we
tested this possibility by expressing PIP5K, the rate-limiting en-
zyme for PtdIns(4,5)P2 biosynthesis to increase membrane
PtdIns(4,5)P2. This manipulation did not increase the amplitude
of IsAHP, which may have been expected if PtdIns(4,5)P2 was
simply required for the activity of IsAHP (Hernandez et al., 2009),
nor did it occlude IsAHP, which could have been expected if cal-
cium gated IsAHP simply by increasing overall membrane
PtdIns(4,5)P2. Rather, overexpressing PIP5K greatly facilitated
the ability of calcium influx to elicit a IsAHP, consistent with the
idea PtdIns(4,5)P2 acts downstream but in concert with calcium
to activate IsAHP.

How could PtdIns(4,5)P2 act downstream from calcium to
activate the potassium channels whose aggregate activity we re-
cord as IsAHP? One possibility is that calcium facilitates the ability
of PtdIns(4,5)P2 to induce the opening of these channels in a
manner perhaps analogous to how G�� activates Kir3.x currents
(Huang et al., 1998). Alternatively, previous work has shown that
many potassium channels that depend on PtdIns(4,5)P2 for their
activity are subsaturated by resting membrane levels of this phos-
phoinositide (Du et al., 2004; Delmas and Brown, 2005; Li et al.,
2005). Furthermore, it is thought that membrane PtdIns(4,5)P2

is broadly sequestered by “pipmodulins” (McLaughlin and Mur-
ray, 2005) and perhaps other mechanisms and that localized cal-
cium rises can “free” PtdIns(4,5)P2 to transiently increase its local
availability (Hardie et al., 2001; Musse et al., 2008; Levental et al.,
2009). Thus, it is possible that calcium could activate these sub-
saturated channels by transiently increasing the availability of
PtdIns(4,5)P2. The resulting outward current would then corre-
spond to the aftercurrent we recognize as IsAHP. If this conjecture
is correct, IsAHP would not represent a membrane current carried
by a unique class of ion channels but rather the macroscopic
manifestation of a biochemical gating mechanism. One attractive
feature of this second possibility is that it would explain many of
the puzzling properties of this current including its anomalous
kinetics and why the IsAHP channel properties and molecular
composition appear to be cell dependent. Future studies will be
required to test these conjectures.
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