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Cellular/Molecular

TRPC Channels Mediate a Muscarinic Receptor-Induced
Afterdepolarization in Cerebral Cortex

Hai-Dun Yan, Claudio Villalobos, and Rodrigo Andrade
Department of Pharmacology, Wayne State University School of Medicine, Detroit, Michigan 48230

Activation of muscarinic cholinergic receptors on pyramidal cells of the cerebral cortex induces the appearance of a slow afterdepolar-
ization that can sustain autonomous spiking after a brief excitatory stimulus. Accordingly, this phenomenon has been hypothesized to
allow for the transient storage of memory traces in neuronal networks. Here we investigated the molecular basis underlying the musca-
rinic receptor-induced afterdepolarization using molecular biological and electrophysiological strategies. We find that the ability of
muscarinic receptors to induce the inward aftercurrent underlying the slow afterdepolarization is inhibited by expression of a Gerg_y;
dominant negative and is also markedly reduced in a phospholipase C 81 (PLCB1) knock-out mouse. Furthermore, we show, using a
genetically encoded biosensor, that activation of muscarinic receptor induces the breakdown of phosphatidylinositol 4,5-bisphosphate in
pyramidal cells. These results indicate that the Gag;, /PLC[1 cascade plays a key role in the ability of muscarinic receptors to signal the
inward aftercurrent. We have shown previously that the muscarinic afterdepolarization is mediated by a calcium-activated nonselective
cation current, suggesting the possible involvement of TRPC channels. We find that expression of a TRPC dominant negative inhibits, and
overexpression of wild-type TRPC5 or TRPC6 enhances, the amplitude of the muscarinic receptor-induced inward aftercurrent. Further-
more, we find that coexpression of TRPC5 and T-type calcium channels is sufficient to reconstitute a muscarinic receptor-activated
inward aftercurrent in human embryonic kidney HEK-293 cells. These results indicate that TRPC channels mediate the muscarinic
receptor-induced slow afterdepolarization seen in pyramidal cells of the cerebral cortex and suggest a possible role for TRPC channels in

mnemonic processes.

Introduction

The cholinergic input to the cerebral cortex plays an important
role supporting processes such as arousal, attention, memory,
and learning (Phillis, 2005). This effect is mediated in part by the
ability of muscarinic receptors to modulate multiple ion currents
and thus sculpture how neurons function within networks
(Lucas-Meunier et al., 2003). In this context, one of the most
intriguing electrophysiological effects signaled by muscarinic re-
ceptors is their ability to induce the appearance of a slow afterde-
polarization (sADP) in pyramidal cells (Krnjevi¢ et al., 1971;
Schwindt et al., 1988; Andrade, 1991; Constanti and Bagetta,
1991; Klink and Alonso, 1997), the principal cell type of the ce-
rebral cortex. This afterpotential, once induced, can sustain per-
sistent spiking that greatly outlasts the original stimulus and
therefore may serve as a mechanism for the transient storage of
memory traces within neuronal networks (Krnjevi¢ et al., 1971;
Schwindt et al., 1988; Andrade, 1991; Constanti and Bagetta,
1991; Lisman and Idiart, 1995; Haj-Dahmane and Andrade,
1998; Egorov et al., 2002).
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Although the muscarinic receptor-induced sADP was discov-
ered in the context of cholinergic actions in cortex, it is now clear
that a variety of neuromodulators acting on heptahelical recep-
tors capable of coupling to Ga_y; also induce the appearance of
an sADP in this region (Araneda and Andrade, 1991; Greene et
al., 1994; Sidiropoulou et al., 2009). Furthermore, an sSADP with
characteristics similar to that observed in cortical pyramidal cells
has also been observed in several other regions of the brain
(McQuiston and Madison, 1999; Lawrence et al., 2006; Fowler et
al., 2007; Pressler et al., 2007; Yamamoto et al., 2007). These
results suggest that the ability to induce an sSADP may be a gen-
eralized action signaled by Gag_,,-coupled receptors in many
types of central neurons.

Surprisingly, although the existence and potential functional
role of a muscarinic receptor-induced sADP seen in cortical py-
ramidal cells has been appreciated since the seminal studies of
Krnjevi¢ and associates in the early 1970s (Krnjevi¢ et al., 1971),
our understanding of the molecular mechanisms underlying this
phenomenon remains limited. There is now a general consensus
that the sSADP is gated by calcium influx into the cell (Schwindt et
al., 1988; Andrade, 1991; Constanti and Bagetta, 1991; Pressler
and Strowbridge, 2006) and thus represents a calcium-activated
current. However, the identity of the current underlying the SADP
(Iapp) has remained uncertain. Thus, I,,,p has been reported to
represent a calcium-activated nonselective cation current (Haj-
Dahmane and Andrade, 1998; Pressler and Strowbridge, 2006), a
calcium-induced inhibition of a resting potassium current (Con-
stanti and Bagetta, 1991) or a combination of these (Greene et al.,
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1994). In addition, little is known at the present time about the
signaling cascade linking muscarinic receptor activation to the
induction of I, ,p. In the current work, we have used molecular
biological approaches implemented in organotypic brain slices to
address both of these issues.

Materials and Methods

Brain slice preparation and transfection. Brain slice preparation and trans-
fection was essentially as described previously (Haj-Dahmane and
Andrade, 1998; Béique and Andrade, 2003) except for the use of animals
in the third and fourth postnatal week. All experiments were conducted
in accordance with the guidelines for care and use of experimental ani-
mals established by the Wayne State University Institutional Animal Care
and Use Committee. Briefly, rats or mice of either sex [postnatal day 19
(P19) to P24] were killed by decapitation after the induction of deep
anesthesia using halothane. The brain was cooled, and cortical slices
(300—400 wm) containing the medial prefrontal and anterior sensori-
motor cortices immediately anterior to the genu of the corpus callosum
were prepared using a vibratome (Series 1000; Lancer). Slices were cut in
Ringer’s solution of standard composition [in mm: 119 NaCl, 2.5KCl, 1.3
MgSO,, 2.5 CaCl,, 1 NaH,PO,, 26.2 NaHCOj, and 11 glucose (bubbled
to saturation with 95% O,-5% CO,)] containing 10 mm HEPES. Acute
slices were allowed to recover in Ringer’s for at least 1 h before recording.
Alternatively, slices were placed in organotypic culture (Stoppini et al.,
1991; Béique and Andrade, 2003; Villalobos et al., 2004), transfected the
same day using particle mediated gene transfer (“gene gun”), and used
2-5 d after transfection. I, ,p and other electrophysiological parameters
were stable over this time frame in culture. Transfected neurons were
identified by the coexpression of green fluorescent protein (GFP). Hu-
man embryonic kidney HEK-293 cell culture and transfection were im-
plemented as described previously (Bouhamdan et al., 2006).

Electrophysiological recordings. For electrophysiological and imaging
experiments, acute slices, slices in organotypic culture, or HEK-293 cells
plated on coverslips were transferred to a recording chamber on the stage
of an upright microscope (Olympus BX50 or Nikon E600) in which they
were continuously perfused with Ringer’s solution at equilibrium with
95% O,-5% CO, at 30—31°C. Pyramidal neurons and HEK-293 cells
were targeted for recording using differential interference contrast imag-
ing, and transfected cells were identified under fluorescence microscopy
by the expression of GFP.

Whole-cell recordings from pyramidal neurons were obtained using
potassium-based intracellular solution of standard composition (in mm:
125 KmeSO,, 5 KCI, 5 NaCl, 0.02 EGTA, 10 HEPES, 1 MgClL, 10
NaH,PO,, 4, ATP Mgsalt, and 0.3 GTP Nassalt, pH 7.3), whereas record-
ings from HEK-293 cells used a cesium-based intracellular solution (in
muM: 130 Cs gluconate, 5 NaCl, 1 MgCl,, 10 HEPES, 0.02 EGTA, 10
phosphocreatine, 4 ATP Mg salt, and 0.5 GTP Na salt, pH 7.3). In some
experiments, 10 mM inositol was added to this intracellular recording
solution by reducing KMeSO 4, to 120 mm. To confirm the role of calcium
in the triggering of I, pp in cultured slices, we conducted paired record-
ings in which one of the electrodes was filled with an intracellular solu-
tion modified to include 10 mm BAPTA and 2.28 mm CaCl, to buffer
intracellular free calcium near 100 nm (Max-chelator; http://www.stanford.
edu/~cpatton/webmaxc/webmaxcS.htm). Patch pipette resistances
ranged from 2.5 to 5 M{) when filled with the appropriate intracellular
recording solution. In some experiments, extracellular sodium was re-
duced by substituting 119 mm NaCl in the Ringer’s solution with an
equimolar amount of N-methyl-p-glucamine chloride. The solution ex-
change was monitored using action potentials evoked using constant
current pulses. Action potential failure occurred generally within 10 min.

Whole-cell recordings were obtained using EPC7/10 (HEKA) or Axo-
path/Axoclamp (Molecular Devices) amplifiers, and data were collected
using an analog-to-digital converter under the control of pClamp (Mo-
lecular Devices) or Patchmaster (HEKA). The liquid junction potential
for these recordings was not corrected. Series resistance was monitored
using 5-10 mV hyperpolarizing step throughout the experiment, and
cells were discarded if series resistance changed more than ~20% during
the experiment. For most experiments, I ,,p was elicited using one to
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three 100- to 200-ms-long depolarizing steps to 0 mV from a holding
potential of =60 mV in the presence of 1 um TTX and 10-30 u™m carba-
chol. The slow afterhyperpolarization current (I ,p) was measured 300
ms after the end of the first depolarizing step (Villalobos et al., 2004),
whereas peak I, ,p was measured 0.3—1 s after the third depolarizing step.
All agonists and blockers were administered dissolved in the Ringer’s solu-
tion. Experiments examining the effects of phospholipase C 81 (PLCBI1)
gene deletion compared I, in cells in slices derived from wild-type and
knock-out littermates. Experiments involving transfection of pyramidal
cells used two types of controls, either cells transfected with pcDNA3.1:
pEGFP-NI1 (4:1) or untransfected cells generally adjacent to the trans-
fected neurons (paired recordings).

In preliminary experiments, we noticed that I s, appears during the
third week of postnatal life and grows thereafter. Therefore, in the
present experiments, we used animals aged P17-P24. Remarkably, but as
found by others (Xiang et al., 2000), the preparation of organotypic slices
from these older animals required methods essentially identical to those
used when working with much younger animals. The use of animals in
the third and fourth postnatal week probably accounts for the smaller
amplitude for I, ,, in the present study (~50%) vis a vis the amplitude
of I ,pp observed previously in adult animals (Haj-Dahmane and
Andrade, 1998). The transfection at a time point when I, is develop-
ing probably contributed to the effectiveness of the TRPC5 dominant
negative (DN) as discussed previously for other gene-silencing strategies
(Guzowski et al., 2000).

Imaging. The plectin homology domain of PLCdeltal fused to GFP
(GFP-PH,, 5;) was expressed in organotypic cortical brain slices and
imaged using an Olympus Fluoview laser scanning microscope using the
488 nm line of an argon laser. Live imaging of transfected neurons in
organotypic slices was conducted under conditions essentially identical
to those used for the electrophysiological experiments, except imaging
was conducted at room temperature and carbachol was added as a bolus
(10 pl of a 10 mm carbachol solution added directly into the bath) to
obtain responses with rapid onset and recovery. For these experiments,
we selected cells with large apical dendrites and assayed the redistribution
of this reporter construct during administration of carbachol by collect-
ing image stacks (four to six optical slices, 0.5-1 wm apart) every 20-30 s
using a 60X objective and focusing on a small section of the proximal
apical dendrite. NIH ImageJ was used to analyze the fluorescence inten-
sity over a short segment of dendrite, or over a small area of membrane or
cytosol, at a constant optical plane over time.

Statistics. Data are reported as means = SEM in both the text and the
figures. Statistical analysis used t tests and ANOVAs, followed by Scheffé’s
post hoc comparisons.

Reagents. All drugs were obtained from Sigma, except TTX
(BMD Bioscience) and SKF96365 [1-[fB-[3-(4-methoxyphenyl)
propoxy]-4-methoxyphenethyl]-1H-imidazole - HCl] (Biomol). HEK-
293 were transfected using Lipofectamine 2000 (Invitrogen) using 1 ug
of each of the plasmids and 0.5 ug of pPEGFP-N1. “Bullets” for particle-
mediated gene transfer (gene gun) were prepared using ~3-6 mg of 1.6
pm gold particles and 50 ug of DNA. When transfecting TRPC5 or
TRPC6, which were untagged, we used 40 ug of plasmid DNA and 10 ug
of pPEGFP-NT1 (Clontech) to identify the transfected cells. The PLCbetal-
carboxy tail (PLCB-ct) DN (Kammermeier and Ikeda, 1999) was a kind
gift from Dr. S. R. Ikeda (National Institute on Alcohol Abuse and Alco-
holism, Rockville, MD), GFP-PHy, 5, (Stauffer et al., 1998) from Dr. T.
Meyer (Stanford University, Stanford, CA), alG (Perez-Reyes et al.,
1998) from Dr. E. Perez-Reyes (University of Virginia, Charlottesville,
VA), mTRPCS5 (Tang et al., 2001) from Dr. M. X. Zhu (Ohio State Uni-
versity, Columbus, OH), TRPC6 from Dr. S. Kitayama (Hiroshima Uni-
versity School of Dentistry, Hiroshima, Japan) (Mizuno et al., 1999), and
the TRPC5 dominant negative (Greka et al., 2003) from Dr. D. E.
Clapham (Harvard Medical School, Boston, MA). The PLCB1 knock-out
mouse (Kim et al., 1997) was a kind gift from Drs. R. K. Wong (SUNY
Downstate Medica Centre, Brooklyn, NY) and H. S. Shin (Korea Insti-
tute of Science and Technology, Seoul, Korea).
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Results

As seen in vivo as well as in acute brain
slices (Krnjevi¢ et al., 1971; Schwindt et~ A
al., 1988; Andrade, 1991; Constanti et al.,
1993), cortical pyramidal neurons main-
tained in organotypic culture express a
carbachol-induced sADP capable of sus-
taining repetitive spiking activity (Fig.
1A). In general, layer III-V pyramidal
neurons in organotypic slices prepared
from animals late in the third or fourth
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sADP (or I ,pp) during carbachol admin-
istration (10-30 uMm). In contrast, carba-
chol induced a detectable ADP/I,,,p only
infrequently in organotypic slices derived B1
from animals younger than P17. This ob-
servation is consistent with the previous
observation of a developmental delay in
appearance of the muscarinic receptor-
dependent sADP in entorhinal cortex
(Reboreda et al., 2007). Beyond this age i
limitation, expression of a carbachol-
induced sADP or I, was well preserved
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in standard organotypic culture condi-
tions for at least 5 d, the longest interval

tested. Therefore, all experiments re- [
ported in the current work were con-
ducted using brain slices derived from
P17-P24 pups and maintained in organo-
typic culture for 2-5 d.

As illustrated in Figure 1 A, the musca-
rinic receptor-induced sADP, once trig-
gered by a burst of spikes, could sustain
autonomous spiking greatly outlasting
the initial stimulus (Fig. 1A,). In organo-
typic slices, this autonomous spiking gen-
erally self-terminated after several seconds (mean spiking dura-
tion, 5.6 = 1.7 s; n = 6 cells), which contrasts with the long-
lasting sustained spiking activity seen in acute slices from this
same region derived from adult animals (Andrade, 1991; Haj-
Dahmane and Andrade, 1998). This difference notwithstanding,
these observations indicate that the essential features of the mus-
carinic receptor-induced sustained spiking are preserved in orga-
notypic culture.

In the present work, we sought to examine the molecular basis
for I,5pp, the current underlying the SADP and sustained spiking.
This current can be recorded directly using a hybrid current-clamp
protocol in which the amplifier is switched into voltage clamp
immediately after a burst of spikes (Fig. 1 A;). An inward after-
current can also be induced in voltage clamp using one to three
brief depolarizing steps to 0 mV, with three pulses eliciting a
near-maximal activation of I ,,p at a given carbachol concentra-
tion (Fig. 1 A;, inset). In the present work, we have used both of
these protocols to study I, pp.

Previous studies in acute slices derived from adult animals
have reported that I ,,p is gated by calcium influx, leading to a
rise in intracellular free calcium (Andrade, 1991; Constanti and
Bagetta, 1991; Greene et al., 1994; Haj-Dahmane and Andrade,
1998). Consistent with these findings, the muscarinic receptor-
dependent inward aftercurrent in organotypic slices is suppressed
by buffering intracellular calcium near resting levels (control I, j,p =

Figure 1.
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Low Na’
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Muscarinic receptors activate I, in organotypic cortical slices. A, Under basal conditions, a suprathreshold depo-
larizing pulse delivered to a layer V cortical pyramidal cell of the prefrontal cortex s followed by a slow afterhyperpolarization. 4,,
Administration of carbachol (30 wum) leads to the replacement of this afterhyperpolarization by an SADP that supports sustained
spiking. A;, The current underlying this SADP (/40 ) can be recorded using a hybrid current—voltage-clamp protocol in which it
appears as a slow inward aftercurrent following the spike burst. Inset, /,,p, can also be triggered by depolarizing steps to 0 mV in
voltage clamp. B, B, The carbachol-induced /4y is greatly suppressed when intracellular calcium is buffered near rest using
BAPTA. B, and B, depict a paired recording from two pyramidal cells in which B, was recorded using control intracellular solution
and B, using an intracellular solution containing BAPTA to buffer intracellular calcium. C;, C,, Reducing extracellular sodium
inhibits /_,pp in the control cell depicted in B; and B,.

—89 * 41 pA, n = 5, BAPTA-buffered I, ,pp = 9 £ 14 pA,n =7;
p < 0.05) (Fig. 1B). Similarly, previous studies have also shown
that I, pp in adult prefrontal cortex is mediated by a nonselec-
tive cation current (Andrade, 1991; Haj-Dahmane and An-
drade, 1998). Again, consistent with these findings, the
carbachol-induced inward aftercurrent recorded in pyramidal
cells in organotypic slices is also inhibited by lowering extra-
cellular sodium (Fig. 1C) (residual current in low sodium =
40 *£ 11% of control; p < 0.05; n = 6 cells). These results
indicate that the basic mechanism underlying the carbachol-
induced sADP in adult cortex is also preserved in organotypic
slices.

Signaling of I, pp

The ability of carbachol (10-30 uM) to induce I,pp is signifi-
cantly inhibited by administration of 100 nm of the muscarinic
antagonist pirenzepine (n = 5 cells; p < 0.05) (supplemental Fig.
1, available at www.jneurosci.org as supplemental material)
and completely blocked by administration of 1 uMm of this
antagonist (n = 4 cells) (Fig. 2A). In contrast, administration of
the muscarinic antagonist PD102807 [3,6a,11,14-tetrahydro-9-
methoxy-2-methyl-(12H)-isoquino[1,2-b]pyrrolo[3,2-f][1,3]
benzoxazine-1-carboxylic acid, ethyl ester] (1 M) has no detect-
able effect on the ability of carbachol to induce I ,p in pyra-
midal cells (n = 5 cells) (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). Pirenzepine at =100 nm
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et al., 1998). Under basal conditions,
GFP-PHy s, localizes to the plasma
+ membrane of pyramidal cells, including
their apical dendrites (Fig. 3A,), a site of
muscarinic receptor expression (Vogt and
Burns, 1988). However, during adminis-
tration of carbachol, this biosensor redis-

— W—""
200 pA |

B, Control B, Go.,DN

-1

MQFW s %

Figure2.  Carbachol elicits /;ypp by activating Gev,. 4. A;~A3, The ability of carbachol (30 am) to induce the appearance of /;ypp
in a pyramidal cell of prefrontal cortex in organotypic culture is blocked by administration of pirenzepine (1 wum), an antagonist of
Gayg 1¢-coupled M muscarinic receptors. B;, Aburst of three depolarizing steps delivered in the presence of carbachol trigger /g pp
ina different pyramidal cell recorded ina cultured organotypic cortical brain slice (gray trace, control; black trace, 30 pm carbachol).
B,, The same stimuli fail to elicit an /;, in a pyramidal cell transfected with the Gex, 1, dominant-negative PLCB-ct.

can be expected to preferentially inhibit muscarinic M, receptors,
whereas PD102807 at a concentration of 1 uM can be expected to
be essentially without effect on M, receptors but to inhibit
M,—M, receptors (Caulfield and Birdsall, 1998). These observa-
tions suggest the involvement of muscarinic M, receptors, which
are robustly expressed in the cerebral cortex (Buckley et al.,
1988), in the signaling of I, ,p.

Because muscarinic M, receptors signal many of their effects
through heterotrimeric G-proteins of the Ga_;, subtype, we next
tested for the involvement of these G-proteins in the signaling of
I spp- To that effect, we used particle-mediated gene transfer (gene
gun) to express in pyramidal cells a PLCB1 fragment fused to GFP
(PLCPB-ct) that functions as a dominant negative against this class of
G-proteins (Kammermeier and Ikeda, 1999). Expression of this
dominant negative significantly inhibited the ability of carbachol
(30 M) to induce the appearance of I, ,p (Fig. 2 B) (control I , pp
= —21.3 = 5.2 pA, n = 14; PLCB-ct transfected I,,pp = —6.7 = 3.9
pPA, n = 12; p < 0.05). Importantly, this suppression did not
reflect a nonspecific effect of the transfection because expression
of GFP alone had no detectable impact on the ability of carbachol
to induce Izpp (p = 0.97) (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material). Furthermore, the effect
of the PLCB-ct dominant negative was selective because it failed
to suppress the ability of the GABA}, agonist baclofen (30 um) to
elicit a potassium current in these cells, a response known to be
mediated by heterotrimeric G-proteins of the G, family (p =
0.52) (supplemental Fig. 2, available at www. jneurosci.org as
supplemental material). These experiments indicated that I ,pp
is activated downstream from Gey, ;.

Activation of muscarinic receptors coupling to Ge, ;; leads to
the activation of PLC and the breakdown of inositol phospholip-
ids in the cerebral cortex (Brown et al., 1984). To determine
whether this effect occurs in pyramidal cells, we took advantage
of the availability of a genetically encoded GFP-based biosen-
sor (GFP-PHp;cs,) that detects phosphatidylinositol 4,5-
bisphosphate [PtdIns(4,5)P,] breakdown/IP; production by
redistributing from the plasma membrane to the cytosol (Stauffer

| 100pA

tributes away from the membrane into the
cytoplasm, indicating the breakdown of
PtdIns(4,5)P, and the liberation of IP; in
pyramidal cells (Fig. 3A,). This results in
a significant reduction in the GFP fluo-
rescence associated with the membrane
and a concomitant increase in the GFP
fluorescence in the cytosol (n = 6 cells)
(Fig. 3A;). During removal of the carba-
chol from the perfusate, GFP-PHp, 5,
recovers its membrane localization (Fig.
3A,,A;). These results indicate that carba-
chol induces the breakdown of PtdIns(4,5)
P, in pyramidal cells.

Previous studies have shown that
PLCPBI is the predominant PLC isozyme
expressed in the cerebral cortex (Wa-
tanabe et al., 1998) and that its deletion
results in a marked inhibition in the abil-
ity of carbachol to induce the breakdown of inositol phospholip-
ids (Kim et al., 1997). Therefore, to test whether this enzyme
played an essential role in the signaling of I, ,p, we examined the
muscarinic-induced I, ,p in PLCB1 knock-out mice (Kim et al.,
1997). As illustrated in Figure 3B, the ability of carbachol to in-
duce an I ,,p was markedly reduced in PLCB1 ™/~ mice with
respect to their wild-type (PLCBI™"™") littermates (wild type,
—43 +5.5pA, n=33;PLCBI /", —9 = 3.2pA,n=7;p<0.01).
Overall, we observed an ~80% reduction in I, ,p mean ampli-
tude, consistent with the previously observed incomplete sup-
pression in the turnover of inositol phospholipids in PLCB1 ™"~
mice (Kim et al., 1997). The residual response likely reflects the
expression of PLCB4, which is also expressed, albeit at lower
levels, in cortex (Watanabe et al., 1998). The amplitude of I ,;p,
another calcium-activated current also expressed in these cells,
was not significantly affected in the PLCBI ™/~ mice (p = 0.22;
n =18 PLCBI1"™" and 20 PLCBI1’"). These results support the
idea that that muscarinic receptors induce I, ,j,p through a mech-
anism involving G, ;; and the activation of PLCB1 leading to
the breakdown of PtdIns(4,5)P,.

Coexpression of TRPC and calcium channels reconstitute

a muscarinic receptor-regulated inward aftercurrent in
HEK-293 cells

We have shown previously that, in pyramidal neurons of the
prefrontal cortex, the muscarinic receptor-dependent sADP is
mediated by a nonselective cation current. Among nonselective
cation channels, the TRPC family of TRP channels has been
shown to be activated by heptahelical receptors through a mech-
anism involving Gag1; and PLC (Clapham, 2003; Montell,
2005). TRPC channels formed by TRPC5 and TRPC6 subunits
can also be regulated by intracellular free calcium (Striibing et al.,
2001, 2003; Ramsey et al., 2006). Therefore, these observations
raised the possibility that TRPC channels could mediate I, pp.
One problem with this idea is that, although some TRPC can be
regulated by intracellular calcium, such channels are generally not
thought as mediators of calcium-activated currents. Therefore, to
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Figure3. Muscarinicreceptors elicit the breakdown of PtdIns(4,5)P, in pyramidal cells and signal /,,pp through PLC31. 4, Flattened confocalimage stackillustrating a group of cortical pyramidal
cellsin an organotypic brain slice transfected with GFP—PHj, ;. Scale bar, 200 um. A, Top, Close up of the proximal apical dendrite of a pyramidal cell transfected with GFP—PH, 5 at rest (left),
in the presence of carbachol (middle), or after recovery from the agonist (right). Notice the redistribution of GFP—PH,, 5, away from the membrane during the application of carbachol. Scale bar,
5 um. Bottom, Quantification of the redistribution of the fluorescent reporter in the top during administration of carbachol. The region sampled for these plots is denoted by a box in the left top. 4;,
Graph summarizing the changes in GFP~PHp 5, fluorescence at the membrane (F,,,,) and in the cytosol (F,,,) during carbachol administration. n = 6 cells; *p << 0.05. B;, Administration of
carbachol (30 um) to a prefrontal cortex pyramidal neuron in a slice derived from a wild-type mouse induces /. ,p. B,, In contrast, administration of carbachol to a pyramidal cell derived from PLC31
knock-out mice fails to induce /p, under the same experimental conditions. The difference in /,,, between the cells illustrated here is within the range of cell-to-cell variability expected for slow

and medium afterhyperpolarization currents in pyramidal cells of prefrontal cortex (Villalobos et al., 2004).

determine whether TRPC channels can generate calcium-
activated currents, we cotransfected TRPC5 and the voltage-
dependent a1G T-type calcium channel into HEK-293 cells and
tested for the appearance of muscarinic-dependent outward
aftercurrent. The TRPC5 subunit was selected for these experi-
ments because previous studies have documented its positive reg-
ulation by intracellular calcium (for review, see Plant and
Schaefer, 2003). The «1G calcium channel was chosen for this
experiment because small depolarizations capable of activating
T-type calcium currents in cortex are sufficient to trigger I, ,p in
pyramidal cells (Andrade, 1991).

As illustrated in Figure 4, brief depolarizing steps to —30 mV
capable of activating T-type calcium channels elicits the appear-
ance of a modest inward aftercurrent in cells cotransfected with
TRPC5 and a1G calcium channels but fail to elicit any significant
aftercurrent in mock-transfected cells (empty plasmid) or in cells
transfected with either TRPC5 or «1G calcium channels alone
(Fig.4A,,B) ( p <0.01). Furthermore, this small inward aftercur-
rent is greatly facilitated by application of carbachol (30 um) (Fig.
4A,,B) (p < 0.01), which in these cells activates endogenous
muscarinic receptors (Schaefer et al., 2000). In contrast, no
carbachol-induced aftercurrent develops in cells transfected with

either TRPC5 or «1G alone. Importantly, administration of car-
bachol, however, does induce the expected inward current in cells
transfected with TRPC5 alone as well as TRPC5 and «1G. This
confirms the expression of TRPC5 channels in both of these ex-
perimental groups and emphasizes the essential role played by
calcium channels in the generation of the aftercurrent (Fig. 54,
inset). These results support the idea that TRPC channels can
generate a muscarinic receptor-dependent inward aftercurrent.
The small inward aftercurrent seen in the absence of carbachol is
consistent with the previous observation that expression of
TRPC5 in HEK-293 cells can result in the expression of sponta-
neously active channels (Watanabe et al., 1998).

If the carbachol-induced inward aftercurrent were mediated
directly by TRPC5 channels, it should be reduced by lowering
extracellular sodium. Consistent with this prediction, both the
inward current and the slow inward aftercurrent present in cells
cotransfected with TRPC5 and a1G calcium channels were sup-
pressed when most extracellular sodium was replaced by
N-methylglucamine (Fig. 5A). Similarly, the inward current and
inward aftercurrent should both be inhibited by a pore-dead
TRPCS5 subunit capable of acting as a dominant negative against
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inward current in HEK-293 cells transfected with TRPC5 and «1G. This inward current is inhib-
ited by reducing extracellular sodium and replacing it with N-methyl-b-glucamine. In these
same cells, reducing extracellular sodium also inhibits the inward aftercurrent. *p << 0.01;n =
7 cells. B, The carbachol-induced inward current observed in HEK-293 cells transfected with
TRPC5 and «1G is inhibited by cotransfection with a pore-dead TRPC5 dominant negative
(TRPC5-DN). This dominant negative also inhibits the inward aftercurrent. *p << 0.01;n = 19
cells cotransfected with empty vector (pcDNA3.1) and 10 cells cotransfected with TRPC5-DN.
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TRPC channels. Again, consistent with this prediction, cotrans-
fection with a pore-dead TRPC5 fused to GFP shown previously
to act as an effective dominant negative (TRPC5-DN) (Greka et
al., 2003; Striibing et al., 2003) blocked both the inward current
and the inward aftercurrent in cells expressing wild-type TRPC5
and a1G calcium channels (Fig. 5B). These results indicate that
the muscarinic receptor-modulated inward aftercurrent seen in
HEK-293 cotransfected with TRPC5 and a1G channels is carried
through TRPC channels and thus that TRPC channels can medi-
ate calcium-activated inward aftercurrents.

I, ,pp is facilitated by overexpression of TRPC5 and inhibited
by a pore-dead TRPC5 dominant negative

Previous studies have reported the expression of most TRPC sub-
units in the cerebral cortex (Mizuno et al., 1999; Fowler et al.,
2007), and we confirmed the expression of TRPC1 and TRPC3—
TRPC6 mRNA in the rat prefrontal cortex (supplemental Fig. 34,
available at www.jneurosci.org as supplemental material). To test
for the possible involvement of these TRPC subunits in mediat-
ing I spp, We first used a pharmacological approach. Because
SKF96365, 2-APB, and flufenamic acid have been used widely as
TRPC blockers, we first examined their effectiveness in HEK-293
cells transfected with TRPC5 and «1G. All three of these com-
pounds blocked the TRPC5 currents induced by carbachol but
also simultaneously inhibited the T-type calcium channel cur-
rents (supplemental Fig. 3b, available at www.jneurosci.org as
supplemental material). This limited their usefulness for identi-
fying TRPC currents in situ. The best selectivity was seen with
flufenamic acid, which at a concentration of 10 uM only margin-
ally inhibited T-type calcium currents while still producing a
robust suppression of the carbachol/TRPC5-dependent inward
aftercurrent (Fig. 6 A,). Therefore, we tested the effect of 10 um
flufenamic acid on I, ,p induced by the administration of carba-
cholin acute cortical brain slices. As illustrated in Figure 6, A, and
A,, administration of 10 uMm flufenamic acid significantly inhib-
ited I,,pp but had no significant effect on I ;p (control, 19.2 =
3.2 pA; flufenamic, 15.5 £ 4.2 pA; n = 9 cells; p = 0.5). These
results are consistent with previous observations indicating that
flufenamic acid, albeit at considerably higher concentrations,
inhibits I, ,p (Haj-Dahmane and Andrade, 1999; Zhang and
Arsenault, 2005; Fowler et al., 2007). The results of these phar-
macological experiments support the involvement of TRPC
channels in the generation of I ,,p in pyramidal neurons but
are inconclusive as a result of the weak selectivity of the avail-
able TRPC blockers.

To further test for the involvement of TRPCs in the generation
of I zpp, we took advantage of the effectiveness of pore-dead
TRPC subunits to function as dominant negatives against homo-
multimeric and heteromultimeric TRPC channels (Hofmann et
al., 2002; Striibing et al., 2003). The six TRPC subunits expressed
in the brain are thought to fall into two broad classes comprising
TRPC1/4/5 and TRPC3/6/7, and previous studies have shown
that these two groups can form heteromultimeric TRP channels
in the presence of TRPC3 (Striibing et al., 2001, 2003). Because
TRPC3 is abundantly expressed in the prefrontal cortex (supple-
mental Fig. 3A, available at www.jneurosci.org as supplemental
material), the TRPC5-DN has the potential to serve as a general
TRPC dominant negative in this region. Therefore, we expressed
the TRPC5-DN, which is GFP tagged, in organotypic slices and
confirmed its expression in pyramidal cells by visualizing the GFP
(supplemental Fig. 3C, available at www.jneurosci.org as supple-
mental material). As illustrated in Figure 6 B, expression of the
TRPC5-DN essentially blocked the carbachol-induced I ,p in
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pyramidal cells (n = 14 cells; p < 0.01).
Importantly, expression of the TRPC5-DN
had no detectable effect on I yp (p =
0.9), a second calcium-activated current
also expressed in pyramidal cells. This indi-
cates that the inhibition of I, ,p is not sim-
ply secondary to a nonspecific inhibition of
calcium influx. These results support the in-
volvement of TRPC channels in the genera-
tion of I, pp-

If TRPC subunits played an essential
part in the formation of the channel
carrying I ,pp, it could be expected
that overexpression of TRPC subunits
should facilitate this current. To test this
conjecture, we expressed TRPC5 and
TRPC6 in pyramidal cells and examined
their effect on the carbachol-induced
I spp- Both of these subunits have been
shown previously to form channels fa-
cilitated by intracellular calcium (for re-
view, see Ramsey et al., 2006) and are
representative of the two main groups of
TRPC subunits expressed in the brain.
Remarkably, under unstimulated con-
ditions, pyramidal neurons expressing
TRPC5 or TRPC6 appeared remarkably
normal in terms of their basic electro-
physiology. They exhibited membrane
potentials/holding currents comparable
with those of control untransfected or
GFP-transfected neurons, exhibited no
detectable change in the amplitude of
Iagp (p > 0.5), and fired in a manner
indistinguishable for control pyramidal
cells (Fig. 7B). Administration of carba-
chol (30 uMm) to these cells, however,
resulted in the appearance of an extraor-
dinarily large I ,p (Fig. 7) (TRPC5, n =
10 cells; TRPC6, n = 8 cells). This facili-
tated I ,pp was frequently many times
larger than the largest I ;;p ever observed
in control cells and reached in some cases
a nanoampere or more. These results fur-
ther support the idea that TRPC subunits
mediate the carbachol-induced I ,pp in
pyramidal neurons.

Discussion

Previous studies have shown that activa-
tion of muscarinic receptors signals the
appearance of a calcium-activated sADP
in cortical pyramidal cells and that this
afterpotential can sustain regenerative
spiking after a brief suprathreshold trig-
gering stimulus (Krnjevi¢ et al., 1971;
Schwindt et al., 1988; Andrade, 1991;
Constanti and Bagetta, 1991; Lisman and
Idiart, 1995; Haj-Dahmane and Andrade,
1998; Egorov et al., 2002). Here we have

Yan et al.  TRPC Channels Mediate Muscarinic SADP

HEK 293 Cortical

A1 _ A2<e o[TRPC5+a1G _slices [
Control Flufenamic 3 i
. o
acid S ©
50 pA £-100 * 209
2s 2 * é
5 g
- L= g
g — Control "g:
< == Flufenamic 60
-300 e 60
n
Bi | | control TRPC5-DN B2
f:; IsADP
J5o pA e 01 |
2 10 sAHP
k‘ | 2s &.\ £ - *
M W L
I ] — Control
£ 30 == TRPC5-DN
3
-40

Figure6. The carbachol-induced /,, is inhibited by the TRP channel blocker flufenamic acid and by a TRPC dominant negative.
A;, Administration of 10 wm flufenamicacid inhibits the /,,,p induced by 30 wum carbachol in pyramidal cells recorded in acute brain
slices. The gray traces depict the aftercurrents recorded under resting conditions, and the black traces depict the aftercurrent
recorded in the presence of 30 um carbachol. A, Graph summarizing the results of experiments assessing the ability of 10
flufenamic acid to inhibit the muscarinic receptor-induced inward aftercurrent seen in HEK-293 cells transfected with TRPC5 plus
a1G and to inhibit /;pp in acute brain slices. n = 8 HEK-293 cells and 9 pyramidal neurons; *p << 0.01. B;, /;5pp recorded in a
control (GFP transfected) pyramidal neuron and a pyramidal neuron transfected with TRPC5-DN. B,, Summary graph depicting the
effect of expressing the TRPC5-DN on /, ,pp and /e in pyramidal cells recorded in organotypic slices. n = 14 control cells and 15
cells transfected with TRPC5-DN. *p << 0.01.

Control
B B,
1J Control 1 2|
i‘
Il H A
A "1
|200pA e\
= TRPC6
By
A, ‘
TRPC6 |
JH WA A
\ IP% ez umsemra o0
M __J2omv
v / |200pA AR
% C Control TRPC5 TRPC6
=
3, < 200
** TRPC5 g ]
2 =
FWF // §400_
A A
B / __|200pA —# 600+ *
/ 2s i
WV
800- *

Figure 7. Expression of TRPC5 and TRPC6 failitates /;upp. A;—A3, liuop recorded in a control (untransfected) pyramidal neuron, a
pyramidal neuron transfected with TRPC6, and a third pyramidal neuron transfected with TRPC5. B,, Flattened confocal image stack
depicting a pyramidal neuron transfected with TRPC6. Scale bar, 100 um. B,, B;, Neuronal firing elicited by depolarizing constant current
pulses (0,100,350 pA) ina control (untransfected) pyramidal neuron and an adjacent cell transfected with TRPC6 (paired recording). During
administration of carbachol the TRP6-transfected pyramidal neuron developed an /,,,, in excess of 1 nA. €, Graph summarizing the effect
of expressing TRPCS or TRPC6 on the amplitude of /,,,, in pyramidal cells of the prefrontal cortex. *p << 0.05.

terpotential. We find that the current underlying the sADP is

used a combination of dominant-negative, overexpression, gene  carried through TRPC channels and is signaled by muscarinic
deletion, and reconstitution strategies to address the molecu-  receptors through a mechanism that involves G, ,, and
lar mechanisms by which muscarinic receptors induce this af-  PLCf1.
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Activation of muscarinic receptors coupling to Gay, 1, such as
M, receptors, activate PLCf3 in cerebral cortex to increase the
breakdown of inositol phospholipids (Kim et al., 1997). How-
ever, recent studies suggest that PLCJ activation is just one of
two signaling branches downstream of Ga_,,, with the second
branch using p63RhoGEF and its homologs to activate RhoA
(Lutz et al., 2007; Williams et al., 2007). Furthermore, it has also
been reported that M, receptors can also signal in a manner that
is independent of heterotrimeric G-proteins (Heuss and Gerber,
2000). Thus, it was important to examine the specific signaling
mechanism used by muscarinic receptors to activate I ,,p. In the
current work, we find that the ability of muscarinic receptors to
induce I ,pp is blocked by a Ga_,; dominant negative, thus
identifying this G-protein as a key component of the cascade
signaling this response. Furthermore, we use a GFP-based bio-
sensor to demonstrate that activation of muscarinic receptors
results in the breakdown of PtdIns(4,5)P, and the generation of
IP; in pyramidal neurons. Finally, we show that the ability of
muscarinic receptors to elicit I,,p is greatly inhibited by the
deletion of PLCf1, the predominant PLCP isoform expressed in
cortex. These results identify Gay_;; and PLCS1 as key molecules
involved in the signaling of I ,,p. However, additional studies
will be required to precisely delineate the molecular steps in-
volved in the activation of this current.

TRPC channels have emerged as ubiquitous cellular effectors
downstream from surface receptors capable of activating PLC
(Clapham, 2003; Montell, 2005; Putney, 2007). In the current
work, we show that TRPC channels mediate the slow calcium-
activated afterdepolarization elicited by muscarinic and presum-
ably also other Ga,_;,-coupled receptors in pyramidal neurons.
The evidence supporting this conclusion is twofold. First, we
show that coexpression of TRPC5 and the a1G calcium channel
is sufficient to reconstitute a muscarinic receptor-activated in-
ward aftercurrent in HEK-293 cells. Although these experiments
used T-type calcium channels, it seems likely that the key factor is
calcium influx, independent of the specific calcium channel in-
volved. Second, we show that I, ,p in pyramidal neurons is facil-
itated by expression of TRPC5 or TRPC6 and is inhibited by low
concentration of flufenamic acid, a widely used TRPC blocker, as
well as by expression of a pore-dead TRPC5 subunit capable of
acting as a dominant negative against homomeric and hetero-
meric TRPC channels. Admittedly, individually each of these
experiments has limitations. However, in combination, these
results point to a key role for TRPC channels in the generation of
I app in pyramidal cells.

Previous studies have shown that TRPC channels mediate
some of the effects of neurotrophins and of guidance molecules
such as Netrin-1, at least in part through their ability to flux
calcium (Talavera et al., 2008). However, it is worth noting that
the facilitation of I, ,, by TRPC overexpression and suppression
by TRPC inhibition observed here are unlikely to have resulted
simply from changes in calcium influx. I, ,p was not triggered by
calcium influx secondary to TRPC activation but rather by cal-
cium influx secondary to membrane depolarizations capable of
activating voltage-dependent calcium channels. Furthermore,
these depolarizing steps are not only temporally uncoupled from
activation of TRPC channels but also would be expected to re-
duce rather than enhance calcium influx through TRPC chan-
nels. Thus, the current results identify TRPC channels as essential
components of the channel carrying I, pp.

TRPCs expressed in the brain fall into two main groups: one
group composed of TRPC3, TRPC6, and TRPC7 and the other
composed of TRPC1, TRPC4, and TRPC5 (Clapham, 2003;
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Montell, 2005; Putney, 2007). I,pp exhibits a voltage depen-
dence reminiscent of that exhibited by TRPC channels contain-
ing TRPC1 and TRPC4/5 subunits (Haj-Dahmane and Andrade,
1998; Striibing et al., 2001), thus hinting at a possible role for
these subunits in mediating I ,,p. However, it is worth noting
that expression of TRPC4 or TRPC5 alone can also give rise to
currents exhibiting a voltage dependence similar to that of I, ,p,
especially at low levels of channel activation (Plant and Schaefer,
2003). Furthermore, previous studies have shown that activation
of PLC modulates TRPV1 currents (Chuang et al., 2001) to gen-
erate a current that exhibits a voltage dependence very similar to
that of I,pp. These considerations argue for caution in using
electrophysiological characteristics to identify the molecular
composition of the TRPC channel mediating I, p. Equally im-
portant, although in the current experiments we find that I, ,p is
inhibited by a TRPC5 dominant negative, TRPC channels show a
complex pattern of heteromultimerization, especially in the pres-
ence of TRPC3. Accordingly, this experiment does not provide
clear-cut support for the involvement of TRPC1/4/5. Finally, in
the current experiments, we find that expression of either TRPC5
or TRPC6, which are representative of the two main TRPC sub-
families, greatly facilitates the amplitude of I, ,p. Thus, the phys-
iological and molecular approaches used so far do not yet allow
for the unambiguous identification of the subunit composition
of the I, pp channel.

The identification of TRPC channels as the molecular basis of
the muscarinic receptor-induced sADP suggests that these chan-
nels function in central neurons as coincidence detectors encod-
ing concurrent Ga, ;,/PLCf activation and calcium influx, a
proxy for neuronal activity, into long-lasting changes in excitability.
In the brain, this property could allow for the transient storage of
memory traces either through its ability to maintain sustained
spiking after a suprathreshold stimulus (Krnjevi¢ et al., 1971;
Schwindt et al., 1988; Andrade, 1991; Constanti and Bagetta,
1991; Lisman and Idiart, 1995; Haj-Dahmane and Andrade,
1998; Egorov et al., 2002) or through its ability to integrate the
firing history of the cell and “code” this history onto sustained
membrane depolarizations (Andrade, 1991). If this conjecture is
correct, then TRPC channels could play an important role sup-
porting mnemonic processes in the CNS.
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