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Entorhinal Cortex via Activation of TREK-2 K� Channels*□S
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The entorhinal cortex is closely associated with the consoli-
dation and recall of memories, Alzheimer disease, schizophre-
nia, and temporal lobe epilepsy. Norepinephrine is a neuro-
transmitter that plays a significant role in these physiological
functions and neurological diseases. Whereas the entorhinal
cortex receives profuse noradrenergic innervations from the
locus coeruleus of the pons and expresses high densities of adre-
nergic receptors, the function of norepinephrine in the entorhi-
nal cortex is still elusive.Accordingly,we examined the effects of
norepinephrine on neuronal excitability in the entorhinal cor-
tex and explored the underlying cellular and molecular mecha-
nisms. Application of norepinephrine-generated hyperpolar-
ization and decreased the excitability of the neurons in the
superficial layers with no effects on neuronal excitability in the
deep layers of the entorhinal cortex. Norepinephrine-induced
hyperpolarization was mediated by �2A adrenergic receptors
and required the functions ofG�i proteins, adenylyl cyclase, and
protein kinaseA.Norepinephrine-mediated depression on neu-
ronal excitability was mediated by activation of TREK-2, a type
of two-pore domain K� channel, and mutation of the protein
kinaseAphosphorylation site onTREK-2 channels annulled the
effects of norepinephrine. Our results indicate a novel action
mode in which norepinephrine depresses neuronal excitability
in the entorhinal cortex by disinhibiting protein kinase A-medi-
ated tonic inhibition of TREK-2 channels.

The entorhinal cortex (EC)2 is an essential structure in the
limbic system that is closely related to emotional control (1),
consolidation and recall of memories (2, 3), Alzheimer disease

(4, 5), schizophrenia (6, 7), and temporal lobe epilepsy (8, 9).
The physiological and pathological roles of the EC are likely to
be determined by its unique position in the brain; the EC serves
as the interface to control the flow of information into and out
of the hippocampus. Afferents from the olfactory structures,
parasubiculum, perirhinal cortex, claustrum, amygdala, and
neurons in the deep layers of the EC (layers V–VI) (10, 11)
converge onto the superficial layers (layer II/III) of the EC,
whereas the axons of principal neurons in layer II form the
major component of perforant path that innervates the dentate
gyrus andCA3 (12), and those of the pyramidal neurons in layer
III form the temporoammonic pathway and synapse onto the
distal dendrites of pyramidal neurons in the CA1 and subiculum
(12–14). The output from the hippocampus is then projected to
the deep layers of the EC that relay information back to the super-
ficial layers (15–18) and to other cortical areas (10).
The EC receives abundant noradrenergic projections from

the locus coeruleus in the brain stem (19–21) and expresses �1
(22), �2 (23–25), and � (26) adrenergic receptors (ARs),
although the identities of cells expressing these ARs in the EC
remain to be determined. Accordingly, application of norepi-
nephrine (NE) in the EC has been shown to inhibit glutamater-
gic transmission via activation of �2 ARs (27, 28) and facilitate
GABAergic transmission via activation of�1ARs (29). The con-
certed effects ofNEon glutamatergic andGABAergic transmis-
sion would result in powerful inhibition in the EC likely con-
tributing to its antiepileptic actions observed in this brain
region (22, 30). Whereas application of NE has been shown to
generate membrane hyperpolarization in a proportion (�54%)
of principal neurons in layer II of the EC (28) via �2 AR-medi-
ated activation of K� channels (27), whichmay partially explain
its inhibitory effects on glutamatergic transmission, the follow-
ing questions still remain unaddressed. First, what subtype(s) of
�2 ARs is/are involved inNE-mediated hyperpolarization in the
EC, because members of the �2 AR family include the �2A, �2B,
and �2C subtypes (31)? Second, does NE have any effects on
the excitability of neurons in other layers of the EC, because the
superficial layers are the sender and the deep layers are the
recipient of hippocampal information? Third, which type(s) of

* This work was supported, in whole or in part, by National Institutes of Health
Grants R01MH082881 (to S. L.) and 5P20RR017699 (to S. L.).

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Fig. S1.
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K� channels is/are involved in NE-mediated hyperpolariza-
tion? Finally, what are the signaling mechanisms underlying
NE-induced hyperpolarization in the EC? In the present study,
we address these questions, and our results demonstrate that
NE generates membrane hyperpolarization in the superficial
layers, especially layer III, with no effects on neuronal excitabil-
ity in the deep layers (V/VI) of the EC. NE activates TREK-2, a
two-pore domain K� channel, via �2A AR-mediated inhibition
of the protein kinase A (PKA) pathway. Our results provide a
novel cellular and molecular mechanism that may at least par-
tially explain the antiepileptic effects of NE in the EC as well as
its roles in learning and memory.

EXPERIMENTAL PROCEDURES

Slice Preparation—Horizontal brain slices (400 �m), includ-
ing the EC, subiculum, and hippocampus, were cut using a
vibrating blade microtome (VT1000S, Leica, Wetzlar, Ger-
many) from 13- to 20-day-old Sprague-Dawley rats as
described previously (29, 32–35). After being deeply anesthe-
tized with isoflurane, rats were decapitated and their brains
were dissected out in ice-cold saline solution that contained (in
mM) 130 NaCl, 24 NaHCO3, 3.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2,
5.0 MgCl2, and 10 glucose, saturated with 95% O2 and 5% CO2,
pH 7.4. Slices were initially incubated in the above solution at
35 °C for 40 min for recovery and then kept at room tempera-
ture (�24 °C) until use. All animal procedures conformed to
the guidelines approved by theUniversity ofNorthDakotaAni-
mal Care and Use Committee.
Whole Cell Recordings from the EC Neurons—Whole cell

patch clamp recordings using an Axopatch 200B or twoMulti-
clamp 700B amplifiers (Molecular Devices, Sunnyvale, CA) in
current- or voltage-clamp mode were made usually from
pyramidal neurons in layer III of the medial EC visually identi-
fied with infrared videomicroscopy (Olympus BX51WI) and
differential interference contrast optics. Unless stated other-
wise, recording electrodes were filled with (in mM) 130 K�-glu-
conate, 0.5 EGTA, 2 MgCl2, 5 NaCl, 2 ATP2Na, 0.4 GTP-Na,
and 10HEPES, pH 7.4. The extracellular solution comprised (in
mM) 130 NaCl, 24 NaHCO3, 3.5 KCl, 1.25 NaH2PO4, 2.5 CaCl2,
1.5 MgCl2, and 10 glucose, saturated with 95% O2 and 5% CO2,
pH 7.4. Because NE has been shown to increase GABA release
(29) and inhibit glutamatergic transmission (27, 28) in the EC,
the preceding extracellular solution was routinely supple-
mentedwith bicuculline (10�M) andCGP55845 (1�M) to block
GABAA and GABAB responses, respectively, and 6,7-dinitro-
quinoxaline-2,3(1H,4H)-dione (10 �M) and dl-2-amino-5-
phosphonovaleric acid (50 �M) to block glutamatergic trans-
mission. Under these conditions, the excitability of pyramidal
neurons in layer III was not affected by the indirect effects ofNE
on GABAergic and glutamatergic transmission. Data were fil-
tered at 2 kHz, digitized at 10 kHz, acquired and analyzed using
pCLAMP 9 software (Molecular Devices).
Action potential firingwas recorded frompyramidal neurons

in layer III of the EC. Because dialysis of K�-containing internal
solution into cells can change the resting membrane potential
and influence action potential firing, we waited for �10 min
after the formation of whole cell recordings to allow the resting
membrane potential to stabilize. Usually, for most of the cells a

positive current injectionwas needed to bring the restingmem-
brane potential to ��50 mV to induce action potential firing.
NE was applied after the action potential firing had been stable
for 5–10 min. To avoid potential desensitization induced by
repeated applications of NE, one slice was limited to only one
application of NE. Frequency of action potentials was calcu-
lated by Mini Analysis 6.0.1 (Synaptosoft Inc., Decatur, GA).
Holding currents at �55 mV were recorded from layer III

pyramidal neurons as well as the neurons in layer V/VI in some
experiments. The preceding extracellular solution was supple-
mented with tetrodotoxin (0.5 �M) to block action potential
firing. Because gradual dialysis of K� into cells changed the
holding currents, we beganour recordings afterwaiting for�10
min from the formation of whole cell configuration unless
stated otherwise. Holding currents at �55 mV were recorded
every 3 s and then averaged per minute. We subtracted the
average of the holding currents recorded for the last minute
prior to the application of NE from those recorded at different
time points to zero the basal level of holding currents for better
comparison.
The voltage-current relationship was obtained by using a

ramp protocol from �140 mV to �70 mV at a speed of 0.1
mV/ms. We compared the voltage-current curves recorded
before andduring the application ofNE for�3–4minwhen the
effect of NE was maximal.
Expression of�2AARs andK2PChannels inHEK293Cells and

Electrophysiological Recordings from the Transfected Cells—A
cDNA construct containing the human �2A AR subtype (Gen-
BankTM accession number NM_000681) subcloned into
pcDNA3.1 (Clontech, Palo Alto, CA) was purchased fromMis-
souri University Science andTechnology cDNAResource Cen-
ter. cDNA constructs coding for TREK-2 (NM_021161, sub-
cloned into the pCMV6-XL4 vector), TREK-1 (NM_014217,
subcloned into the pCMV6-entry vector), TWIK-1
(NM_002245, subcloned into pCMV6-XL5 vector), or TRESK
(NM_181840, subcloned into pCMV6-XL5 vector) were pur-
chased fromOrigene (Rockville,MD). cDNAconstructs coding
for TASK-1 (AF_031384) and TASK-3 (AF_391084) subcloned
into pcDNA3.1 (35) were generous gifts from Dr. Douglas A.
Bayliss (University ofVirginia, Charlottesville, VA). In addition,
a previously characterized PKA-insensitive TREK-2 mutant
(S359A) subcloned into pcDNA3.1 (36) was a generous gift
from Dr. Donghee Kim (Rosalind Franklin University of Medi-
cine and Science, Chicago, IL). An empty pEGFP N-3 green
fluorescent protein (GFP) fusion protein vector (GenBankTM
accession numberU57609) was purchased fromClontech. Dul-
becco’s minimum essential medium and fetal bovine serum
were purchased from Atlanta Biologicals (Atlanta, GA). Cell
culture grade penicillin and streptomycin was purchased from
Mediatech, Inc. (Herndon, VA).
Human embryonic kidney (HEK) 293 cells obtained from

American Type Culture Collection (Manassas, VA) weremain-
tained in Dulbecco’s minimum essential medium containing
10% fetal bovine serum, penicillin (100 units/ml) and strepto-
mycin (100 units/ml). Confluent HEK293 cells were washed in
Hanks’ balance salt solution, trypsinized, and seeded at the
appropriate density in 35-mm dishes to ensure 40–50% cell
confluence within 24 h. Transient transfection of the cDNA
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constructs was performed after 24 h with TransIT-293 trans-
fection reagent according to the manufactures protocol (Mirus
Bio Corp., Madison, WI) using a 6-�l reagent per 3-�g cDNA
ratio for the transfection mixture. Transfected HEK293 cells
were subsequently used for electrophysiological recordings
24–48 h post-transfection.
Holding currents at �55 mV were recorded from the

HEK293 cells that showed fluorescence under a fluorescence
microscope (Olympus 1X70) by whole cell recordings. The
extracellular solution contained (in mM) 130 NaCl, 3 KCl, 2
MgCl2, 2 CaCl2, 1.25 NaH2PO4, 10 HEPES, and 10 glucose. pH
was adjusted to 7.4 using NaOH and HCl. The above K�-glu-
conate internal solution was used for this experiment. A con-
tinuous gravity perfusion system (flow, 5–7 ml/min) was used
to change solutions.
Immunocytochemistry—Rats (18 days old) were anesthetized

with pentobarbital sodium (50 mg/kg) and then perfused tran-
scardially with 0.9% NaCl followed by 4% paraformaldehyde in
0.1 M phosphate-buffered saline (PBS). Brains were rapidly
removed and postfixed in the same fixative for an additional 2 h.
After postfixation, brains were cryoprotected with 30% sucrose
in PBS for 12 h and then cut into 20-�m slices in thickness
horizontally in a Leica cryostat (CM 3050 S) at �21 °C. Slices
were washed in 0.1 M PBS and then treated with 0.3% hydrogen
peroxide (H2O2) to quench endogenous peroxidase activity.
After being rinsed in 0.1 M PBS containing 1%TritonX-100 and
1.5% normal donkey serum for 30 min, slices were incubated
with the primary antibodies (goat anti-�2A AR polyclonal anti-
body, sc-31357, or anti-TREK-2 polyclonal antibody, sc-11559,
Santa Cruz Biotechnology, Santa Cruz, CA) at a dilution of
1:100 at 4 °C for 12 h. Slices were incubated at room tempera-
ture initially with biotinylated donkey anti-goat IgG (ABC
Staining System, Santa Cruz Biotechnology) for 1 h, and then
with avidin-biocytin complex (ABC Staining System) for 30
min. After each incubation, slices werewashed three times for a
total of 30 min. Diaminobenzidine (ABC Staining System) was
used for a color reaction to detect the positive signals. Finally,
slices were mounted on slides, dehydrated through an alcohol
range, cleared in xylene, and covered with coverslips. Slides
were visualized and photographed with a Leica microscope
(DM 4000B). We stained 5–6 nonadjacent sections and each
staining was repeated by using three rats.
To confirm the specificities of �2A AR and TREK-2 antibod-

ies, we also performed immunostaining of HEK293 cells trans-
fected with GFP alone or GFP plus �2A ARs or GFP plus
TREK-2 channels. The transfected cells on sterile glass cover-
slips were washed briefly with PBS and fixed in methanol at
�10 °C for 5min, thenwashed three times with PBS. Cells were
incubated with normal donkey blocking serum (5%) containing
1% Triton X-100. Cells were then incubated with goat anti-
�2AAR (Santa Cruz Biotechnology, sc-31357) or anti-TREK-2
channel (Santa Cruz Biotechnology, sc-11559) primary anti-
body at a dilution of 1:200 at 4 °Covernight. Afterwashing three
times in PBS, cells were incubated with donkey anti-goat IgG-
rhodamine (1:200, Santa Cruz Biotechnology, sc-2094) at room
temperature. Finally, the coverslips with the stained cells
were mounted on slides, viewed, and photographed under an
Olympus Fluoview 300 laser scanning confocal microscope.

Each staining was repeated three times in three different
transfections.
Western Blot—Brain tissues for Western blot experiments

were taken from seven rats (18 days old). For each rat, horizon-
tal brain slices were cut initially, and the medial EC region was
punched out from the slices under a microscope. The isolated
brain region was lysed in tissue protein extraction buffer con-
taining protease inhibitors (Pierce). The lysates were centri-
fuged at 10,000� g for 10min to remove the insolublematerials
and protein concentrations in the supernatant were deter-
mined (37). An equivalent of 40 �g of total protein was loaded
to each lane. Proteins were separated by 12% SDS-PAGE and
transferred to the polyvinylidene difluoride (Immobilon-P,
Millipore, Billerica, MA) membranes using an electrophoretic
transfer system (Bio-Rad). Blots were blocked with 5% pow-
dered milk, and then incubated with either TREK-2 (1:500) or
�2AAR (1:500) primary antibody overnight at 4 °C followed by
incubationwith the secondary antibody (donkey anti-goat IgG-
horseradish peroxidase, 1:2000) for 1 h at room temperature.
Tris-buffered saline with 1% Tween 20 was used to wash the
blots three times (10 min each) after incubation with both pri-
mary and secondary antibodies. Immunoreactive bands were
visualized by SuperSignal West Pico Chemiluminescent Sub-
strate (Pierce) and detected by a Biospectrum Imagining Sys-
tem (UVP, Upland, CA).
Data Analysis—Data are presented as the means � S.E. An

NEconcentration-response curvewas fit by using theHill equa-
tion: I � Imax � {1/[1 � (EC50/[ligand])n]}, where Imax is the
maximum response, EC50 is the concentration of ligand pro-
ducing a half-maximal response, and n is the Hill coefficient.
Student’s paired or unpaired t test or analysis of variance was
used for statistical analysis as appropriate; p values are reported
throughout the text and significance was set as p � 0.05. TheN
number in the text represents the cells examined.
Chemicals—(Rp)-cAMPS, tertiapin, CGP 55845, pertussis

toxin, and guanosine-5�-O-(2-thiodiphosphate) (GDP-�-S)
were from BIOMOL (Plymouth Meeting, PA). Corynathine,
propranolol, yohimbine, UK14,304, BRL44408, imiloxan, and
MDL-12,330A were purchased from Tocris (Ellisville, MO).
Antibodies to �2A ARs (sc-31357), TWIK-1 (sc-11483),
TASK-1 (sc-32067), TASK-3 (sc-11322), TRESK (sc-51240),
TREK-1 (sc-11554), and TREK-2 (sc-11559) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Other chem-
icals were products of Sigma-Aldrich.

RESULTS

NE Inhibits the Neuronal Excitability in the Superficial Lay-
ers with No Effects on the Deep Layers of the EC—The EC can be
divided into six layers (layers I–VI, Fig. 1A) (38). Layer I is the
molecular layer, which has a scarcity of cells, whereas layer IV is
the cell-sparse, fiber-rich narrow layer that constitutes the lam-
ina dissecans. Thus the EC is actually classified as the superficial
layers (layers II–III) that provide innervations to the hippocam-
pus and the deep layers (layers V–VI) that receive hippocampal
outputs. We initially examined the effects of NE on neuronal
excitability in the superficial layers. Because the effects of NE in
layer II have been studied previously (27, 28), we focused on
layer III. Pyramidal neurons are the principal cells in layer III,
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and the axons of these neurons provide the primary inputs to
CA1 regions (12, 13). The importance of layer III pyramidal
neurons is further highlighted by the observations that these
neurons are selectively lost in epileptic animals (39, 40). We
examined the effects of NE on neuronal excitability by record-
ing action potential firing from the pyramidal neurons in layer
III in current-clampmode. The restingmembrane potentials of
these neurons were�61.1� 1.3mV (n� 12) immediately after
the formation of whole cell configuration, and thus these neu-
rons did not fire spontaneous action potentials. We therefore
injected a positive current to bring the membrane potential to
��50 mV to induce action potential firing. To prevent poten-
tial influences of NE-induced changes in GABA (29) and gluta-
mate (27, 28) release on the excitability of layer III pyramidal
neurons, we included in the extracellular solution 6,7-dinitro-
quinoxaline-2,3(1H,4H)-dione (10 �M) and dl-2-amino-5-
phosphonovaleric acid (50 �M) to block glutamatergic, and
bicuculline (10 �M) and CGP55845 (1 �M) to block GABAergic
transmission. Under these conditions, application of NE (100
�M) significantly reduced the frequency of action potential fir-
ing (28 � 5% of control, p � 0.001, Fig. 1, B and C) in 12 out of
12 pyramidal neurons examined suggesting thatNE reduces the
excitability of pyramidal neurons in layer III of the EC. The
EC50 of NE to reduce pyramidal neuron excitability was calcu-
lated to be 23 �M (Fig. 1D).
To test whether the inhibitory effect of NE on action poten-

tial firing frequency was mediated by NE-induced hyperpolar-
ization, we recordedNE-induced changes in restingmembrane
potential in the presence of bicuculline (10 �M), CGP55845 (1
�M), 6,7-dinitroquinoxaline-2,3(1H,4H)-dione (10 �M), dl-2-
amino-5-phosphonovaleric acid (50 �M), and tetrodotoxin (0.5
�M) to block potential indirect effects from synaptic transmis-
sion. A negative current (�50 pA for 500ms)was injected every
5 s to assess the changes of input resistance induced by NE (Fig.
1E). Under these circumstances, application of NE (100 �M)
generated membrane hyperpolarization (control: �61.6 � 0.8
mV; NE: �64.5 � 0.7 mV, n � 6, p � 0.002, Fig. 1, E and F) and
reduced the input resistance (control: 280.4 � 5.2 M	, NE:
188.1 � 7.9 M	; n � 6, p � 0.001, Fig. 1E) suggesting that NE
increases membrane conductance. We then used voltage-
clamp mode and recorded the holding currents at �55 mV, a
potential close to the resting membrane potential of these neu-
rons. Under these conditions, application of NE (100 �M) gen-
erated an outward holding current (maximal effect at the third
minute after the beginning of NE application, 20.4 � 1.6 pA,
n� 10, p� 0.001, Fig. 1G). Together, these results indicate that
NE inhibits the excitability of layer III pyramidal neurons by
generating membrane hyperpolarization in the EC.
About 54% of the neurons in layer II of the EC are responsive

to NE (27, 28). Our results demonstrated that every pyramidal
neuron examined in layer III of the EC was responsive to NE.
These results together indicate that NE inhibits the excitability

FIGURE 1. NE generates hyperpolarization in layer III pyramidal neurons
with no effects in layer V/VI of the EC. A, a picture taken under an infrared
microscope (Olympus BX51WI) with differential interference contrast optics
in low magnification showing different layers of the medial EC in slices.
B, action potentials recorded from a layer III pyramidal neuron prior to, during,
and after application of NE (100 �M). Note that NE reversibly inhibited the
firing frequency of action potentials. C, summarized time course of action
potential firing frequency recorded from 12 layer III pyramidal neurons. The
number of action potentials at each minute was normalized to that recorded
at 1 min prior to the application of NE. D, concentration-response curve of
NE-induced inhibition of action potential firing frequency. Numbers in paren-
thesis are numbers of cells recorded at each concentration. E, application of
NE (100 �M)-generated membrane hyperpolarization and reduced input
resistance in a layer III pyramidal neuron of the EC. Resting membrane poten-
tial was recorded in current-clamp mode and a hyperpolarizing current (�50
pA, 500 ms) was injected every 5 s to measure the input resistance. Note that
NE generated hyperpolarization and reduced input resistance. Inset, voltage
traces taken before (thin) and during (thick) the application of NE. F, summa-
rized data for NE-induced changes in resting membrane potentials. G, appli-
cation of NE (100 �M) induced an outward holding current (n � 10). Neurons
were held at �55 mV, and the holding currents were recorded every 3 s in the
extracellular solution supplemented with bicuculline (10 �M), CGP55845 (1
�M), 6,7-dinitroquinoxaline-2,3(1H,4H)-dione (10 �M), dl-2-amino-5-phos-
phonovaleric acid (50 �M), and tetrodotoxin (0.5 �M). The holding currents

were averaged per min, and NE-induced changes in holding currents were
calculated by subtracting the averaged holding currents at each min from the
holding current just prior to application of NE. Inset, holding currents prior to
(a) and during (b) the application of NE. H, application of NE (100 �M) failed to
change the holding currents recorded at �55 mV from the principal neurons
in layer V (n � 15) and layer VI (n � 10).
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of neurons in the superficial layers of the EC. However, the
effects of NE on the deep layer neurons have not been exam-
ined. We accordingly studied the effects of NE on neuronal
excitability in the deep layers by recording the holding currents
at�55mV fromneurons in layer V and layer VI. Larger pyram-
idal neurons are the principal cells in layer V whereas small,
densely packed neurons are the major cell type in layer VI.
However, application of NE (100 �M) failed to change the hold-
ing currents recorded from layer V (�4.5� 3.6 pA, n� 15, p�
0.23, Fig. 1H) and layer VI (1.1 � 1.0 pA, n � 10, p � 0.31, Fig.
1H) neurons. These results suggest that NE selectively inhibits
neuronal excitability in the superficial layers of the EC with no
effects on the deep layers. Because the maximal response ratio
was observed in layer III pyramidal neurons, we recorded from
this layer for the rest of the experiments to further explore the
mechanisms underlying NE-mediated inhibition in the EC.
NE Depresses Neuronal Excitability via Activation of �2A

ARs—NE possesses high potency for �1, �2, and �1 ARs but has
weak activity on �2 ARs. Activation of these receptors has been
shown to generate opposite effects in basolateral amygdala neu-
rons (41). We next examined the roles of these receptors in
NE-induced inhibition of neuronal excitability. Application of

corynathine (100 �M), a selective �1 AR blocker, failed to alter
NE-induced increases in outward holding currents (19.9 � 2.1
pA, n � 5, p � 0.001, Fig. 2A). Neither did application of pro-
pranolol (100 �M), a � AR antagonist, significantly change NE-
induced outward holding currents (21.9 � 4.3 pA, n � 5, p �
0.007, Fig. 2B). However, application of yohimbine (50 �M), an
�2 AR antagonist, completely prevented NE-induced changes
in outward holding currents (0.7 � 1.8 pA, n � 5, p � 0.73, Fig.
2C). Furthermore, application of UK14,304 (50 �M), a selective
�2 AR agonist, induced an outward holding current (13.8 � 1.9
pA, n� 5, p� 0.002, Fig. 2D). Collectively, these results suggest
thatNE inhibits neuronal excitability via activation of�2 ARs in
the EC.

�2 AR subtypes are classified as �2A, �2B, and �2C (31). We
next identified the roles of these three subtypes of �2 ARs in
NE-induced hyperpolarization by combining pharmacolog-
ical approaches and knock-out (KO) animal models. Pre-
treatment of slices with and continuous bath application of
BRL44408 (3 �M), a selective �2A AR blocker, significantly
reduced NE-induced increases in outward holding currents
(5.6 � 2.8 pA, n � 10, p � 0.001 versus NE alone, Fig. 2D),
whereas NE-induced increases in outward holding currents

FIGURE 2. NE-induced hyperpolarization is mediated by activation of �2A ARs. A, pretreatment of slices with and continuous bath application of coryn-
athine (100 �M), an �1 AR inhibitor, did not block NE-induced increases in outward holding currents (n � 5). B, pretreatment of slices with and continuous bath
application of propranolol (100 �M), a � AR inhibitor, did not block NE-induced increases in outward holding currents (n � 5). C, pretreatment of slices with and
continuous bath application of yohimbine (50 �M), a �2 AR inhibitor, completely blocked NE-induced increases in outward holding currents (n � 5). D, Bath
application of UK14,304 (50 �M), an �2 AR agonist, induced an outward holding current (n � 5). Pretreatment of slices with and continuous bath application of
BRL44408 (3 �M), an �2A AR antagonist, significantly reduced NE-induced increases in outward holding currents (n � 10), whereas application of imiloxan (3 �M,
n � 6), an �2B AR antagonist, or MK-912 (3 �M, n � 7), an �2C AR antagonist, failed to alter NE-induced increases in outward holding currents. E, application of
NE (100 �M) did not change the holding currents significantly in 16 slices cut from 3 �2A KO mice, whereas NE-induced outward holding currents were still
observed in 12 slices cut from 3 wild-type mice and 13 slices cut from 3 �2C KO mice. F, immunoreactivity of �2A ARs was detected in the EC. The right panel is
the enlargement of the selected region in the left panel. G, Western blot demonstrated the expression of �2A ARs in the EC. Lysates of the tissues taken from the
medial EC were loaded to the gel and blotted against the �2A AR antibody. A band of �67 kDa was detected, whereas no band was observed when the �2A AR
antibody was pretreated with the corresponding blocking peptide. H, immunoreactivity to �2A ARs was observed only in HEK293 cells transfected with both
GFP and �2A ARs (upper panel), but not in HEK293 cells transfected with GFP alone (lower panel) corroborating the specificity of �2A AR antibody. Scale bars equal
20 �m.
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were not significantly altered when slices were treated in the
same fashion with imiloxan (3 �M, 17.9 � 1.9 pA, n � 6, p �
0.36 versusNE alone, Fig. 2D), a selective �2B AR antagonist, or
MK-912 (3 �M, 17.1 � 2.5 pA, n � 7, p � 0.27 versus NE
alone, Fig. 2D), a selective �2C AR antagonist. In accordance
with these pharmacological results, application of NE (100
�M) failed to alter the holding currents significantly in 16
slices cut from 3 �2A KO mice (42) (0.6 � 0.8 pA, n � 16
slices, p � 0.42, Fig. 2E), whereas NE-induced outward hold-
ing currents were still observed in �2C KO mice (42) (18.6 �
2.2 pA, n � 13 slices from 3 mice, p � 0.001, Fig. 2E) and
wild-type mice (21.4 � 2.4 pA, n � 12 slices from 3 wild-type
mice, p � 0.001, Fig. 2E). Together, these results indicate
that NE inhibits the excitability of pyramidal neurons by
activating �2A ARs.

To confirm the electrophysiological data further, we used
immunocytochemistry and Western blot to detect the expres-
sion of �2A ARs in the EC. Immunoreactivity of �2A ARs was
detected in both the superficial and deep layers (Fig. 2F). A band
of�67 kDa was detected from the lysates of the EC byWestern
blot (Fig. 2G), consistent with the reported molecular mass of
�2A ARs (43). The specificity of �2A AR antibody was further
confirmed by the result showing that the immunofluorescence
of �2A ARs was detected only in HEK293 cells co-expressing
�2AARs andGFPbut not inHEK293 cells expressingGFP alone
(Fig. 2H).
NE-induced Hyperpolarization Is Dependent on G�i Proteins

and Requires PKA Activity—�2A ARs are coupled to G�i pro-
teins resulting in inhibition of cAMP production and PKA
activity (31). We next examined the roles of this intracellular
pathway in NE-induced inhibition of neuronal excitability in
the EC. We replaced the intracellular GTP with GDP-�-S (4
mM), a G-protein inactivator, and recorded NE-induced
changes in holding currents at �55 mV. In the presence of
GDP-�-S, NE did not significantly change the holding currents
(�9.4 � 3.6 pA, n � 5, p � 0.06, Fig. 3A) suggesting that NE-
induced hyperpolarization is G-protein-dependent. We then
identified the roles of G�i proteins by using pertussis toxin
(PTX), an inhibitor of G�i/o proteins. Slices were pretreated
with PTX (500ng/ml) in the extracellular solution continuously
oxygenatedwith 95%O2 and 5%CO2 for�8 h. Bath application
of NE (100 �M) failed to significantly increase the outward
holding currents in slices pretreated with PTX (2.4 � 1.1 pA,
n � 5, p � 0.001, Fig. 3B), whereas treatment of slices for the
same period in the same condition without PTX failed to
change NE-induced increases in outward holding currents
(24.5 � 3.6 pA, n � 5, p � 0.003, data not shown) suggesting
that the PTX-sensitive G-proteins are involved in NE-induced
inhibition of neuronal excitability in the EC.
The primary function of�2AARs is to inhibit adenylyl cyclase

(AC) activity and to reduce the levels of cAMP thereby resulting
in an inhibition of PKA (31). We next determined the roles of
AC and PKA in NE-induced hyperpolarization. Intracellular
dialysis of MDL-12,330A (2 mM), an AC inhibitor, via the
recording pipettes for �30 min induced an outward holding
current (35.4� 8.3 pA,n� 8, p� 0.004, Fig. 3C). Application of
NE (100 �M) in the continuous presence of MDL-12,330A
failed to further increase the outward holding currents signifi-

cantly (0.3� 0.9 pA,n� 8, p� 0.75, Fig. 3C) suggesting that the
activity of AC is required for NE-induced hyperpolarization.
Likewise, intracellular application of (Rp)-cAMPS (1 mM), a
specific PKA inhibitor, via the recording pipettes for �20 min
after the formation of whole cell configuration induced an out-
ward holding current (37.8� 13.1 pA, n� 6, p� 0.03, Fig. 3D).
Subsequent application of NE (100 �M) did not significantly
increase the outward holding currents (0.9� 1.6 pA, n� 6, p�
0.6, Fig. 3D).

FIGURE 3. NE-mediated hyperpolarization in layer III pyramidal neurons
of the EC requires the functions of inhibitory G-proteins (G�i), AC, and
PKA. A, intracellular application of GDP-�-S (4 mM) via the recording pipettes
blocked NE-induced increases in outward holding currents (n � 5). NE was
applied after the formation of whole cell configuration for 
20 min to allow
the diffusion of GDP-�-S into cells. B, application of NE (100 �M) failed to
induce an outward holding current in slices pretreated with pertussis toxin
for �8 h (n � 5). C, intracellular dialysis of MDL-12,330A (2 mM) via the record-
ing pipettes generated an outward holding current per se, and subsequent
application of NE (100 �M) in the presence of MDL-12,330A did not signifi-
cantly alter the holding currents (n � 8). Holding currents were recorded
immediately after the formation of whole cell configuration and zeroed by
subtracting the holding current at 1 min prior to the application of NE. D,
intracellular dialysis of (Rp)-cAMPS (1 mM) via the recording pipettes gener-
ated an outward holding current per se and blocked NE-induced increases in
outward holding currents (n � 6). Holding currents were recorded immedi-
ately after the formation of whole cell configuration and zeroed by subtract-
ing the holding current at 1 min prior to the application of NE. E, bath appli-
cation of forskolin (20 �M) and 3-isobutyl-1-methylxanthine (IBMX, 1 mM) to
increase intracellular cAMP concentration induced an inward holding cur-
rent, and subsequent application of NE (100 �M) in the presence of forskolin
and 3-isobutyl-1-methylxanthine induced a smaller outward holding current
(n � 5). Holding currents were zeroed by subtracting the current recorded at
1 min before application of NE. F, bath application of 8-CPT-cAMP (500 �M), a
membrane-permeable cAMP analog, induced an inward holding current and
reduced NE-induced increases in outward holding current (n � 6).
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The above results support the notion that AC-cAMP-PKA
pathway has a tonic control over the holding currents and NE-
induced hyperpolarization is mediated by inhibiting this path-
way. If this is the case, elevation of intracellular cAMP level
should generate depolarization and alleviate the hyperpolariz-
ing effect ofNE.We therefore bath-applied forskolin (20�M, an
AC activator) and 3-isobutyl-1-methylxanthine (1 mM, a phos-
phodiesterase inhibitor) to increase intracellular cAMP con-
centration. This treatment generated an inward holding cur-
rent (�23.9 � 3.8 pA, n � 5, p � 0.003, Fig. 3E) suggesting that
increases in intracellular cAMP concentration produce depo-
larization. In the presence of forskolin and 3-isobutyl-1-meth-
ylxanthine, application of NE (100 �M) generated a much
smaller increase in outward holding currents (9.3� 1.0 pA, n�
5) comparedwith control (20.4� 1.6 pA, n� 10, p� 0.001, Fig.
3E). Similarly, bath application of 8-CPT-cAMP (500 �M), a
membrane-permeant cAMP analog, induced an inward hold-
ing current (�24.3 � 4.9 pA, n � 6, p � 0.004, Fig. 3F) and
significantly reducedNE-induced increases in outward holding
currents (control: 20.4 � 1.6 pA, n � 10, 8-CPT-cAMP: 8.7 �
0.3 pA, n � 6, p � 0.001, Fig. 3F). Together, these results indi-
cate that activation of �2A ARs activates G�i resulting in an
inhibition of theAC-cAMP-PKApathway to decrease neuronal
excitability in the EC.
NE-induced Hyperpolarization Is Mediated by Activation of

Two-pore Domain K� Channels—We then tested the hypoth-
esis that NE generates membrane hyperpolarization by activat-
ing a background K� conductance. First, we replaced the intra-
cellular K� with the same concentration of Cs� on the basis
that, if K� channels are involved, replacement of intracellular
K� with Cs� should block NE-induced increases in outward
holding currents, because K� channels are not permeable to
intracellular Cs�. Application of NE (100 �M) did not signifi-
cantly change the holding currents (0.4 � 0.6 pA, n � 8, p �
0.49, Fig. 4A) when intracellular K� was replaced by Cs�. Sec-
ond, if NE generates hyperpolarization via activation of K�

channels, the NE-induced currents should have a reversal
potential that is close to the reversal potential of K�. Wemeas-
ured the reversal potential of the NE-induced currents using a
ramp protocol (from�140mV to�70mV) prior to and during
the application of NE. Application of NE (100 �M) in the pres-
ence of 3.5 mM K� induced a net current that had a reversal
potential of �97.7 � 1.6 mV (n � 6, Fig. 4B), close to the theo-
retical K� reversal potential calculated by the Nernst equation
(�92.2 mV) suggesting that NE produces membrane hyperpo-
larization by activating a backgroundK� conductance. Third, if
NE-induced hyperpolarization was mediated by activation of
K� channels, increases in extracellular K� concentration
should reduce K� concentration gradient and diminish NE-in-
duced increases in outward holding currents. Elevation of
extracellular K� concentration to 10 mM significantly reduced
NE-induced enhancement of outwardholding currents (3.5mM
K�: 20.4 � 1.6 pA, n � 10, 10 mM K�: 1.1 � 1.3 pA, n � 6, p �
0.001, Fig. 4C). Together, these results indicate that NE gener-
ates membrane hyperpolarization by activating a background
K� conductance.

We then determined the properties of the K� channels
involved inNE-induced hyperpolarization by applying the clas-

sic K� channel blockers. NE-induced increases in outward
holding currents were not significantly altered by including, in
the extracellular solution, tetraethylammonium (TEA, 10 mM,
17.5� 3.3 pA,n� 5, p� 0.4, Fig. 4C), Cs� (3mM, 15.9� 2.3 pA,
n� 6, p� 0.12, Fig. 4C), and 4-aminopyridine (2mM, 15.5� 1.5
pA, n � 5, p � 0.1, Fig. 4C) suggesting that NE-activated K�

channels are insensitive to the classic K� channel blockers.
Whereas inward rectifier K� channels are involved in control-
ling resting membrane potential, they are unlikely to be the
channels activated by NE, because these channels are also sen-
sitive to TEA and Cs�. Moreover, application of the inward
rectifier K� channel blocker, tertiapin (50 nM), failed to block
the effect of NE (16.1 � 2.6 pA, n � 5, p � 0.2, versusNE alone,
Fig. 4C).
The two-pore domain K� channels (K2P) are involved in

controlling resting membrane potentials, and they are insen-
sitive to the classic K� channel blockers (TEA, 4-aminopy-
ridine, and Cs�). We next examined the roles of K2P in NE-
induced membrane hyperpolarization. K2P channels are
grouped according to sequence and functional similarities
into six subfamilies: TWIK, THIK, TREK, TASK, TALK, and
TRESK (44, 45), some of which are sensitive to Ba2�. We
therefore tested the roles of Ba2� in NE-induced membrane
hyperpolarization. Inclusion of Ba2� (3 mM) in the extracel-

FIGURE 4. NE-mediated hyperpolarization is mediated by activation of a
background K� channel. A, replacing K� in the intracellular solution with
the same concentration of Cs� blocked NE-induced increases in outward
holding currents (n � 8). B, voltage-current relationship induced by a ramp
protocol from �140 mV to �70 mV at a speed of 0.1 mV/ms prior to and
during the application of NE (100 �M). Subtraction of the current prior to from
the current during the application of NE generated a net current. The traces
were averages from six cells. Note that the reversal potential was �97.7 � 1.6
mV (n � 6), close to the calculated K� reversal potential (�92.2 mV). C, NE-in-
duced increases in outward holding currents were insensitive to extracellular
application of the classic K� channel blockers (TEA, 10 mM, n � 5, p � 0.4; Cs�,
3 mM, n � 6, p � 0.12; 4-aminopyridine (4-AP), 2 mM, n � 5, p � 0.1; tertiapin,
50 nM, n � 5, p � 0.2, versus application of NE alone) but significantly reduced
when the extracellular K� concentration was increased to 10 mM (n � 6, p �
0.001). D, inclusion of Ba2� (3 mM) in the extracellular solution induced an
inward holding current per se but prevented NE-induced increases in outward
holding currents (n � 6).
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lular solution per se generated an inward holding current
(�47.8 � 13.0 pA, n � 6, p � 0.02, Fig. 4D) suggesting that
Ba2�-sensitive K2P channels contribute substantially to con-
trolling resting membrane potentials in layer III pyramidal
neurons. In the presence of Ba2�, application of NE (100 �M)
failed to change the holding currents significantly (�1.6 �
3.1 pA, n � 6, p � 0.6, Fig. 4D). This result suggests that
NE-induced membrane hyperpolarization is mediated by a
Ba2�-sensitive K2P channel.
TREK-2 Channels Are Required for NE-induced Hyper-

polarization—We took the advantage that the sensitivities of
K2P channels to Ba2� have been well documented to further
identify the involved type(s) of K2P channels. Among the K2P
channels, TASK-1 (46), TASK-3 (46, 47), TREK-1 (48), TREK-2
(46), TWIK-1 (49), and TRESK (50) are sensitive to Ba2�.
Because our results showed that NE-mediated hyperpolariza-
tion was sensitive to Ba2�, it was reasonable to speculate that
the effects of NEweremediated via activation of one ormore of
these K2P channels. Because specific blockers for these K2P

channels are not available, we tried to identify the roles of these
K2P channels in NE-induced hyperpolarization by applying, via
the recording pipettes, their specific antibodies. The rationale
for this experimentwas that the epitopes for all these antibodies
are located to the intracellular C orN terminus of the K2P chan-
nels (51), and the specific bindings of the large IgGmolecules to
the channels would interfere with the functions of the channels
and block or at least reduce the effects of NE. To ensure com-
plete intracellular dialysis of these antibodies because they are
large IgGmolecules, wewaited for�65min after the formation
of whole cell recordings. We initially tested whether long-time
infusion of antibody had any nonspecific effects onNE-induced
increases in outward holding currents. Application of control
IgG (40 �g/ml) via the recording pipettes did not significantly
changeNE-induced outward holding currents (Control: 20.4�
1.6 pA, n � 10, IgG: 21.6 � 2.1 pA, n � 5, p � 0.67, Student’s
unpaired t test) suggesting that intracellular infusion of IgGhad
no nonspecific effects on NE-induced increases in outward
holding currents. Intracellular application of antibodies to
TASK-1 (n� 5, p� 0.37, Fig. 5A), TASK-3 (n� 5, p� 0.25, Fig.
5B), TWIK-1 (n � 5, p � 0.99, Fig. 5C), TRESK (n � 5, p � 0.6,
Fig. 5D), and TREK-1 (n � 5, p � 0.32, Fig. 5E) failed to change
NE-induced increases in outward holding currents significantly
compared with the effect of NE when control IgG was applied
via the recording pipettes. However, application of antibody to
TREK-2 significantly reduced NE-induced increases in out-
ward holding currents (2.9 � 0.9 pA, n � 6, p � 0.001 versus
control IgG, Fig. 5F). These results indicate that NE inhibits
neuronal excitability selectively by activating TREK-2 channels
in the EC. We further corroborated the expression of TREK-2
channels in the ECby immunocytochemistry andWestern blot.
Immunoreactivity of TREK-2 channels was detected in each
layer of the EC (Fig. 6A). The expression of TREK-2 channel
proteins in the EC was confirmed byWestern blot. A band that
had a molecular mass of �59 kDa was detected in the lysates of
the EC, whereas pretreatment of the TREK-2 antibody with the
corresponding blocking peptide prevented the detection of the
band (Fig. 6B). Themeasuredmolecularweight forTREK-2was
close to the reported molecular weight of TREK-2 (52, 53). To
test the specificity of the TREK-2 antibody further, we trans-

fected HEK293 cells with GFP alone
or GFP plus TREK-2 channels.
Immunoreactivity of TREK-2 chan-
nels was detected only in HEK293
cells transfected with both GFP and
TREK-2 channels but not in
HEK293 cells transfected with GFP
alone (Fig. 6C).
One may argue that the above

negative results obtained by apply-
ing the antibodies to TASK-1,
TASK-3, TREK-1, TWIK-1, and
TRESK via the recording pipettes
were due to the inability of these
antibodies to recognize the native
conformation of these channels.We
addressed this issue by applying, via
the recording pipettes, the antibod-

FIGURE 5. TREK-2 channels are required for NE-mediated hyperpolariza-
tion in layer III pyramidal neurons of the EC. A–E, intracellular infusion of
normal IgG (n � 5) or antibodies to TASK-1 (A, n � 5), TASK-3 (B, n � 5), TWIK-1
(C, n � 5), TRESK (D, n � 5), and TREK-1 (E, n � 5) at 40 �g/ml failed to
significantly change NE-induced increases in outward holding current.
F, intracellular infusion of antibody to TREK-2 (40 �g/ml, n � 6) prevented
NE-induced increases in outward holding currents.

FIGURE 6. The EC expresses high density of TREK-2 channels. A, immunoreactivity to TREK-2 channels was
detected in each layer of the EC. The right panel is the enlargement of the selected region in the left panel.
B, Western blot detected a band that had a molecular mass of �59 kDa in the lysate of the EC. Preincubation of
TREK-2 antibody with the corresponding blocking peptide prevented the detection of the band. C, the speci-
ficity of the TREK-2 antibody was confirmed by expressing TREK-2 channels in HEK293 cells. Immunoreactivity
to TREK-2 channels was observed only in HEK293 cells transfected with both GFP and TREK-2 channels (upper
panel), but not in HEK293 cells transfected with GFP alone (lower panel). Scale bars, 20 �m.
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ies of individual K2P channels to the HEK293 cells expressing
the corresponding K2P channels and recorded the changes of
the holding currents at �55 mV. The rationale for this experi-
ment was that, if the antibodies of the K2P channels were effec-
tive at recognizing their corresponding channels, intracellular
dialysis of these antibodies would lead to an inhibition of the
currents generated by these channels. In agreement with our
expectation, intracellular dialysis of these antibodies generated
an inhibition of the channel function by producing an inward
holding current whereas intracellular application of irrelevant
antibodies failed to change the holding currents significantly
(supplemental Fig. S1). These data indicate that the ineffective-
ness of the antibodies to TASK-1, TASK-3, TREK-1, TWIK-1,
and TRESK to block the effect of NE was unlikely due to the
inability of these antibodies to recognize the native channels.
To further confirm the roles of TREK-2 channels in NE-me-

diated hyperpolarization, we co-transfected �2A ARs with
TREK-2 channels in HEK293 cells and recorded the holding
currents at �55 mV from the transfected cells. Application of
NE (100 �M) generated an outward holding current in the cells
co-transfected with �2A ARs and TREK-2 channels (229.3 �
39.9 pA, n � 9, p � 0.001, Fig. 7, A and B), whereas application
of the same concentration of NE failed to significantly change
the holding currents in HEK293 cells transfected with TREK-2
channels alone (9.3 � 12.4 pA, n � 5, p � 0.49, Fig. 7, A and B).
To test whether the effects of NE on the holding currents in the

transfected cells were mediated by
K� channels, we applied a ramp
protocol (from �140 mV to �60
mV at a rate of 0.1 mV/ms) before
and during the application of NE.
The reversal potential for the NE-
induced currents was �93.8 � 1.4
mV (n � 9) in cells co-transfected
with �2A ARs and TREK-2 (Fig. 7C).
The measured reversal potential
was close to the calculated K�

reversal potential (�96.1 mV) in
our recording conditions suggesting
that the effects of NEweremediated
by inhibition of TREK-2 channels in
the transfected cells.
NE-mediated Hyperpolarization

Is Dependent on PKA-mediated
Phosphorylation on Serine 359 of
TREK-2 Channels—Up to now, our
results support an action mode in
which activation of �2A ARs by NE
activates G�i proteins resulting in
decreased activity of AC-cAMP-
PKA pathway and increased func-
tion of TREK-2 channels to gener-
ate hyperpolarization in the EC.
Consistent with our results, both
TREK-1 (48, 54) and TREK-2 (55,
56) channels are inhibited by PKA-
mediated phosphorylation. TREK-2
channels are phosphorylated by

PKA on serine 359 of the C terminus (56). Accordingly, we
tested the role of this phosphorylation site in NE-mediated
hyperpolarization. We co-expressed in HEK239 cells �2A ARs
with a mutant TREK-2 channel in which serine 359 was
mutated to alanine (S359A) (36) to nullify PKA-mediated phos-
phorylation of TREK-2 channels. Alanine substitution of this
site did not prevent the expression and functions of TREK-2
channels inHEK293 cells (36). However, application ofNE (100
�M) failed to change the holding currents significantly in
HEK293 cells co-expressing S359Amutant and �2A ARs (4.5�
2.7 pA, n � 9, p � 0.14, Fig. 7, D and E), and there was little
change in the voltage-current relationship when NE was
applied (Fig. 7F). Together, these results indicate that serine
359, the PKA phosphorylation site on TREK-2 channels, is
necessary for NE-mediated hyperpolarization.

DISCUSSION

In the present study, we have addressed four questions that
are essential for understanding NE-induced inhibition of neu-
ronal excitability in the EC. First, we systematically examined
the effects ofNEonneuronal excitability in each layer of the EC,
and our results reveal that NE only inhibits neuronal excitabil-
ity in the superficial layers with the highest response ratio in
layer III pyramidal neurons. NE does not alter the excitabilities
of neurons located in the deep layers (layer V/VI) suggesting
that NE inhibits the inflow of excitatory information from the

FIGURE 7. Serine 359, the PKA phosphorylation site on TREK-2 channels, is required for NE-mediated
activation of TREK-2 channels in HEK293 cells co-expressing �2A ARs and TREK-2 channels. A, holding
currents recorded at �55 mV from a HEK293 cell expressing TREK-2 channels alone (left) and from a HEK293 cell
expressing TREK-2 channels together with �2A ARs (right) before and during the application of NE (100 �M).
Note that application of NE had little effects on the holding currents in the HEK293 cell expressing TREK-2
channels alone but induced an outward current in the HEK293 cell co-expressing TREK-2 channels and �2A ARs.
B, pooled data from nine HEK293 cells co-expressing �2A ARs and TREK-2 channels and five HEK293 cells
expressing TREK-2 channels alone. C, the NE-induced outward currents had a reversal potential of �93 mV that
was close to the reversal potential of K� (�96.1 mV) suggesting that the effect of NE was mediated by activa-
tion of TREK-2 channels. D, current traces recorded from a HEK293 cell co-expressing �2A ARs and the mutated
TREK-2 channels in which serine 359 was replaced with alanine (S359A) before and during the application of NE
(100 �M). Note that application of NE failed to change the holding currents in this condition. E, summarized
data from nine HEK293 cells co-expressing �2A ARs and TREK-2 S359A mutant. F, application of NE (100 �M) did
not induce noticeable difference for the voltage-current relationship in HEK293 cells co-expressing �2A ARs
and TREK-2 S359A mutant.
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EC to the hippocampus. Second, using both pharmacological
methods and knockout animal models we have identified that
�2AARs are required forNE-mediated hyperpolarization in the
EC. Third, we have found that TREK-2 channels are the types of
K� channels that are involved inNE-inducedhyperpolarization
in the EC. Finally, we have determined that NE-mediated inhi-
bition of entorhinal neurons requires the functions of G�i pro-
teins and AC-cAMP-PKA pathway. As schematically illus-
trated in Fig. 8, our results support an action mode in which
activation of �2A ARs by NE down-regulates AC-cAMP-PKA
pathway and disinhibits the tonic inhibition of TREK-2 chan-
nels by this pathway resulting in a depression of EC neuronal
excitability.
Ionic Mechanisms underlying NE-mediated Inhibition of

Neuronal Excitability in the EC—Background K� channels are
the major determinants of neuronal membrane potential, and
their functional modification is one of the principal mecha-
nisms by which neurotransmitters modulate neuronal excit-
ability. K2P channels are themajorK� channels that are respon-
sible for controlling restingmembrane potentials. K2P channels
can be grouped according to sequence and functional similari-
ties into six subfamilies: TWIK, THIK, TREK, TASK, TALK,
and TRESK (44). Our results for the first time reveal that NE
inhibits the excitability of entorhinal neurons, particularly the
layer III pyramidal neurons, by activating TREK-2, a type of K2P
channels based on the following bodies of evidence. First,
TREK-2 channels are K2P channels that are sensitive to Ba2�

(46), and our results showed that NE-mediated hyperpolariza-
tion was blocked by bath application of Ba2�. Second, intracel-
lular infusion of antibody specific for TREK-2 channels blocked
NE-induced hyperpolarization. Third, application of NE
induced membrane hyperpolarization in HEK293 cells co-ex-
pressing �2A ARs with TREK-2 channels suggesting that acti-
vation of �2A ARs up-regulates TREK-2 channels. Fourth,
application of NE failed to generate membrane hyperpolariza-
tion in HEK293 cells co-expressing �2A ARs with the mutant
TREK-2 channels inwhich the PKA-mediated phosphorylation
site, serine 359, was mutated to alanine.
Signal Transduction Mechanisms Whereby NE Inhibits Neu-

ronal Excitability in the EC—G-protein-coupled receptors are
the major modulators of K2P channels. Among the K2P chan-
nels, TASK-1 (57), TASK-3 (57), TREK-1 (54), TREK-2 (36, 55),

and TWIK-1 (35) are reported to be modulated by G-protein-
coupled receptors, including the G�q-, G�s-, and G�i-coupled
receptors. Activation of G�q- and G�s-coupled receptors usu-
ally inhibits (36, 55, 57), whereas stimulation of G�i-coupled
receptors facilitates (35, 55), K2P channels. G�q-induced inhi-
bition of K2P channels could be mediated via intracellular sin-
gling molecules (58–60) or direct G-protein coupling (32, 57),
whereas G�i-induced activation may require intracellular sig-
nals, because G�i does not directly interact with K2P channels
(57). Among the K2P channels, TREK-1 (48, 54) and TREK-2
(55) channels contain the phosphorylation site for PKA. Serine
333 in TREK-1 (54) and serine 359 in TREK-2 (56) are the puta-
tive PKA phosphorylation sites, and activation of PKA down-
regulates channel activities. �2 ARs are coupled to G�i proteins
resulting in inhibition of AC and subsequent reduction in intra-
cellular cAMP production and inhibition of PKA (31). Our
results demonstrate that this pathway is required for NE-medi-
ated inhibition of entorhinal neurons based on the following
arrays of evidence. First, intracellular application of GDP-�-S
blocked NE-induced hyperpolarization suggesting that the
function of G-proteins is required for the effects of NE. Second,
the type of G-protein is identified to be G�i because pretreat-
ment of slices with PTX blocked NE-induced hyperpolariza-
tion. Third, application of MDL-12,330A, an AC inhibitor,
blocked NE-induced increases in outward holding currents.
Fourth, intracellular application of (Rp)-cAMPS, a specific PKA
inhibitor, blocked NE-induced increases in outward holding
currents. Finally, application of NE failed to induce membrane
hyperpolarization in HEK293 cells co-expressing �2A ARs with
the mutated TREK-2 channels in which the PKA phosphoryla-
tion site, serine 359, was mutated to alanine. Together, our
results support a scenario inwhich�2AAR-mediated activation
of G�i leads to a down-regulation of PKA activity resulting in a
reduction in the tonic inhibition of TREK-2 channels mediated
by PKA. The ultimate result is an up-regulation of TREK-2
channels and hyperpolarization of entorhinal neurons (Fig. 8).
Physiological and Pathological Significances—Neurons in the

superficial and deep layers of the EC have distinct functions.
Whereas neurons in the superficial layers convey information
to the hippocampus, those in the deep layers are the recipients
of hippocampal output, and they project the information back
to the superficial layers or to other cortices. Our results show
that NE inhibits neuronal excitability in the superficial layers
with no effects on the deep layers suggesting that NE inhibits
the inflowof excitatory inputs from the EC to the hippocampus.
Although the reasons thatNE failed tomodulate the excitability
of neurons in the deep layers are unknown, it seems unlikely
that lack of �2A ARs and TREK-2 channels in the deep layer
neurons is responsible for the negative results of NE, because
these neurons express �2A ARs (Fig. 2F) and TREK-2 channels
(Fig. 6A). Because NE-mediated depression of neuronal excit-
ability requires collaborative efforts of other signals, including
G-proteins, AC, cAMP, and PKA, it is conceivable to speculate
that one ormore of thesemolecules may bemissing in the deep
layers of the EC. Because there are numerous isoforms for these
intracellular signals, one explanation for the negative results of
NE in the deep layers is that the specific isoform of these mol-
ecules essential for NE-induced hyperpolarization is not

FIGURE 8. Schematic diagram illustrating the signal transduction path-
way involved in NE-mediated activation of TREK-2 channels. NE activates
�2A ARs resulting in activation of the inhibitory G-proteins (G�i). Activation of
G�i inhibits the activity of adenylyl cyclase (AC) leading to a reduction of
cAMP from ATP and an inhibition of PKA activity. Normally, PKA exerts a tonic
inhibition on TREK-2 channels by phosphorylating serine 359 on TREK-2 chan-
nels. NE-mediated inhibition of PKA annuls PKA-mediated tonic inhibition of
TREK-2 channels, and thus, increases the function of TREK-2 channels. The
ultimate result is the inhibition of neuronal excitability in the EC.
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expressed by the deep layer neurons. Further experiments will
be performed to address this issue in the future. Whereas NE
generates membrane hyperpolarization in �54% of the neu-
rons in layer II (28), our results demonstrate that NE-mediated
hyperpolarization is observable in each of the pyramidal neu-
rons examined in layer III suggesting that themajor effect ofNE
is on layer III pyramidal neurons. Because the axons of the neu-
rons in layers II and III form two parallel pathways to the hip-
pocampus and exert distinct functions in spatial learning (61),
the uneven effects ofNE on these two layer neuronsmay under-
lie separate roles of NE in different patterns of memories. Fur-
thermore, layer III pyramidal neurons are selectively lost during
epilepsy (39, 40), the high response ratio to NE observed in this
layer enlightens an important role of NE in epilepsy as well.
Whereas the resting membrane potentials of the layer III neu-
rons are close to �60mVwhich prevents spontaneous firing of
these neurons, NE remarkably inhibits the firing frequency of
action potentials once they are evoked. The fact that epilepsy is
a disorder in which neuronal excitability is significantly
enhanced further highlights the antiepileptic role of NE.
NE exerts potent depression in the EC via at least three ave-

nues. First, our previous results have revealed thatNE facilitates
GABAergic transmission via �1 ARs (29). Second, it has been
shown that NE inhibits neuronal excitability in a proportion
(�54%) of layer II neurons (28), and our present results indicate
that the excitabilities of each of the layer III pyramidal neurons
examined are inhibited byNE via�2A ARs. Third, NE depresses
glutamatergic transmission in the superficial layers of the EC
(27). The synergistic interactions of thesemechanisms result in
powerful inhibition in the EC, which likely underscores NE-in-
duced antiepileptic actions (22, 30). Furthermore, NE has been
implicated in the modulation of learning and memory.
Whereas activation of �2A ARs is believed to impair memory
(62–64), the underlying cellular and molecular mechanisms
remain unexplored. Our results could explain the detrimental
effects of �2A AR activation on memory, because inhibition of
the excitability of the neurons in the superficial layers of the EC
likely limits the inflow of excitatory inputs to the hippocampus
and depresses cognitive functions. In conclusion, our results pro-
vide a novel cellular and signaling mechanism to explain at least
the roles of NE in some physiological functions such as learning
andmemory and pathological diseases such as epilepsy.
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