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Cellular/Molecular

The Sleep-Modulating Peptide Cortistatin Augments the
h-Current in Hippocampal Neurons
Paul Schweitzer, Samuel G. Madamba, and George R. Siggins
Department of Neuropharmacology, The Scripps Research Institute, La Jolla, California 92037

Cortistatin (CST) is a sleep-modulating peptide found exclusively in the brain. Although CST is closely related to somatostatin (SST) and
binds to SST receptors, CST has effects on sleep and neuronal activity in cortex and hippocampus that differ from SST. To uncover the
cellular mechanisms affected by CST, we studied the electrophysiological postsynaptic effects of CST and assessed its interaction with SST
on hippocampal CA1 pyramidal neurons. CST altered intrinsic membrane properties and occluded SST effects, indicating that both
peptides similarly augment the sustained K ⫹ M- and leak-currents (IM and IK(L) ). In the presence of SST, however, CST elicited an
additional inwardly rectifying component in the hyperpolarized range. This effect was unaffected by barium, used to block K ⫹ currents,
but was completely prevented by the selective h-current (Ih ) blocker ZD7288. CST, but not SST, selectively increased Ih in a concentrationdependent manner by augmenting its maximum conductance. CST did not shift the Ih activation curve, and the peptide effect was
unaffected by a membrane-permeable analog of cAMP. We conclude that CST and SST similarly increase K ⫹ conductances in hippocampal neurons, most likely by activating SST receptors. However, CST additionally augments Ih , a voltage-dependent current that plays a key
role in the modulation of synaptic integration and regulates oscillatory activity. Our results indicate that CST targets a specific conductance unaffected by SST to modulate cellular mechanisms implicated in sleep regulation.
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Introduction
Cortistatin (CST) is a recently discovered peptide closely related
to somatostatin (SST). Whereas SST is present in brain, gut, and
pancreas, CST is found only in the brain, principally in cortical
and hippocampal interneurons (De Lecea et al., 1996). CST and
SST are the products of different genes, and fewer than half of the
CST-expressing neurons also contain SST (De Lecea et al., 1997).
CST binds to all five known SST receptors with high affinity
(Csaba and Dournaud, 2001) and produces physiological effects
similar to those of SST. Thus, the peptides depress hippocampal
activity in vitro and in vivo (De Lecea et al., 1996), augment K ⫹
conductances in hippocampus and locus ceruleus (De Lecea et
al., 1996; Connor et al., 1997), depress the glutamate response in
hypothalamic neurons (Vasilaki et al., 1998), and exhibit anticonvulsive properties (Braun et al., 1998). However, CST also
elicits physiological effects distinct or opposite to those of SST
and is believed to be an endogenous regulator of sleep: CST induces slow-wave sleep (SST increases rapid eye movement sleep)
and prevents the excitatory effects of acetylcholine (SST enhances
such effects) (De Lecea et al., 1996). These differences are likely to
arise from modulation of distinctive cellular mechanisms, but
little is known about the neuronal site of action of CST. Such
mechanisms need to be characterized to further understand the
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role and function of CST and how it differentially modulates
sleep physiology.
Brain rhythms that affect behavioral states such as sleep are
shaped in part by sustained conductances that support the electrical resonance and oscillatory activity of neuronal networks
(Pape, 1996; Hutcheon and Yarom, 2000). In hippocampus, in
which CST is abundantly expressed, pyramidal neurons are key
players in the modulation of network oscillatory rhythms. These
principal cells are under the tonic control of sustained conductances active at or near resting potential, such as the K ⫹ IM and
IK(L) and the cation Ih (Halliwell and Adams, 1982; Brown et al.,
1990). The voltage-dependent inward rectifier Ih (previously
termed IQ) and outward rectifier IM participate in theta resonance (Hu et al., 2002). Ih is also implicated in hippocampal
gamma oscillations and synaptic integrative mechanisms (Magee, 2000; Fisahn et al., 2002) and plays a key role in the generation and control of rhythmic activity, especially thalamic oscillations associated with sleep patterns (Pape, 1996; Luthi and
McCormick, 1998). SST inhibits CA1 pyramidal neurons via augmentation of IM and IK(L) but does not affect Ih (Moore et al.,
1988; Schweitzer et al., 1998), and CST also augments IM (De
Lecea et al., 1996). The aim of this study was to uncover cellular
mechanisms specific to CST to better delineate its distinct physiological effects. We investigated the postsynaptic effects of CST
in parallel with those of SST and found that CST specifically
augments Ih, pointing to a CST site of action unaffected by SST.

Materials and Methods
Slice preparation. We used standard intracellular recording techniques in
rat hippocampal slices as described previously (Schweitzer et al., 1993).
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In brief, transverse hippocampal slices (taken from male Sprague Dawley
rats of 100 –170 gm) 350 m thick were cut on a brain slicer and incubated in gassed (95% O2, 5% CO2) artificial CSF (ACSF) of the following
composition (in mM): 130 NaCl, 3.5 KCl, 1.25 NaH2PO4, 1.5 MgSO4, 2.0
CaCl2, 24 NaHCO3, and 10 glucose. We added other ions and agents to
this ACSF. Slices were completely submerged and continuously superfused with warm (31°C) ACSF. Methods of superfusion, voltage-clamp
recording, drug administration, and data analysis were as described previously (Schweitzer et al., 1993). We purchased CST and SST from Peninsula Laboratories (Belmont, CA), ZD7288 from Tocris Cookson (Ballwin, MO), and all other chemicals from Sigma (St. Louis, MO).
Electrophysiological recordings. We performed intracellular voltageclamp studies with an Axoclamp 2A amplifier (Axon Instruments, Foster
City, CA), using sharp glass micropipettes filled with 3 M KCl (average
resistance of 68 ⫾ 2 M⍀) to penetrate CA1 pyramidal neurons. In discontinuous single-electrode voltage-clamp mode, the switching frequency between current injection and voltage sampling was 3– 4 kHz.
Current and voltage records were filtered at 0.3 kHz and acquired by
digital-to-analog sampling and acquisition software (pClamp; Axon Instruments) and then fitted and measured with pClamp software. Graphs
were constructed and fit using Origin software (Microcal Software,
Northampton, MA). Values are presented as mean ⫾ SEM. The various
problems (for example, space clamping) associated with voltage clamping of neurons with extended processes have been discussed previously
(Halliwell and Adams, 1982; Johnston and Brown, 1983) but should be
minimized by the study of relative conductance changes with superfusion of drugs to equilibrium conditions.
We generated current–voltage ( I–V) curves by holding neurons at
approximately ⫺61 mV and applying hyperpolarizing and depolarizing
voltage steps (1.5 sec duration, 7 sec apart). Steady-state currents were
measured at the end of the voltage steps. To assess Ih, neurons were held
at approximately ⫺61 mV and hyperpolarized in 14 mV increments (1.5
sec duration, 7 sec apart). We quantified Ih as the difference between the
peak current of the relaxation (best fit using pClamp) observed at onset
of hyperpolarizing voltage steps (after the capacitance artifact, no extrapolation) and the current measured at the end of the voltage step. To
determine Ih activation curves, we applied a two-step protocol in the
presence of 1 mM Ba 2⫹. Neurons were held at approximately ⫺44 mV
and hyperpolarized in ⫺11 mV increments (first step or prepulse) and
then further stepped to a final potential of approximately ⫺143 mV
(second step). To assess IM, neurons were held at approximately ⫺45 mV
and hyperpolarized in 5 mV increments (1 sec duration, 5 sec apart). We
quantified the IM relaxation in a manner similar to the Ih relaxation.

Results
We recorded intracellularly from 80 CA1 hippocampal pyramidal neurons that had a resting membrane potential (RMP) of
⫺69 ⫾ 0.2 mV (mean ⫾ SEM). The mean action potential amplitude was 105 ⫾ 1 mV, and mean input resistance was 74 ⫾ 2
M⍀. We added tetrodotoxin (1 M) in the superfusate to block
synaptic transmission throughout all experiments.
Cortistatin affects several postsynaptic conductances and
occludes somatostatin effects
Addition of 1 M CST to the superfusate elicited a slowly developing outward current associated with a conductance increase in
22 of 26 neurons (Fig. 1 A). During washout of the peptide, current values went back to preapplication level. Thus, CST had a
reversible postsynaptic effect to inhibit pyramidal neurons
around resting potential. We generated I–V relationships to
study the effects of CST on steady-state membrane properties at
depolarized and hyperpolarized potentials. CST elicited a clear
effect across the whole voltage range tested, with an outward
current at depolarized potentials and an inward current at hyperpolarized potentials (Fig. 1 B). All current values recovered to
near control values on washout. Subtraction of control values
from those observed in the presence of CST revealed the net

Figure 1. Cortistatin postsynaptically inhibits CA1 pyramidal neurons. A, Continuous current
recording of a neuron held at ⫺65 mV, near its RMP of ⫺69 mV. Superfusion of 1 M CST (bar,
adjusted to effect onset) elicited a slowly developing outward current associated with an increased input conductance. During washout, current values returned to control level (dashed
line). Downward deflections are currents elicited by 10 mV hyperpolarizing voltage steps. B,
Selected current traces of a representative neuron held at ⫺60 mV and subjected to three
different voltage steps sequentially applied and superimposed at each condition (voltage protocol on the right). CST (1 M) elicited an outward steady-state current at depolarized potentials and an inward current at hyperpolarized potentials. Dotted lines indicate control condition
levels; RMP was ⫺68 mV. C, Average of the net steady-state currents (subtracted from control)
from 15 neurons. The CST effect showed outward rectification at potentials positive to ⫺70 mV
and inward rectification at potentials negative to ⫺80 mV. The reversal potential of ⫺86 mV
suggested that CST did not solely affect K ⫹ conductances.

current elicited by the peptide (n ⫽ 15) (Fig. 1C). The reversal
potential for the CST effect was ⫺86 ⫾ 2 mV, and the outward
component (348 ⫾ 34 pA at ⫺38 mV) was outwardly rectifying,
whereas the inward component (⫺242 ⫾ 28 pA at ⫺131 mV)
appeared to rectify inwardly. The reversal potential suggested
that CST augmented K ⫹ conductances to inhibit pyramidal neurons. However, the theoretical value of the K ⫹ equilibrium po-
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Cortistatin elicits an additional effect not observed
with somatostatin
The CST response at hyperpolarized potentials showed rectification, a feature not observed in previous work with SST
(Schweitzer et al., 1998). We therefore investigated the possibility
that CST had a specific effect not attributable to activation of SST
receptors. For this purpose, we performed interaction experiments by adding CST to slices preexposed to SST to reveal an
additional response. SST alone induced an outward current reversing at ⫺96 ⫾ 4 mV (n ⫽ 7) (Fig. 2 B), near the theoretical
equilibrium potential of ⫺98 mV for K ⫹ ions. The response
showed outward rectification at potentials positive to ⫺70 mV
and appeared linear in the hyperpolarized range, in accord with
previous studies demonstrating augmentation of the voltagedependent IM and the voltage-independent IK(L) by SST. Addition of CST in the continued presence of SST elicited an additional effect at potentials negative to ⫺60 mV (n ⫽ 7) (Fig. 2 B).
CST concomitantly shifted the reversal potential of the overall
response from ⫺96 ⫾ 4 to ⫺82 ⫾ 3 mV, revealing an effect on an
additional sustained conductance.
To further characterize the CST-specific component, we subtracted the response obtained with CST from the response obtained with SST alone to isolate the net additional current elicited
by CST (n ⫽ 7) (Fig. 3A). We established that the CST component was voltage dependent with a threshold of activation at ⫺54
mV; it increased with hyperpolarization and exhibited inward
rectification. From these results, we calculated the conductance
increase elicited by CST, ⌬GCST, by dividing the CST-specific
current by the driving force to its reversal potential (n ⫽ 7) (Fig.
3B). The conductance ⌬GCST rapidly increased between ⫺60 and
⫺120 mV and yielded a maximum of 2.50 nS at ⫺140 mV. The
resulting half-maximum activation potential was ⫺94 mV.

Figure 2. Cortistatin elicits an additional effect at hyperpolarized potentials. A, Net steadystate currents obtained from eight neurons exposed to 1 M CST followed by 1 M SST in the
continued presence of CST. SST did not elicit an additional effect after the CST response was
established. B, The reverse sequence of application (SST followed by CST) revealed that CST
elicited an additional effect at potentials negative to ⫺50 mV (n ⫽ 7). This inward component
was voltage dependent and increased with hyperpolarization.

tential calculated using the Nernst equation was ⫺98 mV in our
experimental conditions (3.5 mM extracellular K ⫹ and assuming
150 mM intracellular K ⫹). This shift in the reversal potential
suggested that CST, unlike SST, affected another conductance
not carried solely by K ⫹.
SST is known to augment two non-inactivating K ⫹ conductances in pyramidal neurons, IM and IK(L). We investigated the
interaction of CST and SST by performing sequential applications of the two peptides. In this neuronal sample (n ⫽ 8), 1 M
CST alone elicited a steady-state current reversing at ⫺84 ⫾ 3 mV
(Fig. 2 A). After the CST response reached equilibrium, we added
1 M SST in the continued presence of CST. We did not observe
additional alterations of the I–V profile during superfusion of
SST (Fig. 2 A). Because the presence of CST in the superfusate
completely occluded the response to SST, we conclude that CST
augments IM and IK(L) to the same extent as SST.

Cortistatin increases the h-current
The features displayed by the CST-specific component closely
resembled the properties of the hyperpolarization-activated Ih.
This current is best observed in CA1 pyramidal neurons as a slow
relaxation that develops during hyperpolarization, usually from a
holding potential negative to ⫺60 mV to avoid contamination by
the IM relaxation. We held neurons at ⫺61 ⫾ 1 mV (n ⫽ 38) and
delivered five hyperpolarizing voltage steps (⫺14 mV increments) to study the modulation of Ih by the peptides. The application of SST elicited an outward steady-state current at holding
potential but did not affect the amplitude of Ih. Superfusion of
CST in the continued presence of SST, however, augmented Ih
and concomitantly elicited an inward steady-state current at hyperpolarized potentials (Fig. 4 A). On average, the Ih amplitude
remained at 102 ⫾ 2% of control during superfusion of SST,
whereas subsequent addition of CST augmented Ih to 125 ⫾ 5%
of control (n ⫽ 6) (Fig. 4 B). The augmenting action of CST on Ih
was comparable at all potentials, ranging from 123 ⫾ 5% of control at ⫺90 mV to 127 ⫾ 4% at ⫺130 mV. The CST-induced
increase of Ih was not dependent on the presence of SST. In neurons exposed to 1 M CST alone, the peptide increased Ih to
126 ⫾ 3% of control (range of 125 ⫾ 3 to 128 ⫾ 3%; n ⫽ 17), with
recovery to 96 ⫾ 2% of control during washout. The augmentation of Ih by CST was concentration dependent. Superfusion of 50
nM CST had no effect, but a small Ih increase was detected at 100
nM, and the maximum effect was obtained with 1 M. Concentration–response analysis of CST (Fig. 4D) gave a sigmoidal (logistic) fit
of the data points, yielding an apparent EC50 of 300 ⫾ 51 nM.
The augmentation of Ih by CST was not altered by a subsequent application of SST. In seven cells, CST increased Ih to
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Figure 3. Cortistatin-specific current and conductance. A, CST-specific component isolated
by subtracting the currents obtained in SST plus CST from those obtained in SST alone (as in Fig.
2 B; n ⫽ 7). CST elicited an inwardly rectifying current that activated at ⫺54 mV. Curve was
obtained by polynomial fit. B, The CST-induced conductance increase, ⌬GCST , was calculated as
ICST /(V ⫺ Vrev ), where ICST is the CST-induced current, and V ⫺ Vrev is the driving force (V
indicates command potential, and Vrev indicates reversal potential). The ⌬GCST appeared to
reach a maximum at ⫺140 mV and yielded a half-maximum activation potential of ⫺94 mV
(dashed line).

124 ⫾ 5% of control, and Ih remained increased at 122 ⫾ 5%
during addition of SST (data not shown). To rule out misinterpretations that could arise from contamination of the Ih relaxation by the IM relaxation, we also monitored the effect of the
peptides on IM. Neurons were held at ⫺45 ⫾ 1 mV and subjected
to five hyperpolarizing voltage steps (⫺5 mV increments). There
was no additional effect of CST on IM in the presence of SST. The
IM was augmented to 153 ⫾ 5% of control during superfusion of
SST alone and remained increased at 155 ⫾ 6% during subsequent addition of CST (n ⫽ 7) (Fig. 4C).
Characterization of the cortistatin effect on Ih
To eliminate the involvement of IM and IK(L) and further characterize the CST-specific effect, we conducted experiments with 1
mM barium (Ba 2⫹) in the superfusate to block K ⫹ currents. In
slices pretreated with Ba 2⫹, CST still elicited an inward steadystate current at hyperpolarized potentials but had no effect in the
depolarized range (Fig. 5A). Construction of I–V relationships

Figure 4. Cortistatin increases Ih. A, Neuron stepped from ⫺58 to ⫺98 mV. SST elicited an
outward current at ⫺58 mV (dotted line is control level) but had no effect at ⫺98 mV (dashed
line), the reversal potential for K ⫹. The addition of CST had no effect at ⫺58 mV (threshold of
Ih activation) but induced an inward current concomitant with an Ih augmentation at ⫺98 mV.
The bottom inset shows the Ih relaxations (identified with letters) magnified and superimposed. RMP was ⫺69 mV. B, Plot average of the Ih relaxation amplitude (n ⫽ 6; curve was
obtained by polynomial fit). SST alone did not affect Ih , but CST applied in the presence of SST
increased Ih at all potentials. C, Plot average of the IM relaxation amplitude (n ⫽ 6; polynomial
fit). SST augmented IM , and addition of CST did not further alter IM. D, Concentration–response
curve of the Ih relaxation augmentation by CST. The threshold response was below 0.1 M, and
the maximal effect was obtained with 1 M to augment Ih by 26%. The apparent EC50 was
0.30 ⫾ 0.05 M (dashed line). Curve was obtained by sigmoidal (logistic) fit; number of cells at
each concentration are in parentheses.

and analysis of the net effect confirmed that CST elicited a
voltage-dependent component that activated at ⫺52 mV and
rectified inwardly (n ⫽ 8) (Fig. 5B), properties similar to those
seen in absence of Ba 2⫹. The inward current was concomitant
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Figure 5. Characterization of the cortistatin effect in barium. A, Neuron was held at ⫺61 mV
and subjected to three different voltage steps (protocol at right). Application of 1 mM Ba 2⫹
blocked K ⫹ currents and decreased input conductance. Addition of 1 M CST elicited an inward
steady-state current at hyperpolarized potentials (dashed line is pre-peptide level) but had no
effect at depolarized potentials. RMP was ⫺70 mV before Ba 2⫹. B, Net steady-state currents
obtained from seven neurons exposed to CST in presence of Ba 2⫹. CST elicited a voltagedependent inwardly rectifying current that activated at ⫺52 mV. C, Averaged Ih amplitudes in
10 cells exposed to CST in the presence of Ba 2⫹. The peptide increased Ih to 135% of control.

with an augmentation of Ih to 135 ⫾ 5% of control across all
potentials (range of 132 ⫾ 4 to 137 ⫾ 5%; n ⫽ 11), with recovery
to 98 ⫾ 4% of control values during washout (Fig. 5C). Both the
inward steady-state component and the augmentation of Ih elicited by CST were larger by ⬃10% in Ba 2⫹, a result that we attribute to improved space-clamp conditions caused by blockade
of K ⫹ currents. To fully attribute the additional CST effect to Ih,
we used the selective Ih blocker ZD7288 (BoSmith et al., 1993), an
IC50 of 11 M obtained for CA1 neurons (Gasparini and DiFrancesco, 1997) in slices pretreated with 1 mM Ba 2⫹. During
addition of 100 M ZD7288, the h relaxation was blocked, although a small slow component remained (7 ⫾ 4% of preZD7288 value; n ⫽ 4) (Fig. 6 A, B). Subsequent addition of CST to
the superfusate did not affect the remaining slow component and
had only a just-measurable effect on steady-state current values,
in sharp contrast to the large effect observed without ZD7288
(Fig. 6C).
To determine the characteristics of Ih activation, we constructed activation curves using a two-step voltage protocol: neurons were hyperpolarized to gradually increasing potentials (first
step or prepulse) to partially activate Ih and then further hyperpolarized to a second potential that enabled full activation of the
remaining Ih (Fig. 7A). The normalized amplitude of Ih (Ih/Ih
max) was therefore inversely related to the degree of Ih activation
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Figure 6. The Ih blocker ZD7288 prevents the CST effect. A, Neuron was bathed in 1 mM
Ba 2⫹, held at ⫺64 mV, and subjected to three different voltage steps (protocol at right).
ZD7288 (100 M) decreased the input conductance and concomitantly blocked Ih. Further addition of CST had no effect. The bottom inset shows Ih relaxations magnified and superimposed.
RMP was ⫺71 mV before Ba 2⫹. B, Averaged Ih amplitude (n ⫽ 4; 1 mM Ba 2⫹). ZD7288
obliterated Ih , and subsequent addition of CST had no effect. C, Net steady-state currents obtained from two neuronal samples exposed to CST in the absence or presence of ZD7288 (n ⫽ 7
and 4, respectively; 1 mM Ba 2⫹). With functional h-channels, CST elicited a large voltagedependent effect. With Ih blocked by ZD7288, CST had a small nonspecific effect.

at the prepulse potential (Maccaferri et al., 1993). In the presence
of 1 mM Ba 2⫹, neurons were hyperpolarized in ⫺11 mV increments (prepulse) from a holding potential of ⫺44 ⫾ 1 mV to a
final ⫺143 ⫾ 1 mV (second step). CST elicited an inward steadystate current concomitant with an augmentation of Ih amplitude
across the activation range, indicative of increased maximal conductance (Fig. 7B). The normalized Ih amplitude obtained at the
second step was plotted against the prepulse potential, and the
data were fitted with a Boltzmann function. The sigmoidal fit
yielded a half-activation potential of ⫺95.6 ⫾ 1.0 mV and slope
of 10.4 ⫾ 0.8 in control and a half-activation potential of
⫺94.1 ⫾ 1.1 mV and slope of 10.6 ⫾ 1.0 in CST (n ⫽ 5) (Fig. 7C).
Thus, the slopes were identical and the depolarizing shift in the
activation curve was minimal (1.5 mV). It thus appears that CST
selectively and solely augments the maximal conductance of Ih in
CA1 pyramidal neurons to elicit an inward steady-state current.
cAMP does not appear to participate in the cortistatin effect
Most transmitters that modulate Ih do so by altering the level of
cAMP. To investigate a role of the nucleotide in the effect of CST
on Ih, we used the two-step voltage protocol to study Ih activation
in neurons exposed to the membrane-permeable analog
8-bromo-cAMP (8Br-cAMP). Superfusion of 1 mM 8Br-cAMP
alone increased Ih to 111 ⫾ 4% of control at approximately mid-
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Figure 7. Cortistatin does not alter Ih activation curve. A, A two-step protocol was used to
study Ih activation. The prepulse (first step) was incremented by ⫺11 mV from a holding
potential of ⫺44 mV. From each prepulse potential, Ih was fully activated with a second step to
⫺143 mV. Current traces were leak corrected, 1 mM Ba 2⫹ was used throughout, and RMP was
⫺70 mV before Ba 2⫹. B, Magnification of the current traces obtained at ⫺143 mV. CST elicited
an inward steady-state current associated with Ih augmentation from all prepulse potentials. C,
Averaged activation curves constructed from Ih amplitudes obtained at full activation potential
(second step) relative to the prepulse potential (n ⫽ 5). The graph represents the difference to
the maximal current amplitude after normalization (1 ⫺ Ih /Ih max, at each condition). Data
were fitted using a Boltzmann function. Cortistatin induced a minimal shift of ⫹1.5 mV in the
activation curve.

activation potential (prepulse from ⫺43 ⫾ 1 to ⫺89 ⫾ 1 mV),
but at the second step (from ⫺89 to ⫺144 ⫾ 1 mV, activation of
residual Ih), Ih amplitude was 93 ⫾ 3% of control (n ⫽ 6) (Fig.
8 A). The sigmoidal fit of the normalized Ih amplitude obtained at
the second step yielded a half-activation potential of ⫺95.4 ⫾ 1.3
mV and slope of 10.9 ⫾ 1.2 in control condition and a halfactivation potential of ⫺90.3 ⫾ 1.3 mV and slope of 10.6 ⫾ 1.1 in
8Br-cAMP (n ⫽ 6) (Fig. 8 B). Concomitantly, the maximal amplitude of Ih assessed with a single step from ⫺43 to ⫺144 mV
(full activation at once) was 102 ⫾ 3% of control. Thus, 8BrcAMP shifted the Ih activation curve by ⫹5 mV without affecting
the maximal conductance of Ih.
Subsequent addition of CST in the continued presence of 8Br-
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Figure 8. CST augments Ih independently of cAMP. A, Left, Current recordings from a neuron
held at ⫺45 mV and sequentially stepped to ⫺91 mV (Ih mid-activation) and ⫺144 mV (full
activation). Application of 1 mM 8Br-cAMP increased Ih by 13% at ⫺91 mV but decreased it by
9% at ⫺144 mV, suggesting a shift of the activation curve. Additional application of CST in the
presence of 8Br-cAMP increased Ih at both potentials (128 and 133% of 8Br-cAMP values).
Right, The same neuron was single stepped from ⫺45 to ⫺144 mV to fully activate Ih at once.
8Br-cAMP had little effect on Ih (104% of control), whereas subsequent addition of CST increased Ih to 127% of 8Br-cAMP values. Numbers refer to drug condition; current traces were
leak corrected, 1 mM Ba 2⫹ was used throughout, and RMP was ⫺68 mV before Ba 2⫹. B,
Averaged activation curves obtained from six neurons. 8Br-cAMP shifted the activation curve by
⫹5 mV, and subsequent addition of CST did not further affect the curve.

cAMP increased Ih at both prepulse (to ⫺89 mV, 128 ⫾ 3% of
values in 8Br-cAMP) and second step (to ⫺144 mV, 129 ⫾ 3%)
potentials. Concomitantly, the maximal amplitude of Ih assessed
with a single step from ⫺43 to ⫺144 mV was 130 ⫾ 3% of values
obtained in 8Br-cAMP alone. The half-activation potential and
slope remained unchanged during addition of CST (⫺90.8 ⫾ 1.1
mV and 10.1 ⫾ 0.9, respectively) (Fig. 8 B). Thus, 8Br-cAMP did
not alter the effect of CST on Ih.

Discussion

Cortistatin selectively modulates Ih
In this study, CST altered membrane currents across the voltage
range and occluded the effects of SST. SST is known to augment
two sustained conductances in CA1 pyramidal neurons, IM and
IK(L) (Moore et al., 1988; Schweitzer et al., 1998), and CST affected those same K ⫹ conductances modulated by SST. Both
peptides occluded the effect of each other on these currents, indicating that they act via identical mechanisms. SST and CST
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bind to each of the five cloned SST receptors with similar affinities (Csaba and Dournaud, 2001). The augmentation of IM and
IK(L) by CST is therefore likely to occur by activation of SST
receptors. In locus ceruleus neurons, SST and CST also occlude
each other, have similar potencies in augmenting a K ⫹ conductance, and are believed to act via SST receptors (Connor et al.,
1997).
Our principal finding here is the selective augmentation of the
mixed K ⫹–Na ⫹ current Ih by CST, a conductance unaffected by
SST. In the presence of SST to activate SST receptors or 1 mM
Ba 2⫹ to block the SST-like effects on IM and IK(L), CST still elicited an inward steady-state current that had a threshold of activation between ⫺50 and ⫺55 mV and a mid-activation potential
of approximately ⫺94 mV, concomitant with an augmentation
of Ih amplitude. The threshold, mid-activation, and saturation
potentials, as well as the blockade of the CST-specific effect by ZD
7288, are consistent with the reported properties of Ih in hippocampus (Maccaferri et al., 1993; Gasparini and DiFrancesco,
1997). Because the overall CST response was completely prevented by ZD7288 (to block Ih) and Ba 2⫹ (to block SST-like
effects on IM and IK(L)), we therefore conclude that CST specifically augments Ih.
Cortistatin site of action
CST and SST have similar affinities for the SST receptors, and
none of these receptors preferentially binds CST over SST
(Siehler et al., 1998). The CST effect on Ih also occurred in the
presence of SST to occupy SST receptors. The selective augmentation of Ih in a concentration-dependent manner by CST, together with its different physiological effects in vivo compared
with SST (De Lecea et al., 1996), suggest the existence of a specific
receptor. However, the activity of SST receptors can be modified
by dimerization or interaction with receptor binding proteins
(Rocheville et al., 2000; Csaba and Dournaud, 2001). Thus, CST
binding could alter SST receptors and affect their signaling or
functional properties in a manner different from SST, leading to
a distinct effect on h-channels. Although the existence of a specific CST receptor is enticing, conclusive evidence it still lacking.
The Ih density increases from the soma to the dendrites in CA1
pyramidal neurons, and transmitters that affect Ih may alter dendritic excitability preferentially (Magee, 1998; Poolos et al.,
2002). Thus, CST could modulate neuronal activity in a cellular
compartment unaffected by SST.
The molecular correlates of the h-channels are the HCN genes
(Santoro and Tibbs, 1999). The expression of the isoforms HCN1
or HCN1–HCN2 generates channels that activate within a few
hundred milliseconds and closely resemble native h-channels
seen in CA1 pyramidal neurons (Chen et al., 2001). In our study,
CST acted on an Ih component that activated within 300 msec, a
value comparable with those obtained with coexpression of
HCN1–HCN2. However, the limited 5 mV shift of the Ih activation curve elicited by cAMP compares only with values reported
with sole expression of HCN1 channels (Chen et al., 2001). The
HCN isoforms that underlie Ih and are targeted by CST in CA1
hippocampus remain to be ascertained.
Mechanism of Ih modulation by cortistatin
Neuromodulators principally affect Ih by altering cAMP levels to
shift the activation curve, rarely by increasing Ih maximal conductance (Pape, 1996). Although activation of SST receptors has
been long known to inhibit cAMP production (Csaba and Dournaud, 2001), CST may augment cAMP levels in dissociated hippocampal cells (Sánchez-Alavez et al., 2000). In our hands, 8Br-
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cAMP shifted the Ih activation curve by ⫹5 mV without affecting
the maximal conductance. In the presence of 8Br-cAMP, CST
still augmented Ih across the voltage range to an extent comparable with that in the absence of 8Br-cAMP. We conclude that
cAMP is not involved in the CST effect, which occurs solely via
augmentation of Ih maximal conductance.
In hippocampus, muscarinic receptor agonists and gabapentin augment Ih by increasing its maximal conductance independently of cAMP (Colino and Halliwell, 1993; Fisahn et al., 2002;
Surges et al., 2003), and serotonin augments Ih by affecting its
maximal conductance and activation curve (Gasparini and DiFrancesco, 1999; Bickmeyer et al., 2002). Thus, neurotransmitters that modulate Ih in hippocampal neurons principally augment its maximal conductance, without involvement of cAMP.
Such a feature correlates with the high expression in CA1 pyramidal neurons of the HCN1 isoform that is relatively insensitive
to cAMP modulation (Franz et al., 2000; Chen et al., 2001). In a
recent study performed on brainstem neurons, a -opioid receptor agonist was shown to augment the maximum conductance of
Ih via mobilization of intracellular calcium, without shifting the
Ih activation curve (Pan, 2003). Such calcium mediation has been
proposed in the muscarinic-elicited augmentation of Ih in CA1
hippocampus (Colino and Halliwell, 1993). The modulation of
intracellular calcium levels is therefore a possible mechanism underlying the CST augmentation of Ih.
Physiological significance
CST has sleep-modulating properties (De Lecea et al., 1996). Different sleep patterns are shaped by oscillatory activities that
emerge from interactions between synaptic activities and intrinsic neuronal properties (Steriade, 2001). Ionic currents that actively oppose changes in membrane voltage and activate slowly
regulate the neuronal electrical resonance and interact with network mechanisms of oscillation to modulate brain rhythms
(Hutcheon and Yarom, 2000). In hippocampus, Ih affects various
oscillatory frequencies (Fisahn et al., 2002; Hu et al., 2002) and
has a pivotal role in modulating the integrative properties of
neurons and regulating network activity (Magee, 2000). A selective action of CST on Ih gives this peptide a distinctive influence
on intrinsic neuronal properties and synaptic integrative mechanisms, thus affecting multiple levels to shape oscillatory activity
and brain rhythms.
CST is mostly expressed in cortex and hippocampus and enhances slow-wave sleep (De Lecea et al., 1996). The hippocampus
probably is not involved in the control of sleep behavior but is
believed to consolidate memory traces and transfer the information to the neocortex during slow-wave sleep (Hobson and PaceSchott, 2002; Sirota et al., 2003). Thus, CST may play a role in
memory consolidation by participating in the synchronization of
hippocampal and cortical networks during slow-wave sleep.
Neocortical and CA1 pyramidal neurons present similar intrinsic
properties (Migliore and Shepherd, 2002), and an equivalent effect of CST on the neocortical Ih may be anticipated. Because
neocortical neurons control the synchronization of thalamic oscillations during slow-wave sleep (Steriade, 2001), a modulation
of Ih by CST in neocortex could have a direct influence on sleep
behavior. Another potential effect of CST is to reduce neuronal
activity. Although the augmentation of Ih has a depolarizing influence on neuronal membranes, the concomitant attenuation of
the temporal summation of excitatory dendritic inputs actually
reduces the overall excitability of pyramidal neurons (Magee,
1998; Poolos et al., 2002). The selective augmentation of Ih by
CST may therefore oppose excitatory influences on neuronal net-
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works that modulate sleep, such as the excitatory effects of acetylcholine that are blocked by CST but increased by SST (De
Lecea et al., 1996).
In our experimental conditions, CST was inhibitory at resting
membrane potential and did not generate membrane oscillations
because of the preponderance of the SST-like effects. Nonetheless, we anticipate that, in vivo, CST could solely affect Ih because
of higher affinity or unique spatial distribution of its putative
receptor or signaling system. The selective augmentation of Ih by
CST provides a cellular mechanism for its postulated role on sleep
distinct from SST. Thus, CST targets a specific site of action that
shapes network oscillations and synchronous activity in brain.
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