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Abstract
Ketamine has important anesthetic, analgesic and psychotropic actions. It is widely believed that
NMDA receptor inhibition accounts for ketamine actions but there remains a dearth of behavioral
evidence to support this hypothesis. Here, we present an alternative, behaviorally-relevant molecular
substrate for anesthetic effects of ketamine: the HCN1 pacemaker channels that underlie a neuronal
hyperpolarization-activated cationic current (Ih). Ketamine caused subunit-specific inhibition of
recombinant HCN1-containing channels and neuronal Ih at clinically relevant concentrations; the
channels were more potently inhibited by S-(+)-ketamine than racemic ketamine, consistent with
anesthetic actions of the compounds. In cortical pyramidal neurons from wild type, but not HCN1
knockout mice, ketamine induced membrane hyperpolarization and enhanced dendritosomatic
synaptic coupling; both effects are known to promote cortical synchronization and slow cortical
rhythms, like those accompanying anesthetic-induced hypnosis. Accordingly, we found the potency
for ketamine to provoke a loss-of-righting reflex, a behavioral correlate of hypnosis, was strongly
reduced in HCN1 knockout mice. In addition, hypnotic sensitivity to two other intravenous
anesthetics in HCN1 knockout mice matched effects on HCN1 channels; propofol selectively
inhibited HCN1 channels and propofol sensitivity was diminished in HCN1 knockout mice whereas
etomidate had no effect on HCN1 channels and hypnotic sensitivity to etomidate was unaffected by
HCN1 gene deletion. These data advance HCN1 channels as a novel molecular target for ketamine,
provide a plausible neuronal mechanism for enhanced cortical synchronization during anesthetic-
induced hypnosis and suggest that HCN1 channels might contribute to other unexplained actions of
ketamine.
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INTRODUCTION
Ketamine is a clinically important drug commonly used in pediatric and obstetric anesthesia
and for perioperative analgesia (Wolff and Winstock, 2006); at sub-anesthetic doses, ketamine
has antidepressant actions (Zarate et al., 2006) and its psychedelic properties make it a popular
drug of abuse (Wolff and Winstock, 2006); experimentally, it induces cortically-driven
rhythms reminiscent of slow oscillations that are a prominent and organizing feature of sleep
(Amzica and Steriade, 1998). It is generally believed that these actions of ketamine are due to
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effects on NMDA receptors because inhibition of those receptors is observed with low
micromolar affinity and a stereoselectivity that matches the anesthetic actions of the drug
(Franks and Lieb, 1994; Kohrs and Durieux, 1998; Wolff and Winstock, 2006; Sinner and
Graf, 2008). However, it is unlikely that inhibition of NMDA receptors can account for the
full spectrum of ketamine action. For example, MK-801 is a more potent NMDA receptor
inhibitor than ketamine but has little hypnotic action, even at high doses (Daniell, 1990; Kelland
et al., 1993; Stabernack et al., 2003; Irifune et al., 2007). Moreover, mice with deletions of the
widely expressed NMDA receptor NR2A subunit fail to exhibit specific deficits in ketamine
action (Petrenko et al., 2004; 2006; Sato et al., 2005). Other identified substrates for ketamine
action are modulated at supraclinical concentrations (e.g., Kv channels; Schnoebel et al.,
2005) and/or they are expressed in brain regions that are unlikely to mediate hypnotic effects
(e.g., α6 GABAA receptors in cerebellum; Hevers et al., 2008). Therefore, we considered the
possibility that alternative molecular targets might contribute to ketamine action, focusing on
HCN channel subunits that underlie a hyperpolarization-activated pacemaker current (Ih)
implicated in neuronal rhythmogenesis.

Here, we show that ketamine is a potent inhibitor of cloned HCN1-containing channels and of
Ih in cortical pyramidal neurons; concordant with its anesthetic actions, we found that inhibition
by ketamine is stereoselective and evident at clinically relevant concentrations. Ketamine
causes HCN1-dependent membrane hyperpolarization and synaptic enhancement. Most
importantly, the ability of ketamine to induce hypnosis is strongly attenuated in HCN1
knockout mice. These data indicate a prominent contribution from HCN1 channels to
anesthetic actions of ketamine; they establish an alternative, behaviorally relevant molecular
target for ketamine, supporting HCN1 channels as a viable substrate for anesthetic-induced
hypnosis.

MATERIALS AND METHODS
Recordings from cloned HCN channels in mammalian cells

HEK 293 cells were transiently transfected with mouse HCN channel constructs (obtained
from Drs. B. Santoro and S.A. Siegelbaum; Columbia Univ., NY), together with eGFP, and
whole cell recordings of mHCN channel currents were obtained as described (Chen et al.,
2005a). The tandem-linked HCN1-HCN2 construct was made by concatenating mHCN1 and
mHCN2 clones, also as described (Chen et al., 2005a).

HCN1 knockout mice
Mice used in this work were age, sex and weight-matched HCN1 knockout and B6129SF2/J
mice; both represent hybrids of the parental C57BL/6 and 129Sv substrains (Jackson Labs;
Stock #s: 005034 & 101045). Mice homozygous for the targeted mutation are viable, fertile,
normal in size and longevity and they do not display any gross physical or behavioral
abnormalities (Nolan et al., 2003; 2004). For some experiments, we compared HCN1+/+ and
HCN1-/- littermates; these animals were generated from heterozygous HCN1+/- mice, obtained
by crossing animals from the homozygous HCN1 knockout line with C57BL/6J mice.

Electrophysiological recordings from mouse cortical pyramidal neurons
Mice of either sex (14-22 days old) were anesthetized (ketamine/xylazine: 200/14 mg/kg, im)
and transverse brain slices prepared as described previously (Chen et al., 2005a). Slices were
submerged in a recording chamber on a Zeiss Axioskop FS microscope and visualized with
Nomarski optics; pyramidal cells were targeted for recording based on location in the slice and
characteristic size and shape. For voltage clamp recording, pipettes (2-4 MΩ) were filled with
(mM): KCH3O3S, 120; NaCl, 4; MgCl2, 1; CaCl2, 0.5; HEPES, 10; EGTA, 10; MgATP, 3;
GTP-Tris, 0.3 (pH 7.2); for current clamp, pipette solution contained (mM): KCl, 17.5;

Chen et al. Page 2

J Neurosci. Author manuscript; available in PMC 2009 September 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



potassium gluconate, 122.5; HEPES, 10; EGTA, 0.2; NaCl, 9; MgCl2, 1; MgATP, 3; GTP-
Tris, 0.3 (pH 7.2). In order to record spontaneous and miniature EPSCs, the internal solution
contained (mM): CsCH3O3S, 128; NaCl, 9; MgCl2, 2; HEPES, 10; EGTA, 10; MgATP, 3;
GTP-Tris, 0.3 (pH 7.3).

Most experiments were performed at room temperature (~24°C) but in some cases the perfusate
was passed through an in-line heater (Warner SH-27) that was adjusted by hand with a DC
power supply to raise bath temperature to 33°C, as monitored at the inlet to the recording
chamber (Physitemp TH-5). Recordings were obtained with an Axopatch 200B amplifier in
standard bath solution containing (mM): NaCl, 140; KCl, 3; HEPES, 10; CaCl2, 2; MgCl2, 2;
glucose, 10; we routinely added tetrodotoxin (TTX, 0.5 μM; Alomone Labs), BaCl2 (200 μM)
and bicuculline/strychnine (both at 30 μM; Sigma, St. Louis) to the bath, except where noted.
In some experiments, ZD-7288 was used to block Ih (50 μM; Tocris Cookson) and CNQX was
used to verify that EPSPs were glutamatergic (10 μM, Sigma). Ketamine (Ketaset, Fort Dodge
Animal Health, Fort Dodge , IA), S-(+)-ketamine (Sigma) and etomidate (Bedford
Laboratories, Bedford, OH) were diluted into the bath solution at the indicated concentrations.
Propofol (Sigma) was prepared as a 100 mg/ml stock solution in ethanol and diluted in bath
solution to the indicated concentrations; propofol was applied to neurons in the slice for ~5
min, a point at which we found inhibition of Ih in cortical neurons was stable and maximal
(Chen et al., 2005a)

The properties of HCN channel currents and neuronal Ih were determined from whole cell
voltage clamp experiments, essentially as described (Chen et al., 2005a). Under current clamp,
we measured input resistance and the magnitude of depolarizing ‘sag’ from voltage response
to hyperpolarizing current injection. We examined resonant properties of cortical pyramidal
neurons by using an impedance (Z) amplitude profile (ZAP) method (Hutcheon and Yarom,
2000). A sinusoidal current waveform of quadratically increasing frequency (0.5 Hz to 15 Hz,
in 15 s) was injected and a ratio of the Fourier transforms of membrane voltage and input
current was used to derive the impedance magnitude (Z) power spectra; these were fitted with
an asymmetric peak function to obtain resonant frequency (λmax; input frequency
corresponding to the peak impedance) and a Q ratio that describes the degree of resonance
(peak impedance divided by impedance at 0.5 Hz). We also measured summation properties
of evoked EPSPs. For this, a pipette connected to a stimulator (Grass S48) via a stimulus
isolation unit (Grass SIU5) was filled with standard bath solution and placed in the superficial
layers of the cortex and synaptic responses were evoked by applying 40 Hz, 5-10 V pulses
(corresponding to 2-10 μA); summation was quantified as the ratio of the amplitudes of the
last and first evoked EPSP (EPSP5:EPSP1). To analyze sEPSCs and mEPSCs we used the
Mini Analysis Program (Synaptosoft, Inc.).

Analysis of anesthetic action in mice
Bolus injections of ketamine and propofol (both 5 to 30 mg/kg) or etomidate (0.625 to 10 mg/
kg) were administered via the tail vein of each mouse (2 to 4 months old); injectable propofol
(Diprivan) was from Abraxis Pharmaceuticals (Schaumberg, IL). Each animal was injected
with only a single concentration of the drug on any given day; some animals received multiple
doses (on different days, always separated by at least 1 week). Hypnosis was established by
loss of righting response (LORR) that occurred within 10 s after completion of the injection
and which persisted for at least 10 s thereafter (Garfield and Bukusoglu, 1996); we also
measured the latency to regain the righting reflex (Garfield and Bukusoglu, 1996). To obtain
EC50 values for hypnosis a series of quantal dose-response curves was constructed and
compared statistically using Prism 3.0.
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Data acquisition and analysis
Results are presented as mean ± SEM. Data were analyzed statistically using one-way and two-
way analysis of variance (ANOVA) or Students t-test; post-hoc pairwise comparisons used
Bonferroni’s correction of the t-test (Excel and/or SigmaStat). Dose-response data were fitted
and analyzed statistically in Prism 3.0 using a logistic equation with three free parameters
(slope, EC50 and maximum) and a fixed origin. Differences in mean values were considered
significant if P<0.05.

RESULTS
Ketamine is a potent, subunit-specific and stereoselective inhibitor of HCN1-containing
channels

We examined effects of ketamine on mouse HCN channel subunits expressed in HEK293 cells
(Figs. 1A & 1B). In cells expressing homomeric HCN1 channels, ketamine (20 μM) caused a
hyperpolarizing shift in voltage dependence of activation (ΔV½: -14.7 ± 2.5 mV) that was also
associated with a decrease in maximal current amplitude (% inhibition: 32.2 ± 5.3%). By
contrast, ketamine had little effect on homomeric HCN2 channel currents (ΔV½: -1.6 ± 2.1
mV; % inhibition: 6.4 ± 2.4%), even when endogenous allosteric inhibition of HCN2 channels
was relieved in the presence of saturating intracellular cAMP (50 μM, data not shown).
Ketamine produced intermediate effects on tandem-linked HCN1-HCN2 heteromeric
channels; it caused a hyperpolarizing shift in V½ of -9.5 ± 0.8 mV and decreased maximal
current by 28.9 ± 3.8%. These data indicate that HCN2 homomeric channels are relatively
unaffected by ketamine, but HCN1-containing channels are strongly inhibited by ketamine in
either homomeric or heteromeric configurations.

Effects of ketamine on heteromeric HCN1-HCN2 channels were determined over a range of
concentrations encompassing those achieved clinically (Fig. 1C). By fitting the shift in V½ (-
ΔV½) and inhibition of maximal current amplitude to logistic functions, we estimated half-
maximal (EC50) concentrations of ketamine of ~8 μM and ~16 μM, with corresponding
maximal values of ~-12 mV and ~45% inhibition. These EC50 values are clearly within a
clinically relevant range; anesthesia is maintained in humans at free plasma ketamine
concentrations of ~5-10 μM (Idvall et al., 1979;White et al., 1980) and in rats at ~20 μM
(Cohen et al., 1973).

Anesthetic actions of ketamine are stereoselective, with S-(+)-ketamine approximately twice
as potent as racemic ketamine (Franks and Lieb, 1994; Kohrs and Durieux, 1998); a similar
stereospecificity is observed for ketamine inhibition of NMDA receptors. Thus, viable
alternative candidate molecular targets for ketamine action should also satisfy this important
stereoselectivity requirement. Indeed, we found a significant left-shift in EC50 for effects of
S-(+)-ketamine on V½ (~4 μM vs. 8 μM) and current amplitude (~7 μM vs. 16 μM), indicating
that S-(+)-ketamine is ~2-fold more potent as a blocker of HCN1-HCN2 channels than racemic
ketamine (Fig. 1C). In addition to the increase in potency, S-(+)-ketamine is also more
efficacious than ketamine in inducing a shift in gating, with maximal ΔV½ of ~-14 mV. Thus,
ketamine inhibits HCN1-containing channels at clinically relevant concentrations and with a
stereoselectivity similar to that observed for its anesthetic actions (Franks and Lieb, 1994;
Kohrs and Durieux, 1998).

Ketamine inhibits Ih and modulates electroresponsive properties in cortical pyramidal
neurons

We used HCN1 knockout mice to verify subunit-specific effects of ketamine on HCN channels
in a native setting relevant to anesthetic action and to determine functional consequences on
neuronal excitability. Ketamine produces robust slow cortical oscillations in vivo that are likely
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initiated in layer 5 pyramidal neurons (Amzica and Steriade, 1998), which express both HCN1
and HCN2 subunits (Santoro et al., 2000). In brain slices of somatosensory cortex from wild
type mice (Fig. 2A, 2B), ketamine inhibited a relatively fast-activating Ih in layer 5 cortical
pyramidal neurons via both a hyperpolarizing shift in voltage dependence of activation (ΔV½:
-9.7 ± 1.8 mV) and a decrease in maximal current amplitude (% inhibition: 29.6 ± 7.1 %); in
pyramidal neurons from HCN1 knockout mice (Fig. 2C, 2D), ketamine had no effect on the
smaller and slower residual Ih carried by the remaining HCN2 homomeric channels (see Chen
et al., 2008 for further details on effects of CN1 deletion on basic Ih properties in cortical
pyramidal neurons).

Under current clamp, ketamine diminished two other electroresponsive properties associated
with neuronal Ih: voltage-dependent ‘sag’ and resonance. The Ih-dependent depolarizing ‘sag’
was reduced in the presence of 20 μM ketamine (see Suppl. Fig. S1; by ~40% at -90 mV; from
3.5 ± 1.2 mV to 2.2 ± 1.0 mV, n=5, P<0.05). Likewise, as shown in Fig. 3, resonance properties
assayed using a ZAP protocol (Hutcheon and Yarom, 2000; Nolan et al., 2007) in cortical
pyramidal neurons from wild type mice were attenuated by ketamine and essentially eliminated
by supramaximal concentration of ZD-7288, an HCN channel blocker (50 μM). For example,
resonant frequency (λmax) decreased from 1.5 ± 0.2 to 1.1 ± 0.2 to 0.5 ± 0.0 (P<0.05, n=5)
and, concurrently, the associated Q value, a ratio of the peak impedance to the impedance at
0.5 Hz, decreased from 1.5 ± 0.1 in control to 1.2 ± 0.1 in ketamine to 1.0 ± 0.0 in ZD-7288
(P<0.05, n=5). By this same analysis, we found no evidence for resonance in neurons from
HCN1 knockout mice (Fig. 3B, 3C), indicating that resonant properties modulated by ketamine
in cells from wild type mice were conferred by HCN1 channels (see also Nolan et al., 2007).

HCN channels generate an instantaneous component of current in cortical pyramidal neurons
in addition to the well-known voltage- and time-dependent Ih (Nolan et al., 2004; 2007; Chen
et al. 2005a; 2008). Accordingly, we found that ketamine also inhibited a constitutive inward
current near resting membrane potential in cells from wild type mice (~13 pA at -70 mV; from
-22.7 ± 3.2 pA to -9.9 ± 3.9 pA, n=5, P<0.05); this current was due to Ih since it was not seen
in neurons from HCN1 knockout mice. Correspondingly, ketamine caused membrane
hyperpolarization and increased input resistance (RN) in cortical pyramidal cells from wild
type but not HCN1 knockout mice (Fig. 4A, 4B). Thus, ketamine inhibits voltage-dependent
and constitutive components of Ih in cortical neurons, with the expected effects on
electroresponsive properties; consistent with its preferential action on HCN1 subunits, these
actions of ketamine were not observed in HCN1 knockout mice.

Ketamine enhances dendritosomatic synaptic transfer in cortical pyramidal neurons
In pyramidal neurons, HCN1 subunits contribute to dendritic Ih, which provides an electrotonic
shunt leading to sub-linear summation of excitatory postsynaptic potentials (EPSPs); inhibition
of Ih, therefore, promotes enhanced EPSP summation (Magee, 2000). Accordingly, we found
that ketamine enhanced summation of bicuculline-resistant, CNQX-sensitive excitatory
synaptic inputs measured in pyramidal neurons following 40 Hz extracellular stimulation of
the superficial cortex (Fig. 4C, 4D); this is clearly evident in the aligned and normalized traces,
where the amplitude of the final evoked EPSP (EPSP5) relative to the first (EPSP1) was
substantially increased by ketamine (averaged EPSP5:EPSP1 ratio increased by ~33%; from
2.1 ± 0.2 to 2.8 ± 0.3, n=6, P<0.05) and further enhanced by the Ih blocker, ZD-7288 (by ~67%;
to 3.4 ± 0.3, P<0.05). Although most of our experiments were performed at room temperature,
the effects of ketamine on EPSP summation were identical at temperatures closer to those
encountered physiologically (i.e., EPSP5:EPSP1 ratio increased in ketamine by ~34% at 33°
C; P<0.05, n=4). The enhanced EPSP summation evoked by ketamine in wild type mice could
be attributed definitively to inhibition of Ih since it was absent in HCN1 knockout mice (Fig.
4C, 4D); a residual effect of ZD-7288 in knockout mice reflects inhibition of remaining HCN2
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channels. Note that despite membrane hyperpolarization by ketamine, the concomitant increase
in EPSP summation can lead to spike discharge (see Fig. 4C, Inset). The frequency and
amplitude of spontaneous and miniature excitatory postsynaptic currents (sEPSCs and
mEPSCs) were not different in pyramidal neurons from wild type and HCN1 knockout mice,
and ketamine had no effect on either sEPSC or mEPSC properties in these mouse lines (see
Suppl. Fig. S2, n=5 each). This suggests that ketamine-induced enhancement of synaptic
summation was independent of any presynaptic actions and primarily postsynaptic, as
expected. Thus, in addition to ketamine-induced membrane hyperpolarization and increased
RN of cortical pyramidal neurons, ketamine also promotes more effective dendritosomatic
information transfer in cortical pyramidal neurons.

It is important to note that the experiments depicted in Fig. 4C were performed after blocking
GABAA receptors with bicuculline. In the absence of bicuculline, however, we observed a sub-
linear summation of evoked EPSPs in pyramidal neurons from HCN1 knockout mice that was
essentially identical to that seen in neurons from wild type mice (see Suppl. Fig. S3); the
summation ratio was 2.0 ± 0.1 in wild type mice and 2.1 ± 0.1 in HCN1 knockouts (n= 10 each;
NS). In neurons from HCN1 knockout mice the enhancement of EPSP summation by
bicuculline was ~3-fold greater than observed in cells from wild type mice (see Suppl. Fig.
S3); bicuculline increased EPSP5:EPSP1 by ~12.9 ± 5.7% in control animals and by 37.3 ±
5.8% in HCN1 knockouts (n= 6 & 5, respectively; P<0.05). Thus, despite the loss of HCN1
channels in knockout mice, a compensatory GABAergic mechanism provides normal
dendritosomatic coupling in pyramidal neurons. Interestingly, it was recently reported that up-
regulated GABAA current serves to preserve relatively normal excitability in hippocampal
pyramidal neurons of mice with genetic deletion of Kv4.2 (Andrasfalvy et al., 2008), a channel
that also exhibits preferential distal dendritic localization (Magee, 2000). In sum, these data
indicate that ketamine is unable to enhance EPSP summation in cortical pyramidal neurons
from HCN1 knockout mice, but that baseline EPSP summation in knockout animals is
otherwise quantitatively indistinguishable from that seen in wild type cells.

HCN1 knockout mice are markedly less sensitive to hypnotic actions of ketamine
We reasoned that genetic deletion of this target for ketamine action would reduce anesthetic
sensitivity in HCN1 knockout mice. We were particularly interested in hypnotic actions of the
drug since membrane hyperpolarization and enhanced synaptic efficacy in cortical neurons are
believed to be important for cortical synchronization associated with sleep-like hypnotic states
(Bazhenov et al., 1998; Hill and Tononi, 2005). Indeed, we discovered a strikingly diminished
sensitivity of HCN1 knockout mice to the hypnotic actions of ketamine (Fig. 5); by comparison
to control mice, the dose-response relationship for ketamine to evoke a loss-of-righting reflex
(LORR) in HCN1 knockout mice was shifted toward higher concentrations (Fig. 5A), with
nearly a doubling of the EC50 (control: 7.3 ± 0.6 mg/kg; HCN1 knockout: 13.3 ± 0.6 mg/kg,
n=11 & 15, P<0.001). Also consistent with decreased sensitivity to ketamine, we found that
duration of the LORR was substantially diminished at each effective ketamine dose in HCN1
knockouts (Fig. 5B). The LORR obtained at higher drug concentrations likely reflects
engagement of different neural mechanisms and distinct molecular targets from those
responsible for lower-dose hypnotic actions, as is thought to occur during progression through
different planes of anesthesia (Antkowiak, 2002).

The wild type and HCN1 knockout mouse lines used for the behavioral studies are on a similar
mixed genetic background (C57BL/6 and 129Sv); however, the 129Sv substrains are not
identical and some genetic drift might be expected since homozygous knockout and wild type
lines were maintained separately. Therefore, we also tested effects of ketamine on LORR in
HCN1+/+ and HCN1-/- littermates derived from heterozygotes produced by crossing the
knockout line with C57BL/6J mice. As with the lines maintained as homozygotes, hypnotic
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effects of ketamine were clearly different in these HCN1+/+ and HCN1-/- littermates; at a 10
mg/kg dose, 75% of HCN1+/+ mice were unresponsive whereas only 12.5% of the HCN1-/-

littermates lost the righting reflex (Fig. 5A), and LORR duration was shorter in the HCN1
knockouts (140 ± 27 s vs. 19 ± 19 s; n=12 & 8, P<0.005). These concordant data from
HCN1+/+ and HCN1-/- mice obtained in different mouse lines suggest that the reduced
sensitivity to hypnotic actions of ketamine in HCN1 knockouts is not related to genetic
background.

The decreased sensitivity to ketamine-induced hypnosis was also not a non-specific effect of
HCN1 gene deletion. Etomidate is a different class of intravenous anesthetic drug that has no
effect on HCN1 channels (Fig. 6A), and both control and HCN1 knockout mice were identical
in sensitivity to hypnotic effects of etomidate (Fig. 6B; EC50 for both control & HCN1
knockout: 1.3 ± 0.1 mg/kg, n=10 & 11, P>0.99). Together, these data suggest that the
diminished ability of ketamine to provoke hypnosis in HCN1 knockout mice can indeed be
attributed to deletion of the HCN1 subunit, and is unlikely to be accounted for by differences
in genetic background or non-specific changes that generally affect anesthetic sensitivity.

HCN1 knockout mice are less sensitive to hypnotic actions of propofol, another subunit-
selective HCN1 channel blocker

Propofol is a GABAA receptor agonist and an intravenous anaesthetic that is structurally
unrelated to ketamine (Rudolph and Antkowiak, 2004); however, like ketamine, it also
selectively inhibits cloned HCN1-containing channels by shifting V½ of Ih activation and
decreasing maximal current amplitude (Cacheaux et al., 2005; Chen et al., 2005a; Lyashchenko
et al., 2007). Consistent with this HCN1 subunit selectivity, propofol (5 μM) caused a
hyperpolarizing shift in V½ of Ih activation and a decrease in maximal current amplitude in
cortical pyramidal neurons from control mice (Fig. 7A, 7B), but neither effect was observed
on the residual Ih in cells from HCN1 knockout mice (Fig. 7C, 7D). In addition, we also found
that propofol caused membrane hyperpolarization (from -66.1 ± 3.1 mV to -69.8 ± 3.8 mV),
increased input resistance (225.7 ± 31.0 MΩ to 272.3 ± 31.1 MΩ) and diminished Ih-dependent
depolarizing ‘sag’ (3.2 ± 0.4 mV to 0.7 ± 0.4 mV) in pyramidal neurons from control mice
(P<0.05 and n=6 for all; see Suppl. Fig. S3); these effects of propofol were not observed in
HCN1 knockout mice (see Suppl. Fig. S4). Importantly, also, propofol enhanced synaptic
summation in cortical pyramidal neurons from control mice, but not from HCN1 knockout
animals (Fig. 7E, 7F). These data verify in a native context the subunit selectivity described
earlier for propofol inhibition of HCN channel currents in heterologous systems (Cacheaux et
al., 2005; Chen et al., 2005a; Lyashchenko et al., 2007) – and they are strikingly similar to
results obtained for ketamine. Notably, and again similar to our findings with ketamine, HCN1
knockout mice were less sensitive to hypnotic effects of propofol; as shown in Fig. 7G, the
EC50 for propofol in a LORR assay was shifted by ~40% in HCN1 knockouts (control: 7.2 ±
0.6 mg/kg; HCN1 knockout: 10.6 ± 0.8 mg/kg, n=10 & 13, P<0.001), with sleep times
significantly decreased relative to control mice. So, this structurally and pharmacologically
distinct compound has effects similar to ketamine on cloned HCN1-containing channels and
on cortical neuronal Ih and, as for ketamine, the hypnotic effects of propofol are diminished in
HCN1 knockout mice.

DISCUSSION
The results of experiments reported here have implications for understanding both the
molecular neuropharmacology of ketamine action and the molecular basis of anesthetic-
induced hypnosis. First, we show that HCN1 channels are a behaviorally-relevant molecular
substrate for ketamine; this result is especially surprising since ketamine is a drug whose actions
have been universally associated with inhibition of NMDA receptors (e.g., Franks and Lieb,
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1994; Sinner and Graf, 2008). These results raise the possibility that effects on HCN1 channels
may be relevant for other unexplained aspects of ketamine action (e.g., its analgesic,
psychedelic or anti-depressant effects) and they urge caution in the reflexive association of
ketamine action with NMDA receptors. Second, we find a reduced sensitivity to hypnotic
actions of ketamine and propofol, but not etomidate, in HCN1 knockout mice; these behavioral
results correlate well with inhibitory effects of these distinctly different anesthetic compounds
on HCN1 channels, supporting a role for HCN1 channel inhibition in anesthetic-induced
hypnosis. Furthermore, we demonstrate that inhibition of Ih in cortical neurons by anesthetics
alters electroresponsive properties in ways known to promote synchronized oscillatory
behavior (Bazhenov et al., 1998; Hill and Tononi, 2005), providing a plausible neural
mechanism by which HCN1 channel modulation could contribute to hypnotic actions of those
drugs. In sum, these studies reveal HCN1 channels as heretofore unrecognized molecular
targets for ketamine and legitimize these channels as clinically relevant substrates for hypnotic
actions of anesthetics.

HCN1 channels are a behaviorally relevant molecular target for ketamine
As mentioned, the dramatic decrease in ketamine sensitivity of HCN1 knockout mice (~2-fold)
was particularly surprising since NMDA receptors are widely believed to represent the
molecular target for ketamine action. The case for NMDA receptor involvement in mediating
anesthetic actions of ketamine rests largely on observations that ketamine inhibits NMDA
receptors with a concentration dependence and stereoselectivity that are concordant with
clinical effects of the drug (Franks and Lieb, 1994; Kohrs and Durieux, 1998). Whereas such
in vitro results provide a strong correlative argument to implicate NMDA receptors, we find
that the same case can be made for HCN1 channels: EC50 values obtained for ketamine
inhibition of HCN1 channels are within a clinically relevant range and HCN1 channels are
more potently inhibited by S-(+)-ketamine than racemic ketamine. Although concentrations
required for inhibition of HCN1 channels (EC50: 8-16 μM) are somewhat higher than for
inhibition of NMDA receptor channels (EC50: 1-5 μM) (Orser et al., 1997; Yamakura et al.,
2000), it is worth recalling that MK-801 fails to cause hypnosis even though it is more potent
than ketamine as an NMDA receptor antagonist (Daniell, 1990; Kelland et al., 1993; Stabernack
et al., 2003; Irifune et al., 2007). Notably, and unlike ketamine, MK-801 has no effect on HCN1-
containing channels (see Suppl. Fig. S5). Finally, there are currently no in vivo data from
NMDA receptor knockout mice to support a specific role for these channels in any ketamine-
induced anesthetic outcome (Petrenko et al., 2004; Sato et al., 2005), whereas we find a striking
deficit in hypnotic sensitivity to ketamine in HCN1 knockout mice. Clearly, neither these
arguments nor our data rule out a contribution from NMDA receptor inhibition to anesthetic
actions of ketamine, which may yet be demonstrated. However, these studies demonstrate that
HCN1 channels satisfy established in vitro criteria for a suitable ketamine target while also
providing corroborating in vivo support for HCN1 contributions to hypnosis, a clinically
relevant behavioral outcome.

A common concern in studies with conventional knockout animals is the possibility of
compensatory cellular mechanisms that complicates interpretation of behavioral data. In our
studies, however, an up-regulated GABAA current in the HCN1 knockout mice actually
provided a fortuitous set of circumstances; it compensated for the loss of Ih to yield essentially
normal synaptic summation properties under control, un-drugged conditions, while still
providing a context in which drug effects were absent (i.e., ketamine and propofol had no effect
on Ih or synaptic summation in the HCN1 knockout mice). In addition, Ih was markedly
diminished in cortical neurons from HCN1 knockout mice, suggesting little, if any,
compensatory up-regulation of other HCN subunits (see also Nolan et al., 2003; 2004). Indeed,
expression of HCN2 mRNA in cortex of juvenile and adult mice is not different between wild
type and HCN1 knockout mice, and HCN3 and HCN4 expression is 2-3 orders of magnitude
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lower than HCN1 and HCN2 regardless of age or genotype (Chen et al., 2008). It is also worth
pointing out that our electrophysiological recordings were performed in cells from young mice
(2-3 weeks old), whereas older animals were used for behavioral studies (2-4 months old).
However, since developmental changes in HCN expression are essentially complete in other
pyramidal cells by P14-P18 (Surges et al., 2006; Brewster et al., 2007) and because HCN2
channels are insensitive to ketamine and propofol, it is unlikely that any minor residual HCN2
current would influence behavioral responses to these anesthetics in either juveniles or adults.

HCN1 channels and hypnotic effects of other anesthetics
We found a good correlation between effects of two other anesthetic drugs on HCN1 subunits
and their hypnotic actions in HCN1 knockout mice; etomidate had no effect on HCN1 channels
and its ability to evoke a LORR was unaltered in HCN1 knockout mice whereas propofol
selectively inhibits HCN1 subunits (Cacheaux et al., 2005; Chen et al., 2005a; Lyashchenko
et al., 2007) and we found a significant decrease in sensitivity of HCN1 knockout mice to
hypnotic effects of propofol. Other molecular targets, such as the GABAA receptor β2 or β3
subunit, likely contribute to residual hypnotic effects of propofol in HCN1 knockout mice
(Rudolph and Antkowiak, 2004). Since bradycardic drugs that block Ih do not discriminate
among HCN subunits (e.g. ZD-7288), their effects cannot be unambiguously tested in these
HCN1 knockout mice. Likewise, this mouse model was not suitable for testing sensitivity to
volatile anesthetics that inhibit both HCN1 and HCN2 subunits (Chen et al., 2005b; 2008), and
which activate the up-regulated GABAA current in cortical neurons from HCN1 knockout mice
(XC & DAB, unpublished observations). Nevertheless, it is noteworthy that compounds as
dissimilar as ketamine and propofol share this common HCN1 molecular target, and that
deletion of HCN1 leads to decreased hypnotic sensitivity to both drugs. The mechanism by
which ketamine modulates HCN1 channels remains to be determined. However, HCN1
channel inhibition by ketamine shares a number of characteristics with that described for
propofol, including HCN1 subunit-selectivity, insensitivity to cAMP and higher apparent
affinity for shifts in V½ than for suppression of maximal current (see Fig. 1 and Cacheaux et
al., 2005; Chen et al., 2005a; Lyashchenko et al., 2007). For propofol, an allosteric inhibitory
mechanism has been described that involves the conserved membrane channel core,
independent of the N terminus or the C-terminal regulatory domains (Lyashchenko et al.,
2007).

Hypnosis and anesthetic modulation of Ih in cortical neurons
Our results indicate that effects of ketamine and propofol on excitability and dendritosomatic
integration in cortical pyramidal neurons are primarily due to effects on Ih, and specifically on
HCN1 subunits. Both compounds inhibit only HCN1-containing channels in HEK293 cells
and, accordingly, inhibition of Ih in cortical neurons by ketamine and propofol was not seen
in HCN1 knockout mice. In addition, their effects on input resistance, sag, resonance and
synaptic summation are consistent with inhibition of Ih and completely absent in HCN1
knockout mice. Finally, current inhibition by these drugs has similar characteristics in both
HEK293 cells and cortical neurons (i.e., it involves a negative shift in V½ and decreased
maximal current amplitude). Although this latter correspondence is reassuring, strict
quantitative comparison of anesthetic effects on channel properties obtained in these two
preparations should be avoided; it is unlikely that voltage control of dendritically located
channels in cortical neurons can match that obtained for HCN channels expressed in HEK293
cells. Nonetheless, these data argue strongly that ketamine and propofol inhibit HCN1-
containing channels and dendritic Ih in cortical neurons to mediate enhanced dendritosomatic
synaptic integration. Interestingly, a recent report noted that ketamine/xylazine anesthesia
enhanced calcium spikes and dendritic excitability in layer 5 cortical pyramidal neurons, both
in vitro and in vivo, although the ionic mechanism was not determined (Potez and Larkum,
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2008); our results suggest that this could be due, at least in part, to ketamine-mediated inhibition
of Ih.

This cellular analysis of anesthetic actions in cortical pyramidal neurons suggests at least one
site where inhibition of Ih could contribute to hypnosis. The combination of membrane
hyperpolarization and reduced dendritic shunt associated with inhibition of Ih are expected to
support coherent oscillatory behavior (Carr et al., 2007); indeed, blocking Ih with ZD-7288
prolongs recurrent network activity in the cortex (Wang et al., 2007) and decreases in Ih have
been observed in a number of epilepsy models in rodents (Shah et al., 2004; Kole et al.,
2007; Jung et al., 2007). In animals anesthetized with ketamine (in combination with urethane,
xylazine or N2O; Steriade et al., 1993), a prominent slow EEG oscillation (<1 Hz) is observed
that resembles the so-called slow rhythm of deep sleep (Amzica and Steriade, 1998). This slow
oscillation is cortically-derived, accompanied by membrane hyperpolarization and maintained
by balanced excitatory and inhibitory intracortical synaptic inputs (Amzica and Steriade,
1998; Shu et al., 2003). So, we propose that inhibition of Ih by ketamine promotes synaptically-
mediated synchronization of rhythmic cortical activity by contributing to the membrane
hyperpolarization required for oscillatory activity while simultaneously decreasing dendritic
shunt to enhance synaptic efficacy. In this way, ketamine may modulate endogenous cortical
mechanisms that contribute to normal sleep in order to bring about its own unique state of
altered consciousness.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ketamine selectively inhibits currents from HCN1 subunit-containing channels
A. Sample currents from HEK293 cells expressing mHCN1, mHCN2 and mHCN1-mHCN2
channel constructs evoked by hyperpolarizing voltage steps from -38 mV to -118 mV, before
and during exposure to ketamine (20 μM); conditioning voltage steps were followed by a step
to -88 mV for tail current analysis. B. Summary data showing averaged (± SE) shift in half
activation potential (V½; upper) and current inhibition (% from control; lower) evoked by
ketamine for each of the indicated HCN channel constructs. *, P<0.05 by paired t-test for
ketamine vs. control (n=5, 5 & 8 for mHCN1, mHCN2 and mHCN1-mHCN2). C. Averaged
values for shift in V½ (left) and amplitude inhibition (right) of heteromeric mHCN1-mHCN2
currents at different concentrations of racemic ketamine (black squares) or its S-(+)-enantiomer
(red triangles). For the shift in V½, calculated EC50 values were, respectively, 8.2 ± 1.2 μM
and 4.1 ± 1.2 μM, with corresponding maximal values of -11.9 ± 0.7 mV and -14.5 ± 0.9 mV;
for amplitude inhibition, EC50 values were 15.6 ± 1.2 μM and 7.4 ± 1.3 μM, with corresponding
maximal values of 44.5 ± 3.0% and 49.3 ± 3.7% inhibition. The insets show normalized fits
in order to highlight differences in potency between ketamine and S-(+)-ketamine. For both
ΔV½ and % inhibition, EC50 values were significantly different; also, the maximum shift in
V½ was significantly greater for S-(+)-ketamine. (P<0.05 by t-test, n≥8 cells at each
concentration).
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Figure 2. Ketamine inhibits Ih in cortical pyramidal neurons from wild type mice, but not from
HCN1 knockout mice
A, C. Voltage clamp recordings of Ih in cortical pyramidal neurons from wild type and HCN1
knockout mice, under control conditions (upper) and during exposure to ketamine (20 μM,
lower). B, D. Averaged steady state I-V (upper) and voltage dependence of Ih activation
(lower) under control conditions (squares) and in the presence of ketamine (20 μM,
triangles) in cortical pyramidal neurons from wild type and HCN1-/- mice. Ketamine induced
~-10 mV shift in V½ of Ih activation and ~30% decrease in Ih amplitude (at -128 mV) in cortical
neurons from wild type mice but had no effect on Ih in HCN1 knockout mice (ΔV½ ~-2 mV;
~5% inhibition). *, P<0.05 by paired t-test; n=5 each for wild type and HCN1 knockouts.
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Figure 3. Ketamine decreases resonant properties of cortical pyramidal neurons in wild type but
not in HCN1 knockout mice
A & B. Sample voltage records (upper) obtained during injection of a sinusoidal current
waveform (lower) with frequency increasing quadratically from 0.5 Hz to 15 Hz (in 15 s) in
cortical pyramidal neurons from wild type (A) and HCN1 knockout mice (B); after obtaining
control records, cells were exposed sequentially to ketamine (20 μM) and ZD-7288 (50 μM) .
In the cell from a wild type mouse, note that the greatest voltage response is observed at a
frequency above 0.5 Hz (blue arrow), but this is shifted toward lower frequencies by ketamine
(red arrow) and ZD-7288. C. A Fourier transform was applied to the voltage and current
waveforms and the ratio used to obtain impedance power as a function of stimulus frequency;
those relationships were fitted with an asymmetric peak function (overlaid lines) for each cell
to obtain averaged values (± SE) for the Q ratio, Zmax and λmax (insets) that represent,
respectively, the ratio of peak impedance to that at 0.5 Hz, the peak impedance and the
frequency at peak impedance. As expected for inhibition of Ih, ketamine and ZD-7288
increased impedance magnitude (Zmax) and altered resonant properties in cortical pyramidal
cells from wild type mice by shifting the Q value and λmax; in neurons from HCN1 knockout
mice, only Zmax was affected and only by ZD-7288, presumably reflecting effects of the drug
on residual HCN2 channels that do not contribute substantially to cell resonant properties. *
and †, P<0.05, respectively, from control and ketamine conditions, by two-way RM-ANOVA,
n=5 each for wild type and HCN1 knockouts.
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Figure 4. Ketamine causes membrane hyperpolarization, increases RN and enhances EPSP
temporal summation in cortical pyramidal neurons from wild type mice, but not from HCN1
knockout mice
A. Effect of ketamine (20 μM) on membrane potential (MP, upper) and input resistance (RN,
lower) in a cortical pyramidal neuron from a wild type mouse. B. Averaged data (± SE)
illustrating effects of ketamine and the Ih blocker, ZD-7288 (50 μM) on MP (upper) and RN
(lower) in cortical pyramidal neurons from wild type and HCN1 knockout mice (n=5 each).
C. Sample voltage traces show EPSP recordings (left) obtained from cortical pyramidal neuron
from wild type (upper) and HCN1 knockout mice (lower) in response to 40 Hz stimulation
under control conditions, and during exposure to ketamine and ZD-7288. Right panels: EPSPs
were aligned to initial membrane potential and normalized to the amplitude of the first EPSP
in the train in order to highlight drug effects on temporal summation. Inset: effects of ketamine
from a more depolarized starting potential illustrate increased excitability resulting from
enhanced EPSP summation despite ketamine-induced membrane hyperpolarization. (Spike is
truncated; time scale represents 50 ms). D. Averaged EPSP summation ratio (EPSP5/EPSP1)
for wild type and HCN1 knockout mice (n=6 & 5) under the indicated conditions (upper);
averaged % increase of EPSP summation induced by ketamine and ZD-7288 (lower). Ketamine
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enhanced EPSP summation in cortical neurons from wild-type animals, but not from HCN1
knockout mice. *, P<0.05 by two-way RM-ANOVA or in D, by paired t-test vs. control.
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Figure 5. HCN1 knockout mice are less sensitive to hypnotic actions of ketamine
Mice were injected with incrementing concentrations of ketamine (5-30 mg/kg, i.v.) and the
percentage of wild-type and HCN1 knockout animals that failed to right themselves (loss-of-
righting reflex; LORR) was determined as a measure of hypnosis. HCN1 knockout mice were
less sensitive to hypnotic effects of ketamine, as indicated by the increased EC50 for ketamine-
induced LORR (A) and the reduced duration of the LORR (B). *, P<0.05 by two-way RM-
ANOVA, n=11 & 13. The inverted triangle and diamond in A represent data from HCN1+/+

(n=12) and HCN1-/- littermates (n=8) obtained from heterozygote HCN1+/- mice following a
backcross of HCN1 knockouts to C57BL/6J mice.

Chen et al. Page 18

J Neurosci. Author manuscript; available in PMC 2009 September 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Etomidate does not inhibit HCN channel currents and hypnotic effects of etomidate are
unaffected in HCN1 knockout mice
A. Sample currents from HEK293 cells expressing mHCN1 channels (n=5) before and during
exposure to etomidate (left, 10 μM); averaged steady state I-V (right, upper) and voltage
dependence of Ih activation (right, lower) under control conditions (squares) and in the
presence of etomidate (triangles). B. Mice were tested for LORR following injection with
different concentrations of etomidate (0.625-10 mg/kg, i.v.); hypnotic effects of etomidate were
identical in wild-type and HCN1 knockout animals, determined either as EC50 (left) or duration
of LORR (right). NS, by two-way RM-ANOVA, n=10 & 12.
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Figure 7. Propofol-induced inhibition of neuronal Ih and hypnosis are diminished in HCN1
knockout mice
A, C.Voltage clamp recordings of Ih in cortical pyramidal neurons from wild type (A) and
HCN1-/- mice (C) under control conditions (upper) and during exposure to propofol (5 μM,
lower). B, D. Averaged steady state I-V (upper) and voltage dependence of Ih activation
(lower) under control conditions (squares) and in the presence of propofol (triangles) in cortical
pyramidal neurons from wild type (B) and HCN1-/- mice (D). Propofol induced ~-10 mV shift
in V½ of Ih activation and ~30% decrease in Ih amplitude in cortical neurons from wild type
mice (P<0.01, paired t-test, n=7) but had no effect on Ih in HCN1-/- mice (ΔV½ ~-0.4 mV;
~0.1% inhibition, n=6). E. Sample voltage traces show EPSP recordings (left) obtained from
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cortical pyramidal neuron from wild type mouse under control conditions, and during exposure
to propofol and ZD-7288. EPSPs were aligned to initial membrane potential and normalized
to the amplitude of the first EPSP in the train (right) in order to highlight drug effects on EPSP
temporal summation. F. Averaged percent increase of EPSP summation induced by propofol
and ZD-7288 in cortical neurons from wild-type animals and HCN1-/- mice (*, P<0.05 vs.
control, n=4 each). G. Mice were tested for LORR after injection with incrementing
concentrations of propofol (5-30 mg/kg, i.v.). HCN1 knockout mice were less sensitive to
hypnotic effects of propofol, as indicated by the increased EC50 for propofol-induced LORR
(left) and the reduced duration of the LORR (right). *, P<0.05 by two-way RM-ANOVA, n=10
& 13.
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