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Abstract

Absence seizures occur in several types of human epilepsy and result from widespread, 

synchronous feedback between the cortex and thalamus that produces brief episodes of loss of 

consciousness. Genetic rodent models have been invaluable for investigating the 

pathophysiological basis of these seizures. Here, we identify tetratricopeptide-containing Rab8b-

interacting protein (TRIP8b) knockout mice as a new model of absence epilepsy, featuring 

spontaneous spike-wave discharges on electroencephalography (EEG) that are the electrographic 

hallmark of absence seizures. TRIP8b is an auxiliary subunit of the hyperpolarization-activated 
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cyclic-nucleotide-gated (HCN) channels, which have previously been implicated in the 

pathogenesis of absence seizures. In contrast to mice lacking the pore-forming HCN channel 

subunit HCN2, TRIP8b knockout mice exhibited normal cardiac and motor function and a less 

severe seizure phenotype. Evaluating the circuit that underlies absence seizures, we found that 

TRIP8b knockout mice had significantly reduced HCN channel expression and function in 

thalamic-projecting cortical layer 5b neurons and thalamic relay neurons, but preserved function in 

inhibitory neurons of the reticular thalamic nucleus. Our results expand the known roles of 

TRIP8b and provide new insight into the region-specific functions of TRIP8b and HCN channels 

in constraining cortico-thalamo-cortical excitability.
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Introduction

Absence seizures are characterized by brief episodes of loss of consciousness without 

prominent motor involvement that are accompanied by characteristic 2–4 Hz spike-wave 

discharges (SWDs) seen across all cortical leads on EEG. These seizures occur in several 

human epilepsy syndromes, including the most common pediatric epilepsy, childhood 

absence epilepsy (Jallon et al., 2001). Although often misconstrued as a benign condition 

that spontaneously remits in adolescence, many children with childhood absence epilepsy 

suffer long-term cognitive and psychosocial deficits (Pavone et al., 2001). Existing 

pharmacological therapies fail to adequately control seizures in many patients, and even 

when successful these drugs themselves often induce adverse cognitive and behavioral side-

effects (Glauser et al., 2010). Thus, there is need for more targeted therapeutic options for 

absence seizures, which will in turn require improved understanding of the underlying 

pathophysiology.

Absence seizures have long been known to arise from aberrant activity in the 

thalamocortical network (reviewed in Avoli, 2012). Existing evidence suggests SWDs 

initiate focally in the cortex (Meeren et al., 2002; Polack et al., 2007), followed by 

reverberant feedback between thalamocortical (TC) neurons in various thalamic nuclei and 

GABAergic cells of the reticular thalamic nucleus (RTN) that rapidly generalizes across 

broad areas of the thalamus and cortex (Huguenard and McCormick, 2007). A growing 

number of genetic rodent models of absence epilepsy have greatly enhanced our 

understanding of the finer-scale cellular and molecular abnormalities that lead to cortico-

thalamo-cortical hyperexcitability (reviewed in Deng et al., 2014). Two of these models 

resulted from the targeted (Ludwig et al., 2003) and spontaneous (Chung et al., 2009) 

disruption of the Hcn2 gene in mice, which encodes a pore-forming subunit of the 

hyperpolarization-activated cyclic-nucleotide-gated (HCN) ion channel family. HCN 

channels pass a non-selective Na+/K+ current (Ih) that activates near or below typical 

neuronal resting potentials and does not inactivate (Biel et al., 2009). Intracellular binding of 

cAMP shifts activation to more positive potentials, making HCN channels important 

effectors of neuromodulatory signaling. In TC neurons, the depolarizing influence of Ih 
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inactivates T-type Ca2+ channels and promotes the transition from oscillatory bursts of 

action potentials to a tonic firing mode, which is associated with wakefulness. Conversely, 

TC neuron burst firing is increased during unconscious states, including slow-wave sleep 

(Llinás and Steriade, 2006) and absence seizures (Staak and Pape, 2001; Budde et al., 2005; 

Beenhakker and Huguenard, 2009).

Our group previously reported that mice lacking tetratricopeptide-repeat-containing Rab8b-

interacting protein (TRIP8b), an auxiliary subunit of HCN channels, demonstrate substantial 

downregulation of Ih in CA1 pyramidal neurons, but exhibit only subtle behavioral changes 

(Lewis et al., 2011). However, we suspected that loss of TRIP8b might induce occult 

epileptiform activity similar to loss of HCN2. Here, we report spontaneous SWDs associated 

with behavioral arrest in TRIP8b knockout mice, reminiscent of human absence epilepsy. 

These mice do not have additional neurological or cardiac impairments as seen in mice 

lacking HCN2. Using biochemical, immunohistochemical, and electrophysiological 

techniques, we demonstrate markedly reduced HCN channel function in neocortical 

pyramidal neurons and TC neurons, but preserved Ih in the RTN. Our findings establish the 

TRIP8b knockout mouse as a novel model of absence epilepsy that provides new insights 

into the importance of Ih in thalamocortical networks.

Materials and Methods

Mice

All animal experiments were performed according to protocols approved by the Institutional 

Animal Care and Use Committees of Northwestern University and Cornell University. 

Generation of total body TRIP8b knockout mice used in this study has been previously 

described (Lewis et al., 2011).

Animal surgery, EEG recording

A more detailed procedure of animal surgery for long-term recording in freely moving mice 

has been previously described (Shin et al., 2008). Briefly, mice were anesthetized with a 

mixture of ketamine (80 mg/kg) and xylazine (9 mg/kg). A prefabricated mouse headmount 

(Pinnacle Technologies) was fastened onto the skull with 4 electrodes contacting the dura, 

two placed 1 mm anterior to bregma and two placed 7 mm anterior to bregma, each being 

1.5 mm lateral to the central sulcus. Mice were allowed 7 days to recover then placed in 

recording chambers for continuous 24-hr simultaneous video and EEG recordings. EEG/

video analysis was performed offline by manually scrolling through 60 s epochs of EEG 

data to detect seizure activity. SWDs were scored for each animal only if the EEG 

demonstrated a distinct 3–8 Hz spike-wave morphology, with amplitudes at least 2 times 

higher than baseline.

Animal pharmacology

After 1 hr of habituation to the recording chamber, a 2 hr period of baseline recording was 

carried out before injections. Injections and dosages used were as follows: ethosuximide 

(200 mg/kg), carbamazepine (20 mg/kg), or γ-butyrolactone (100 mg/kg). All were 

dissolved in normal saline and injected intraperitoneally. Following injections, a video-EEG 
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recording period (≥ 80 min) was conducted. EEGs were analyzed thereafter for the presence 

of SWDs as described above. EEG analysis was conducted by an investigator blinded to 

mouse genotype.

Rotarod

Motor coordination in a group of 21 mice (7 wild-type (WT), 7 TRIP8b KO, and 7 apathetic 

(HCN2 null mice)) between 6–11 weeks of age was assessed by placing the mice on a 

rotating-rod apparatus (Ugo Basile) that was set to either maintain a fixed speed (24 or 40 

rpm) or to accelerate speed (from 4 to 40 rpm). In both the fixed and accelerating rotarod 

experiments, mice were tested in a single trial, and the amount of time before a mouse fell 

off the rotarod was recorded. The maximum time recorded was 10 min per mouse. If a 

mouse held onto the rotating rod for one complete revolution it was scored as a fall.

DigiGait

Gait dynamics were assessed on a group of 17 male mice (4 WT, 9 TRIP8b KO, 4 apathetic) 

between the ages of 6–8 weeks and described in detail previously (Hampton et al., 2004). 

Briefly, mice were place onto a transparent treadmill with a high-speed digital camera 

mounted underneath. Mice walked on the treadmill belt at a set speed of 17 cm/s. Images 

were collected at 150 frames per second and were converted to gray-scale to measure the 

area of pixels of the moving paws relative to the belt and the camera. Stride length and 

stance width were determine based on the sequential placement of the paws on the treadmill 

belt, and the distances between the fore paws and hind paws at peak stance, as previously 

described (Hampton et al., 2004).

ECG recordings

ECGs were recorded non-invasively on a group of 10 male mice (4 WT, 3 TRIP8b KO, 3 

apathetic) between the ages of 6–8 weeks as described in detail previously (Chu et al., 

2001). Briefly, mice were removed from their cages and placed on the ECGenie recording 

platform (Mouse Specifics, Inc., Boston, MA, USA). Each mouse was allowed to acclimate 

to the ECG platform for 10 minutes. ECG signals were then recorded and digitized at a 

sampling rate of 2000 samples/sec. Only data from continuous recordings were analyzed. 

Each signal was analyzed using e-MOUSE software (Mouse Specifics, Inc., Boston, MA, 

USA) (Chu et al., 2001; Hampton et al., 2012). E-MOUSE incorporates Fourier analysis and 

linear time-invariant digital filtering of frequencies below 2 Hz and above 100 Hz to 

minimize environmental signal disturbances. The software uses a peak detection algorithm 

to find the peak of the R-waves and to calculate heart rate. Heart rate variability was 

calculated as the mean of the differences between sequential heart rates for the complete set 

of ECG signals for each genotype.

Western blotting

Primary antibodies and concentrations used for western blotting: rabbit α-HCN1 (1:1,000) 

and rabbit α-TRIP8b (1:10,000) (Lewis et al., 2011); guinea pig α-HCN2 (1:1,000) (Shin et 

al., 2006); mouse α-HCN3 (1:1,000, NeuroMab); guinea pig α-HCN4 (1:1,000) (Shin et al., 

2008); rabbit α-GluR1 (1:1,000, Millipore); and mouse α-βIII-tubulin (1:3,000, Sigma). 
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Primary antibodies were diluted in blocking solution containing 5% milk and 0.1% 

Tween-20 in TBS. Western blotting was performed as previously described (Lewis et al., 

2009). Band intensities were quantified using NIH ImageJ software and normalized to the 

βIII-tubulin signal for each sample.

Surface biotinylation

Male mice ages 10–16 weeks were deeply anesthetized with isoflurane and rapidly 

decapitated. Brains were removed and placed in a vibratome chamber with ice-cold artificial 

cerebrospinal fluid (ACSF) containing (in mM) 124 NaCl, 3 KCl, 2 CaCl2, 25 NaHCO3, 1.1 

NaH2PO4, 2 MgSO4, and 10 D-glucose, and equilibrated with 95% O2 and 5% CO2 to yield 

a pH 7.4. Brains were sectioned at 350 µm and thalamic tissue corresponding to regions 

below the hippocampus, adjacent to the lateral ventricles and above the apex of the third 

ventricle was dissected and placed in a 6-well culture tray adapted to operate as a 

continuously gasified chamber (95% O2 and 5% CO2). Sections were washed twice for 5 

min with ice-cold ACSF and then incubated in ACSF containing 2mg/mL sulfo-NHS-LC-

biotin (Sigma). After 45 min of incubation, slices were washed twice with PBS containing 

20 mM NH4Cl (Sigma) to quench excess reactive biotin. Slices were then transferred to a 

microcentrifuge tube and immediately sonicated in 500 µL of lysis buffer (1% Triton X-100, 

0.1% SDS, 1mM EDTA, 50mM NaCl, 20mM Tris, pH 7.5, and protease inhibitor cocktail 

(Roche)). Biotinylated samples were precipitated with ultra-link immobilized streptavidin 

beads (Pierce) and eluted with sample buffer for subsequent western blotting. The 

percentage of surface expression for each sample was obtained by normalizing the 

biotinylated fraction to the input.

Thalamocortical electrophysiology

Brain slice preparations have previously been described (Ying and Goldstein, 2005). Briefly, 

mice (P60–95) were anesthetized with isoflurane (or by pentobarbital in about 50% of mice 

used), and horizontal brain slices (300 µm) prepared. Whole-cell voltage-clamp recordings 

of neurons in the ventrobasal complex were obtained (Ying et al., 2006). All recordings 

were carried out at 32°C, except for the experiments on current density, which were made at 

24°C to improve membrane stability during 10 s steps to −130 mV. Slices were perfused 

with ACSF containing (in mM): NaCl 124, NaHCO3 26, KCl 5, NaH2PO4 1.25, MgCl2 2; 

CaCl2 2, D-glucose 18, and tetrodotoxin 0.001. For analyses of Ih current density, an “Ih-

isolation solution” was used (ACSF to which the following were added, in mM: 4-

aminopyridine (4-AP) 0.1, BaCl2 1, NiCl2 0.1, D-2-amino-5-phosphonovaleric acid (AP5) 

0.04, and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) 0.02). The intracellular solution 

contained (in mM): K+-gluconate 135, NaCl 5, HEPES 10, EGTA 0.5, ATP-Mg2+ 2, GTP-

Na+ 0.3, Na+-phosphocreatine 5; the pH was adjusted to 7.3 with KOH. Data were obtained 

with a Multiclamp 700B amplifier (Molecular Devices). Whole-cell Ih currents were 

activated by using a voltage step protocol (−50 to −120 mV, 10 mV/step, 5 s or 10 s, Vhold: 

−50 mV). Liquid junction potentials were calculated using the software Junction Potential 

Calculator (Clampex 9, Molecular Devices), and corrected offline (Ying and Goldstein, 

2005). Analysis of Ih currents was performed with Clampfit 10.2 (Molecular Devices) and 

Sigmaplot 8.0 (Systat). Steady-state activation curves were determined from the amplitude 

of the tail current measured at −50 mV as previously described (Ying et al., 2006). 
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Normalized tail current values were plotted as a function of the test voltage and fit with the 

Boltzmann function. For analysis of activation kinetics, the first 1.5 s of a steady-state 

current trace (obtained at −120 mV) was fit using a single exponential function to determine 

the time constant of activation (τact) (Frère et al., 2004), while the first 2 s of a tail current 

trace (at −50 mV) was fit with a single exponential function to determine the time constant 

of deactivation (τdeact). A lag of 50–100 ms in the initial phase of the Ih current trace was 

excluded from each fit.

Ih electrophysiology in neocortical pyramidal neurons

Pyramidal tract (PT) type cortical projection neurons (in layer 5b, with branches to 

thalamus) of vibrissal motor cortex were retrogradely labeled by injection of fluorescent 

beads (RetroBeads, Lumafluor) into motor thalamus (ventral lateral nucleus) at postnatal 

day 21–22, using WT and KO littermates with the experimenter blind to genotype. Two to 

six days later, coronal brain sections (0.3 mm thick) containing motor cortex were prepared 

as described previously (Anderson et al., 2010), and fluorescent neurons in layer 5b of the 

medial agranular cortex were targeted for whole-cell patch clamp recordings at 34°C 

(Multiclamp 700B amplifier, Axon Instruments). The potassium-based intracellular solution 

contained (in mM): 128 KMeSO3, 10 HEPES, 1 EGTA, 4 MgCl2, 4 ATP, 0.4 GTP, 10 

phosphocreatine, 3 ascorbate, and 0.05 Alexa-488 hydrazide; pH 7.3. Open-source software 

Ephus (Suter et al., 2010) was used for data acquisition. Traces were filtered at 4 KHz, 

sampled at 10 KHz, and analyzed off-line using custom routines. Bias current was applied as 

needed to set the resting membrane potential near −70 mV prior to presenting test protocols. 

Sag was measured as the percentage difference between the peak amplitude of the initial 

response (0–0.1 sec after step onset) relative to the peak amplitude of the steady state 

response (0.4–0.5 sec). Input resistance was calculated from the slope of the linear portion of 

voltage-current relationships. Sub-threshold resonance was calculated from responses to 

“chirp” current injection (0–20 Hz, over 20 sec; scaled in amplitude to give ∼5 mV response 

envelope). For each neuron, the voltage response (averaged over 2–5 trials) and the stimulus 

were Fourier-transformed, and impedance as a function of frequency was then calculated as 

the magnitude of the ratio of voltage to current, giving an impedance amplitude profile. 

Resonant frequency was defined as the peak impedance over 1–20 Hz after boxcar-

smoothing (0.75 Hz window). To evaluate temporal summation, excitatory synaptic inputs 

were simulated as alpha functions, each given by: I(t) = Ipeak (t/τ) e(1 – t/τ), with τ = 5 msec. 

These were injected in trains of 5 at 20 Hz via the patch pipette, with the Ipeak adjusted to 

give ∼5 mV responses to the first event in the train. Summation was calculated for each cell 

as the ratio of the 5th/1st EPSPs based on an average of 4–5 trials.

RTN electrophysiology

WT and KO mice (P30–50) were deeply anesthetized with isoflurane, decapitated, and the 

whole brain was rapidly dissected into ice-cold sucrose solution containing (in mM): 190 

sucrose, 10 NaCl, 2.5 KCl, 25 NaHCO3, 1.25 NaH2PO4, 0.5 CaCl2, 7 MgCl2, 25 dextrose; 

pH 7.4. All solutions were continuously bubbled with 95% O2/5% CO2. 240 µm horizontal 

slices were made using a microtome (Leica) and immediately transferred to a 35°C holding 

chamber containing ACSF (125 NaCl, 2.5 KCl, 25 NaHCO3, 1.25 NaH2PO4, 2 CaCl2, 1 

MgCl2, 25 dextrose; pH 7.4). After a 25-minute incubation period, the chamber was allowed 
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to equilibrate to room temperature for ≥30 minutes before use. In some experiments 

kynurenic acid (1 mM) was added to the holding chamber to minimize excitotoxicity. For 

recording, slices were transferred to a custom chamber perfused with oxygenated ACSF at 

1–2 mL/min, warmed to 32°C. RTN neurons were visualized on a Zeiss Axioskop with IR-

DIC optics using a CCD camera (Hamamatsu). Electrodes (4–6 MΩ) were pulled on a Sutter 

P87 pipette puller and filled with intracellular solution containing (in mM): 115 K-

gluconate, 20 KCl, 10 HEPES, 10 Na-phosphocreatine, 2 Mg-ATP, 0.3 Na-GTP, 0.2% 

biocytin, pH to 7.3 with KOH. Whole-cell recordings were made with a PC-ONE amplifier 

(Dagan), filtered at 3 kHz, and digitized at 20 kHz using an InstruTECH ITC16. Data 

acquisition and analysis was performed in IgorPro 6 (WaveMetrics) using custom macros. A 

calculated liquid junction potential of 13 mV was compensated prior to approaching each 

cell. Series resistance was monitored throughout each experiment and cells were discarded if 

the series resistance exceeded 30 MΩ. For recording Ih, 1 mM Ba2+ was added to the bath 

solution to block a prominent inward-rectifying potassium current expressed in RTN 

neurons (Rateau and Ropert, 2006; Ying et al., 2007). NaH2PO4 was omitted from Ba2+-

containing solutions to avoid precipitation. Ih density at −130 mV was obtained by 

subtracting the instantaneous current (after the capacitive transient) from the steady-state 

current at the end of a 2 s step and normalizing to cell capacitance. Synaptic stimulation 

experiments were performed with the GABAA blocker SR95531 (2 µm) added to the bath 

solution. A tungsten electrode (0.1 MΩ, World Precision Instruments) was placed in the 

internal capsule ∼100 µm from the recorded cell. Trains of 5 biphasic stimuli (0.5 ms each) 

were delivered at 30 Hz using a stimulus isolation unit (World Precision Instruments). 

Stimulus intensity was adjusted to achieve EPSPs of 3–5 mV before application of ZD7288 

and held constant thereafter. At least 3 sweeps were averaged to obtain pre- and post-

ZD7288 EPSP amplitudes for each cell. For stimuli that induced action potential firing, the 

amplitude was measured at 3 ms following the stimulus, corresponding to the approximate 

time at which subthreshold EPSPs peaked. Because the amplitude of the 1st EPSP increased 

significantly in some cells following ZD7288 application, measuring the ratio of the 5th/1st 

EPSPs was not a reliable indicator of the increased excitability that occurred in the presence 

of ZD7288. Thus, summation is instead reported as the difference between the amplitudes of 

the 1st and 5th EPSPs for these recordings.

Immunohistochemistry

WT and KO mice (P75–90) were deeply anesthetized with isoflurane and transcardially 

perfused with cold PBS followed by 4% PFA. Brains were removed and post-fixed in 4% 

PFA overnight. The next day, 30 µm coronal sections were made on a vibratome (Leica). 

Antigen retrieval was performed with 10 mM Na-citrate, pH 9.0, for 10 minutes at 80°C 

prior to blocking in PBS with 5% normal goat serum and 0.03% Triton X-100 for 1 hour. 

Primary antibodies were diluted in blocking solution and applied overnight at 4°C. Sections 

were washed 3 times prior to a 1 hour incubation at room temperature in secondary 

antibody, followed by 3 additional washes in PBS. DAPI was included in the final wash and 

tissue was then mounted on glass slides with PermaFluor (Thermo Fisher Scientific). 

Imaging was performed at the Northwestern University Center for Advanced Microscopy. 

Images were acquired at 20x on a Nikon C2+ confocal microscope using NIS Elements 

software (Nikon) and analyzed using ImageJ. To enable comparison of WT and KO tissue, 
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pairs of animals were processed simultaneously, images for each genotype were acquired 

with identical settings and are presented with identical look up tables. Primary antibodies 

used were mouse anti-CC1 (Millipore), mouse anti-parvalbumin (Millipore), and custom 

rabbit anti-HCN2 and guinea pig anti-TRIP8b (Lewis et al., 2009). All secondary antibodies 

were purchased from Invitrogen.

Statistics

Data are represented as mean ± SEM unless stated otherwise. Statistical comparisons were 

evaluated using Student’s t-test for 2 groups or one-way ANOVA with Tukey HSD test for 

pair-wise comparisons among 3 or more groups, unless stated otherwise.

Results

TRIP8b KO mice exhibit spontaneous SWDs

Although we did not observe overt tonic-clonic seizures in our initial characterization of 

TRIP8b KO mice (Lewis et al., 2011), we suspected that a reduction of HCN channel 

function in these mice could cause an absence epilepsy phenotype similar to that seen in 

mice lacking HCN2. Video-EEG recordings revealed that TRIP8b KO mice have 

spontaneous SWDs (average 5.9 per hour, range 2.2 – 9.4; n = 6 mice) with an average 

frequency of 5.3 ± 1.7 Hz and an average duration of 1.7 ± 1.0 seconds (mean ± SD; 537 

SWDs analyzed) (Fig. 1). SWDs were frequently observed in clusters preceding sleep onset 

or during brief periods of wakefulness between epochs of sleep (Fig. 1C), similar to 

WAG/Rij rats (Drinkenburg et al., 1991) and many human patients with absence epilepsy 

(Halász et al., 2002). SWDs were often associated with behavioral arrest (Movie 1), 

although like human absence epilepsy a clear behavioral response was not always observed 

(Blumenfeld, 2005; Berman et al., 2010). No SWDs were observed in wild-type (WT) 

littermates (n = 3 mice, 20 hours analyzed). These data suggest that TRIP8b KO mice may 

be a novel model for human absence epilepsy, recapitulating both behavioral and 

electrographic aspects of the disorder. Interestingly, SWDs occurred much less frequently in 

TRIP8b KO mice than previously observed in HCN2 KO mice (Ludwig et al., 2003) and 

apathetic mice, which harbor a spontaneous mutation in the Hcn2 gene and lack HCN2 

expression (Chung et al., 2009) (see Discussion).

Pharmacological responses of SWDs in TRIP8b KO mice are typical of absence seizures

Human patients and rodent models of absence seizures share a unique pharmacology such 

that SWDs are suppressed by the calcium channel blocker ethosuximide (Gören and Onat, 

2007) and exacerbated by the sodium channel antagonist carbamazepine (Snead and Hosey, 

1985). In TRIP8b KO mice, ethosuximide (200 mg/kg) completely suppressed SWDs (Fig. 

2A). Conversely, SWDs were exacerbated by administration of carbamazepine (20 mg/kg), 

increasing both the number and duration of seizures over an 80-minute recording period 

post-injection (Fig. 2B–D). We also tested the susceptibility of TRIP8b KO mice to y-

butyrolactone (GBL, 100 mg/kg), which induces absence seizures in a variety of species 

with similar characteristics to those seen in human patients (Snead, 1991). Latency to onset 

of SWDs in TRIP8b KO mice was significantly decreased when compared to WT littermates 

(Fig. 2E, F). Furthermore, the total number of SWDs during a 90-minute observation period 
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following GBL administration was higher in TRIP8b KO mice than in WT (Fig. 2G). Taken 

together, these data suggest that loss of TRIP8b increases susceptibility to both spontaneous 

and chemically-induced absence seizures.

TRIP8b KO mice do not exhibit motor deficits or sinus dysrhythmia

Motor deficits, particularly cerebellar ataxia, are common to many mouse models of absence 

epilepsy involving alterations in voltage-gated ion channels (examples include tottering, 

lethargic, stargazer, apathetic; Noebels and Sidman, 1979; Hosford et al., 1992; Letts et al., 

1998; Chung et al., 2009; reviewed in Crunelli and Leresche, 2002). Therefore, we assessed 

TRIP8b KO mice for motor impairment using both fixed-speed and accelerating rotarod 

tests. Comparison of TRIP8b KO mice, WT littermates, and apathetic mice revealed that 

TRIP8b KO mice performed similarly to WT littermates, while ataxic apathetic mice 

lacking HCN2 expression were completely unable to perform either task (Fig. 3A). More 

subtle motor impairments associated with gait abnormalities were assessed using the 

DigiGait system (Hampton et al., 2004), which revealed no differences in stride length or 

stance width between TRIP8b KO mice and WT littermates (Fig. 3B, C).

In addition to its multiple functions in the nervous system, Ih also plays a prominent role in 

pacemaking in the heart, where it contributes to diastolic depolarization in sinoatrial node 

cells (Baruscotti et al., 2010). Mice lacking HCN2 exhibit sinus dysrhythmia with high 

variability of the time between successive beats (referred to as RR interval; Ludwig et al., 

2003), as shown in Figure 3D–F for apathetic mice. In contrast, ECG recordings from WT 

and TRIP8b KO mice demonstrated similar and consistent RR intervals. Additionally, there 

were no differences in PQ, QRS, and QT intervals nor PQRST morphology between WT 

and TRIP8b KO mice (data not shown). Normal cardiac rhythm in TRIP8b KO mice is 

consistent with prior observations that TRIP8b is not expressed in the heart (Amery et al., 

2001; Santoro et al., 2004).

Deletion of TRIP8b reduces HCN channel subunit expression in the thalamus and cortex

Reductions in HCN channel function in the cortex and thalamus have been associated with 

epileptogenesis in several rodent models of absence epilepsy (Ludwig et al., 2003; Strauss et 

al., 2004; Schridde et al., 2006; Kole et al., 2007; Chung et al., 2009). In light of our 

previous finding that HCN subunit protein expression is decreased in the hippocampus of 

TRIP8b KO mice (Lewis et al., 2011), we asked whether the absence epilepsy phenotype 

observed in TRIP8b KO mice could result from a similar reduction of HCN channels in the 

thalamus and cortex. Western blotting revealed that TRIP8b KO mice have a 30–50% 

decrease in protein levels for all HCN channel subunits (HCN1-4) in both regions when 

compared to WT mice (Fig. 4A). Furthermore, using a biotinylation assay to specifically 

label surface protein, we found an additional 50% reduction in the surface expression of 

HCN1 and HCN2 in thalamic tissue of TRIP8b KO mice (Fig. 4B). Surface expression of 

GluR1 was measured as a control and did not differ between genotypes. Thus, similar to its 

role in the hippocampus, TRIP8b appears to be critical for stabilizing and trafficking cortical 

and thalamic HCN channels.
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Reduced Ih and enhanced cAMP responsiveness in thalamocortical neurons of TRIP8b KO 
mice

To directly assess the functional effects of TRIP8b deletion within the thalamocortical 

network, we next performed electrophysiological recordings of TC neurons in the 

ventrobasal (VB) nucleus. Large Ih currents were present in WT VB neurons during 

hyperpolarizing voltage steps, with dramatically reduced currents in TRIP8b KO neurons 

(Fig. 5A; recorded in “Ih-isolation” solution, see Methods). Comparison of Ih density at −130 

mV revealed a 72% reduction in the maximal steady-state current recorded from TRIP8b 

KO mice (Fig. 5B).

HCN2 and HCN4 are the predominant isoforms expressed in VB neurons (Abbas et al., 

2006; Ying et al., 2007), and these subunits are particularly responsive to cAMP, exhibiting 

depolarizing shifts of nearly 20 mV (Chen et al., 2001; Viscomi et al., 2001). Interaction of 

TRIP8b with the cyclic nucleotide binding domain of HCN channels antagonizes the effect 

of cAMP in vitro (Zolles et al., 2009; Santoro et al., 2011; Hu et al., 2013), but this 

interaction has never been examined for endogenous neuronal channels. The abundance of 

cAMP-sensitive HCN channel subunits expressed in VB neurons thus provides an excellent 

opportunity to study the influence of native TRIP8b on Ih gating properties. Inclusion of the 

non-hydrolysable cAMP analog 8-Br-cAMP (5 µM) in the recording pipette increased 

current density by 78% in TRIP8b KO neurons, as compared to 39% in WT neurons (Fig. 

5C, D). The half-activation voltage (V1/2), obtained from Boltzmann fits of the normalized 

tail currents, was comparable in both genotypes in the absence of exogenous cAMP (Fig. 

5E). However, TRIP8b KO neurons were significantly more sensitive to cAMP, exhibiting a 

shift in V1/2 of 15.6 ± 1.2 mV compared with 8.0 ± 0.5 mV for WT recordings (p < 0.001). 

Thus, endogenous TRIP8b constrains the effect of cAMP on Ih activation in VB neurons, as 

was predicted by in vitro experiments involving TRIP8b overexpression in cultured 

hippocampal neurons (Zolles et al., 2009) and oocytes (Santoro et al., 2011; Hu et al., 2013).

In addition to affecting maximal current and V1/2, cAMP also accelerates the rate of HCN 

channel activation and slows the rate of deactivation (Wainger et al., 2001). Similar to our 

observations of V1/2, the time constant of Ih activation was comparable in both genotypes in 

the absence of exogenous cAMP, and intracellular application of 8-Br-cAMP had a greater 

accelerating effect in TRIP8b KO neurons than WT neurons (Fig. 6A, B). In contrast, 

deletion of TRIP8b markedly slowed Ih deactivation in the absence of cAMP, increasing the 

time constant of tail current decay by 175% (Fig. 6C, D). Inclusion of 8-Br-cAMP in the 

recording pipette prolonged Ih deactivation in both WT and TRIP8b KO neurons. Together, 

these results establish TRIP8b as an important regulatory subunit of native HCN channels in 

VB neurons, modulating current density, channel gating, and cAMP responsiveness.

Ih-dependent properties are altered in cortical layer 5b neurons of TRIP8b KO mice

Although the 2–4 Hz rhythm underlying SWDs is thought to be generated in the thalamus 

(Huguenard and McCormick, 2007), existing evidence suggests that aberrant activity 

initiates in deep layers of the cortex (Meeren et al., 2002; Polack et al., 2007) Interestingly, 

Kole et al. (2007) found a developmental reduction in Ih in layer 5 pyramidal neurons that 

occurs concomitant with seizure onset in a rat model of heritable absence epilepsy. Reduced 
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Ih can strongly increase the excitability of these cells (Kole et al., 2007; Sheets et al., 2011; 

Santello and Nevian, 2015; although see Harnett et al., 2015), suggesting a potential 

causative role in the development of absence seizures.

Ih is highly expressed (as is mRNA for HCN1 and TRIP8b) in pyramidal tract (PT) neurons, 

a subset of layer 5b neurons that project to the spinal cord and other subcortical targets 

(including thalamus). In contrast, another class of layer 5b neurons that project within the 

telencephalon (and not to the thalamus) have barely detectible levels of Ih (Sheets et al., 

2011; Shepherd, 2013; Harris and Shepherd, 2015). Thus, to determine if deletion of 

TRIP8b affects the intrinsic properties of thalamically projecting cortical neurons, we 

recorded specifically from PT neurons in the vibrissal motor cortex by injecting fluorescent 

retrograde tracers into the motor thalamus (see Materials and Methods). Due to the 

preferential trafficking of HCN channels to the distal dendrites of these large pyramidal 

neurons (Berger et al., 2001; Lörincz et al., 2002), electrotonically distant from the 

recording electrode, somatic voltage clamp experiments are not a reliable means of 

quantifying Ih (Williams and Mitchell, 2008). Nevertheless, the presence of Ih imparts 

several characteristic properties that can be measured at the soma under current-clamp 

conditions. In response to hyperpolarizing steps of current injection, neurons from WT mice 

showed prominent membrane potential sag, reflecting the slow activation of HCN channels 

(Fig. 7A–C). In contrast, neurons from TRIP8b KO mice showed no sag, implying a 

dramatic reduction in Ih. Input resistance was also 33% higher in TRIP8b KO neurons (WT 

107.6 ± 19.1 MΩ, n = 11; KO 143.1 ± 12.2 MΩ, n = 9; p < 0.05), consistent with a reduction 

in Ih. Because Ih activates near resting membrane potentials, subthreshold oscillatory inputs 

generate resonance in the theta frequency range when Ih is present, due to coherence of the 

input with the kinetics of HCN channel gating (Hutcheon and Yarom, 2000; Sheets et al., 

2011). In response to a chirp stimulus (frequency-swept sinusoidal current injection, 0–20 

Hz over 20 s), neurons from WT mice showed prominent resonance near 4–5 Hz. In 

contrast, neurons from TRIP8b KO mice displayed no resonance and a steadily declining 

impedance amplitude profile (Fig. 7D–F). Ih is also known to reduce temporal summation of 

synaptic inputs by acting as a leak conductance in the dendrites (Magee, 1998). We 

examined this property by injecting short trains of EPSC-like current waveforms via the 

patch pipette (Fig. 7G–I). In response to trains of five inputs at 20 Hz, neurons from WT 

mice showed a characteristic lack of summation consistent with high Ih expression. 

Surprisingly, although neurons from TRIP8b KO mice showed a trend toward increased 

temporal summation, the effect was not significant (p = 0.10) and was much less than 

previously observed in hippocampal pyramidal neurons of TRIP8b KO mice (Lewis et al., 

2011) and layer 5 neurons in rats after pharmacological blockade of Ih (Williams and Stuart, 

2000). Additionally, resting membrane potential did not differ between groups (WT −72.4 ± 

1.5 mV, n = 11 vs. KO −72.4 ± 2.7 mV, n = 9), in contrast to the hyperpolarized resting 

potential expected in the absence of Ih. These observations may reflect the induction of 

compensatory changes in other conductances, as has been observed in HCN1 KO mice 

(Chen et al., 2010). Nevertheless, the robust decrease in sag and resonance, which are more 

specific measures of HCN channel function, indicate that deletion of TRIP8b significantly 

reduces Ih in these cortical projection neurons.
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Ih is unaltered in RTN neurons of TRIP8b KO mice

Given the large reductions in Ih we observed in both the cortex and thalamus of TRIP8b KO 

mice, it is somewhat surprising that these mice display only a mild absence epilepsy 

phenotype compared to mice lacking HCN2, which have much more frequent seizures 

(Ludwig et al., 2003; Chung et al., 2009). We hypothesized that this discrepancy could result 

from differences in RTN function between these strains. The RTN is a thin shell of 

GABAergic neurons overlying the dorsolateral thalamus that is reciprocally connected to TC 

neurons in various thalamic nuclei, and also receives strong excitatory inputs from the 

cortex (Golshani et al., 2001). Output from the RTN can elicit rebound bursts in TC neurons, 

which feed back to both the cortex and RTN during SWDs to generate repetitive bursts of 

activity throughout the thalamocortical network (Huguenard and McCormick, 2007).

A previous study identified a crucial role for HCN2 in dampening cortical input onto RTN 

neurons (Ying et al., 2007). We reasoned that loss of TRIP8b might not affect HCN2 

function in RTN neurons if TRIP8b is not normally expressed in these cells. Indeed, on 

immunohistochemical staining of WT tissue we found that the parvalbumin-positive RTN 

neurons lacked TRIP8b staining (Fig. 8A, B). Interestingly, however, smaller TRIP8b-

positive cells were present throughout the RTN. In light of previous reports that TRIP8b and 

HCN2 are expressed in oligodendrocytes (Notomi and Shigemoto, 2004; Piskorowski et al., 

2011), we performed additional immunostaining experiments against the oligodendrocyte 

marker CC1. As shown in Figure 8C, D, the TRIP8b–positive cells in the RTN also express 

CC1, suggesting TRIP8b is expressed in a subset of oligodendrocytes. Staining for HCN2 

also intensely labeled CC1-positive somata in addition to diffusely staining the neuropil. 

TRIP8b KO tissue did not display any TRIP8b staining, confirming the specificity of our 

custom antibody. We also found a significant reduction in HCN2 signal intensity in neuropil 

and oligodendrocyte somata of TRIP8b KO mice (Fig. 8B, D), suggesting TRIP8b may play 

a similar role in stabilizing HCN channels in oligodendrocytes as it does in neurons.

Although the apparent lack of TRIP8b coexpression in parvalbumin-positive RTN neurons 

supports our hypothesis that TRIP8b is not expressed in these cells, we sought to 

quantitatively evaluate whether HCN channel function was indeed preserved in RTN 

neurons using electrophysiological recordings. As has been reported previously (Rateau and 

Ropert, 2006; Ying et al., 2007), little or no Ih was detectible under standard recording 

conditions due to the distal, postsynaptic localization of HCN2. However, addition of 1 mM 

Ba2+ to the bath solution to block potassium leak conductances uncovered clear Ih currents 

in response to hyperpolarizing voltage steps in a subset of RTN neurons (9 of 14 WT cells; 8 

of 14 KO cells; Fig. 9A). There was no significant difference in Ih density between WT and 

TRIP8b KO neurons (Fig. 9B). To determine whether loss of TRIP8b affects the response of 

RTN neurons to excitatory inputs, we elicited trains of EPSPs via a stimulating electrode 

placed in the internal capsule (5 EPSPs at 30 Hz; Fig. 9C–E). In the presence of standard 

ACSF (supplemented with 2 µM SR95531 to block GABAA receptors), successive EPSPs 

displayed only modest summation in both genotypes. Bath application of the HCN channel 

blocker ZD7288 (10 µM) produced a dramatic increase in summation, often sufficient to 

induce action potential firing by the 4th or 5th EPSP. The response to ZD7288 was 

comparable in both genotypes, further suggesting that TRIP8b is not required for HCN 
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channel function in RTN neurons. As with our measurements of Ih, not all RTN neurons 

exhibited increased excitability after ZD7288 application (3 of 7 WT cells, 3 of 5 KO cells). 

Thus, it may be that only a subset of RTN neurons express HCN channels. Indeed, 

numerous studies have identified functional heterogeneity within different RTN populations 

(Brunton and Charpak, 1997; Lee et al., 2007), including recent findings of distinct 

subnetworks of RTN cells involved in different attentional states (Halassa et al., 2014; 

Ahrens et al., 2015).

Discussion

The goal of this study was to characterize the effects of deletion of the HCN channel 

auxiliary subunit TRIP8b in the mouse thalamus and cortex, focusing on 

electrophysiological changes and their role in promoting absence epilepsy. We identified 

spontaneous SWDs in TRIP8b KO mice, occurring at a considerably lower frequency than 

in other genetic mouse models including HCN2-deficient mice (Ludwig et al., 2003; Chung 

et al., 2009). Examination of each node of the thalamocortical circuit demonstrated 

significant reductions in Ih in cortical PT neurons and thalamic VB neurons, but no effect in 

RTN neurons. TRIP8b KO mice do not have additional neurological phenotypes such as 

ataxia, and were found to have only minor behavioral changes across a broad range of tests 

in a previous study (Lewis et al., 2011) despite widespread expression of TRIP8b throughout 

the brain (Lewis et al., 2009), suggesting that the thalamocortical network is particularly 

sensitive to changes in Ih.

Function of TRIP8b in TC neurons

Previous work in our lab and others has established TRIP8b as an important auxiliary 

subunit of HCN channels that is critical for normal channel trafficking in the hippocampus 

(Lewis et al., 2011; Piskorowski et al., 2011; Wilkars et al., 2012). However, the 

contribution of TRIP8b to HCN channel function in other brain regions remains largely 

unexplored. Our current findings provide the first examination of how TRIP8b regulates Ih 

in the thalamus, demonstrating a similar role in stabilizing HCN protein levels and 

enhancing surface expression in TC neurons. The large, highly cAMP-responsive current 

expressed in these cells enabled us to make a detailed examination of the interaction 

between TRIP8b and cAMP in modulating HCN channel gating. Our data agree with a 

proposed cyclic allosteric model of TRIP8b and cAMP binding based on prior studies in 

oocytes (Santoro et al., 2009; Zolles et al., 2009; Hu et al., 2013), and for the first time 

demonstrate this effect in natively expressed channels in brain slices. In this model, TRIP8b 

stabilizes the closed state of the channel and cAMP stabilizes the open state. This 

antagonistic relationship explains the larger cAMP-induced shift in V1/2, activation kinetics, 

and maximum current following loss of TRIP8b. The dynamic interplay between TRIP8b 

and cAMP likely contributes to the modulation of Ih in TC neurons during different 

behavioral states (McCormick and Bal, 1997), and may also have important physiological 

functions in other brain regions.
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Role of Ih in thalamocortical networks and absence seizures

We initially suspected that TRIP8b KO mice may exhibit absence seizures based on our 

experience with the apathetic HCN2 mutant line (Chung et al., 2009). Compared with 

apathetic mice, however, it is clear that the TRIP8b KO constitutes only a mild absence 

phenotype. Whereas we observed an average of 6 SWDs per hour here, apathetic mice 

average ∼250. Although strain differences have been shown to influence susceptibility to 

SWDs (Tokuda et al., 2009) and could account for some of the difference in SWD frequency 

between TRIP8b KO and apathetic mice, targeted HCN2 KO mice with the same genetic 

background as TRIP8b KO mice (C57BL/6) have 10-fold more frequent SWDs than 

TRIP8b KO mice (Ludwig et al., 2003; quantified as 3% of the light-phase EEG, versus 

0.3% in TRIP8b KO mice). Thus, while background strain may modulate seizure frequency, 

it is unlikely to fully explain the dramatic difference between mice lacking TRIP8b versus 

HCN2. It is perhaps not surprising that loss of a channel auxiliary subunit might result in a 

less severe phenotype than loss of the pore-forming protein. However, deletion of TRIP8b 

reduced Ih in TC neurons nearly as much as deletion of HCN2 (72% vs. 79%; Ludwig et al., 

2003). The enhanced sensitivity to cAMP in TRIP8b KO mice may partially compensate for 

this deficit, particularly during states of vigilance when cAMP signaling is high 

(McCormick, 1992). This idea is consistent with our observation that SWDs occurred 

preferentially surrounding epochs of sleep. Nevertheless, even with saturating cAMP 

concentrations Ih is reduced by over 50% in TRIP8b KO TC neurons. Furthermore, Ih was 

found to be increased rather than decreased in TC neurons in two different rat models of 

absence epilepsy when compared to non-epileptic strains (Kanyshkova et al., 2012; Cain et 

al., 2014). Thus, the amount of Ih in these cells is poorly correlated with seizure burden, and 

cannot explain the dramatic difference in SWD rate between TRIP8b KO and HCN2 null 

mice.

Differences in cortical function are also unlikely to account for variability in SWDs between 

these mice. HCN2 is expressed at much lower levels in neocortical pyramidal neurons, 

where HCN1 accounts for the majority of Ih (Notomi and Shigemoto, 2004; Chen et al., 

2009; Sheets et al., 2011). In the HCN2 KO mice, Ludwig et al. found only a 30% reduction 

in Ih in CA1 pyramidal neurons, which is likely to be comparable in the neocortex (Chen et 

al., 2009). In contrast, TRIP8b KO mice have undetectable measures of Ih in thalamic-

projecting layer 5b neurons. Because Ih has a well established anti-excitatory influence in 

many classes of pyramidal neurons (Magee, 1998; Strauss et al., 2004; Kole et al., 2007; 

Tsay et al., 2007; Sheets et al., 2011), cortical circuits are likely to be more excitable in 

TRIP8b KO mice relative to HCN2 null mice.

The frequent absence seizures in HCN2 KO mice were initially attributed to an increased 

propensity for burst firing in TC neurons, resulting from membrane hyperpolarization and 

subsequent relief of T-type Ca2+ channel inactivation (Ludwig et al., 2003). However, the 

comparison with TRIP8b KO mice above suggests that this mechanism is unlikely to be the 

major driver of SWD initiation in the HCN2 KO. Later work identified an important role for 

HCN2 in dampening excitatory inputs onto RTN neurons (Ying et al., 2007). Colocalization 

with AMPA receptors (specifically GluR4) within dendritic spines provides a shunt 

conductance such that loss or blockade of HCN2 dramatically increases EPSP amplitude and 
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summation, with a concomitant increase in IPSP output to TC neurons. Unlike in pyramidal 

neurons, this dendritic trafficking of HCN2 does not appear to be TRIP8b-dependent, as we 

were unable to detect TRIP8b staining in parvalbumin-expressing neurons, and Ih was 

undiminished in RTN neurons of TRIP8b KO mice. Furthermore, we found that ZD7288 

enhanced EPSPs to a similar extent in TRIP8b KO and WT mice, providing additional 

evidence that HCN channel function is intact in RTN neurons.

Taken together, the considerations above suggest that Ih in RTN neurons is critical for 

stabilizing thalamocortical network activity, even more so than the much larger Ih currents 

found in TC neurons. This model is consistent with a large body of work demonstrating the 

importance of the RTN in synchronizing large populations of TC neurons during SWDs 

(Meeren et al., 2009; Zaman et al., 2011; Lacey et al., 2012; reviewed in Huguenard and 

McCormick, 2007). In TRIP8b KO mice, preserved Ih in RTN neurons seems to largely 

compensate for significantly decreased Ih in cortical and TC neurons, resulting in far fewer 

SWDs compared to mice lacking HCN2. The sparse SWDs that do occur likely result from 

hyperexcitability within cortical circuits, given that the cortex is the suspected site of SWD 

initiation (Meeren et al., 2002; Polack et al., 2007; Leresche et al., 2012). Augmented 

cortical volleys in TRIP8b KO mice may be able synchronously recruit large numbers of 

RTN neurons, even when the RTN itself is not hyperexcitable. Indeed, a similar pattern of 

activity has been demonstrated in thalamic slice preparations (Bal et al., 2000; Blumenfeld 

and McCormick, 2000) and in modeling studies of thalamocortical networks (Destexhe et 

al., 1998). Alternatively, cortical inputs may bypass the RTN entirely and directly excite TC 

neurons to initiate SWDs, as observed in GRIA4 KO mice (Paz et al., 2011). Region- and 

cell-type-specific deletions of TRIP8b may be informative in elucidating the precise 

sequence of activity leading to SWDs in TRIP8b KO mice.

Relevance to absence epilepsy in humans

In summary, we have identified the TRIP8b KO mouse as a novel model of absence 

epilepsy, without additional neurological impairments such as ataxia that are common in 

other mouse models. The rate of SWDs in TRIP8b KO mice (∼6 per hour) is significantly 

less than most other genetic rodent models, including apathetic and HCN2 KO mice, but is 

actually more representative of typical human patients with childhood absence epilepsy (for 

example, Dlugos et al., 2013 report a median of 5 seizures per hour in a cohort of 445 

patients). Although TRIP8b has not been associated with any cases of human epilepsy to 

date, a loss-of-function mutation in HCN2 was identified in a patient with severe 

generalized epilepsy featuring absence and tonic-clonic seizures (DiFrancesco et al., 2011) 

The parallels between this patient and mice lacking HCN2 suggest that alterations in Ih may 

cause neurological disease in humans similar to that observed in mice.

One notable discrepancy between humans and these mouse models is in seizure duration, 

which frequently exceeds 10 seconds in humans but was almost never longer than 3 seconds 

in either TRIP8b KO or apathetic mice (Chung et al., 2009). Although extensive work has 

been devoted to understanding the mechanisms of SWD initiation, generalization, and 

rhythmicity, comparatively little is known about the determinants of seizure duration and 

termination. Interestingly, models of sleep spindles, which may also be relevant to absence 
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seizures (Beenhakker and Huguenard, 2009), incorporate a slowly developing, persistent 

activation of Ih in TC neurons that terminates spindle oscillations (Lüthi et al., 1998). 

However, if this mechanism is important for SWD termination, our data suggest it does not 

rely on TRIP8b or HCN2. Further investigation of this issue may provide important new 

insights into the pathogenesis of absence seizures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• TRIP8b is an auxiliary subunit of HCN channels that regulates neuronal 

excitability.

• We noted spontaneous absence seizures during EEG recordings of TRIP8b 

knockout mice.

• We found reduced HCN channel function (Ih) in neurons of the cortex and 

thalamus.

• Normal Ih in the reticular thalamic nucleus may limit seizure severity in these 

mice.
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Figure 1. 
TRIP8b KO mice exhibit spontaneous SWDs. A, Representative EEG recording from a 

freely moving TRIP8b KO mouse (12 min continuous trace). Asterisks denote SWDs. B, 

Expanded trace demonstrating SWD morphology. C, Distribution of SWDs over a 24-hr 

recording period in 3 KO mice (left), and mean number of SWDs/hr during the awake-phase 

EEG for each of 6 KO mice recorded (right). Bars under each SWD plot indicate periods of 

slow-wave sleep.
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Figure 2. 
SWDs in TRIP8b KO mice exhibit absence-like pharmacology. A, Representative trace 

demonstrating that SWDs in the TRIP8b KO mouse were completely suppressed following 

administration of ethosuximide (ETHX, n = 6 KO mice recorded). B, Representative EEG 

traces from a TRIP8b KO mouse after administration of carbamazepine (CBZ). C, D, 

Quantification of number of SWDs (C) and mean SWD duration (D) during an 80 min 

recording period in uninjected (naive) mice and after injection of vehicle or CBZ (n = 4 per 

group). E, Example EEG traces from WT and TRIP8b KO mice after administration of GBL 
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(indicated by the black bar under each trace). Asterisks denote seizure onset. F, Latency to 

seizure onset for each genotype (n = 7 WT, 8 KO). G, Number of SWDs during a 90-min 

recording period after GBL administration (n = 5 for each genotype; *p < 0.05, **p < 0.01, 

***p < 0.001).
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Figure 3. 
Motor and cardiac function are unchanged in TRIP8b KO mice. A, Latency to fall on 24 

rpm, 40 rpm, and accelerating rotarod tests. B, C, Measurement of stride length between 

individual front paws (LF, RF) and hind paws (LH, RH) (B) and stance width between front 

paws (LF-RF) and hind paws (LH-RH) (C) as mice walked on a transparent treadmill (n = 7 

per genotype). D, Representative ECG traces from WT, TRIP8b KO, and apathetic mice. E, 

Successive RR intervals of a TRIP8b KO and an apathetic mouse, demonstrating high 

variability in apathetic but not TRIP8b KO. F, Plot of RR variability for each genotype (n = 

4 WT, 3 KO, 3 Apa; **p < 0.01).
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Figure 4. 
Reduced overall and surface expression of HCN channel subunits in the cortex and thalamus 

of TRIP8b KO mice. A, Representative western blots from cortical and thalamic lysates 

prepared from WT and TRIP8b KO mice. B, Quantification of protein levels for each 

subunit in cortex and thalamus (n = 4 per group; *p < 0.05, **p < 0.01, ***p < 0.001; t test 

with Holm-Bonferroni correction for multiple comparisons). C, Representative blots of 

HCN1, HCN2, GluR1, and β-III-tubulin before (input) and after (biotin) streptavidin 

precipitation of biotinylated thalamic lysates. Supernatant (super) represents non-surface 

protein fraction. 30% input was loaded. D, Group data of relative surface expression, 

obtained by normalizing the biotin lane to input lane for each sample (n = 4 for each 

genotype; ***p < 0.001).
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Figure 5. 
Deletion of TRIP8b decreases Ih density and enhances cAMP-responsiveness in VB 

neurons. A, Example traces from WT and TRIP8b KO mice recorded in Ih-isolation solution 

(see Materials and Methods; −50 to −130 mV, 10 s steps). B, Comparison of Ih density (at 

−130 mV) in WT and KO neurons, with and without intracellular 5 µM 8-Br-cAMP (n = 10 

per group). C, Example traces demonstrating the effect of 5 µM 8-Br-cAMP in each 

genotype. D, E, Comparison of activation curves (D) and average V1/2 values (E) for each 

condition (WT: n = 20 per group; KO: n = 30 per group; *p < 0.05, ***p < 0.001).
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Figure 6. 
Effects of TRIP8b deletion on Ih activation and deactivation in VB neurons. A, B, Example 

traces (A) and group data (B) comparing the effects of genotype and cAMP on Ih activation 

at −120 mV. Traces are scaled to peak amplitude. C, D, Example tail currents (C) and time 

constants of deactivation (D) for each condition, recorded at −50 mV after a step to −120 

mV (n = 15 per group; *p< 0.05).
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Figure 7. 
Deletion of TRIP8b decreases Ih-dependent intrinsic and integrative properties in PT 

neurons. A, Examples of voltage responses to hyperpolarizing current injections (−100 pA, 

0.5 sec) recorded in retrogradely labeled PT neurons in neocortical brain slices prepared 

from WT (black) and KO (red) mice. B, Average traces for WT and KO neurons, 

normalized to the steady-state response, showing lack of membrane potential sag (open 

arrow) and overshoot (closed arrow) in KO neurons. C, Group-averaged sag percentage for 

WT and KO neurons (n = 11 WT, 9 KO). D, Example voltage responses in WT and KO 

neurons to a chirp stimulus. E, Impedance amplitude profiles for WT and KO neurons. 

Dashed lines indicate resonant frequencies. F, Group-averaged resonant frequencies for WT 
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and KO neurons (n = 8 WT, 7 KO). G, Examples of voltage responses in WT and KO 

neurons to trains of EPSC-like currents injected at the soma. H, Average traces for WT and 

KO neurons, normalized to the amplitude of the first event. I, Group-averaged values for 

summation, calculated as the 5th/1st amplitude ratio (n = 9 WT, 8 KO; **p < 0.01; ***p < .

001).
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Figure 8. 
TRIP8b is coexpressed with CC1 but not parvalbumin (PV) in the RTN. A, C, Low-

magnification images showing TRIP8b+ cells (green) juxtaposed to PV+ RTN neurons 

(blue) in WT mice (A). Additional staining identified these cells as CC1+ oligodendrocytes 

(C, arrows). Dashed lines indicate the border between RTN and VB thalamus. Scale bars = 

50 µm. B, D, Higher-magnification images showing co-staining of PV (B, blue) or CC1 (D, 

blue) with TRIP8b (green) and HCN2 (red) in the RTN of WT (top) and KO (bottom) mice. 

Scale bars = 20 µm.
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Figure 9. 
Deletion of TRIP8b does not affect Ih in RTN neurons. A, Example traces from WT and 

TRIP8b KO RTN neurons during voltage steps from −60 to −140 mV (in the presence of 1 

mM Ba2+) B, Group-averaged values for Ih density recorded at −130 mV (n = 9 WT, 7 KO). 

C, Example traces from WT and KO RTN neurons during synaptic stimulation (5 stimuli, 

30 Hz) before and after application of ZD7288. D, Group data of EPSP amplitudes for each 

condition. E, Summation (difference between 5th and 1st EPSPs, see Materials and 

Methods) before and after ZD7288 (n = 3 for each genotype; *p < 0.05, paired t-test).
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