

[image: image1]
Gad1 knock-out rats exhibit abundant spike-wave discharges in EEG, exacerbated with valproate treatment
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Objective: To elucidate the functional role of gamma-aminobutyric acid (GABA)-ergic inhibition in suppressing epileptic brain activities such as spike-wave discharge (SWD), we recorded electroencephalogram (EEG) in knockout rats for Glutamate decarboxylase 1 (Gad1), which encodes one of the two GABA-synthesizing enzymes in mammals. We also examined how anti-epileptic drug valproate (VPA) acts on the SWDs present in Gad1 rats and affects GABA synthesis in the reticular thalamic nucleus (RTN), which is known to play an essential role in suppressing SWD.

Methods: Chronic EEG recordings were performed in freely moving control rats and homozygous knockout Gad1 (–/–) rats. Buzzer tones (82 dB) were delivered to the rats during EEG monitoring to test whether acoustic stimulation could interrupt ongoing SWDs. VPA was administered orally to the rats, and the change in the number of SWDs was examined. The distribution of GABA in the RTN was examined immunohistochemically.

Results: SWDs were abundant in EEG from Gad1 (–/–) rats as young as 2 months old. Although SWDs were universally detected in older rats irrespective of their Gad1 genotype, SWD symptom was most severe in Gad1 (–/–) rats. Acoustic stimulation readily interrupted ongoing SWDs irrespective of the Gad1 genotype, whereas SWDs were more resistant to interruption in Gad1 (–/–) rats. VPA treatment alleviated SWD symptoms in control rats, however, counterintuitively exacerbated the symptoms in Gad1 (–/–) rats. The immunohistochemistry results indicated that GABA immunoreactivity was significantly reduced in the somata of RTN neurons in Gad1 (–/–) rats but not in their axons targeting the thalamus. VPA treatment greatly increased GABA immunoreactivity in the RTN neurons of Gad1 (–/–) rats, which is likely due to the intact GAD2, another GAD isozyme, in these neurons.

Discussion: Our results revealed two opposing roles of GABA in SWD generation: suppression and enhancement of SWD. To account for these contradictory roles, we propose a model in which GABA produced by GAD1 in the RTN neuronal somata is released extrasynaptically and mediates intra-RTN inhibition.
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1. Introduction

An absence seizure is a non-convulsive epilepsy accompanied by a spike-wave discharge (SWD) that appears suddenly in a patient's electroencephalogram (EEG) and lasts for several seconds (1–3). Human patients temporarily lose consciousness while paroxysmal activity emerges in the EEG. Therefore, the appearance of SWDs in an EEG is a useful clinical observation for the diagnosis of absence epilepsy. SWDs can be identified by a characteristic composite waveform consisting of a primary oscillation lasting up to 30 s (frequency: approximately 3 Hz) and large spikes superimposed on and in phase with the oscillation (1, 2). Genetic rat models for SWD have long been established (4–6); these model rats exhibit SWDs reproducibly in EEGs, with dominant oscillation frequencies of approximately 7–12 Hz (5, 7). Common laboratory rats such as Brown Norway, Long-Evans, and even wild-caught rats were recently demonstrated to exhibit abundant SWDs in EEGs (8, 9). Although SWDs in these rats are usually accompanied by the absence of seizure-like symptoms such as behavioral immobility, both naïve and genetic model rats can behaviorally detect and respond appropriately to sensory or reward cues presented when an SWD appeared on their EEG (9–12). Therefore, whether SWDs in rodents represent pathological or physiological brain activity remains controversial (7–9, 13, 14).

SWDs originate primarily within the reticular thalamic nucleus (RTN)–thalamus–cortex network (15–19). The RTN consists of GABAergic neurons that surround and innervate the thalamus, providing synaptic inhibition to thalamocortical (TC) relay neurons (20). The firing of RTN neurons elicits hyperpolarization in TC neurons, which in turn activates low-threshold T-type Ca2+ channels and evokes post-inhibitory rebound bursting in TC neurons (21). These TC neurons project axon collaterals back to the RTN; the re-excitation of RTN neurons leads to recurrent intra-thalamic oscillation, i.e., SWD (19).

Gamma-aminobutyric acid (GABA), the main inhibitory neurotransmitter, is synthesized from glutamate by two isoenzymes, namely, glutamate decarboxylase (GAD) 1 (67 kDa) and GAD2 (65 kDa) in mammalians. GAD2 is localized primarily in the inhibitory synapse and therefore plays an important role in synaptic inhibition (22, 23). Gad2 knockout mice or rats are viable but suffer from spontaneous convulsive seizures (24–26). By contrast, GAD1 is primarily localized in the cytoplasm of GABAergic neurons (27, 28). Knockout rats for Gad1 that were recently created through clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9-mediated gene editing showed schizophrenia-like symptoms (29). However, whether these Gad1 (–/–) homozygous knockout rats show any other neurological symptoms, such as epilepsy, remains to be determined.

In this study, we conducted EEG monitoring of Gad1 (–/–) rats to evaluate their SWD symptoms in comparison with control rats. We attempted to interrupt ongoing SWDs through acoustic stimulation and conducted a pharmacological experiment using the anti-epilepsy drug valproate (VPA). Finally, we immunohistochemically analyzed the GABA expression level in RTN neurons to examine the effects of VPA treatment.



2. Materials


2.1. Animals

Gad1 knockout rats were generated using CRISPR/Cas9-mediated gene editing (29) in the Long-Evans background. Knockout rats were crossed with Long-Evans rats (Japan SLC, Inc., Japan) and bred in the Gad1 heterozygous (+/–) state in our laboratory. Gad1 (–/–) and Gad1 wild-type (+/+) rats were obtained from sibling mating between heterozygotes. All rats were reared under standard laboratory conditions under a 12-h/12-h light/dark cycle. All experimental procedures were approved by the Animal Care and Experimentation Committee of Gunma University and the Tohoku University Committee for Animal Research.



2.2. Surgery and EEG recordings

Implant surgery and EEG recording were performed as described previously (25). Briefly, rats were anesthetized with medetomidine, midazolam, and butorphanol mixture and placed on the stereotaxic apparatus. Heart rates and SpO2 were continuously monitored. The scalp was excised, and the parietal skull bone was exposed. Small burr holes (~0.9 mm diameter) were made bilaterally over the skull, and twisted-pair wire electrodes (114 μm diameter, TFA-coated silver wire, Med Wire, USA) and/or silver-pleated screw electrodes (M1 × 3 mm, Unique Medical, Japan) were aseptically implanted. The tips of the twisted-pair wire electrodes were inserted into the cortex at a depth of 1 mm and firmly supported through a ceramic guide tube (KyoCera, Japan). After the implant surgery, the rats were returned to the home cage and were allowed to recover from the surgery for 1 to 2 days before the first recording was made. On the EEG recording, the rat with the implant was transferred from the home cage to a clear plexiglass cage (60 × 60 × 60 cm), on whose walls two piezoelectric speakers (Digi-Key Electronics, Thief River Falls, MN, USA) were pasted. A wired head-stage amplifier (HST/8o50-G1-GR; Plexon, Inc., Dallas, TX, USA) or wireless head-stage amplifier (TBSI Wireless Neural Recording System, Global Bio Inc., Mount Laurel, NJ, USA) were used for EEG recording. Raw electrical signals were further amplified and digitized using the Omniplex multichannel recording system (Plexon). In total, 45 rats of both sexes, including 20 Gad1 (–/–), 9 Gad1 (+/–), and 16 Gad1 (+/+) rats, were used in this study. The rats were separated into two age groups, younger (<2 months) and older (≥2 months), and their EEGs were examined for SWDs. Because SWDs were rare in younger Gad1 (+/–) and Gad1 (+/+) rats, only EEG data from older rats were further analyzed. Thus, in total, 100 h of EEG data were collected and analyzed from 10 Gad1 (–/–) rats (age: 2–11 months), 45 h from 6 Gad1 (+/–) rats (age: 3–12 months), and 70 h from 7 Gad1 (+/+) rats (age: 2–12 months). EEG recording was performed for up to 5 h per day, and recording lasted for up to 3 months in a single animal. Some EEG recording sessions were videotaped to record rat behavior.



2.3. Acoustic stimulation experiment

In the acoustic stimulation experiment, a rat was placed in a clear plexiglass cage while wearing an EEG headset. The experimenter continuously monitored the EEG for SWDs and applied a series of acoustic stimulations from piezoelectric speakers (dominant frequency: 2 kHz; loudness: 82 dB [measured at the cage center]; ambient loudness: 44 dB) as soon as an SWD appeared on the monitor. The recording was started without acoustic stimulation for 1–2 h and continued for another 1–2 h with acoustic stimulation. In total, 22 h of EEG recording data were obtained from five Gad1 (–/–) rats (age: 2–10 months), as well as 28 h of EEG recording data from two Gad1 (+/–) rats and four Gad1 (+/+) rats (age: 3–9 months). Because Gad1 (+/–) and Gad1 (+/+) rats yielded similar results, the data from these genotype groups were merged and used as control group data.



2.4. Offline SWD detection

All EEG recording data were analyzed offline for SWDs using custom-made programs written in MATLAB code. Briefly, raw voltage signals sampled at 1 kHz were subjected to high-pass filtering (cutoff: 0.9 Hz) and wavelet-transformed (30). SWDs were extracted from the total spectral power time series data by imposing frequency thresholds at 5 and 32 Hz; this interval contained most of the SWD oscillation power (Figure 1). The extracted SWDs were checked visually, and mechanical noise caused by rats tapping the cable or chewing food pellets was excluded from the data. By our definition, a spike-train waveform lasting <1 s was not regarded as an SWD.
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FIGURE 1
 Electroencephalogram (EEG) and electromyogram (EMG) patterns. (A) EEG/EMG patterns from a Gad1 homozygous (–/–) knockout rat. Similar patterns were observed in both Gad1 heterozygous (+/–) and wild-type (+/+) rats. In the awake state, the animals showed a rapid, small-amplitude EEG pattern and a highly active EMG pattern. Rapid-eye-movement (REM) sleep was associated with complete muscle atonia, despite the active EEG pattern. Non-REM (NREM) sleep was associated with a slow, large-amplitude EEG pattern. Spike-wave discharges (SWDs) (framed section of the EEG, enlarged at the bottom) appeared suddenly while the rats were awake, although they tended to remain still. (B) EEG power spectrum with arbitrary units (a.u.). Peaks are indicated by circles. The dominant frequencies for SWD, NREM sleep, REM sleep, and wakefulness were 8, 3, 7, and 30 Hz, respectively. The SWD power spectrum also showed a second prominent peak (triangle) at the first harmonic, i.e., 16 Hz, reflecting a spiky waveform shape. (C) EEG pattern from a 7-week-old Gad1 (+/+) rat. Few SWDs were seen at ages of <2 months. The framed section (top) is enlarged at the bottom. (D) EEG patterns from a 5-week-old Gad1 (–/–) rat showed many SWDs. The framed section (top) is enlarged at the bottom.




2.5. VPA treatment

We initially examined the effect of intraperitoneal (i.p.) injections of VPA (150–300 mg/kg, dissolved in 1 ml of saline) using three Gad1 (–/–), two Gad1 (+/–), and two Gad1 (+/+) rats. In this pilot experiment, we observed that all became drowsy and inactive after the injection, except for one Gad1 (+/+) rat. To avoid acute poisoning and the need for repeated i.p. administration, we next tried a milder oral formulation of the drug, using another set of rats (two Gad1 (–/–), four Gad1 (+/–), and two Gad1 (+/+) rats). VPA (10 mg/ml) was dissolved in water and made available to the rats ad libitum for 7 days. At the end of this period, we collected the blood serum samples from these animals and outsourced them to a local biochemistry lab (Nagahama Life Science Laboratory, Shiga, Japan) for the VPA blood concentration measurement. VPA concentration was measured based on the enzyme immunoassay method (Emit2000 valproate assay, Siemens Healthcare, Japan). The average blood concentration of VPA was 40.4 ± 10.4 μg/ml (24.1–73.7; n = 8 animals). The effective blood concentration of VPA for the treatment of epilepsy in humans is 50–100 μg/ml (31). Based on these observations, we decided to adopt the oral administration of the drug for the EEG recording experiment and the GABA immunohistochemistry. For the recording experiment, a pre-medication EEG recording was performed 2–3 days before starting drug administration [control group: VPA (–)]. EEG recording was resumed on the 3rd day after the initiation of drug administration and performed for a total of 2–3 days until the 7th day of the VPA treatment [experimental group: VPA (+)] (Table 1). In total, we obtained 70 h of EEG recording data from four Gad1 (–/–) rats (age: 5–11 months) and 68 h from four Gad1 (+/+) rats (age: 5–12 months). The water intake and body weight were monitored during the experiment (Table 2).


TABLE 1 EEG recording time before and during the VPA treatment.
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TABLE 2 Amounts of water/VPA intake (average) and rat's weight (range) before, during, and after VPA treatment.

[image: Table 2]



2.6. Immunohistochemistry

Four Gad1 (+/+) VPA (–), five Gad1 (+/+) VPA (+), four Gad1 (–/–) VPA (–), and four Gad1 (–/–) VPA (+) rats were euthanized by intraperitoneal injection of pentobarbital (150 mg/kg animal) and perfused with one-half Karnovsky fixative (2% paraformaldehyde and 2% glutaraldehyde in phosphate-buffered saline). The fixed brain was immersed in 30% sucrose in 0.1 M phosphate buffer for cryoprotection and embedded in Tissue-Tek OCT compound (Sakura Finetek Japan, Tokyo, Japan). The frozen brain was cut into 10-μm-thick sections using a cryostat (CM1950, Leica, Wetzlar, Germany) and mounted onto coated slide glasses (MAS-01, Matsunami Glass, Kishiwada, Japan). Coronal sections (ca. bregma −2.7 mm) were selected to examine the RTN and neighboring thalamic nuclei. Immunostaining was performed using a STAINperfect Immunostaining Kit (ImmuSmol, Bordeaux, France), following the manufacturer's instructions. The primary antibodies used in these experiments included chicken polyclonal anti-GABA (1:500 dilution; ImmuSmol), rabbit polyclonal anti-parvalbumin (PV) (1:2,000, GTX134110, Genetex, Hsinchu, Taiwan), chicken normal serum (for negative control, 1:2,000 dilution; Jackson ImmunoResearch), and the secondary antibodies were preabsorbed Alexa Fluor-488 conjugated goat anti-chicken IgY (1:500 dilution; ab150173, Abcam, Cambridge, UK) and preabsorbed Alexa Fluor-568 conjugated goat anti-rabbit IgG (1:500 dilution; ab175695, Abcam, Cambridge, UK). For fluorescent nucleus staining, we used a CellStain−4′,6-diamidino-2-phenylindol (DAPI) solution (1:500 dilution, Dojindo Kumamoto, Mashiki, Japan). Fluorescence images were acquired using an LSM 780 laser confocal microscope (Zeiss, Oberkochen, Germany) and a 63 × oil objective lens (numerical aperture: 1.4) and analyzed using the ZEN confocal image analysis software (Zeiss) and ImageJ software (National Institutes of Health, Bethesda, MD, USA), respectively (32–34) (Supplementary Figures S1, S2).



2.7. Statistical analyses and graphics

Median values were compared using the Wilcoxon rank-sum, Wilcoxon signed-rank, and Kruskal–Wallis tests using the MATLAB Statistics and Machine Learning Toolbox. Multiple comparisons were performed using the multicompare function with Fisher's least significant difference option in the same toolbox. All plots were drawn using Excel software (Microsoft Corp., Redmond, WA, USA). In the box-whisker plot, the upper (lower) whisker was drawn from the top (bottom) of the box, up (down), to the largest (smallest) data point within 1.5-fold of the interquartile range. Outliers outside the upper and lower whiskers are not shown in the plot.




3. Results


3.1. Abundant SWDs in young Gad1 (–/–) rats

EEG patterns in Gad1 (–/–) rats during the awake or sleep (rapid eye movement and non-rapid eye movement) states appeared to be similar to those in normal animals (32) (Figure 1A). However, on visual inspection of the EEG data, frequent large-amplitude spiky waveforms caught the attention (Figure 1A, SWD), which lasted a few seconds and oscillated at approximately 8 Hz (Figure 1B). These features are suggestive of spike-wave discharges in rodents (5, 7). These SWDs were observed while the rats were awake but quiet or at rest after active exploration. SWDs were observed in Gad1 (–/–) rats as early as 2 months of age, whereas they were rarely detected in Gad1 (+/–) or Gad1 (+/+) rats at similar ages (Figures 1C, D, Table 3). Only one out of seven rats showed SWDs (29 SWDs were detected from a total of 10 h of recording). The other six control rats did not show SWD in their EEG (a total of 175 h of recording). However, even in Gad1 (+/+) rats, SWDs eventually prevailed in the EEG at older ages. No overt convulsive seizures or other epileptic activity were observed in Gad1 (–/–) rats (data not shown).


TABLE 3 Proportion of rats showing SWDs sorted by age.
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As SWDs were rare in young Gad1 (+/–) and Gad1 (+/+) rats, only SWDs from older rats were analyzed and compared among the three genotypes (Figure 2). SWDs were significantly longer in Gad1 (–/–) rats (median: 2.3 s; n = 7,305 SWDs from 10 rats) than in Gad1 (+/–) rats (2.0 s; n = 1,749 SWDs from 6 rats) or Gad1 (+/+) rats (2.1 s; n = 3,766 SWDs from 7 rats) (Figure 2A; P = 4.2 × 10−13; Kruskal–Wallis test). The difference between Gad1 (+/+) and Gad1 (+/–) rats was not statistically significant (P = 0.41; Wilcoxon rank-sum test). The SWD length shows long-tailed distributions (Figure 2B), with the longest SWD lasting longer than 10 s. Most SWDs were shorter than 5 s in duration, regardless of genotype. The median SWD count in Gad1 (–/–) rats (61/h) was the largest among the three genotypes (P = 8.3 × 10−7; Kruskal–Wallis test) (Figure 2C), while the median SWD in Gad1 (+/–) rats (28/h) was significantly smaller than in Gad1 (+/+) rats (39/h) (P = 0.011; Wilcoxon rank-sum test). Therefore, the total SWD time per hour was greatest in Gad1 (–/–) rats (median: 155 s/h), which was significantly different from Gad1 (+/–) and Gad1 (+/+) rats (median: 86 and 102 s/h, respectively, P = 5.7 × 10−6; Kruskal–Wallis test) (Figure 2D). The total SWD time in Gad1 (+/–) was shorter than Gad1 (+/+) rats, however the difference was insignificant (P = 0.09; Wilcoxon rank-sum test). These results indicate that Gad1 (–/–) rats had the most severe SWD phenotype and that GAD1 plays a role in suppressing SWD generation in rats.
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FIGURE 2
 Summary of SWDs from Gad1 (–/–) rats (shaded), Gad1 (+/–) rats (lined), and Gad1 (+/+) rats (unshaded). (A) Box and whisker plots of individual SWD lengths. The median SWD length was greatest in the Gad1 (–/–) group. (B) Distribution of SWD counts per hour, sorted by length. Most SWDs lasted for 5 s. (C) Accumulated SWD counts per hour. The median count was highest in the Gad1 (–/–) group. (D) Accumulated lengths of individual SWDs per hour. The median length was greatest in the Gad1 (–/–) group. In the graphs, SWD data were merged within the same experimental group, and the medians of each group were compared (Wilcoxon rank-sum test), i.e., P-values were obtained based on events but not animals. See the text for detailed statistical information.




3.2. Interruption of SWD by acoustic stimulations

In human patients with absence seizures, SWD appears abruptly in EEG, while the patients temporally lose consciousness and are often unaware of external sensory stimuli (1–3). Therefore, we investigated whether the rats were responsive to external acoustic stimulation when SWDs appeared in the EEG. We presented buzzer tones through speakers to awake-behaving animals during live EEG monitoring. The experimenter presented the buzzer tone as soon as an SWD was detected in the EEG displayed on a monitor. Gad1 (–/–) and control rats responded overtly to these buzzer tones (Table 4). Most SWDs were interrupted readily by a single volley of buzzer tones (Case 1 SWD, Figure 3A), whereas the remaining SWDs were not (Case 2 SWD, Figure 3B). The appearance of SWDs in EEG was highly correlated with the inactivity of animals caused by reward withdrawal or a loss of motivation to achieve the reward during behavioral tasks (33). Because buzzer stimulations were not associated with reward and did not require a voluntary response, the SWDs observed in the rats, including in Case 2, likely reflect the animal's gradual loss of interest in, or sensory adaptation to, repeated buzzer tones (11, 33). If this is true, the number of SWDs should increase over time. To test this possibility, the SWDs were categorized into the first and second halves of the 1-h recording session. The total SWD count, including that of Cases 1 and 2, was not significantly different between the first and second halves of the session in Gad1 (–/–) rats (median: 63 and 48 per 30 min, respectively; n = 9; p = 0.82, Wilcoxon signed-rank test) and control rats (median: 37 and 9 per 30 min, respectively; n = 11; p = 0.10) (Figure 3C). Similarly, the SWD counts of Case 2 were not significantly different between the first and second halves of the session in Gad1 (–/–) rats (median: 6 and 16 per 30 min, respectively; p = 0.51) or control rats (median: 2 and 0 per 30 min, respectively; p = 0.11). We extended three recording sessions for an additional hour and observed no significant increase in SWD counts in any group (data not shown). Therefore, our results do not suggest that the SWDs were produced by sensory adaptation or a loss of motivation over time. Interestingly, the SWD count in Case 2 was significantly higher in Gad1 (–/–) rats (median Case2/(Case1 + Case2) ratio: 18%; n = 18) than in the control group (median ratio: 5%; n = 20) (p = 0.015, Wilcoxon rank-sum test) (Figure 3D). These results indicate that rats responded to sensory stimuli when SWDs appeared in EEG, and Gad1 (–/–) rats had more SWDs resistant to sensory interruption.


TABLE 4 Results of hearing ability test.
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FIGURE 3
 Interruption of SWDs by auditory stimuli (AS). (A) Case 1: SWDs on the EEG were readily interrupted by AS. The timing of AS presentation is indicated by arrows. The framed section of the SWD data is enlarged at the bottom. (B) Case 2: SWDs were not interrupted by AS. The framed section of the SWD data is enlarged at the bottom. Both examples are from a Gad1 (–/–) rat. The other genotypes showed similar patterns. (C) SWD counts according to genotype and occurrence period (first or second half) during the 1-h recording session. Total SWD counts, including both Cases 1 and 2, are indicated by open circles, and Case 2 counts are indicated by filled circles. Circles from the same rat are connected. Medians are indicated by open arrowhead (Cases 1 and 2) or filled arrowhead (Case 2 only). (D) Accumulated Case 2 ratio (Case 2/[Cases 1 and 2]) sorted by genotype. P-values were calculated using the Wilcoxon rank-sum test.




3.3. Anti-epileptic drug test

We next examined VPA, a medication commonly used to treat both the absence and the myoclonic seizure, which inhibits GABA degradative enzymes such as GABA transaminase (34, 35), thereby increasing the GABA level in the brain. As SWD was a common symptom in both older Gad1 (+/+) and Gad1 (–/–) rats, we expected that an increase in GABA caused by VPA would alleviate the SWD phenotype in both genotypes. Consistent with this expectation, the SWD phenotype in Gad1 (+/+) rats (n = 4) was significantly alleviated by VPA treatment (Figure 4). The median length of individual SWDs was decreased by VPA treatment, from 2.2 s (without VPA treatment; n = 2,516 SWDs) to 1.9 s (with VPA treatment; n = 1,625 SWDs) (Figure 4A). A decrease in SWD length was observed over the entire range of SWD sizes (Figure 4B). The median count of SWD appearances per hour decreased from 73 to 51 (Figure 4C); thus, the accumulated SWD length per hour decreased from 200 to 127 s following VPA treatment (Figure 4D).
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FIGURE 4
 The effect of valproate treatment on SWD in Gad1 (+/+) rats. (A) The median SWD length before valproate treatment [VPA(–)] was significantly decreased by VPA administration [VPA (+)]. (B) SWD counts per hour decreased in almost all SWD length categories following VPA administration. (C) The median SWD count per hour was significantly decreased by VPA treatment. (D) The median accumulated SWD time per hour was significantly decreased by VPA treatment. SWD data were merged within the same experimental group, and the medians of each group were compared (the Wilcoxon rank-sum test).


Counterintuitively, the SWD phenotype in the Gad1 (–/–) rats (n = 4) was worsened by VPA treatment (Figure 5). The median SWD length without treatment (median: 2.4 s; n = 3,113 SWDs) increased to 3.0 s following VPA treatment (n = 3,132 SWDs) (Figure 5A). Notably, SWDs shorter than 4 s in duration decreased in number, whereas those lasting longer than 5 s became more frequent (Figure 5B). The number of SWD occurrences, irrespective of size, did not differ significantly between treatment groups (Figure 5C). Overall, accumulated SWD length per hour increased from 289 to 307 s; however, this increase was not significant (Figure 5D). In summary, VPA treatment exacerbated the SWD symptom in Gad1 (–/–) rats, unlike in control rats, suggesting that a mere increase in GABA level by the drug cannot compensate for GAD1 deficiency.
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FIGURE 5
 The effect of valproate treatment in Gad1 (–/–) rats. (A) The median SWD length before valproate treatment [VPA(–)] was significantly increased by VPA administration [VPA(+)]. (B) Following VPA treatment, SWD counts per hour decreased for shorter SWDs but increased for longer SWDs. (C) The median SWD count per hour was slightly decreased by VPA, but the effect was not statistically significant (P = 0.77). (D) The median SWD length per hour was increased by VPA, but the effect was not statistically significant (P = 0.23). SWD data were merged within the same experimental group, and the medians of each group were compared (the Wilcoxon rank-sum test).




3.4. GABA immunoreactivity in reticular thalamic nucleus

GAD1 is abundantly expressed in GABAergic neurons in the RTN, which plays an important role in SWD generation (15–19). We finally examined GABA immunoreactivity in the RTN (Figure 6). We identified GABAergic RTN neurons and their axons through co-immunostaining with an antibody against parvalbumin (PV), a peptide marker for the GABAergic RTN neurons (36–39). In Gad1 (+/+) rats without VPA treatment [VPA(–)], a strong GABA immunoreactivity was detected in the somata of RTN neurons (Figure 6A, left). A further enhanced GABA immunoreactivity was observed after VPA treatment [VPA(+)] (Figure 6B, left). As expected, GAD1 deficiency reduced GABA immunoreactivity in the somata (Figure 6C, left). VPA treatment restored GABA immunoreactivity in the somata of Gad1 (–/–) rats (Figure 6D, left). These results are quantified and summarized in Figure 6E. GABA immunoreactivity was significantly lower in Gad1 (–/–) rats (P = 7.4 × 10−9; Kruskal–Wallis test). The GABA immunoreactivity was restored in Gad1 (–/–) after VPA treatment, comparable to that of Gad1 (+/+) rats (P = 0.69; Wilcoxon rank-sum test).
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FIGURE 6
 GABA immunoreactivity in neuronal soma of RTN neurons and their axons targeting the thalamus. White scale bar: 20 μm. Immunohistochemical detection of gamma aminobutyric acid (GABA, green) and parvalbumin (PV, red) in (A) Gad1 (+/+) VPA (–) rats, (B) Gad1 (+/+) VPA (+) rats, (C) Gad1 (–/–) VPA (–) rats, and (D) Gad1 (–/–) VPA (+) rat. Cell nuclei were labeled with DAPI (blue). (E) GABA immunoreactivity was significantly lower in the RTN neuronal soma of Gad1 (–/–) rats without VPA treatment. (F) GABA immunoreactivity in the RTN axons was not significantly different between Gad1 (–/–) and Gad1 (+/+) rats, irrespective of VPA treatment. P values in the graphs were calculated by pairwise comparisons (the Wilcoxon rank-sum test). Negative control (NC) was included to indicate the background immunoreactivity level, in which chicken normal serum was used as the primary antibody in place of the chicken anti-GABA antibody.


By contrast, the patterns of GABA immunoreactivity in the RTN axons targeting the thalamus were different from those found in the RTN somata. The GABA immunoreactivity in the RTN axons was similar between Gad1 (+/+) (Figure 6A, right) and Gad1 (–/–) rats (Figure 6C, right). VPA treatment led to a marked increase in GABA immunoreactivity in the axons of both Gad1 (+/+) rats (Figure 6B, right) and Gad1 (–/–) rats (Figure 6D, right) to a similar degree. These results are summarized in Figure 6F. The difference in GABA immunoreactivity was not significantly different between the two genotypes without VPA treatment [VPA(–)] (P = 0.54; Wilcoxon rank-sum test) or with VPA treatment [VPA(+)] (P = 0.73). These results suggest that GAD1 has a less influential role in axonal GABA production. In summary, we detected a significant reduction in GABA immunoreactivity in the RTN neuronal somata in Gad1 (–/–) rats, consistent with the notion that GAD1 is essential for GABA synthesis in the RTN. The residual GABA in Gad1 (–/–) rats and excess GABA after VPA treatment are presumably produced by another GABA-synthesizing enzyme, GAD2, which is also expressed in RTN neurons and predominantly localized in the axons (28). The absence of functional GAD1 in the RTN and the excess GABA production in the axons after VPA treatment may account for the contradictory VPA treatment effect observed in Gad1 (–/–) rats (see the “Discussion” section).




4. Discussion

In this study, we demonstrated that SWD appeared in EEGs at younger ages and more frequently in Gad1 (–/–) rats than in control rats, indicating that GAD1 plays an important role in SWD suppression. Even control rats exhibited SWDs (Figure 2), which increased in number with age (Table 3) and were alleviated by VPA treatment (Figure 4). Both GAD1 protein and mRNA levels have been reported to decrease spontaneously in the auditory cortex and hippocampus of common laboratory rats (40, 41), suggesting that the overall efficacy of GABAergic signal transduction in the brain decreases with age and that this decrease underlies the increase in SWDs observed in older control rats.

We observed that the SWD counts per hour in Gad1 (+/–) rats were significantly smaller than those in Gad1 (+/+) rats (Figure 2C), contrary to the observation that the SWD phenotype in Gad1 (+/–) rats was not significantly different from that in Gad1 (+/+) rats (Figure 2A). One likely explanation for this unexpected order relation is that one of the Gad1 (+/+) rats used for this experiment particularity showed a severe SWD phenotype similar to that of the Gad1 (–/–) rat. Therefore, we do not suggest that the difference seen between Gad1 (+/–) and Gad1 (+/+) rats reflects a biologically meaningful difference.

SWDs have been studied in rodent models of epilepsy (4–6). Rodent models have shown that SWDs associated with behavioral immobility could be readily interrupted by external acoustic stimulations or voluntarily controlled with reward cues (9–12, 33, 42), which is consistent with our observation that most SWDs and the associated behavioral immobility were interrupted by buzzer tones (Case 1 SWD, Figure 3A). However, these findings are inconsistent with the clinical observation in human cases that loss of consciousness (absence seizure) is associated with SWDs (1–3). Previous studies have suggested that SWDs in rodents may reflect regular brain activities such as those associated with whisker twitching or attentive mu rhythm (14, 43–45). Nevertheless, we demonstrated that modest numbers of SWDs were resistant to interruption by buzzer tones (Case 2 SWD, Figure 3B) (12). Our data do not strongly suggest that these SWDs were produced by sensory adaptation or loss of motivation over time. Although our buzzer stimuli were not associated with any reward or required behavioral response, they were strong enough to suppress the ongoing SWDs in the control rats for ~95% of the SWDs, comparable to ~90% reported by Rodgers et al. (12), in which their acoustic stimuli were associated with no reward as in ours. Importantly, in our Gad1 (–/–) rats, the same stimulus achieved suppression for ~82% of the SWDs, which was significantly lower than the control rats, supporting our interpretation that Gad1 (–/–) rats showed more severe SWDs resistant to external sensory stimuli. Further studies are required to clarify whether Case 2 SWDs indicate true epileptic activity intermixed with Case 1 SWDs, which may represent a regular brain rhythm.

The interplay between glutamatergic excitatory inputs and GABAergic inhibitory inputs to the thalamus, RTN, and cortex plays an essential role in generating SWDs. Synchronous neuronal excitation in TC neurons is associated with the depolarization of membrane potential after prolonged hyperpolarization by GABAergic inputs from RTN neurons (19, 46–49). The excitatory activity in TC neurons is transferred to the cortex through TC projections; in turn, cortical neurons provide corticothalamic input to the subcortical RTN and thalamus as feedback. The postinhibitory rebound depolarization requires T-type Ca2+ channels (19, 21), which are effectively blocked by ethosuximide (ETX) (9, 31). Indeed, we observed that ETX administration fully suppressed SWDs in both Gad1 (–/–) and Gad1 (+/+) rats (Supplementary Figure S3), confirming the involvement of T-type Ca2+ channels in SWD generation in these animals. Although the responsible genetic mutations in the epilepsy model rats have not been fully identified, a mutation in the gene encoding a T-type Ca2+ channel subunit has been suggested (5).

Our immunohistochemical experiment showed that GABA synthesis was greatly reduced in the RTN neuronal soma and minimally affected in the RTN axons in Gad1 (–/–) rats (Figure 6). GAD2, a GAD isozyme, is also expressed in RTN neurons (28) and is likely responsible for the residual GABA synthesis. Therefore, GABAergic neurotransmission should remain functional at the inhibitory synapses on the TC neurons in Gad1 (–/–) rats. We explored the role of GAD1 in suppressing SWD within the RTN neuronal soma. Interestingly, synaptic GABAergic connections are rare among the RTN neurons (50), and tonic inhibition mediated through extrasynaptic GABA receptors is dominant in these neurons (51). We propose that the GABA produced by GAD1 is released in an autocrine/paracrine manner from the RTN neuronal soma to inhibit RTN neurons extrasynaptically. Previous studies have demonstrated extrasynaptic GABA release in the retina (52). Our results can be accounted for by non-synaptic GABAergic inhibition within RTN neurons (Figure 7A). The GABA produced by GAD1 is released from the RTN neuronal cell bodies and maintains the basal activity of these inhibitory neurons through mutual extrasynaptic GABAergic neurotransmission. This model accounts for the enhanced SWD phenotype in Gad1 (–/–) rats (Figure 7B). RTN neurons are tonically active (disinhibited) in these rats due to a deficiency of extrasynaptic GABA. However, GABA synthesis in the axons continues due to intact synaptic GAD2 and can even be elevated due to the compensatory increase in GAD2 expression in Gad1 (–/–) rats (28). Therefore, GABA release at the inhibitory synapses between the disinhibited RTN axon terminals and target TC neurons should be significantly increased. The increased activation of synaptic GABA receptors on TC neurons induces deep hyperpolarization in these neurons, followed by profound rebound bursting. This rebound bursting is involved in sustained SWD generation (19, 21). A further increase in synaptic GABA production after VPA treatment (Figure 7C) results in longer and deeper hyperpolarization of TC neurons, leading to the paradoxical exacerbation of SWD symptoms in Gad1 (–/–) rats.


[image: Figure 7]
FIGURE 7
 Hypothetical mechanism for GABA (black dots) signal transduction between reticular thalamic nucleus (RTN) neurons and thalamocortical (TC) relay neurons underlying SWD generation. (A) In the RTN neurons of Gad1 (+/+) rats, GABA generated by GAD1 (triangles) is released extrasynaptically. The extrasynaptic GABA acts on GABA receptors (white rectangles) localized on the cell body of the RTN neuron and regulates neural activity in an autocrine/paracrine manner. (B) RTN neurons of Gad1 (–/–) rats are disinhibited due to the lack of extrasynaptic GABA. Synaptic GABA synthesis is continued by intact GAD2 (stars) and is enhanced due to disinhibition. GABA binds to synaptic GABA receptors on TC neurons, resulting in deep membrane hyperpolarization and a rebound Ca2+ influx mediated by T-type Ca2+ channels. (C) In Gad1 (–/–) rats with VPA treatment, synaptic GABA synthesis and release are further enhanced, resulting in profound rebound bursting of TC neurons and exacerbation of the SWD phenotype.


In conclusion, we demonstrated that GAD1 deficiency in rats results in abundant SWDs in EEG data from an early age, comparable to other epilepsy-model rodents. Gad1 (–/–) rats exhibited SWDs resistant to interruption by buzzer tones more frequently than control rats; therefore, we suggest that true epileptic activity may have occurred, together with regular brain rhythms. We revealed two opposing roles for GABA: suppression and enhancement of SWD generation. Our interpretation of these results depends on the hypothetical extrasynaptic GABA produced by GAD1 from the RTN neuronal soma. Further molecular and neurophysiological experiments are necessary to confirm the role played by GAD1 in extrasynaptic GABAergic transduction in the RTN.
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Animal ID Pre-medication (2—3 days) VPA treatment (7 days) VPA cessation (3 days)
1. Gadl (+/+) 37 ml/day, 502-510g 25 ml/day, 489-478 g 40 ml/day, 498 g

2. Gadl (+/+) 22 ml/day, 282-276 g 12 ml/day, 260-252 g 27 ml/day, 275 g

3. Gadl (+/+) 33 ml/day, 316-324g 30 ml/day, 302-298 g N.D.

4. Gadl (+/+) 25 ml/day, 272-277g 20 ml/day, 247-242 g 30 ml/day, 263 g

1. Gadl (-1-) 33 ml/day, 308-312g 23 ml/day, 300-294 g 30 ml/day, 300 g
2.Gadl (-/-) 45 ml/day, 476-477 g 23 ml/day, 458-465g 50 ml/day, 474 g

3. Gadl (-/-) 30 ml/day, 310-300 g 20 ml/day, 288-272 g 30 ml/day, 284 g
4.Gadl (--) 31 ml/day, 281-282 g 18 ml/day, 256-255g N.D.

The body weight and the water intake of the rats were decreased by valproate treatment (VPA, 10 mg/ml, per os), but recovered after cessation of VPA treatment. N.D. (no data).
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Animal ID Pre-medication VPA treatment

2-3 3rd day 4th day 5th day 6th day 7th day
days
1. Gadl (+/+) 10hin - - 4h - 4h - 2h
total
2. Gadl (+/+) 9h - - - 4h - 3h 2h
3. Gadl (+/4) 5h . . . Sh } . )
4. Gadl (+/+) 10h - - 5h 5h - - -
1. Gadl (~/-) 7h - - - 4h - 3h -
2. Gadl (-/-) 10h - - 5h - - - 5h
3. Gadl (-/-) 10h - - - 5h - 2h 3h
4.Gadl (-/-) 8h - - 4h - 4h - -
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Responses

Gadl (~/-) group 300 281

Control group 300 277

Three Gad1 (~/-) rats, one Gad1 (+/-) rats (control group), and two Gad1 (+/+) rats (control
group) were presented with a short buzzer tone (300 times in each group), and their overt
responses to the tone, e.g., twitching a body part (pinna, neck, whisker pad, and so forth)
or interrupting their behavior (chewing pellets, exploring on the floor, and so forth) were
counted. A total of 281 responses were recorded in the Gad1 (~/-) group, and 277 responses
were recorded in the control group, indicating that all genotypes had similar hearing abilities.
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The rats were separated into two age groups (young and old) and examined for the presence
of spike-wave discharges (SWDs) in EEG. In all, 45 rats were recorded; 4 out of 20 Gad1 (-/-)
rats, 1 out of 9 Gadl (+/-) rats, and 3 out of 16 Gadl (+/+) rats were examined in both
age groups.
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