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Abstract

Disturbances in corticothalamic circuitry can lead to absence epilepsy. The reticular thalamic
nucleus (RTN) plays a pivotal role in that it receives excitation from cortex and thalamus, and
when strongly activated can generate excessive inhibitory output and epileptic thalamocortical
oscillations that depend on post-inhibitory rebound. Stargazer mice (stg) have prominent absence
seizures resulting from a mutant form of the AMPAR auxiliary protein stargazin. Reduced
AMPAR excitation in RTN has previously been demonstrated in stg, yet the mechanisms leading
from RTN hypoexcitation to epilepsy are unknown and unexpected, as thalamic epileptiform
oscillatory activity requires AMPARs. We demonstrate hyperexcitability in stg thalamic slices and
further characterize the various excitatory inputs to RTN using electrical stimulation and laser
scanning photostimulation. Patch-clamp recordings of spontaneous and evoked EPSCs in RTN
neurons demonstrate reduced amplitude and increased duration of the AMPAR-component with
an increased amplitude NMDAR-component. Short 200 Hz stimulus trains evoked a gradual ~3-
fold increase in NMDAR EPSCs compared to single stimuli in wild-type (wt), indicating
progressive NMDAR recruitment, whereas in stg cells, NMDAR responses were nearly maximal
with single stimuli. Array tomography revealed lower synaptic, but higher perisynaptic, AMPAR
density in stg RTN. Increasing NMDAR activity via reduced [Mg2*], in wt phenocopied the
thalamic hyperexcitability observed in stg, while changing [Mg2*], had no effect on stg slices.
These findings suggest that, in stg, a trafficking defect in synaptic AMPARSs in RTN cells leads to
a compensatory increase in synaptic NMDARSs, and enhanced thalamic excitability.
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Introduction

Absence seizures, brief losses of consciousness with bilaterally synchronous 3 Hz EEG
spike-and-wave discharges (SWD), arise from disturbances in corticothalamic circuitry
(Steriade et al., 1993). While the entire corticothalamic network is implicated in SWD,
cortical output to thalamus appears critical for several aspects of seizures including
initiation, generalization and maintenance (Steriade and Contreras, 1998; Blumenfeld and
McCormick, 2000; Bal et al., 2000; Meeren et al., 2002; Polack et al., 2007; Adams et al.,
2011). The reticular thalamic nucleus (RTN) plays a key role in SWD: RTN inhibition of
dorsal thalamic neurons yields post-inhibitory rebound bursts that promote re-entrant circuit
activation of RTN (Huguenard and McCormick, 2007). Although there is debate as to
whether dorsal thalamic neurons respond exclusively to RTN inhibition with post-inhibitory
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rebound bursts during SWDs (e.g. Pinault et al., 1998; Steriade et al., 1993), periodic
inhibition-mediated bursts are the characteristic response of thalamic neurons participating
in seizures (Inoue et al., 1993; Seidenbecher et al., 1998; Pinault et al., 1998). A central role
for RTN activation in SWD is further supported by the following: 1) enhanced inhibition
(Schofield et al., 2009) or inactivation (Avanzini et al., 1992) of RTN suppresses SWD; 2)
genetic RTN disinhibition is associated with absence-like seizures (DeLorey et al., 1998;
Huntsman et al., 1999); 3) RTN activity occurs early within each SWD (Slaght et al., 2002);
and 4) selective attenuation of RTN bursts reduces absence seizures (Zaman et al., 2011). As
excitation-driven RTN firing is a prominent feature of SWD (Slaght et al. 2002; Timofeev et
al., 1998) the synaptic mechanisms of RTN excitation are of interest in relation to absence
seizure expression and as potential treatment targets.

Cortical and/or thalamic excitation of RTN through glutamatergic a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptors (AMPAR) and NMDA (N-methyl-D-aspartic
acid) receptors (NMDAR) is essential for synchronous thalamic oscillations (Huguenard and
McCormick, 2007; von Krosigk et al., 1993; Jacobsen et al., 2001). Stargazin is an auxiliary
protein that traffics/anchors AMPARS to the synapse and modulates functional properties
(Hashimoto et al., 1999; Chen et al., 2000; Tomita et al., 2003; 2005; 2007; Turetsky et al.,
2005; Osten and Stern-Bach, 2006; Bats et al., 2007; Sumioka et al., 2010; Jackson and
Nicoll, 2011). GluA4, the main RTN AMPAR-subunit (Mineff and Weinberg, 2000;
Golshani et al., 2001), associates with stargazin at (extra-) synaptic sites (Schnell et al.,
2002; Tomita et al., 2003; Bats et al., 2007), and stargazin mutation reduces synaptic GluA4
in the RTN (Barad et al., 2012).

Mutations in stargazin (Noebels et al., 1990; Letts et al., 1998) and GluA4 (Beyer et al.,
2008; Paz et al., 2011) lead to absence seizures. Reduced RTN AMPAR-excitation occurs in
immature stargazer (stg) mice with mutated stargazin protein (Menuz and Nicoll, 2008), but
the excitation defect does not readily explain the adult epileptic phenotype (see above and
Chetkovich, 2009). We show that reduced RTN EPSCs persist in adult stg and demonstrate
a shift of AMPARs from synaptic to perisynaptic zones. Further, enhanced activation of
NMDARSs generates RTN over-excitation, promoting thalamocortical hypersynchrony that
likely contributes to seizures.

Materials and Methods

All experiments were performed according to protocols approved by the Stanford
Institutional Animal Care and Use Committee and every precaution was taken to minimize
stress and the number of animals used in each series of experiments. Stg were obtained from
The Jackson Laboratory. To ensure consistency, data was collected from stg mutants and
their wild-type littermates of either sex, and recordings were made either on the same day, or
on interleaved consecutive days.

In vitro slice preparation

Stg mutant or wild-type littermate controls (P19 — P40) were anesthetized with pentobarbital
(50 mg/kg, i.p.) and, either perfused transcardially with ice-cold slicing solution (see below)
prior to being decapitated, or immediately decapitated. The brains were rapidly removed and
immersed in an ice-cold (4°C) slicing solution containing (in mM): 234 sucrose, 2.5 KCl,
1.25 NaH,POy, 10 MgSQy, 0.5 CaCly, 26 NaHCO3, and 11 glucose, equilibrated with 95%
O, and 5% CO», pH 7.4. Horizontal thalamic slices (250-270 pm for patch-clamp
recordings or 400 m for extracellular recordings) containing the thalamicventrobasal
complex (VB) and reticular nucleus (RTN) were cut as previously described (Huguenard
and Prince, 1994) with a Leica VT1200 microtome. The slices were incubated, initially at
32°C for 1 h and subsequently at room temperature, in artificial cerebrospinal fluid (ACSF)
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containing (in mM): 126 NacCl, 2.5 KCI, 1.25 NaH,POy4, 2 MgCl,, 2 CaCl,, 26 NaHCO3,
and 10 glucose, equilibrated with 95% O, and 5% CO,, pH 7.4.

Extracellular electrophysiology recordings

Slices were placed in an interface chamber for recording and perfused with warmed (34°C),
oxygenated normal ACSF supplemented with 0.3 mM glutamine (Bryant et al, 2009), at a
rate of 2 ml/min. For some experiments, the concentration of magnesium in the ACSF was
lowered to 0.5 mM (so-called “low magnesium”) in order to facilitate oscillations (Jacobsen
et al., 2001). Extracellular multiunit field recordings were made using monopolar tungsten
microelectrodes (50-100 kQ, FHC, Bowdoin, ME) placed in the thalamic reticular nucleus
(containing RTN neurons) and the ventrobasal somatosensory relay nucleus (VB, containing
thalamocortical neurons). Signals were amplified 10,000 times and band-pass filtered
between 100 Hz and 3 kHz. Electrical stimuli were delivered to the internal capsule with a
pair of tungsten microelectrodes (50—-100 kQ, FHC). The stimuli were 100 ps in duration, 50
V in amplitude, and delivered once every 30 s.

Patch-clamp electrophysiology recordings

All whole-cell patch-clamp recordings were performed at room temperature (22-25 °C).
Brain slices were transferred from the incubation chamber to the recording chamber and
superfused with ACSF at a flow rate of 2 ml/min. Recordings were obtained from RTN
neurons visually identified using differential contrast optics with a Zeiss (Oberkochen,
Germany) Axioskop microscope and an infrared video camera. The RTN was readily
identified by proximity to the adjacent internal capsule.

Recording electrodes made of borosilicate glass had a resistance of 1.8-4 MQ when filled
with intracellular solution. For current-clamp recordings the internal solution contained (in
mM): 120 K-gluconate, 11 KCI, 1 MgCls, 1 CaCl,, 10 Hepes, 1 EGTA. pH was adjusted to
7.4 with KOH (290 mOsm). The estimated Ec|~ was ~ -60 mV based on the Nernst
equation. For EPSCs, the internal solution contained (in mM): 135 CsCl, 10 Hepes, 10
EGTA, 5 QX-314, 2 MgCl,. pH was adjusted to 7.3 with CsOH (290 mOsm) or,
occasionally, with the same internal used for current-clamp recordings (see above). The
estimated E¢;~ was ~ 0 mV based on the Nernst equation. A liquid junction potential of
about —15 mV or -4 mV, respectively, was estimated with the LJP calculator in Clampex
(Molecular Devices, Sunnyvale, CA). In all recording conditions, access resistance was
monitored and cells were included for analysis only if the series resistance was <18 MQ and
the change of resistance was <25% over the course of the experiment. In addition, adequacy
of voltage clamp was demonstrated by T-current steady-state inactivation protocols in which
peak latencies remained constant after voltage-clamp steps to —60mV from a range of
hyperpolarizing conditioning potential that evoked currents. The evoked T currents, with
slow activation and decay kinetics (Huguenard and Prince, 1992), were also used as a means
to physiologically confirm the identity of RTN cells, especially in experiments where
current-clamp identification could not be performed (Deleuze and Huguenard, 2006; Beyer
et al., 2008).

EPSCs were pharmacologically isolated by bath application of the GABAAR antagonist
picrotoxin (50 wM, Tocris). Neurons were clamped at =65 (or —80) mV, or at 40 mV in
order to study NMDAR mediated events. Evoked EPSCs in RTN were obtained with a
concentric bipolar stimulating electrode (125 pwm diameter; CB-ARC75; Frederick Haer
Company, Bowdoinham, ME) positioned in striatum or internal capsule, activating
corticothalamic and/or thalamocortical fibers. A minimal stimulation protocol (50 %
failures) was used to activate putative single presynaptic axons. Once threshold was
determined for each cell, evoked currents were recorded with the stimulation intensity of
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1.5X threshold (Huntsman et a/., 1999). Single and train stimuli (5 stimuli at 200 Hz) were
applied. For evoked EPSC current-voltage (//V) curves, neurons were held at a range of
membrane potentials between —60 mV and +40 mV in steps of 10 mV. Individual responses
were obtained with an interstimulus interval of at least 15 seconds. For evoked NMDAR
current-voltage (//V) curves, from which high resolution g/V relationships were determined,
neurons were stepped through a range of potentials between =100 mV and +40 mV with 5
mV steps, either with a single stimulation or trains (5 stimuli at 200 Hz).

Input resistance and time constant were measured from membrane voltage responses to
small (~50 pA) current steps. Membrane capacitance was measured from the current
response to voltage clamp steps, from which the area under the curve (charge) was obtained
and divided by the change in voltage to arrive at capacitance.

Data acquisition and analysis

A Digidata 1320 digitizer and pClamp9 (Molecular Devices) were used for data acquisition
and analysis. Signals were amplified with an Axopatch 200A amplifier (Molecular Devices),
sampled, and filtered at 10 kHz for spontaneous recordings and filtered at 4 kHz for all other
recordings. EPSCs were detected and analyzed with wDetecta, a custom made postsynaptic
current detection program (http://huguenardlab.stanford.edu/apps/wdetecta). Detection
parameters were adjusted on a per cell basis to accurately detect events. For evoked EPSCs
the peak-to-baseline decay phase of the resulting current trace was fitted by the double

exponential function: [=A e+ A,/ where A and A; are the slow and fast amplitude
components, and t; and T, are the slow and fast decay time constants, respectively. The
weighted decay time constant (tp ) was calculated using the equation:
Tow=(T1A1+T2A2)/(A1+A2). The same method was applied to analyzing the post-train
decay current. Conductance/voltage (g/V) curves for NMDAR responses were best-fitted

with a Boltzmann function: 7/7,,.,=(A1-A2)/(1+eY~V30%/k) 4 A2 where V59, and &
represent the half-maximal voltage and Boltzmann slope factor, respectively; AZand A2
represent initial and final ///maxvalues, respectively.

Focal photolysis of caged glutamate

A pulsed 355 nm UV laser (DPSS Lasers) was directed into the back aperture of a 5% or a
63x microscope objective and was controlled with mirror galvanometers (model 6210;
Cambridge Technology) using a locally developed software program. Focal photolysis of 4-
methoxy-7-nitroindolinyl (MNI)-caged glutamate (100 pM; Tocris) was triggered by UV
light pulses (100-2000 s for determination of action potential bursts in VB cells; 100-500
s for other experiments). MNI-caged glutamate was supplied in a 30 ml recirculating bath
solution. To find a location for photolysis for synaptic responses, the entire VB area visible
in the 5x microscope objective was scanned until a spot was found from which bursts of
EPSCs could be reliably evoked in RTN neurons. For measurement of direct glutamatergic
currents in RTN neurons, the laser was directed onto the soma of the recorded RTN neuron.
I/V curves were determined from synaptic responses obtained at a range of potentials
between —60 to 60 mV. AMPAR conductance was calculated from the first fast EPSC in
each trace, NMDAR conductance was calculated from the peak of the slow current (if
necessary after subtraction of fast currents). For NMDA:AMPA ratios of synaptic responses,
the AMPA component was defined as the integrated area of all isolated fast EPSCs recorded
at —60 mV; the NMDA component was defined as the area under the curve at +60 mV 100-
500 ms after the stimulus. For direct responses, NMDA to AMPA ratios were calculated by
dividing the maximum current amplitude at +30 mV (NMDA component) by the maximum
of the fast current at —60 mV (AMPA component). The fast current had a maximum latency
of 4 ms. The AMPA-current peak was readily distinguishable in all WT neurons, while short
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latency AMPA component were almost never observed in stg neurons. In these cases, the
current amplitude at 4 ms after laser scanning photostimulation (LSPS) stimulus was defined
as the AMPA component.

EEG recording and analysis

Mice (p30-45) were anesthetized using isoflurane inhalation at 1 L/min oxygen flow (3%
isoflurane flow for induction; 1-2% isoflurane flow for maintenance), and carprofen (5 mg/
kg) was injected intraperitoneally for post-operative analgesia. After a midline scalp incision
and removal of the periosteum, small burr holes (~0.5 mm) were drilled in the skull 5 mm
lateral from the saggital suture with a pair each in line with lambda and bregma. A fifth hole
was drilled in the bone above cerebellum for ground. A plug consisting of a dual in-line
socket (Digi-Key Corp., Thief River Falls, MN) with soldered stainless steel wires (Medwire
316 SS 7/44T) each terminated with soldered stainless steel screws (2.38 mm long #303SS,
J.J. Morris Co, Southbridge, MA). This assembly was mounted to the skull with superglue,
the screws attached to the skull through the burr holes, and dental cement applied to secure
the connection. EEG recordings were performed after at a week of surgical recovery.
Individual mice were recorded via an XLTek EEG system in which simultaneous video and
multichannel EEG recordings were collected. Seizures were detected through a wavelet
based spectral analysis routine in MatLab (Schofield ez a/., 2009) based on the approach of
(Torrence and Compo, 1998).

Statistical analysis

Drugs

Numerical values are given as means + SEM unless statedotherwise. Statistical box and
whisker charts show: mean (central dot); median (large horizontal line); maximal and
minimal values (short horizontal lines); 99 % and 1 % range (crosses); percentile 25-75
range (box); 5-95 range (whiskers). Statistical significance was assessed by performing a
Student’s ftest or Mann-Whitney Rank Sum test. Statistical analyses were performed with
Sigma Stat 3.5 (Ashburn, VA) and Origin 7.0 (Microcal Software, Northampton, MA).
Differences were considered significant when p < 0.05.

During recordings, AMPAR events were pharmacologically isolated by bath application of
the NMDAR blocker 2-Amino-5-phosphonopentanoic acid (APV, 50 — 100 .M, Ascent
Scientific). NMDAR events were pharmacologically isolated by bath application of 2,3-
dihydroxy-6-nitro-7-sulfamoyl-benzo[flquinoxaline-2,3-dione (NBQX, 20 M). In order to
block all ionotropic EPSCs, in some experiments both APV and NBQX or 6,7-
Dinitroquinoxaline-2,3-dione (DNQX, 20 wM, Ascent Scientific) were added to the
perfusate.

Array Tomography (AT)

Four wt and 3 stg (P35+) were transcardially perfused with PBS followed by 4%
paraformaldehyde (approximately 50 mls). The brains were removed and post-fixed
overnight at 4°C in 4% paraformaldehyde. Sections of thalamus (including internal capsule,
reticular nucleus and dorsal thalamus) about 600 — 800 .M thick were dissected, dehydrated
in a series of alcohol steps before being embedded in LR white. Ribbons of ultrathin
sections (approx. 100 nm thick) were cut on an ultramicrotome and collected onto glycerol
coated cover slips (20 to 40 sections per ribbon). For more detailed methods see (Micheva
and Smith, 2007). Ribbons were subjected to a series of antibody “cycles”. The following
proteins were targeted: parvalbumin (cell marker for RT; Calbiochem, Germany); VGLUT]Z,
VGLUT2; NMDAR1; GluA4; pan-MAGUK and synapsin (all purchased from Millipore,
Temecula, CA). RTN borders were clearly identified by using VGLUT1 and parvalbumin,
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and these were then used to select RTN or VB positions for image collection. Image stacks
for each cycle were collected using an Axioskop and aligned with a set of FIJI scripts
available at (http://www.stanford.edu/~bbusse/work/downloads.html). The aligned stacks
were further analyzed using Volocity software to extract 3 dimensional particle locations
and immuno-intensities, which were used for further radial analysis via in-lab generated
code (Beenhakker and Huguenard, 2010).

Stg thalamic networks express an epileptic phenotype

In mice harboring the spontaneous stargazin mutation, neurologic deficits, including head
tossing, ataxia and 6 Hz SWD seizures, show a developmental progression (Noebels et al.,
1990). We confirm that stg at the developmental age used in our study (P35+), unlike their
wild-type littermates, reliably exhibit frequent (6.2 = 1.6/min, n = 6 mice) and prolonged
SWD (2.2 £0.55; 6.1 £ 0.5 Hz), the EEG hallmark of absence seizures, together with
behavioral absences, most evident as sudden cessations of movement interrupting normal
locomotion (data not shown).

As the thalamus contains pace-making circuitry implicated in several models of absence
epilepsy (Huguenard and McCormick, 2007), we first tested whether an epileptic phenotype
would be expressed in isolated thalamic networks from stg mice. Indeed, we found that
robust, long-lasting synchronized oscillations can be evoked in thalamic slices prepared
from homozygous young adult (P35+) stg and maintained under physiological conditions (n
= 14; Figure 1Aii and B). In contrast to the stg slices, such oscillations were rarely evoked in
slices prepared from wild-type littermates under the same conditions (wt; Figure 1Ai and B,
n = 7). In those cases where an oscillation could be evoked in wt slices it was significantly
shorter in duration (0.40 + 0.21 s) than in stg slices (1.67 + 0.34 s; p < 0.05). Furthermore,
the frequency of spontaneous oscillations was significantly higher in stg slices (n = 7),
compared to wild-type (n = 5) littermates (2.134 + 0.34 versus 0.924 + 0.35 oscillations/min;
p < 0.05; Figure 1C). Thus, stg thalamic slices express a hyperexcitable SWD-like
phenotype indicating that the stg mutation induces pro-epileptic changes locally within
thalamic circuitry.

We next utilized whole-cell recordings from thalamic neurons to detect whether a synaptic
defect might underlie thalamic hyperexcitability. All intracellular recordings were conducted
in thalamic slices prepared from age-matched stg and wt littermate mice between P19 and
P25 (stg mutants develop EEG correlates of absence seizures after P18 (Qiao and Noebels,
1993). The RTN can be clearly identified within live horizontal thalamic slices by its
position adjacent to the internal capsule (Huntsman et al., 1999; Schofield et al., 2009). RTN
cells in wt (n = 15) and stg (n = 19) had indistinguishable passive and active membrane
properties (see Table 1).

Excitatory synaptic transmission is reduced in stg RTN

Excitation of the RTN is thought to be part of the recurrent network loop that serves to pace
and synchronize large scale thalamocortical networks during absence seizures (Huguenard
and McCormick, 2007). In light of the enhanced thalamic network excitability in stg (see
Figure 1), and given that these mice have a mutation in stargazin that affects the trafficking
and biophysical properties of AMPAR, we first set out to identify the impact of the stargazin
mutation on spontaneous excitatory post-synaptic currents (SEPSCs) in RTN cells /in vitro
(Figure 2).

We found that, in contrast to what would be expected for a hyperexcitable network, isolated
SEPSC frequency in stg RTN cells was significantly reduced (1.8 + 0.4 Hz, n = 31; Figure
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2B and C) compared to wt (6.7 + 0.8 Hz, n = 26; p < 0.001; Figure 2A and C). The
remaining stg EPSCs were significantly reduced in amplitude (wt: 29.7 + 1.9 pA, stg: 19.8 +
1.0 pA; p < 0.001; Figure 2Di and E). These differences in SEPSC properties were also
observed under conditions in which AMPAR-mediated SEPSCs were pharmacologically
isolated (50 .M APV and picrotoxin; wt: n = 15, stg: n = 13; wt: 6.7 + 1.5 Hz and stg: 1.4 +
0.4 Hz, p < 0.001 and wt: 26.0 + 2.6 pA and stg: 15.0 + 1.0 pA, p < 0.0005; Figure 2D and
E). This is consistent with the results of an earlier study (Menuz and Nicoll, 2008) that
reported a congruent decrease in miniature EPSC (mEPSC) frequency and amplitude in pre-
epileptic (< P17, c.f. Qiao and Noebels, 1993) mice. Interestingly, in contrast to our results,
Menuz and Nicoll reported that a statistically significant effect on mEPSC frequency did not
persist at a developmental stage (P21-23) in which seizures become apparent.

Although stg RTN sEPSCs were reduced in amplitude, their kinetics were slowed compared
to wt, with both slower rise time and decay rate (rise-time, wt: 0.23 + 0.01 ms, stg: 0.28 +
0.02 ms, p < 0.05; half-width, wt: 0.89 +0.05 ms; stg: 2.05 + 0.30 ms, p < 0.005; Figure 2Di,
Dii, F and G). Similarly, rise-time and half-width of isolated AMPAR currents were also
increased in stg (n = 13, rise time 0.35 + 0.02 ms, half-width 1.72 + 0.42 ms) compared to
wt RTN cells (n = 15, rise time 0.29 + 0.01 ms, half-width 0.91 + 0.07 ms; Figure 2D and F;
p < 0.05). Remaining events were blocked by NBQX or DNQX (20 M) confirming that
they were AMPAR-mediated (data not shown). Slowing of EPSC kinetics is not expected
from a loss of stargazin function, as stargazin has been shown to slow deactivation and
desensitization rates (Tomita et al., 2003; Tomita et al., 2005; Priel et al., 2005; Turetsky et
al., 2005; Tomita et al., 2007; Kott et al., 2007). Thus, the altered EPSC kinetics in stg,
which may compensate for reduced amplitude, might result not from direct modulation of
synaptic AMPARS, but rather then from alterations in AMPAR subunit expression or
synaptic trafficking.

Structural synaptic connectivity is maintained in stg thalamic circuits

Given the decreased frequency of SEPSCs in stg RTN cells at rest (see Figure 2) we were
interested in determining whether this might result strictly from changes in post-synaptic
receptor expression versus structural changes in the network in terms of anatomical
connectivity (e.g. synapse number or presynaptic axonal branching). Changes in either
synapse number or presynaptic function could explain the reduced sEPSC frequency
observed in stg RTN cells, in which case we would observe a change in glutamate release.
To test for this we changed the holding potential of the voltage-clamped RTN cells to +40
mV to relieve Mg?* block (Nowak et a/,, 1984) and reveal NMDAR mediated SEPSCs. We
found that, despite the lower frequency of stg SEPSCs at —60 mV (wt: 9.6 + 1.4 Hz, n = 14;
stg: 2.9 + 0.8 Hz, n = 18; p < 0.0005; Figure 3C), the frequency of stg SEPSCs recorded at
40 mV in the same cells was similar in stg and wt RTN cells (wt: 9.4 + 1.4 Hz, Figure 3A
and C; stg: 6.9 + 1.3 Hz, Figure 3B and C; p > 0.05). The frequency of events at 40 mV was
therefore significantly increased from —60 mV in stg cells (p < 0.005; Figure 3C) but not wt
cells (p > 0.05; Figure 3C). Additionally, the mean amplitude of NMDAR mediated events
was indistinguishable between wt and stg cells (wt: 14.3 + 1.6 pA; stg: 12.2 +1.1 pA; p >
0.05; Figure 3D). Therefore, the reduction in SEPSC frequency observed at negative
potentials may be due to a decrease in the number of available synaptic receptors resulting
from inefficient trafficking of the AMPA receptors by the mutant stargazin.

Evoked post-synaptic excitatory currents are smaller but longer in stg RTN cells

The presence of AMPAR mediated EPSCs in stg RTN cells, albeit at reduced amplitude,
suggested that synaptic AMPAR trafficking may be deficient, yet not abolished in RTN
cells. A reduced trafficking of AMPARS to synapses might, in part, explain the altered
kinetics of SEPSCs. For example, a relative increase in extrasynaptic compared to synaptic
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receptors could result in greater diffusional time from synaptic release to receptor activation.
According to this scenario, electrically evoked responses which are proposed to result in
greater extrasynaptic receptor activation (e.g. Chen and Diamond, 2002; Arnth-Jensen et al.,
2002; Zhang and Diamond, 2006), might be less affected than s- or m-EPSCs, which
presumably arise from single isolated release events that would primarily affect synaptic
receptors. Thus, to further characterize the excitatory input to the RTN in stg, we examined
evoked EPSCs (eEPSC) by using near-threshold stimulation of the corticothalamic and/or
thalamocortical fibers passing through the internal capsule (Figure 4). In contrast to the very
strong reduction of SEPSC amplitude in stg RTN cells, eEPSCs were reliably evoked in stg
RTN cells (n = 19) with similar stimulation intensities as wt cells (n = 22; wt: 26.2 + 4.1 V;
stg: 26.4 + 4.3V, p > 0.05). While eEPSC peak amplitude was indeed significantly
decreased (wt: 253.8 + 46.5 pA, stg 117.3 + 18.5 pA, p < 0.0005; Figure 4A, B, Ci and D)
the degree of reduction was less than expected given the strong reductions in both AMPAR-
mediated SEPSC amplitude and frequency. As had been observed for SEPSCs, both the
rising phase and decay of eEPSCs was significantly slowed in stg RTN cells (rise-time, 0.57
+ 0.05 ms; half-width, 1.82 + 0.18 ms; Figure 4B, Ci, Cii, E and F) compared to wt cells
(rise-time 0.46 + 0.03 ms; half-width 1.39 + 0.15 ms, p < 0.005 for both; Figure 4A, Ci, Cii,
E and F). These differences persisted under conditions in which AMPAR-mediated currents
were isolated (wt n =7, stg n = 5, amplitude, wt: 270.4 + 60.9 pA, stg 80.1 +14.1 pA; p <
0.005; rise time, wt: 0.41 + 0.02 ms, stg: 0.58 + 0.10 ms, p < 0.05; half-width, wt: 1.06 +
0.07 ms, stg: 2.04 + 0.02 ms, p < 0.05; along with prolonged decay of the current to
baseline, 10-90 decay time, wt: 1.85 + 0.20 ms, stg: 4.45 +1.25 ms, p < 0.05; Figure Ciii,
further supporting a change in AMPAR location, number or subunit composition.

The eEPSCs in stg and wt RTN cells showed a double exponential decay, with a fast and a
slow phase. The more rapidly decaying response could be blocked by AMPAR antagonists
(NBQX or DNQX, 20 iM; wt: 17/17 cells and stg: 17/17 cells tested). The slower decay
component was blocked by APV (50 wM) indicating that it was NMDAR mediated. The
weighted decay time constant for eEPSCs were slower in stg compared to wt RTN cells (wt:
4.5+ 0.7 ms, stg: 10.9 + 1.4 ms, p < 0.0005; Figure 4G). The much slower decay was
predominantly due to a doubling of the slow time constant in stg (wt = 42.9 + 6.1 ms, stg:
87.6 + 10.7 ms, p < 0.0005) while the fast time constant was not affected (wt: 1.1 + 0.2 ms;
stg: 1.6 + 0.2 ms, p > 0.05). This result suggests that not only is the AMPAR component of
the eEPSC reduced in amplitude and increased in duration in stg cells, but also there is
increased relative contribution of the NMDAR mediated component of the eEPSC.
Interestingly, although the amplitude of the eEPSC was significantly reduced in the stg RTN
cells compared to wt cells, the net synaptic charge of the response was unaffected (wt: 682.0
+121.9 pA/ms, stg: 1259.4 + 434.1 pA/ms and isolated AMPAR: wt: 363.1 + 71.3 pA/ms,
stg: 227.0 + 70.4 pA/ms; both p > 0.05), suggesting that the prolonged duration of the
response compensated for the decreased amplitude.

In the thalamic network, excitatory inputs to RTN cells from thalamus or cortex arise from
either single action potentials or bursts. Accordingly, we determined the response of RTN
cells to burst input in stg compared to wt cells (Figure 4H — L). In these experiments we
applied trains of 5 stimuli at 200 Hz (producing responses similar to those produced by a
burst firing thalamic cell; Bal et al 1995) to the internal capsule (at 1.5 times threshold to
eliminate failures). During the train, the first stimulation always resulted in a direct, fast
EPSC (this was mostly AMPAR dependent as it was always blocked by NBQX 20 wM; data
not shown), but subsequent responses within the train could either be failures or successes.
During the train, most wt cells (n = 18/21) and stg cells (n = 25/25) exhibited depression of
the second through fifth direct responses compared to the response of the first stimulation
(3/21 wt cells, but none of the 25 stg cells, exhibited facilitation on the second stimulation).
Following the train stimulation, cells from both stg (n = 25) and wt (n = 21) exhibited a
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residual current that slowly decayed to baseline (Figure 4H and ). This residual current was
slower in stg cells (wt decay time constant: 59.4 + 4.1 ms, stg: 93.0 + 7.9 ms; p < 0.005;
Figure 4K, L), and was blocked by an NMDAR antagonist (APV, 50 .M) in both wt (5/5
cells; data not shown) and stg cells (7/7 cells; Figure 4J). It is worth noting that although
NBQX (20 M) application could eliminate the fast direct responses during the train, it did
not eliminate the slow post-train response (which was further blocked by APV application,
50 to 100 uM, wt: 11/11 cells and stg: 11/11 cells; data not shown but see Figure 6). Thus,
even at membrane potentials near rest, NMDAR mediated currents can be evoked in RTN
cells.

The results demonstrate that although the reduced frequency of AMPAR-mediated SEPSCs
and the decreased amplitude of both AMPAR-mediated SEPSCs and eEPSCs are all
paradoxical to the promotion of hyperexcitability in the circuit, the increased duration of
both the fast EPSCs (mostly AMPAR mediated) and the slower component of the EPSC
(mostly NMDAR mediated) can result in a longer lasting synaptic response mediated by
both AMPARs and NMDARs. We predict that this longer-lasting current could result in
hyperexcitability and oscillations in the thalamic network.

Compensation of reduced AMPAR current by NMDAR current

In order to assess the relative contribution of AMPAR and NMDAR conductance to
excitatory transmission in the stg RTN, we obtained evoked EPSC //V curves from both stg
(n = 35) and wt littermate (n = 33) cells (Figure 5). Cells were held at a range of potentials
between —60 mV to 40 mV and a single stimulus was applied to the internal capsule at 1.5
times threshold to eliminate failures. The early, rapidly decaying EPSC component was
always blocked by AMPAR antagonists (NBQX or DNQX 20 uM; wt: 11/11, stg: 8/8 cells
tested; see Figure 6) and the later slow component was blocked by application of NMDAR
antagonist (APV 50-100 wM; wt: 11/11, stg: 11/11 cells tested, see Figure 4Ciii).

In wt cells, at negative potentials the response was composed of a large fast AMPAR
component and a small NMDAR late component. At positive potentials, the fast AMPAR
component remained clearly distinguishable from the later onset and larger NMDAR current
component (Figure 5A). However, in stg cells (e.g., Figure 5B), at negative potentials the
AMPAR component was small and the NMDAR component was increased compared to the
wt. This difference was more apparent at positive potentials, where the AMPAR component
was rarely discernable compared to the larger, slower NMDAR current. Indeed, the
population data clearly shows that the AMPAR current and conductance was significantly
reduced at all potentials in the stg RTN cells compared to the wt littermates (p < 0.0005,
Figure 5C). Furthermore, in agreement with the eEPSC data above, the NMDAR
conductance was significantly increased in the stg RTN cells compared to wt cells (Figure
5D). This increase was most apparent at positive holding potentials when NMDARs were
largely relieved of magnesium block (mean NMDAR conductance, measured in the range of
+20 — +40 mV, wt: 4.0 + 0.6 nS, stg: 6.5 + 1.0 nS; p < 0.05, Figure 5Diii) but was also
present around resting membrane potentials (measured in the range of -50 — =60 mV/, wt:
0.73+0.11 nS, stg: 1.11 + 0.21 nS; p < 0.05). The decrease in AMPAR conductance,
coupled with the increase in NMDAR conductance, contributes to significantly greater
NMDA:AMPA ratio in stg RTN cells (ratio of NMDA to AMPA conductance averaged
across responses between +20 and +40 mV, wt: 1.1 + 0.1, stg: 3.0 + 0.4; p < 0.0005, Figure
5E).

Although the above experiments suggest an increase in the NMDAR component of the
composite EPSC response in RTN of stg, we wanted to examine the NMDAR EPSCs in
detail without contamination of its early phase by AMPAR-mediated currents. Thus, we
conducted the same experiments in the presence of the specific AMPAR antagonist, NBQX
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(20 M), to isolate the NMDAR component (Figure 6). In these experiments, we obtained
eEPSCs across a wide range of potentials between —100 mV and +40 mV, in order to
elucidate more accurately the voltage-dependency of the NMDAR current (Figure 6A, B and
C). Consistent with the results analyzing the presumed AMPAR and NMDAR components
of the composite EPSC, we found that the peak NMDAR current and conductance was
significantly increased in stg (n = 6) compared to wt (n = 7) RTN cells (mean conductance
at +20 — +40 mV, wt: 4.1 +1.5 nS, stg: 10.6 + 3.2 ns; p < 0.05; see Figure 6D and E and
mean conductance —50 — —60 mV/, wt: 0.43 + 0.10 nS, stg: 1.22 + 0.36 nS; p < 0.05).
However, as shown by the Boltzmann fit to the normalized g/V curve (wt =7 and stg = 6
cells, R2 = 0.99 for both fits, Figure 6F), neither the slope nor half-maximal activation
voltage of the NMDA conductance were different (slope wt: 12.6 mV; stg: 11.8 mV; V50%
wt: =30.1 mV, stg: —28.7 mV), suggesting that there were no compensatory changes in the
composition of the NMDARSs, but rather an increase in the number of receptors that could be
activated by synaptically released glutamate.

These data suggest that although the synaptic AMPAR response is decreased in stg RTN
cells, the increased duration of the AMPAR response and the increased amplitude of the
NMDAR component could together lead to a more hyperexcitable circuit and oscillatory
activity.

Synaptic NMDAR recruitment is maximal with minimal stimulation

The data thus far provides compelling evidence that increased NMDAR activation in stg
RTN cells could predispose the circuit to become hyperexcitable. After either a single or
burst of presynaptic spikes that trigger glutamate release, stg RTN cells respond with an
enhanced long-lasting NMDAR mediated current (Figure 4). Thus, we were interested in
determining how NMDARs might be recruited by repetitive glutamate release during
presynaptic spike trains (Figure 7). In general we found that NMDARs could be
progressively activated during a synaptic stimulus train in wt RTN neurons such that there
was a greater than 3-fold increase in NMDA conductance (Figure 7C; black bar: wt; empty
bar: stg) evoked during a 5 stimulus train (empty squares) compared to the response to a
single (filled squares) stimulus (ratio of train response to single simulation response: 3.20 +
0.72; Figure 7Ai, Aii and C). However, in stg cells very little if any additional NMDAR
recruitment was observed during stimulus trains (empty squares), in which the ratio of train
response to single (filled squares) response was 1.4 + 0.13, (p > 0.5; Figure 7Bi, Bii and C).
These data suggest that in stg, a single presynaptic spike achieves close to maximal
NMDAR activation, whereas in wt cells, in order to achieve similar NMDAR current a
greater input, such as a burst of presynaptic activity, is necessary to achieve similar
NMDAR currents. In support of this theory, the maximal current achieved during trains in
wit cells (298.31 + 109.62 pA) is similar to that achieved in stg cells after a single input
(359.43 + 109.94 pA; p > 0.5). This enhanced activation of NMDARSs in stg RTN cells may
make the network more hyperexcitable and lead to a condition in which epileptiform
responses could be readily initiated by cortical and/or thalamic activity that would normally
not strongly activate RTN.

Specific reductions in AMPAR responses at intrathalamic synapses

Electrical stimulation in the internal capsule activates both corticothalamic and
thalamocortical axons (via orthodromic and antidromic activation, respectively) and thus
does not allow to discriminate between these two sources of excitatory input onto RTN
neurons. To address the possibility that AMPAR and NMDAR mediated EPSCs in RTN
cells differ following corticothalamic vs. thalamocortical axon activation synapses onto
RTN cells, we probed the latter to investigate intrathalamic synapses (i.e. those arising
wholly within the thalamic subcircuit) using laser-scanning photostimulation of caged
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glutamate (LSPS; Deleuze and Huguenard, 2006). We selectively activated thalamic relay
neurons via MNI-glutamate photolysis in the ventrobasal nucleus (VB). LSPS has some
advantages over electrical stimulation as the former is relatively specific for somatodendritic
activation (Katz and Dalva, 1994), while the latter largely activates axons of passage
(Nowak and Bullier, 1998a; Nowak and Bullier, 1998b). To validate LSPS for the purposes
of examining intrathalamic excitation, we characterized the direct excitation of relay
neurons using cell attached recordings and LSPS directly onto the recorded cells. In relay
neurons LSPS regularly triggered burst firing rather than single action potentials (Figure
were similar in wt and stg relay cells (Figure 8Aii and iii) with no significant differences (p
> 0.05) in interspike intervals (ISI) during bursts between wt (1SI1: 6.4 + 0.8; IS12: 7.8 +
1.6; 1S13: 13.3 + 4.0) and stg (ISI11: 7.1 + 1.0; ISI2: 9.3 + 1.5; I1S13: 27.4 + 12.1), suggesting
that the stg mutation did not affect relay neuron excitability. We then recorded RTN cells in
slices from wt and stg and scanned VB using LSPS until we found a location from which
short latency fast EPSCs were reliably evoked. We repeatedly stimulated these spots to
record //V curves (with 15 mV steps from =75 mV to 60 mV). Figure 8Bi shows examples
of synaptic responses obtained in representative wt and stg RTN cells at —60 and +45 mV.
The responses at —60 mV were dominated by fast, presumably AMPAR mediated, EPSCs,
which were much larger in wt compared to stg cells. Responses at +45 mV displayed large,
slow currents typical of NMDAR activation and were of similar magnitude in both
genotypes. Analysis of the full g/V curves revealed significantly smaller conductance of
AMPAR mediated currents (Figure 8Dii, left, first discernible fast EPSC in each burst), but
no significant difference in NMDAR mediated currents (Figure 8Bii, right) in stg cells. The
identity of AMPAR and NMDAR mediated components of synaptic responses was
confirmed by sensitivity to APV and NBQX, respectively in selected cells (data not shown).
The lack of enhanced NMDA response with LSPS compared to evoked responses (Figures
5,6) presumably reflects the fact that the former activates presynaptic burst spikes in relay
neurons (Figure 8C) — conditions under which the NMDAR response differences are
minimized (Figure 7). We calculated NMDA:AMPA charge ratios for EPSCs in RTN cells
evoked by LSPS in VB and defined the AMPA component as the area of all isolated fast
EPSCs recorded at =60 mV and the NMDA component as the area of the response at +60
mV from 100 to 500 ms after the LSPS stimulus. NMDAR:AMPAR charge ratios were
significantly larger in stg (wt: 82.6 +/- 16.7, n=6; stg: 618.3 +/- 154.6, n=7; p < 0.01).
These results are consistent with those obtained using electrical stimulation: individual
AMPAR mediated EPSCs had smaller conductances in stg RTN neurons, but the NMDAR
mediated currents following a burst stimulus did not differ. Therefore, characteristics of
intrathalamic EPSCs are representative of electrically evoked EPSCs in RTN cells.

We also examined the properties of AMPAR and NMDAR mediated direct responses in wt
and stg RTN cells (Figure 8C-D), by directly releasing glutamate onto RTN cells that were
recorded in voltage clamp mode. This type of stimulation eliminates the presynaptic
component, but it primarily activates non-synaptic neurotransmitter receptors, as synapses
are apparently shielded from LSPS-released glutamate, perhaps by surrounding glia (Brill
and Huguenard, 2008). In contrast to electrically evoked EPSCs, we could not easily detect a
fast AMPAR mediated component at negative membrane potentials in stg cells, while the
AMPA component was readily identifiable in wt cells (Figure 8Cii). Consequently, the
NMDA:AMPA ratio in stg cells was greatly increased (Figure 8Ciii). NMDAR blockade
revealed an extremely small residual AMPAR mediated current in stg cells (Figure 8Di
before and Figure 8Dii after application of 50 wM APV; Figure 8Diii shows comparison of
currents recorded at —40 mV), resulting in an almost negligible AMPAR mediated
component of the directly evoked non-synaptic response in stg cells at all membrane
potentials tested (Figure 8Div). This further underscores that the stg mutation leads to a
severe trafficking defect of AMPARs in RTN, but leaves NMDAR responses intact.
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Increasing NMDAR activity in wt slices mimics stg slice hyperexcitability

The above experiments with single RTN cells suggest that compensation of reduced
AMPAR activity by increased NMDAR activation in stg, could, in part, create a
hyperexcitable thalamic network. Due to these results, and the fact that MK-801 (a non-
competitive NMDAR antagonist) can reduce seizures in stg, but not lethargic mice or in the
GHB pharmacological model of absence seizures (Aizawa et al., 1997), we tested whether
blocking NMDAR activity could eliminate the hyper-oscillatory activity seen in the stg slice
network preparation (Figure 9). Lowering the concentration of magnesium in the bath
solution promotes NMDAR activation and thalamic oscillations (Jacobsen et al., 2001). We
found that in conditions of low extracellular magnesium we could reliably evoke oscillations
in wt (n = 14) and stg slices (n = 10). Under these pro-oscillatory conditions, the duration of
the evoked oscillations in wt was increased to the point (1.82 + 0.25 s) that it was
indistinguishable from the responses in stg slices (1.42 £ 0.12 s; p > 0.05). Thus, a
manipulation that would be expected to increase NMDAR recruitment was able to
phenocopy in wt slices the stg epileptic phenotype. Interestingly, although the duration of
the oscillations was significantly increased from normal to low magnesium concentrations in
wt (p < 0.005), the change of concentration had no effect on stg oscillation duration (p >
0.05; Figure 9B), again consistent with the idea that NMDAR activation is near maximal
under baseline conditions in stg RTN cells (c.f. Figure 7). We found, as reported previously
(see rat: and ferret: von Krosigk et al., 1993), that application of APV (50 M) reversibly
reduced oscillation duration similarly in the thalamic network in both wt (n = 9; ctrl: 1.38 +
0.14 s, APV: 0.62 + 0.06 s, wash: 0.85 +0.10 s; p < 0.0001, Figure 9Ai) and stg slices (n = 6;
ctrl: 1.98 + 0.38 s, APV: 0.40 + 0.17 s, wash: 0.69+ 0.27 s; p < 0.005, Figure 9Aii). Under
normal magnesium conditions, APV strongly reduced the duration of the oscillation in stg
slices (n=6; ctrl: 1.73 + 0.61 s, APV: 0.37 + 0.11 s, wash: 0.75 + 0.21 s; p < 0.0005; data
not shown) and abolished spontaneous oscillatory activity (data not shown), but the affect of
APV on normal magnesium oscillations was not tested in wt as oscillations were hard to
obtain under these conditions. These results suggest that in thalamic slices from stg, elevated
NMDAR activity is a critical factor in the generation of epileptiform oscillations.

Redistribution of AMPARs away from synapses in stg RTN

Given the physiology results that suggest a change in number and/or location of synaptic
AMPAR and NMDAR in the RTN of stg, we took advantage of the powerful, recently
developed, anatomical technique of array tomography (AT; Micheva and Smith, 2007;
Micheva et al., 2010), to directly address this issue. We made ultrathin horizontal sections
from both wt and stg thalamus that included dorsal thalamus, RTN and internal capsule. The
ultrathin sections made it impossible to determine the location of the borders of the RTN
from the rest of the section with simple visual inspection. Therefore, we took advantage of
the known differences in protein density of VGLUTL, to clearly delineate RTN from both
the internal capsule (i.c.; very low to no VGLUT1 immunolabeling) and dorsal thalamus
(VB; high VGLUT1 immunolabeling) (Figure 10Ai and Aii). To further verify localization,
we stained with parvalbumin and confirmed the presence of densely-packed parvalbumin-
positive cells in the RTN (Figure 10Aiii).

Our first aim was to determine the location of AMPARS in relationship to excitatory
synapses in stg and wt, and we targeted the GluA4 subunit as this is the most abundant
AMPAR subunit in the thalamus. The density and location of GluA4 subunits in relation to
excitatory synapses was calculated by means of a radial analysis. Synapses were defined as
triple colocalizations of immunopositive particles of synapsin, pan-MAGUK (a broad
spectrum antisera for membrane-associated guanylate kinase proteins such as PSD95,
SAP97, etc.; (Gardoni, 2008) and either VGLUTL (corticothalamic) or VGLUT2
(subcortical origin; (Fremeau, Jr. et al., 2004).
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Consistent with our physiological results, the density of GIuA4 subunits in RTN synapses
(defined as within 0.5 wm of a synaptic colocalization) was less in stg (n = 5; empty squares)
compared to wt (n = 6; filled squares), for both VGLUT1 (wt: 68.66 + 7.88 um3; stg: 34.87
+5.27 wm3; Figure 10Ci) and VGLUT2 positive synapses (wt: 63.31 + 7.66 wm3; stg: 32.82
+5.35 wm3; Figure 10Cii). Interestingly, for both VGLUT1- and VGLUT2-containing
synapses the radial profiles for wt and stg intersect - GluA4 consistently clustered at Jower
densities in stg synapses (all radial distances less than 0.2 m) yet concentrated at higher
densities in stg perisynaptic zones (between 0.3 um and 0.5 um from the center of the
synapse). Accordingly, perisynaptic GluA4 was higher in stg (average density 0.3 — 0.5 mm
from synapses — mean VGLUT1 synapses: 1.86 + 0.12 um?3; mean VGLUT2 synapses: 1.84
+0.12 wm3; Figure 10D) compared to wt (mean VGLUT1 synapses: 1.37 + 0.11 um?3; mean
VGLUT2 synapses: 1.48 + 0.10 um3; both p < 0.05; Figure 10D). In addition, the ratio of
perisynaptic (all GIluA4 particles greater than 0.5 um from any excitatory synapse, as
defined as a VGLUT/synapsin/panMAGUK colocalization) to “synaptic” GluA4 receptors
was 2 to 3 fold higher in stg (gray) than wt (black) for both VGLUT1 (wt: 0.03 + 0.00; stg:
0.07 + 0.02; p < 0.05; Figure 10E) and VGLUT?2 synapses (wt: 0.02 + 0.00; stg: 0.06 + 0.01;
p < 0.05, Figure 10E). These results are consistent with an AMPAR trafficking defect in stg
such that a reduction in centri-synaptic receptors is associated with greater perisynaptic
receptors distal to the synapse, likely contributing to delayed and prolonged postsynaptic
response kinetics. Importantly, using immunofluorescent confocal microscopy, we did not
find a change in overall number of VGLUT boutons, synapsin puncta or GluA4 puncta
numbers in stg RTN (adata not shown).

Next we wanted to identify if there were any changes in NMDAR location and/or targeting.
We found no differences overall in the location of the subunit NMDARL to excitatory
synapses or amount of perisynaptic receptors, which is consistent with the finding stargazin
has not been shown to directly traffic NMDARs (Chen et al., 2000), and the fact that the
maximally activated synaptic NMDAR response was unaffected in stg (Figure 7). Cortical
inputs to the RTN (as defined by VGLUT1 positive terminals and synapses; wt: 18.71 +
3.46 um3; stg: 23.56 + 3.67 um?3; p > 0.05; data not shown) and thalamic inputs to the RTN
(as defined by VGLUT? positive terminals and synapses; wt: 21.53 + 3.47 um?; stg: 23.61 +
3.8 wm3; p > 0.05; data not showri) were similar in terms of distribution and density of
NMDAR1 to the synapse.

Discussion

Stg display frequent SWD, the physiological correlate of absence seizures. Stargazin can act
as either a voltage-gated calcium channel subunit or an AMPAR auxiliary subunit (Letts,
2005; Osten and Stern-Bach, 2006; Tselnicker and Dascal, 2010) and its mutation in stg
leads to suppression of AMPAR-mediated synaptic excitation in cerebellum (Chen et al.,
2000) and RTN (Menuz and Nicoll, 2008), along with increased VB tonic inhibition (Cope
et al., 2009). Absence seizures require RTN (Avanzini et al., 1992) and epileptiform
network activity depends on RTN excitation to either sustain intrathalamic (von Krosigk et
al., 1993; Bal and McCormick, 1993; Huguenard and Prince, 1994; Warren and Jones, 1994)
or enhance thalamocortical (Blumenfeld and McCormick, 2000; Bal et al., 2000) seizure-
related activity. Given the necessity for RTN excitation, how does the loss of stargazin and
resultant decrease in RTN AMPAR-excitation paradoxically lead to seizures? We
demonstrate enhanced excitatory drive onto RTN neurons through augmented NMDAR-
excitation and increased activation of perisynaptic AMPARs. We suggest that such
increased excitation of RTN (from cortex orthalamus) leads to increased phasic inhibitory
output to VB, which in combination with the enhanced tonic inhibitory currents that are a
common feature in absence models (Cope et al., 2009), results in enhanced synchronous
oscillations that are critical for absence seizures.
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Hypersynchronous oscillatory activity in stg slices: a thalamic locus

We show that adult stg thalamus displays aberrant hypersynchronous spontaneous and
evoked oscillations /n vitro, indicating that a thalamic excitability defect likely contributes to
seizures in these animals. These enhanced oscillations result from excessive RTN excitation,
from corticothalamic and/or thalamocortical projections, consistent with prominent and
early RTN neuronal involvement during SWD (Slaght et al., 2002). Indeed, /n vitro
intrathalamic rhythmic oscillations are dependent on reciprocal synaptic interactions
between glutamatergic dorsal thalamus and GABAergic RTN (von Krosigk et al., 1993;
Huguenard and Prince, 1994; Warren and Jones, 1994; Jacobsen et al., 2001) and excitation
of RTN is mediated by AMPARs and NMDARs (Liu, 1997; Mineff and Weinberg, 2000;
Golshani et al., 2001).

Reduced AMPAR excitation of stg RTN is paradoxical to seizures

We demonstrate that AMPAR-sEPSCs onto adult stg neurons are reduced in both frequency
and amplitude (c.f. Menuz and Nicoll 2008). This reduction could indicate a general
reduction in RTN-AMPAR excitation, which would in turn reduce dorsal thalamic inhibition
and the resulting post-inhibitory rebound bursts. However, given that absence networks
appear to be strictly dependent on inhibition (Huguenard, 2001), and that enhancing
inhibition can actually worsen absence seizures (Cope et al., 2009; Hosford et al., 1997;
Danober et al., 1998; Perucca et al., 1998; Ettinger et al., 1999), such a reduction, seems
unlikely to be solely responsible for stg hyperexcitability. Indeed, we found that despite
RTN-AMPAR amplitude reductions (spontaneous and evoked), total AMPAR-eEPSC
charge transfer at resting membrane potential onto stg RTN cells remained unchanged, due
to increased duration. The loss of stargazin does not directly account for the prolonged
AMPAR-kinetics since stargazin itself modulates AMPAR biophysical properties to
increase channel open-time (also reducing desensitization and increasing glutamate affinity;
Tomita et al., 2003; 2005; 2007; Turetsky et al., 2005; Kott et al., 2007), so that its loss
would be associated with briefer synaptic responses. We show that the maintained eEPSC
charge transfer is accompanied by a shift in AMPAR synaptic localization and augmented
NMDAR-activation.

Loss of Stargazin disrupts AMPAR synaptic localization

Stargazin forms a complex with AMPARSs, and interacts with PSD-95 and other MAGUKS
to maintain AMPARSs at the synapse (Schnell et al., 2002; Deng et al., 2006; Bats et al.,
2007). Thus, in stg RTN, loss of functional stargazin is expected to reduce the synaptic
stabilization of membrane-bound AMPARs (Opazo et al., 2011) and indeed a recent study
demonstrated a reduction of GluA4 immunogold particles in stg RTN (Barad et al., 2012).

Our AT data supports this hypothesis, revealing a shift of GluA4 away from synaptic
regions, accounting for both the frequency reduction and slower kinetics of stg RTN
AMPAR-sEPSCs. A predicted consequence of this shift is that responses to evoked
glutamate release will be less affected than spontaneous single vesicle release events. This
distinction arises because evoked synaptic activation promotes pooling of neurotransmitter
in intersynaptic regions, allowing more reliable activation of non-synaptic receptors (Huang
et al., 1998; Kullmann, 2000). Our electrophysiology results support this hypothesis; evoked
AMPAR-EPSCs were reliably recorded in stg RTN neurons, and observed reductions in
amplitude were less than expected given the large changes in AMPAR-SEPSCs.

However, the stargazin mutation causes AMPAR localization defects that are not entirely
accounted for by reduced synaptic stabilization. Notably, preferential activation of
extrasynaptic glutamate receptors, achieved via LSPS (Brill and Huguenard, 2010), failed to
produce a significant AMPAR-mediated response in stg RTN cells, indicating an additional
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loss of AMPARSs from extrasynaptic regions, consistent with the role of TARPs in
trafficking AMPARs to the membrane (Chen et al., 2000; Tomita et al., 2003; 2005;
Turetsky et al., 2005; Bats et al., 2007; Ziff, 2007; Jackson and Nicoll, 2011).
Immunofluorescent confocal microscopy revealed no overall reduction in the number of
GluA4 puncta in RTN (c.f. Barad et al., 2012) suggesting that without stargazin, AMPARS
still accumulate at or near the membrane, consistent with AMPARs associating with non-
stargazin TARPs (Tomita et al., 2003; Cho et al., 2007; Kott et al., 2007; Kato et al., 2010),
cornichons (Schwenk et al., 2009; Kato et al., 2010) or SAP97 (Howard et al., 2010), or
being “TARPless” (Bats et al., 2012). Non-stargazin interactions may cause trafficking of
AMPARSs into “perisynaptic” regions, where glutamate metabolism is well regulated by
astrocytes (Schousboe et al. 2004), and AMPARSs would be unresponsive to both
spontaneous glutamate release events and to extrasynaptic glutamate release via LSPS.

NMDAR current is the critical source of excitatory drive in stg RTN

We demonstrate prolonged and increased NMDAR-eEPSCs in stg RTN cells at rest, and we
propose that this is enhancement in NMDAR-mediated drive acts as a major contributing
factor to hyperexcitability in stg, consistent with stg seizures being particularly susceptible
to NMDAR blockade (Aizawa et al., 1997). In wt RTN cells, the slow NMDAR-eEPSCs
summate during presynaptic trains due to cumulative glutamate release, such that the
composite response to train stimulation is threefold larger than a single evoked response. By
contrast, nearly the entire pool of NMDARSs is activated by single evoked EPSC in stg RTN
cells. Consistent with a role of greater NMDAR-activation in enhanced thalamic excitability
we found that lowering [Mg2*], resulted in four-fold longer oscillations in wt slices (c.f.
Jacobsen et al., 2001) shifting wt towards the same NMDAR-dependence as stg slices (stg
thalamic oscillations were not enhanced by reducing [Mg2*],). Indeed, an /n vivo study
demonstrated that a non-competitive selective antagonist of NMDAR (MK-801) greatly
reduced stg seizures but not other mouse models (Aizawa et al., 1997) and is further
supported in rat absence models (Koerner et al., 1996). In combination, our data leads us to
propose that enhanced RTN-NMDAR excitation (together with enhanced inhibition in VB,
Cope et al., 2009), are a main contributor to the generation of seizures in stg.

Although there has been little evidence to suggest that stargazin directly affects NMDARS
(e.g. Chen et al., 2000; Menuz and Nicoll, 2008), synaptic targeting of NMDARs may be
dependent on synaptic AMPAR/stargazin interactions, especially in inhibitory cells (Mi et
al., 2004), and NMDAR-related increases in calcium influx suppresses stargazin-mediated
AMPAR lateral diffusion (Opazo et al., 2010). NMDAR have a high affinity for glutamate
(~500-fold higher than AMPAR; Patneau and Mayer, 1990) and may respond more
effectively than AMPARSs to glutamate in extrasynaptic locations. Larger glutamate
“spillover” (Atasoy et al., 2008) may occur in stg RTN that lack synaptic AMPAR, resulting
in more activation of NMDARs and this high NMDAR-activity may result in further
immobilization of synaptic AMPARs (c.f. Opoza et al., 2011). Alternatively, lack of
stargazin-anchoring of AMPARS to the synapse might result in reduced competition with
NMDARs for postsynaptic scaffolding proteins, resulting in more centri-synaptic NMDARS
and larger recruitment in stg (c.f. Bard et al., 2010). Our AT results suggest comparable
NMDAR number/location in stg and wt RTN, but the resolution may be insufficient to
detect small changes. The NMDAR-current enhancements may be due to a larger pool of
activated NMDARs, perhaps as a secondary compensatory mechanism during development
resulting from reduced AMPAR-activity (see Ben-Avri et al., 1997).
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Significance

We have established a novel and powerful mechanism by which thalamic excitability is
generated in stg. Despite reductions in amplitude of AMPAR-mediated responses in stg,
we report increased NMDAR-activation of RTN neurons and suggest that this is a critical
source of hyperexcitability in the thalamocortical network. These changes are
accompanied by shifts in AMPAR to less centrisynaptic locations in stg RTN neurons
where they can still be activated, although somewhat less effectively, by synaptically
released glutamate. Our data strongly suggest that the enhanced NMDAR response in
RTN to excitatory inputs (be it cortical or thalamic) can lead to hypersynchronous
oscillatory activity in the corticothalamic circuit and, potentially, seizures. Our findings
suggest that regulation of TARP-mediated AMPAR function is likely to be important in
understanding of epilepsy and potential treatments.
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Figure 1. Thalamic networks ar e hyperexcitable in stg slices

A Sample traces of wild-type (Ai) and stg (Aii) evoked thalamic (VB) multiunit oscillatory
activity. Timing of stimulus applied to internal capsule is indicated by black dot. B. Evoked
responses in VB and RTN show significantly longer lasting oscillations in stg. (wt n = 7, stg
n =14, *p<0.01, Mann-Whitney Test). C. Spontaneous, non-evoked, oscillations recorded
in VB occurred more frequently in stg than wt (wtn =5; stg n =7, *p < 0.01, Mann-
Whitney Test).
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Figure 2. Freguency, amplitude and kinetics of spontaneous EPSCsare altered in stg RTN cells
Representative traces from wt (A and D) and stg (B and E) RTN cells of continuous
voltage-clamp recordings of RTN cells held at resting membrane potential (Vh = -60 mV)
under conditions that isolate ionotropic SEPSCs (A—C) and AMPAR sEPSCs (D—F).. Ci
Ensemble averaged SEPSCs from representative cells shown in A (black; wt) and B (grey;
stg) superimposed on the same time-scale. Cii Averaged sEPSC from Ci normalized and
aligned to peak to illustrate the slower kinetics of stg SEPSCs. Di Ensemble averaged
SEPSCs from representative cells shown in D (black; wt) and E (grey; stg) superimposed on
the same time-scale. Dii Averaged sEPSC from Di normalized and aligned to peak to
illustrate the slower kinetics of stg AMPAR-SEPSCs. Remaining events were blocked by
NBQX or DNQX 20 M confirming that the latter were AMPA receptor mediated events
(data not shown).
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Figure 3. Pre-synaptic release of glutamateremainsintact in ssg RTN

Representative continuous SEPSC recordings at positive holding potential (Vh = +40 mV) in
wt (A) and stg (B) RTN cells. C Mean frequency of SEPSCs in stg (n = 14) and wt (n = 18)
RTN cells is similar at positive holding potentials (p > 0.05). Further, SEPSC frequency is
independent of membrane potential in wt cells (p > 0.05) but in stg cells it is significantly
increased by depolarization (p < 0.001). D Population data showing mean amplitudes of
SEPSCs at +40 mV are similar in wt and stg (p > 0.05). Significance assessed with Mann-
Whitney test or Wilcoxon test **p < 0.005; ***p < 0.0005; ns = not significant.
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Figure 4. Slow evoked excitatory currentsin stg RTN cells

EPSCs evoked at threshold in the RTN by stimulating the internal capsule in wt (A) and stg
(B). Filled circle denotes stimulus artifact. Average of successful responses from wt (in
black) and stg (in gray) aligned to response onset (Ci) or aligned and normalized to peak
(Cii). Ciii Averaged isolated AMPAR (in presence 50 .M APV and picrotoxin) responses
from wt (in black) and stg (in gray) aligned to start of event (solid gray) or aligned and
normalized to peak (gray dashed). D—G: Box-and-whisker plots to show mean amplitude
(D), rise time (E), half-width (F), and weighted decay time constant (G) of EPSCs (no 50
LM APV). Amplitude and kinetics of the evoked events are respectively smaller and slower
in stg cells. H — J: Mean responses to trains of stimuli (10 trains of 5 pulses at 200 Hz)
applied to internal capsule at 1.5 times threshold and the subsequent mean responses in
representative wt (black) and stg (gray) RTN cells. The stimulation number and artifacts are
highlighted by numbers. The dashed line illustrates baseline current. Although the initial
direct EPSC responses are smaller in stg cells, the residual current 50 ms subsequent to the
train is larger (see arrows; H and K) and slower to decay to baseline (arrows show time at
which the current reaches baseline for each cell; I and L) in stg cells than wt cells. The
residual current is NMDA receptor dependent as it was blocked by application of an NMDA
receptor antagonist APV (J; stg control condition in gray and after application of APV in
black). *p < 0.05; **p < 0.005; ***p < 0.0005.
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Figure5. Decreased AM PA conductance but increased NMDA conductance in stg RTN evoked
EPSCs

Representative examples of evoked EPSCs from several holding potentials (-60, —30, 30
and 40 mV) at different time scales in wt (Ai and Aii) and stg (Bi and Bii) RTN cells with
the respective //V curves for AMPAR (filled squares) and NMDAR (empty squares)
components on the right (Aiii and Biii). AMPAR currents (Ci) and conductance (Cii) are
reduced in stg cells (empty squares) compared to wt (filled squares). Cii Box-and-whisker
plot of mean AMPAR conductance. NMDAR currents (Di) and conductance (Dii) are
increased in stg cells (empty squares) compared to wt (filled squares). Diii Box-and-whisker
plot of maximum NMDAR conductance (mean conductance at 20 to 40 mV) in wt and stg
RTN cells. E Box-and-whisker plot showing that the NMDAR to AMPAR ratio at 20 to 40
mV is increased in stg cells. *p < 0.05; **p < 0.005; ***p < 0.0005
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Figure 6. I solated NM DA receptor currentsare enhanced in stg RTN cells

Representative examples of isolated evoked NMDAR EPSCs obtained in the presence of 10
mM NBQX from holding potentials between at —100 mV and 40 mV in 5 mV increments in
wt (A) and stg (B) RTN cells with the respective //V/curves for wt (filled squares) and stg
(empty squares) on the left (C). //Vcurves (D) and g/V plots (E) from pooled data show an
increase in isolated NMDAR mediated responses in stg RTN cells. The voltage dependency
of the current is not changed as shown by using a Boltzmann function to fit the normalized
conductance (F). Quantitative data represent mean + SEM. *p < 0.05.
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Figure 7. NM DA receptor current ismaximally activated by single evoked synaptic release
eventsin stg but not wt RTN cells

Evoked NMDAR EPSCs (holding at +40 mV) after single stimulation (black) or train of 5
stimuli at 200 Hz (gray) in representative wt (Ai) and stg (Bi) RTN cells. Aii and Bii
NMDAR g/V'plots for single (filled squares) and train (empty squares). The maximum
conductance is increased greatly in wt cells from single to train responses (Aii) but not in stg
(Bii) cells. C Populations data showing ratio of conductance in train to single response of wt
(black bar) and stg (empty bar) pooled data. Dashed line indicates unity. *p < 0.05; **p <
0.001; ***p < 0.0001.
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Figure 8. Specific reductionsin AMPAR responses at intrathalamic synapses

Ai. Activation of synaptic currents in RTN neurons resulting from LSPS induced burst firing
in VB. E.C. indicates extracellular recording from VB neurons (gray electrode in VB, Aii—
iii) while I.C. indicates intracellular recording from RTN neurons (black electrode in RTN,
Bi-iii). Aii. Action potentials in a wt VB neuron in response to LSPS. Action potentials
were recorded via an extracellular recording in cell-attached mode (see trace on top). The
graph (bottom) shows spike times at different duration stimuli in that neuron. VB neurons
typically fired action potential bursts in response to LSPS. Aiii. Comparison of action
potential bursts generated in VB neurons of wt (n=4) and stg (n=6) reveals no significant
differences. Bi. LSPS evoked EPSCs in wt (left) and stg (right) RTN neurons. EPSCs were
evoked at -60 mV (lower traces, mainly AMPA) and +45 mV (upper traces, mainly
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NMDA). Bii. AMPA (left) and NMDA (right) receptor conductance at different holding
potentials in wt (n=6) and stg (n=5) RTN cells. AMPA, but not NMDAR conductance, is
reduced in stg. Biii. NMDA:AMPA ratio EPSCs in wt and stg RTN neurons. Higher ratio in
stg is due to a smaller AMPA component (wt: 82.6 +/-16.7, n=6; stg: 618.3 +/-154.6, n=7;
p<0.01). Ci. Direct activation of RTN neurons by LSPS. Cii. Direct uncaging responses
evoked at holding potentials of —60 and +30 mV in representative wt and stg (stg —/-)
neurons. Note absence of fast, presumably AMPA receptor mediated, component in stg.
Ciii. NMDA:AMPA ratios were significantly greater in stg, reflecting the decreased AMPA
component (wt: 0.76 +/- 0.15, n=7; stg: 9.44 +/-2.0, n=8; p<0.01). Di. Direct currents in a
stg RTN neuron at holding potentials between —60 and + 60 mV. Dii. Direct current in the
same neuron, after application of 50 mM D-APV, evoked as in Bi. Diii. Comparison of
glutamatergic currents evoked at —40 mV before and after NMDAR block. Div. I/V curve
for NMDA and AMPA receptor mediated currents (peak currents in Di and Dii,
respectively).
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Figure 9. Hyperexcitability in stg thalamic slices can be phenocopied in wt thalamic slices by
activating NMDAR

A Sample traces of thalamic (RTN and VVB) wild-type (Ai) and stg (Aii) control oscillations
and oscillations evoked after application of APV (50 uM). ACSF contains low
concentrations of magnesium (0.5 mM). Stimulus is indicated by black dot. B Averaged
population responses show low concentrations of magnesium (0.5 mM) selectively
prolonged wild-type oscillation (wt, 1 mM Mg?*, n = 7; wt, 0.5 mM Mg?*, n = 14; stg, 1
mM Mg?*, n = 14; stg, 0.5 mM Mg?*, n = 10). *p< 0.05; **p < 0.001; ***p < 0.0001, ns =
not significant.
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Figure 10. Array tomography reveals reductionsin synaptic but increasesin perisynaptic AM PA
receptorsin stg RTN

Low magnification (10 X) array tomography image of VGLUTZ1 immunolabeling of one 100
nm section of a ribbon from wt (Ai) and stg (Aii) thalamus. In each case RTN can be clearly
distinguished (white dotted lines) from the dorsal thalamus (VB; right) and internal capsule
(ic; left) by the different intensities of VGLUT1 immunofluorescence. Scale bars = 200 um.
Extent of RTN was further verified at 63 X by parvaloumin (PARV) labeling, scale bar = 10
pm (Aiii). Array tomography image from stack of about 40 sections (100 nm) from wt (Bi)
and stg (Bii) RTN immunostained for synaptic markers pan-MAGUK (pseudocolor red) and
synapsin (psuedocolor blue), and AMPA receptor subunit GluA4 (pseudocolor green).
Colocalization of the red and blue channels is displayed as magenta (“synapses™) and
colocalization of all three proteins is displayed as white (white arrows depict some
colocalized GluA4 containing “synapses”). VGLUT1 and VGLUT?2 are not shown for
clarity. Scale bars = 1 wm. C Radial analysis of GluA4 particle density in relation to
VGLUT1 (Ci) and VGLUT2 (Cii) positive “synapses”, defined as those containing pan-
MAGUK, synapsin and either VGLUT1 or VGLUT?2 (filled squares: wt; empty squares:
stg). D Average density of “perisynaptic” (0.3 to 0.5 um) GluA4 particles associated with
VGLUT1 or VGLUT2 synapses in wt (black) and stg (gray). E Ratio of perisynaptic to
synaptic GluA4 puncta in wt (black) and stg (gray). *p < 0.05; **p < 0.005, ns = not
significant.
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Table 1

Passive membrane properties of RTN cells.

RMP (mV) Inputresistance(MQ) Membranetimeconstant (ms) Capacitance (pF)
wt(24) -723+1.6 4225+36.5 471+29 51.3+28
stg (29) -70.8+1.7 468.6 +32.0 47.0+3.3 50.4 +2.1

RMP = resting membrane potential
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