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Abstract Absence seizures result from 3 to 5 Hz generalized thalamocortical oscillations that
depend on highly regulated inhibitory neurotransmission in the thalamus. Efficient reuptake of the
inhibitory neurotransmitter GABA is essential, and reuptake failure worsens human seizures. Here,
we show that blocking GABA transporters (GATS) in acute rat brain slices containing key parts of
the thalamocortical seizure network modulates epileptiform activity. As expected, we found that
blocking either GAT1 or GAT3 prolonged oscillations. However, blocking both GATs unexpectedly
suppressed oscillations. Integrating experimental observations into single-neuron and network-level
computational models shows how a non-linear dependence of T-type calcium channel gating on
GABAg receptor activity regulates network oscillations. Receptor activity that is either too brief or
too protracted fails to sufficiently open T-type channels necessary for sustaining oscillations. Only
within a narrow range does prolonging GABA g receptor activity promote channel opening and
intensify oscillations. These results have implications for therapeutics that modulate inhibition
kinetics.

Introduction

Neural circuits rely on a combination of intrinsic cellular properties and synaptic connections to gen-
erate large-scale electrical oscillations that drive behavior ( Getting, 1989 ; Marder and Calabrese,
1996 ; Nusbaum and Beenhakker, 2002 ; Huguenard and McCormick, 2007 ). Following membrane
hyperpolarization, such as that produced by synaptic inhibition, cortically projecting neurons of the
thalamus [i.e. thalamocortical (TC) neurons] produce brief bursts of action potentials ( Llinas and
Jahnsen, 1982), a cellular property that maintains both sleep-related and seizure-related oscillations
(McCormick and Contreras, 2001 ; Huguenard and McCormick, 2007 ; Beenhakker and Hugue-
nard, 2009 ). Several studies have shown that CaV3.1 T-type calcium channels (T channels) sustain
post-inhibitory rebound bursts in thalamocortical neurons by producing a relatively prolonged cal-
cium-dependent, low-threshold spike ( Kim et al., 2001 ; Kim et al., 2003 ; Porcello et al., 2003 ).
These channels require membrane depolarization to open and hyperpolarization to recover
(Coulter et al., 1989 ). Hyperpolarization-dependent recovery involves the removal of T channel inac-
tivation (i.e. de-inactivation). As T channels are largely inactivated at resting membrane potentials,
membrane hyperpolarization is necessary for robust rebound bursting ( Llings and Jahnsen, 1982 ;
Coulter et al., 1989 ). While controlled voltage-clamp experiments have informed our understanding
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of how neuronal membrane potential dynamics can affect T channel opening ( Gutierrez et al.,
2001), we still know little regarding channel behavior during physiological forms of synaptic inhibi-
tion when the underlying conductance rises and falls nonlinearly.

Reticular thalamic (RT) neurons serve as the main source of inhibitory, GABAergic input to thala-
mocortical neurons, especially in rodents (Shosaku, 1985 ; Pinault and Desche/es, 1998). Thalamo-
cortical neurons express synaptic a;b,g, GABA, receptors, and two types of extrasynaptic
receptors: GABA » (a4bod) and GABAg (Pirker et al., 2000 ; Kulik et al., 2002 ; Jia et al., 2005 ). Stud-
ies have shown that modulation of synaptic GABA, receptors on TC neurons has little effect on tha-
lamocortical oscillations (Sohal et al., 2003 ; Rovdiet al., 2014 ). In contrast, extrasynaptic receptors
have been implicated in thalamocortical seizures, both for GABA A (Cope et al., 2009 ) and GABAg
(Liu et al., 1992 ; Vergnes et al., 1997 ; Bortolato et al., 2010 ) receptors. Prior experimental and
computational work has demonstrated that a shift from GABA A receptor-mediated to GABA g recep-
tor-mediated inhibition at the RT-TC synapse transforms oscillations from a 10 Hz, sparse, spindle-
like activity to a 3 Hz, hyper-synchronized, seizure-like state (von Krosigk et al., 1993 ;
Destexhe et al., 1996 ; Destexhe, 1998 ; Blumenfeld and McCormick, 2000 ).

GABA transporters (GATs) powerfully control the activation of GABA g receptors
(Beenhakker and Huguenard, 2010 ). GAT1 and GATS3 represent the primary GABA transporters
expressed in the brain and normally recycle GABA from the extrasynaptic space, thereby regulating
GABA spillover from the synapse and the activation of extrasynaptic GABA A, and GABAg receptors
(Cope et al., 2009 ; Scanziani, 2000). In the thalamus, the more abundant transporter, GAT3, is
localized farther away from synapses than GAT1 (De Biasi et al., 1998 ; Beenhakker and Hugue-
nard, 2010 ). Consequently, specific GAT1 blockade results only in an increase in the amplitude of
the GABAg IPSC, reflecting increases in GABA concentration near the synapse. In contrast, specific
GAT3 blockade results in an increase in both amplitude and decay of the GABA g-mediated inhibi-
tory post-synaptic current (GABA g IPSC), as GABA is allowed to diffuse far from the synapse where
there is an abundance of GABAg receptors (Kulik et al., 2002 ; Beenhakker and Huguenard, 2010 ).
On the other hand, dual GAT1 and GATS3 blockade results in a roughly 10-fold increase in the decay
time constant of the GABA g IPSC, a supralinear effect relative to the modest increases for single
GAT1 (no increase) or GAT3 (1.5-fold) blockade. These findings were replicated in a diffusion-based
computational model ( Beenhakker and Huguenard, 2010 ).

In this study, we investigate the consequences of physiologically relevant GABA g receptor-medi-
ated inhibition observed during different combinations of GABA transporter blockade: control,
GAT1 blockade, GAT3 blockade and dual GAT1+GAT3 blockade ( Beenhakker and Huguenard,
2010). As absence seizures are dependent on GABAg receptor signaling, we hypothesized that GAT
blockade would regulate both thalamocortical neuron rebound bursting and network-level thalamic
oscillations. We examine the effects of different GABA g receptor activation waveforms on both
absence seizure-like thalamic oscillations and single thalamocortical neuron responses. We first use
pharmacological manipulations to demonstrate that individual GAT1 or GAT3 blockade prolongs
seizure-like oscillations, but that dual GAT1+GAT3 blockade surprisingly abolishes oscillations. Next,
we apply physiological GABA g IPSC waveforms corresponding to each pharmacological condition to
single thalamocortical neurons with dynamic clamp and demonstrate that individual GAT1 or GAT3
blockade increases rebound burst probability, but that dual GAT1+GAT3 blockade suppresses it.
We then build computational model neurons to explore how differential GABA g IPSC kinetics shape
rebound bursting in TC neurons. These models show how prolonged inhibition that pushes instanta-
neous T channel inactivation states toward steady-state values is responsible for rebound burst fail-
ure, and thus the nonlinear effects of rebound bursting associated with dual GAT1+GAT3 blockade.
Finally, we build computational thalamic network models to demonstrate that the same interplay
between GABA g-mediated inhibition and T channels is sufficient to explain the effects of GAT block-
ade on biological thalamic oscillations. Through these experimental and computational approaches,
we identify how GABA g-mediated inhibition across both voltage and time dimensions regulates T
channel activity and seizure-like oscillations.
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Results

Thalamic oscillations

To evaluate the contribution of GABA transporters to thalamic network activity in the context of
GABAg receptor-mediated inhibition, we used a standard, acute rat brain slice model in which elec-
trical oscillations are evoked by extracellular stimulation of the synaptic inputs to the reticular tha-
lamic nucleus in the presence of the GABA 5 receptor blocker bicuculline ( Huguenard and Prince,
1994 ; Jacobsen et al., 2001 ; Kleiman-Weiner et al., 2009 ). We evoked oscillations at intervals pro-
ducing no rundown (once per minute, Jacobsen et al., 2001 ) and monitored neuronal activity with
extracellular multiunit electrodes placed within the ventrobasal complex of the thalamus. By detect-
ing evoked bursts, we found that oscillations last between 2 and 13 s at baseline ( Figure 1A). The
autocorrelogram of binned spike times revealed pronounced secondary peaks at multiples of
approximately 500 ms (Figure 1A ). After recording evoked oscillations for 20 min under baseline
conditions, we then applied one of four experimental solutions to the perfusate ( Figure 1B ). Experi-
mental solutions consisted of: (1) a control solution identical to the baseline solution, (2) 4 M NO-
711, a specific GAT1 blocker (Sitte et al., 2002 ), (3) 100 M SNAP-5114, a specific GAT3 blocker
(Borden et al., 1994 ), or (4) a combination of 4 MM NO-711 and 100 nM SNAP-5114. These blocker
concentrations achieve full GAT blockade (Beenhakker and Huguenard, 2010 ). Experimental solu-
tions were applied for 40 min, a duration sufficient for solution wash in and response stabilization
(Beenhakker and Huguenard, 2010 ), and then washed out over another 20 min.

When individually applied, either GAT1 or GAT3 blockade prolonged oscillations ( Figure 1C),
consistent with the absence seizure exacerbation seen with a clinically used GAT1 blocker, tiagabine
(Ettinger et al., 1999 ; Knake et al., 1999 ; Vinton et al., 2005 ). We measured the duration of each
evoked oscillation, then computed the average duration of the last five stable oscillations in baseline
and experimental solutions (Figure 1D ). Relative to baseline, individual GAT1 or GAT3 blockade
increased oscillation duration by 36% (n = 8 slices from five animals, p=0.0027; here and in all
results, percentages refer to relative change from control conditions) and 99%, (n = 7 slices from five
animals, p=0.0076), respectively. We also evaluated the effects of individual GAT1 or GAT3 block-
ade on the period of evoked oscillations ( Figure 1E). Relative to baseline, blocking either GAT1 or
GAT3 increased the oscillation period by 13% (n = 8 slices from five animals, p=0.0021) and 32%
(n = 7 slices from five animals, p=0.0050), respectively. Collectively, the effects of GAT blockade on
oscillation properties generally agreed with the previously reported actions of GAT blockers on iso-
lated GABA g receptor-mediated IPSCs. That is, the 1.4-fold and 2-fold increase in oscillation dura-
tion corresponds roughly to the reported 1.5-fold and 2.2-fold increase in GABA g IPSC amplitude
produced by GAT1 or GAT3 blockade, respectively ( Beenhakker and Huguenard, 2010 ). Addition-
ally, GAT3 blockade significantly prolonged oscillation period, while the effect for GAT1 blockade
was modest, consistent with reported effects on isolated GABA g IPSC decay Beenhakker and
Huguenard, 2010 ).

Surprisingly, the effects of NO-711 and SNAP-5114 co-perfusion on evoked oscillations were not
additive. Rather than prolonging evoked oscillations, dual GAT1+GAT3 blockade ultimately  elimi-
nated oscillations. Following a brief prolongation during the early phases of drug perfusion (see
Figure 1C), dual GAT1+GAT3 blockade eventually decreased oscillation duration by 48%
(Figure 1D, n = 9 slices from four animals, p=0.026). As the effects of dual blockade on oscillation
duration did not appear to reach a steady state by 40 min, we extended the drug application to 60
min in a subset of experiments. For those slices, dual GAT1+GAT3 blockade invariably abolished
oscillations (Figure 1F, n =5 slices from three animals, p=0.0062).

In summary, the observed effects of individual GAT1 or GAT3 blockade on oscillation duration
and period generally reflect the actions these individual blockers have on GABA g receptor-mediated
IPSCs isolated from thalamocortical neurons. GAT blockade-dependent increases in IPSC amplitude
were associated with increased strength of oscillation, as measured by duration. However, the
effects of dual GAT1+GAT3 blockade on oscillation duration did not reflect the additive effects of
combined blockade on GABA g IPSCs Beenhakker and Huguenard, 2010 ). To better understand
the discrepancy between GAT regulation of IPSCs and GAT regulation of thalamic oscillations, we
next examined how IPSC amplitude and kinetics regulate the activity of single thalamocortical
neurons.
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Figure 1. Individual GAT1 or GAT3 blockade strengthens thalamic oscillations, but dual GAT1+GAT3 blockade abolishes oscillations. (A) Slice
recording setup and sample analysis. Acute thalamic slices were bathed in bicuculline to block GABA , receptors. A brief voltage stimulus (0.5 ms, 10 V)
was applied with a bipolar electrode placed in either the reticular thalamic nucleus or the adjacent internal capsule to evoke epileptiform oscillations
recorded extracellularly in the ventrobasal complex. Spikes were detected, binned, and grouped into bursts. The oscillation duration was measured
Figure 1 continued on next page
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Figure 1 continued

from the spike histogram and the oscillation period was computed from the autocorrelation function of binned spikes. ( B) Example evoked epileptiform
oscillations at baseline and 40 min after perfusing with (i) control (no drug added), (i) 4 mM NO-711 (GAT1 blocker), (iii) 100nM SNAP-5114 (GAT3
blocker) or (iv) dual 4V NO-711+100 mM SNAP-5114. C) Example PSTHSs over the entire course of a single control, GAT1-, GAT3-, and dual-block
experiment. Oscillations were evoked every 60 s, but only the first 17 s after stimulation are shown. Drugs were perfused for 40 min after 20 min of
baseline, followed by 20 min of washout. (DxF) Oscillation measures for all slices. Colored circles denote the mean value, colored lines denote the
mean change; and shaded areas denote the 95% confidence intervals for the mean change. ) Oscillation duration did not change following control
perfusion, but increased following NO-711 or SNAP-5114 perfusion. Dual NO-711+SNAP-5114 perfusion reduced oscillation duration (*p<0.05,
**p<0.01, paired-sample t-test). Inset shows mean change relative to baseline. E) Oscillation period did not change following control perfusion and
lengthened following NO-711 or SNAP-5114 perfusion (**p<0.01, paired-sample t-test). (F) After 60 min of dual NO-711 + SNAP-5114 perfusion,
oscillations were abolished in all slices (**p<0.01, paired-sample t-test).

The online version of this article includes the following source data for figure 1:

Source data 1. Oscillation measures in response to different GABA transporter blockade conditions.

Single neuron recordings

We investigated the effects of GAT-modulated, GABA g receptor-mediated currents on thalamocorti-
cal neuron rebound bursting, as this property is likely critical for the initiation of each successive
cycle of an evoked oscillation (von Krosigk et al., 1993 ; Huguenard and Prince, 1994 ;
Warren et al., 1994 ). Experimentally evoked GABA g receptor-mediated IPSCs isolated in acute tha-
lamic slices vary considerably in amplitude (Beenhakker and Huguenard, 2010 ), likely reflecting dif-
ferences in synaptic activation of reticular thalamic neurons by the electrical stimulus. We therefore
utilized an alternative approach to systematically examine the effects of GAT blockade on the firing
properties of thalamocortical neurons: dynamic clamp ( Sharp et al., 1993 ; Ulrich and Huguenard,
1996). We used GABAg receptor-mediated IPSC waveforms isolated under voltage clamp during
each pharmacological condition (control, GAT1 blockade, GAT3 blockade, dual GAT1+GAT3 block-
ade) as conductance waveform commands applied to single thalamocortical neurons ( Figure 2A).
We refer to these dynamic clamp-mediated conductance waveforms as dynIPSCs. We applied the
dynIPSC corresponding to each pharmacological condition ( dynControl, dynGAT1-Block, dynGAT3-
Block, dynDual-Block; Figure 2B ) to each recorded thalamocortical heuron.

Since neurons likely receive variable numbers of inhibitory inputs, we scaled the conductance
amplitudes for each pharmacological dynIPSC by 25%, 50%, 100%, 200%, 400% and 800%, yielding
24 possible dynIPSC waveforms (i.e. four pharmacological conditions x six amplitude scales). Addi-
tionally, we delivered each of the 24 waveforms at three approximate holding potentials: 60 mV,

65 mV or 70 mV. Five non-consecutive repetitions were performed for each dynIPSC waveform
and holding potential condition. We found that differences across pharmacological dynIPSCs were
most significant when the amplitudes were scaled by 200%. Throughout our analyses, we compare
across dynIPSCs using this amplitude scale unless otherwise specified.

Figure 2C shows example responses to dynIPSCs delivered with dynamic clamp. Post-inhibitory,
low-threshold calcium spikes (LTS) frequently followed each dynIPSC, with sodium-dependent action
potentials often crowning each LTS. Herein, LTSrefers to the slow, broad (~50 ms) event following
inhibition. Burst, on the other hand, specifically refers to the collection of action potentials crowning
the LTS. We quantified several properties of each post-inhibitory LTS and burst in response to each
dynIPSC, including the probability of occurrence and the latency from dynIPSC onset Eigure 2C).
We also computed LTS features such as peak voltage value, maximum rising slope and the number
of spikes per LTS, averaged across trials for each neuron Figure 2bfigure supplement 1A ).

We first examined LTS and burst probability distributions over all recorded neurons following
delivery of dynIPSCs (LTSFigure 2bfigure supplement 1B+C , burst: Figure 2D+E). Relative to dyn-
Control responses, LTS and burst probabilities were higher following either dynGAT1-Block (n = 47
cells, LTS: +26%, p=0.0080, burst: +63%, p=0.0018) or dynGAT3-Block (n = 47 cells, LTS: +39%,
p=0.0015, burst: +106%, p=1.7 10 ), but lower following dynDual-Block (n = 47 cells, LTS: 88%,
p=4.8 10 © burst: 82%, p=0.030). We observed the same trend across pharmacological dynIPSCs
for all other conductance scales (LTS: Figure 2bfigure supplement 1C , burst: Figure 2E). Not sur-
prisingly, increasing the conductance scale increased LTS and burst probability following either dyn-
Control, dynGAT1-Block or dynGAT3-Block. However, both probabilities were consistently very low,
below 6%, across all conductance scales following dynDual-Block. These changes in thalamocortical

Lu et al. eLife 2020;9:€59548. DOI: https://doi.org/10.7554/eLife.59548 5 of 36


https://doi.org/10.7554/eLife.59548

ELlfe Research article Computational and Systems Biology | Neuroscience

A

[oe]

|Apphed(t)
-

Thalamocortical Neuron 4 dynGAT3-Block —_

100 ms

101

dynGAT1-Block

Dynamic 4 dynDual-Block

Conductance (nS)
(5]

Clamp
Lagptiea(t) = Finput(D*(V(1) - Ecazad 0- dynControl ="
C
Neuron 1 Neuron 2

_ A mv _

S -20 1 S 207

5 5

g *07 4~ No LTS g 07

%\ -80 S N %\ -80

4 Rebound Burst
-20 7
.50 4 4 Low-Threshold Spike (LTS)

-20

-50 A 4 LTS (No Burst)

-20

-20 -

Burst Latency

-50 1 -50 1

-80 A

dynGAT3-Block dynGAT1-Block

o dynDual-Block dynGAT3-Block dynGAT1-Block

J— - —
20 - 100 ms 8 20 100 ms
m
50 1 T 50 |
a D
g4 ~ € -80-
o
* NS E
Fok o |
** NS * ¥k
1 3.59 21
; ;
208 o S
£ <25 505
Qo > -
o6 2 , 2
o Q =1
a I @ o
7 0.4 215 800%
g 4 Co,, 400%
I g ¢ @,
0.2 6 2
° g K 4, SOU/2050/0’ 2 % %
0 4L, I,
o- 0- Ky %y, Sy, 3, Y "0y, QS 2 Vb,
% 9% G 9 % 9 9 9 % %, %, O 7 TL %,
P50 P00 P16 Py Y0, 0 T 7, (A %o %“4 % % %o @/004_ o
N T2 Oy Y
T, Py 5 % s Vg % %, C, e
o g, e, % "o e, %, %, % %
O oy o % Oop ot

Figure 2. Post-inhibitory, low-threshold rebound spikes and bursts in thalamocortical neurons are bidirectionally modulated by GABA g receptor-
mediated conductance waveforms. (A) Dynamic clamp setup. A thalamocortical neuron was patched in the whole-cell configuration. The applied

current was computed from the instantaneous voltage and a command conductance waveform over time to simulate GABA g receptor activation. (B)
Command GABAg receptor conductance waveforms (dynIPSCs, amplitudes scaled by 200%) that emulated different GAT blockade conditions based on
GABAg IPSCs isolated with voltage clamp (Beenhakker and Huguenard, 2010 ). (C) Sample voltage responses of two neurons to the four different
dynIPSCs shown in B). (D) Distributions of post-inhibitory rebound burst measures over all 47 recorded neurons across dynIPSCs shown in B). For burst
latency, only responsive neurons are included. Relative todynControl responses, rebound burst probability increased following either dynGAT1- or
dynGAT3-Block, but decreased following dynDual-Block (*p<0.05, **p<0.01, ***p<0.001, Friedman's test for burst probability, repeated-measures
ANOVA and paired-sample t-test for burst latency). (E) Mean burst measures over all 47 recorded neurons, across four differentdynlPSC waveforms
and six different conductance amplitude scales. Error bars denote 95% confidence intervals.

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. LTS and burst features in response to IPSCs recorded with dynamic clamp ¢fynIPSCs).

Figure supplement 1. Post-inhibitory, low-threshold rebound spikes and bursts in thalamocortical neurons are bidirectionally modulated by GABA g
receptor-mediated conductance waveforms.
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neuron rebound burst probability parallel the prolonged oscillation duration following individual
GAT1 or GAT3 blockade, and the decrease in oscillation duration following dual GAT1+GATS3 block-
ade (Figure 1D ).

Next, we examined distributions of average LTS and burst latencies over neurons responsive to
dynIPSCs (LTSFigure 2bfigure supplement 1B+C , burst: Figure 2D+E). We restricted this analysis
to dynGAT1- and dynGAT3-Block because dynDual-Block did not reliably evoke LTSs. Relative to
dynControl responses, average LTS latency was not significantly different following dynGAT1-Block
(n = 32 cells, p=0.97), while average burst latency was modestly prolonged (+4.6%, n = 21 cells,
p=0.034). In contrast, dynGAT3-Block IPSCs significantly prolonged both LTS (+53%, n = 32 cells,
p=3.7 10 °) and burst latency (+58%, n = 21 cells, p=1.1 10 °). We observed the same trend
across pharmacological conditions for all other conductance amplitude scales ( Figure 2E). As the
inter-burst interval (latency from last burst) separates each cycle of seizure-like oscillations, and is
dominated by inhibition of TC cells ( Bal et al., 1995 ), the above results are consistent with the
increased oscillation period following either individual GAT1 or GAT3 blockade, but a more pro-
nounced effect for the latter ( Figure 1E). Table 1 provides a summary of all LTS and burst features
(see alsoFigure 2bfigure supplement 1B+C ).

In summary, the bidirectional differences in thalamocortical neuron rebound burst properties in
response to different GABA g activation waveforms (i.e. burst enhancement with either GAT1 or
GAT3 blockade, but burst elimination during dual blockade) were correlated with the bidirectional
differences in thalamic oscillation duration and period during the corresponding pharmacological
manipulations. That is, by ultimately regulating thalamocortical neuron bursting, GATs appear to
powerfully control thalamic network oscillations through differential activation of GABA g receptors.

Single neuron models

We next sought to determine the essential components of the thalamocortical neuron that contrib-
utes to the differential dynIPSC responses observed during our dynamic clamp experiments. We
also sought to better understand the underlying channel dynamics contributing to the differential
responses. Toward these ends, we established a conductance-based, multi-compartment, single
neuron model for each of the 36 experimentally recorded thalamocortical neurons for which we had
stable responses across all acquired conductance amplitude scales (Figure 3A ).

Our preliminary modeling results using existing TC cell models ( Destexhe et al., 1998 ;
Amarillo et al., 2014 ) failed to recapitulate two key features of GABA g receptor-mediated post-
inhibitory rebound LTSs that are likely critical in determining network level responses. Notably, the
average LTS latencies of the model responses were routinely much earlier (400 ~ 1000 ms) than the
biological ones (400 ~ 4000 ms). In addition, the model LTS and burst responses were graded in
amplitude as a function of inhibitory strength, in contrast to the more characteristic all-or-none
responses of recorded neurons. Therefore, we developed a gradient descent fitting approach to
obtain suitable multicompartment models compatible with the data. As prior computational and

Table 1. Average change of LTS and burst features relative to dynControl responses.

For LTS and burst probability, Friedman's test with multiple comparison was used across all four groups. Due to the lack of LTS
response to dynDual-Block, the comparison between dynControl and dynDual-Block for all other LTS and burst features was con-
ducted separately using the paired-sample t-test. Across dynControl, dynGAT1-Block and dynGAT3-Block responses, Friedman's test
with multiple comparison was used for LTS latency and repeated-measures ANOVA with multiple comparison was used otherwise.

dyn GAT1-Block dyn GAT3-Block dyn Dual-Block

Burst Probability
Burst Latency
LTS Probability
LTS Latency
Spikes Per LTS

+63%, p=0.0018
+4.6%, p=0.034
+26%, p=0.0080

+106%, p=1.7 10 ’ 82%, p=0.030
+58%, p=1.1 10 °
+39%, p=0.0015

+53%, p=3.7 10 °
+93%, p=9.3 10

no change, p=0.066
88%, p=4.8 10 °®

+254%, p=0.044

no change, p=0.095

no change, p=0.97
+62%, p=1.3 10 ©

LTS Peak Value (mV)

+2.50.5mV, p=1.4 10 * +3.3+0.8mV, p=5.2 10 * no change, p=0.33

LTS Maximum Slope

+52%, p=2.6 10 ° +82%, p=1.4 10 ° no change, p=0.068
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Figure 3. Model thalamocortical neurons reproduce GABA g IPSC and rebound responses. £) Model optimization workflow. ( B) Sample double-
exponential curve fits (red) to averaged current pulse responses (blue) for an example neuron. The dashed lines correspond to the curves representing
the somatic compartment (green) and dendritic compartment (orange). ( C) Ball-and-stick geometries estimated from the two exponential components
shown in (B) Johnston and Wu, 1994 ) were converted to cylindrical, three compartment models (left), which were then optimized (right). ( D) Fits of
simulated simIPSC responses to recorded dynIPSC responses, for the same example neuron. E) The 33 model neurons that underwent optimization
were ranked by a weighted average of five different types of errors (see Materials and methods). The 31 highest ranked model neurons were
considered well-fitted . The example neuron in (D) had rank 6. F) Final values of parameters that could vary for the 31 well-fitted model neurons. Note
that the T channel density is invariably high in the dendrites and the A-type potassium channel density is invariably high in the soma among all model
neurons (red boxes). Geometric parameters are in mm, maximal conductance densities (g) and conductance densities (g) are in S/cn? and maximal
permeability densities (p) are in cm/s. The x axis is the model neuron rank in ). We distinguish among (i) geometric parameters, (ii) voltage-
independent passive parameters and (jii) voltage-dependent active parameters.

The online version of this article includes the following source data and figure supplement(s) for figure 3:

Source data 1. Parameters and errors for optimized model thalamocortical neurons.
Figure supplement 1. Additional fits of simulated simIPSC responses to recorded dynIPSC responses for selected neurons.

experimental work demonstrates the importance of higher T channel densities in dendritic versus

somatic compartments (Destexhe et al.,

Zhou et al.,
and two cylindrical dendritic compartments in series ( Figure 3C).

To reduce the number of fitted parameters, some simplifying assumptions were made: the
somatic length and diameter were equivalent, the two dendritic compartments had equal dimen-
sions, and passive leak channels were inserted into all three compartments at uniform densities. Four
voltage-independent (passive) parameters were allowed to vary across model neurons: the somatic

1998 ; Munsch et al., 1997 ; Williams and Stuart, 2000 ;
1997 ), we modeled each thalamocortical neuron by a cylindrical somatic compartment
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diameter (diamyomg, the dendritic diameter ( dianyeng), the dendritic length ( lengthieng and the passive
leak conductance density (gpas)- As prior work has identified ionic currents that contribute to the rest-
ing membrane potential of thalamocortical neurons ( Amarillo et al., 2014 ), we inserted the follow-
ing five voltage-dependent channels in all three compartments: the T-type calcium channel ( It), the
hyperpolarization-activated nonspecific cationic channel ( I,), the A-type transient potassium channel
(1a), the inward-rectifying potassium channel (lx;) and the persistent sodium channel (Iyap). The den-
sities of voltage-dependent channels were allowed to vary across compartments, resulting in a total
of 15 (5 currents x 3 compartments) voltage-dependent (active) parameters that were allowed to
vary across model neurons.

To provide an initial estimate of the geometric parameters that corresponded to each recorded
thalamocortical neuron, we applied the short pulse methodology described by Johnston and Wu
(1994, Chapter 4). During dynamic clamp experiments, we applied a short current pulse at the
beginning of each recorded sweep. The average current pulse response for each neuron was well-fit-
ted by a double exponential function ( Figure 3B). From the coefficients and time constants of the
two exponential components, we inferred the following four parameters for a ball-and-stick model
(Rall, 1962): input conductance, electrotonic length, dendritic-to-somatic conductance ratio and the
membrane time constant. These Rall model values were then converted into initial passive parameter
seed values @iamsoma diaMbend, l€Ngthiens Joas) Of €ach three-compartment model neuron (see Materi-
als and methods). Notably, the average electrotonic length across all recorded neurons was 0.71 +
0.08 space constants (range: 0.1-1.5 space constants), mitigating voltage attenuation concerns that
might arise from applying currents through the soma with dynamic clamp.

Single thalamocortical neuron responses recorded during dynamic clamp experiments served to
optimize passive and active parameters of each three-compartment, model thalamocortical neuron.
GABAg receptors were placed in the somatic compartment of each model neuron, and activation
waveforms identical to the conductance waveforms used in dynamic cla