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A B S T R A C T   

A fundamental problem in neuroscience is how neurons select for their many inputs. A common assumption is that a neuron’s selectivity is largely explained by 
differences in excitatory synaptic input weightings. Here we describe another solution to this important problem. We show that within the first order visual thalamus, 
the type of inhibition provided by thalamic interneurons has the potential to alter the input selectivity of thalamocortical neurons. To do this, we developed 
conductance injection protocols to compare how different types of synchronous and asynchronous GABA release influence thalamocortical excitability in response to 
realistic patterns of retinal ganglion cell input. We show that the asynchronous GABA release associated with tonic inhibition is particularly efficient at maintaining 
information content, ensuring that thalamocortical neurons can distinguish between their inputs. We propose a model where alterations in GABA release properties 
results in rapid changes in input selectivity without requiring structural changes in the network.   

1. Introduction 

Understanding how an individual neuron extracts information from 
the complex patterns of synaptic input arriving onto their dendrites is 
fundamental to our understanding of brain function. In this study, we 
focused on thalamocortical (TC) neurons of the dorsal lateral geniculate 
nucleus (LGd) where many of the rules governing input selection have 
been developed. For example, early simultaneous recordings between 
retinal ganglion cells (RGCs) and TC neurons in the cat LGd first 
described how a single neuron was excited by one or two RGC-types 
(Bishop et al., 1958; Cleland et al., 1971) and this in vivo observation 
has held true in other mammals including the mouse (Grubb and 
Thompson, 2003). However, high-resolution anatomical reconstruction 
techniques have described the convergence of multiple retinogeniculate 
excitatory synapses onto a single TC neuron (Hammer et al., 2015; 
Morgan et al., 2016) and rabies virus tracing techniques have confirmed 
that multiple RGC-types often converge onto a single TC neuron 
(Rompani et al., 2017). This is often referred to as the “fuzzy logic” 
problem. Appreciation of this anatomical complexity has further high-
lighted the importance of synaptic plasticity mechanisms for generating 
input preference (Usrey et al., 1999; Litvina and Chen, 2017) leading to 
the idea that axonal inputs associated with a greater synaptic strength 
transmit the most salient information. In this study, we explored 

whether the inhibition generated by LGd interneurons (Jager et al., 
2016, 2021; Morgan and Lichtman, 2020; Bakken et al., 2021) provides 
an additional level of control capable of altering TC neuron responses to 
RGC input. 

GABA signaling within the mammalian thalamus reflects release 
from several sources. Axonal GABA release from the thalamic reticular 
nucleus (nRT) (Sumitomo et al., 1976; Montero and Scott, 1981) pro-
vides conventional axo-somatic and axo-dendritic inhibition at so-called 
F1-type synapses. Local interneuron mediated GABA release occurs both 
at conventional F1-type axonal synapses and the more unusual 
dendro-dendritic or F2-type synapses (Ohara et al., 1983; Ferraguti 
et al., 2004) that are thought to be restricted to the triadic glomerular 
synapses identified on TC neuron dendrites (Sherman, 2004). Finally, 
the steady-state dynamics of the GABA transporter largely determines 
the resting GABA concentration (Wu et al., 2007) that is responsible for 
the persistent activation of high-affinity extra synaptic GABAA receptors 
and the resulting generation of a tonic conductance in TC neurons 
(Bright et al., 2011; Brickley and Mody, 2012; Jager et al., 2016). 
Although these distinct types of vesicular and non-vesicular GABA 
release mechanisms have been described in many different brain regions 
(Brickley and Mody, 2012), little is known about the role these distinct 
and unique types of inhibitory conductance changes play in the transfer 
of sensory information within the thalamus. 
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The dynamic-clamp protocols we developed to study the impact of 
these F1-type, F2-type and tonic forms of inhibition, enabled a single TC 
neuron to be excited with 10 different RGC input patterns while 
allowing the synaptic weight at each of these inputs to be varied. The 
synaptic conductance waveforms simulated the convergence of several 
excitatory inputs onto a single TC neuron based upon RGC recordings 
obtained from the mouse retina during stimulation with realistic visual 
scenes (Meytlis et al., 2012). A similar methodology was used to define 
the most energy efficient synaptic weighting at the retinogeniculate 
synapse (Harris et al., 2015). We expanded this approach to simulta-
neously mimic feedforward inhibition onto TC neurons based upon the 
scenario that local LGd interneurons were receiving excitation from the 
same RGC inputs that excited the TC neurons (Morgan and Lichtman, 
2020). The properties of F1-type and tonic inhibitory conductance 
changes have been well described by many laboratories including our 
own (Bright et al., 2007; Yang et al., 2017). Optogenetics targeted to 
Sox14 expressing LGd interneurons was combined with other anatom-
ical and functional approaches to explore the characteristics of 
dendro-dendritic GABA release at the glomerular F2-type synapse 
formed by LGd interneurons. This information was used to design novel 
dynamic-clamp protocols that explored the impact of F1-type, F2-type 
and tonic inhibition on a TC neurons response to retinogeniculate input. 
The level of control afforded by this approach enables a quantitative 
assessment of features such as TC neuron input sensitivity, AP output 
precision, rate coding, gain control and information loss in the face of 
changing levels of feedforward inhibition. The observations made in this 
study lead us to propose a novel model for controlling input selectivity 
that offers computational flexibility with low metabolic demand that 
should be applicable to other brain regions that rely on both vesicular 
and non-vesicular sources of GABA release. 

2. Materials and methods 

2.1. Mouse strains and viral delivery 

Most experiments used C57Bl6 mice aged between postnatal days 
P21 to P40. Sox14Gfp/+ and Sox14Cre/+ mice have the Sox14 coding 
sequence replaced by the eGFP gene (Crone et al., 2008; Delogu et al., 
2012) and Cre gene (Jager et al., 2021; Brock et al., 2022) respectively. 
A single copy of the wild type Sox14 allele is retained in Sox14Gfp/+ and 
Sox14Cre/+ mice and this is sufficient to maintain gene function. Het-
erozygote Sox14Gfp/+ animals display a normal number of thalamic in-
terneurons (Jager et al., 2021) with no overt behavioural or 
morphological phenotype. Adeno-associated virus (AAV) type 2 car-
rying Cre-dependent ChR2-eYFP (AAV-EF1a− double floxed− hChR2 
(H134R)-EYFP-WPRE-HGHpA, Addgene plasmid 20,298) were injected 
at postnatal day 16 (P16). 0.5 μl of this AAV was bilaterally injected into 
the lateral geniculate nucleus 2 weeks before electrophysiological ex-
periments were performed. 

2.2. Electrophysiology 

Acute brain slices were prepared from adult mice that were killed by 
cervical dislocation (in accordance with UK Home Office guidelines). 
The brain was rapidly removed and immersed in ice cold slicing solu-
tion. The slicing solution contained (in mM: NMDG 92, KCl 2.5, 
NaH2PO4 1.25, 30 mM NaHCO3, HEPES 20, glucose 25, thiourea 2, Na- 
ascorbate 5, Na-pyruvate 3, CaCl2⋅4H2O 0.5 and MgSO4⋅7H2O 10). The 
pH was adjusted to 7.3 with concentrated HCl when bubbled with 95% 
O2/5%CO2. Slices were prepared on a vibrating microtome (7000smz-2, 
Campden instruments Ltd., Loughborough, UK) at a thickness of 300 μm 
and immediately transferred to a holding chamber containing slicing 
ACSF continuously bubbled with 95%O2/5%CO2. Once slicing was 
complete, the holding chamber was transferred to a 37 ◦C heat block for 
40 min after which the slicing ACSF was gradually exchanged for 
recording ACSF (in mM: NaCl 125, KCl 2.5, CaCl2 2, MgCl 2, NaH2PO4 

1.25, NaHCO3 26, glucose 11, pH 7.4 when bubbled with 95%O2/5% 
CO2) and allowed to reach room temperature whilst the solutions were 
exchanged prior to electrophysiological recording. 

Slices were visualized with infra-red illumination (M780LP1 LED, 
Thorlabs Ltd., Ely, UK) on fixed-stage upright microscopes (BX51W1, 
Olympus Ltd., Tokyo, Japan or Axioscop 2, Zeiss Ltd., Jena, Germany) 
fitted with high numerical aperture water-immersion objectives and 
digital cameras (KP-M1AP, Hitachi Europe Ltd., Maidenhead, UK). 
Patch pipettes were fabricated from thick-walled borosilicate glass 
capillaries (GC150F, Harvard Apparatus Inc., Cambridge, UK) using a 
two-step vertical puller (PC-10, Narishige International Ltd., London, 
UK). Pipette resistances were typically 3–4 MΩ when back filled with 
internal solution. For voltage-clamp experiments, the internal solution 
contained (in mM: CsCl 140, NaCl 4, CaCl2 0.5, HEPES 10, EGTA 5, Mg- 
ATP 2; the pH was adjusted to 7.3 with CsOH). Biocytin (1.5 mg/ml) was 
included in the pipette solution so that neuronal cell-type could be 
confirmed. The command voltage for all voltage-clamp experiments was 
− 70mV and we did not correct for the liquid junction potential of − 9.8 
mV that was present with the internal and external solutions. Unless 
otherwise stated, the broad-spectrum glutamate receptor antagonist 
kynurenate at a 1 mM concentration was added to the external solution 
during voltage-clamp experiments to record sIPSCs in isolation. In some 
experiments the broad spectrum GABAA receptor antagonist SR95531 
(10 μM) was added to the external solution at the end of the experiment 
to record the properties of sEPSCs in isolation and quantify the level of 
tonic inhibition. For current-clamp recording the internal solution 
contained (in mM: C6H11KO7 140, NaCl 4, KCl 5, HEPES 10, EGTA 5, 
Mg-ATP 4, Na-ATP 0.3, CaCl2 0.5; the pH was adjusted to 7.3 with KOH). 
Biocytin (1.5 mg/ml) was also included in the pipette solution. Pipette 
placement was controlled by micromanipulators (PatchStar, Scientifica 
Ltd, Uckfield, UK) that mounted upon a motorized stage (UMS, Scien-
tifica Ltd, Uckfield, UK). For voltage-clamp experiments, the amplifier 
current (Axopatch 700B, Molecular Devices; Foster City, CA) was 
filtered at 10 kHz (− 3 dB, 8-pole low-pass Bessel) and digitized at 20 
kHz using a National Instruments digitization board (PCI-6052E; Na-
tional Instruments, Texas, USA). Data acquisition was performed using 
Signal (Version 6.03; Cambridge Electronic Devices; Cambridge, UK), 
WINWCP (Version 4.1.2) and WINEDR (Version 3.0.9) kindly provided 
by John Dempster (John Dempster; University of Strathclyde, UK). For 
current-clamp experiments, the voltage output of the amplifier was 
connected to a Power 1401 Series 3A (Cambridge Electronic Devices; 
Cambridge, UK) and was filtered at 10 kHz (− 3 dB, 8-pole low-pass 
Bessel) before being sampled at 50 kHz. No additional steady state 
current was injected into the cell during current-clamp recording to 
influence the RMP. 

For optogenetic experiments, a blue (470 nm) collimated LED 
(M470L3-C1, Thorlabs) was mounted to the back of the microscope and 
focused through the objective lens. The optical power emitted by our ×
63 water-immersion lens increased linearly to a maximum power of 70 
μW mm− 2 at 1 V. A 1 m, 1 V brief pulse protocol gave rise to a transient 
response that peaked at 40 μW mm− 2 with a 10–90% rise time of 0.73 m 
and a decay constant of 9.65 m, as determined from a single exponential 
fit. 

2.3. Serial two-photon imaging 

Sox14Gfp/+ and Sox14Gfp/Gfp mouse brain samples were embedded in 
a 4.5% oxidised-agarose solution containing agarose (type 1; Sigma), 10 
mM NaIO4 (Sigma) and 50 mM phosphate buffer (PB). Samples were 
imaged with TissueCyte 1000 (Ragan et al., 2012) with a custom cooling 
system (JULABO UK Ltd.) for serial two-photon (STP) tomography. 
Physical sectioning was performed every 50 μm with optical sectioning 
every 10 μm. A 16 × , 0.8 NA immersion objective (Nikon Inc) acquired 
1× 1 mm image tiles at spatial resolution 0.54 μm with a 12 × 10 tiling 
mosaic required to obtain a complete coronal tissue section. Laser 
(Chameleon Ultra II, Coherent) excitation was conducted at 920 nm for 

D. Djama et al.                                                                                                                                                                                                                                  



Current Research in Neurobiology 6 (2024) 100130

3

GFP excitation with three PMT channel acquisition for red, green, and 
blue wavelength collection. Tiled data was stitched alongside STP 
acquisition using a custom Python and ImageJ/Fiji pipeline. STP data 
sets of each mouse brain were down-sampled to 10 μm isotropic voxel 
size and registered with the Allen CCF3 average atlas using Elastix (Klein 
et al., 2010). For automated cell counting, a U-Net deep learning 
network was trained using Python and the TensorFlow 2.0 platform 
(Jager et al., 2021). 

2.4. Nearest neighbour distance analysis 

Nearest neighbour distance (NND) was obtained from 3D re-
constructions of Sox14Gfp/+ and Sox14Gfp/Gfp cell locations. The cells’ 
coordinates in 3D were generated by Neurolucida and analysed using a 
custom Python script and the Pandas library (McKinney, 2011) to 
calculate NNDs separately for each group and between the two groups, 
for each Sox14 brain individually. The data was then normalized to the 
largest NND within each data set (each individual group and between 
groups sets for each brain) averaged across the brains (mean ± SEM) 
and plotted as cumulative distribution. Normalisation allows us to plot 
their cumulative distribution as a fraction of the maximum distance, 
though even before normalisation of the curves were broadly similar. 
Statistically significant differences between the distributions were 
verified using the two-sample Kolmogorov–Smirnov test. 

3. Dynamic-clamp protocols 

Dynamic-clamp protocols were run in Signal version 7.01 (Cam-
bridge Electronic Devices; Cambridge, UK). The user-defined waveforms 
chosen to simulate time varying conductance changes at the reti-
nogeniculate synapse were written in MathWorks (MATLAB, Cam-
bridge, UK). The timing of each conductance change was taken from 
extracellular recordings of retinal ganglion cell (RGC) firing patterns 
recorded in response to a natural scene (Meytlis et al., 2012). The time 
varying conductance (g(t)) of each simulated retinogeniculate excitatory 
postsynaptic conductance (EPSC) was constructed using an exponential 
difference model of the type: 

g(t)=K exp
− (t− t0)
τdown − exp

− (t− t0)
τup [1]  

where K was a defined fraction of gmax (σmax). The properties of the 
exponential functions were chosen to simulate the presence of either 
AMPA-receptor mediated synaptic transmission EPSCAMPA (τup = 0.1ms, 
τdown = 3ms, σmax = 1.0) or NMDA-receptor mediated synaptic trans-
mission EPSCNMDA (τup = 10ms, τdown = 20ms, σmax = 0.1). Addition-
ally, synaptic dynamics at the retinogeniculate synapse were mimicked 
by convoluting the peak conductance of each EPSCAMPA and EPSCNMDA 
with a function inversely proportional to the instantaneous frequency of 
the RGC input pattern. The underlying I-V relationship of the EPSCAMPA 
used to calculate the injected current (Iinj) during dynamic-clamp was 
controlled by a linear leak of the type: 

Iinj =Gmax(Vmem − Erev) [2]  

where Gmax is the maximum conductance and Vmem is the membrane 
potential and Erev is the reversal potential. In contrast, the IV relation-
ship of the EPSCNMDA was based upon a non-linear function of the type: 

Iinj =
Gmax(Vmem − Erev)

1 + exp

(
V− Vhalf
Vslope

) [3]  

where Gmax is the maximum conductance, Vmem the membrane potential, 
Erev is the reversal potential, Vhalf the potential at which 50% of NMDA 
channels are open in and Vslope controls the range of the negative slope 
conductance. This relationship was chosen to mimic the presence of a 
voltage-dependent Mg2+ block of the NMDA receptor channels at the 

retinogeniculate synapse. 
Three types of inhibition were simulated in the dynamic-clamp 

environment. Firstly, a tonic GABAA receptor-mediated conductance 
(GABAtonic) was modelled with a time varying stochastic noise. Two 
distinct types of phasic inhibition were simulated to model the presence 
of IPSCs generated at either F1 or F2 synapses, both modelled with the 
exponential difference model, as shown in [1], but with IPSCF1-fast (τup ∈

1.5, 2.25, 3.75 ms, τdown ∈ 4.0, 9.0, 12.0 ms, σmax = 0.25) or IPSCF2-slow 
(τup ∈ 1.2, 2.0,2.5 ms, τdown = 20ms, σmax = 0.25). Delivery of the IPSCF1- 

fast waveforms were delayed by 2 ms relative to the timing of the RGC 
inputs whereas the IPSCF2-slow waveforms were delayed by 15 ms. Due to 
the skew in the underlying distributions, these latencies were based 
upon the median values that were obtained in the control and TTX 
optogenetic experiments as illustrated in Fig. 2G. Synaptic dynamics of 
IPSCF1-fast was controlled with a function inversely proportional to the 
instantaneous frequency of the RGC stimulus pattern whereas the 
magnitude of the smaller IPSCF2-slow inputs was maintained at all fre-
quencies. All inhibitory drives were controlled by a non-linear leak 
conductance derived from the GHK equation to mimic the presence of an 
asymmetrical Cl− ion distribution across the membrane with an internal 
concentration Cin of 4 mM and an external concentration Cout of 110 mM. 

Iinj = − Vmem
Gmax

Cout

⎛

⎜
⎜
⎝
(Cin − Cout)e

(
− VmemFZ

RT

)

1 − exp
(

− VmemFZ
RT

)

⎞

⎟
⎟
⎠ [4]  

Where Gmax is the maximum conductance of the leak, R is the gas con-
stant, F is the Faraday constant, T is absolute temperature and Z is the 
valence of the ion. 

3.1. Data analysis 

3.1.1. Voltage-clamp experiments 
Spontaneous IPSCs were detected using a scaled template matching 

procedure implemented in WINEDR (Version 3.0.9) kindly provided by 
John Dempster (John Dempster; University of Strathclyde, UK) The 
template matching routine was optimized for the detection of sIPSCs 
using a template with 1 ms rising phase and a 10 ms day phase. Wave-
form averages were constructed from sIPSCs that exhibited monotonic 
rises and uninterrupted decay phase. The detected events used to 
construct the average waveform were aligned on the initial rising phase 
using a first derivative to identify the initial current deflection. Average 
baseline current levels were calculated during a 10 ms epoch immedi-
ately before each detected event and the peak amplitude was deter-
mined relative to this value. The decay of individual sIPSCs was 
calculated as the charge transfer during the baseline corrected sIPSC 
divided by the sIPSC peak amplitude. Cluster analysis for the 10–90% 
rise time and weighted decay distributions was undertaken in MATLAB 
(MATLAB, 2019). A variational Dirichlet process (DP) Gaussian mixture 
model was used to enable automatic determination of an appropriate 
number of mixture components with nonparametric Bayesian tech-
niques (Gershman, 2012). For DP cluster analysis a minimum of 100 
automatically detected sIPSCs were needed in each recording. We 
decided on a non-parametric Bayesian model for clustering that allowed 
for flexible and data-driven clustering without making assumptions 
about the number of clusters or their shapes. Unlike traditional clus-
tering algorithms that assume a fixed number of clusters or rely on 
predefined parametric models (e.g., Gaussian Mixture Models), 
non-parametric Bayesian techniques allow the number of clusters to be 
determined from the data itself. The underlying algorithm uses the 
Dirichlet process which is a fundamental concept in non-parametric 
Bayesian clustering. This technique allowed us to separate the 10–90% 
rise times and weighted decay distributions into clusters without pre-
defining the number of clusters beforehand as shown in Fig. 1G. Output 
from the software gives the number of clusters found, together with the 
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centroids of each component cluster and its associated covariance 
matrix. 

3.1.2. Current-clamp experiments 
The input-output relationship of TC neurons was determined by 

varying gmax during the delivery of the EPSCAMPA and EPSCNMDA 
waveforms to simulate variability in failure rate at the retinogeniculate 
synapse. The timing of APs in each TC neuron was detected by threshold 
crossing at 0 mV and the resulting input-output relationship was used to 
estimate the excitatory conductance required to produce 50% of the 
maximum number of APs in the relay neuron (EXC50). The influence of 
the 3-types of inhibition, delivered singularly or in combination, were 
determined on the input-output characteristics of relay neurons during 
delivery of the EXC50. 

All input-output relationships were fitted with a descriptive Boltz-
mann function of the form: 

y=
A1 − A2

1 + e

(

x− x0
Dx

) + A2 [5]  

Where A1 is the initial value of the fit, A2 is the final value, x0 is the 
centre of the fit and Dx is the slope constant. 

3.2. Latency to first spike 

Input clusters were objectively defined for each RGC pattern as one 
or more inputs separated by a time interval smaller than the mean inter- 
event interval in a similar manner previously described (Mazzoni et al., 
2007; Xu and Baker, 2018). The neuronal latency to first spike (LTFS) for 
each input cluster was calculated as the time difference between the first 
input of the input cluster and the first output within the defined cluster. 
The LTFS was calculated at increasing synaptic weights to elucidate the 
relationship between LTFS and input conductance. 

(caption on next page) 
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3.3. Rate coding 

Rate coding characteristics of the neuron was calculated by dividing 
the total number of outputs for each burst of inputs by the duration of 
the respective burst. This was calculated for each burst at increasing 
levels of conductance magnitudes to determine the filtering properties of 
the neuron and the effects of inhibition on this parameter of neuronal 
information processing. 

3.4. Information loss 

The input-output relationship for the whole RGC trace was deter-
mined by varying gmax and calculating the timing of the evoked action 
potentials with threshold crossing at 0 mV. A simple analysis of residuals 
approach was used to estimate the proportion of the variance in the AP 
intervals that was predicted from the variability in the input. The inter- 
event intervals for the RGC input pattern were determined at a 5 ms bin 
width and the AP inter-event interval distribution at each gmax was used 
to calculate the goodness of fit (R2) using the sum of squares to calculate 
the unexplained variance (SSres) and the total variance (SStot) accord-
ing at each gmax was calculated according to R2 = 1- (SSres/SStot). In-
formation Loss (IL) is then defined as the remaining information that 
was not transferred, hence the formula: IL = 1 – R2. 

TC neurons alternate between tonic and burst firing modes 
depending on the activity of Ca2+-dependent channels located in the 
membranes of the soma and dendrites (Llinas and Jahnsen, 1982). In 
tonic firing mode, the transfer of information arriving from EPSCs is 
generally linearly associated with the output of the TC neuron, however 
in burst firing mode, the relationship between the input and output is 
non-linear as the number of outputs exceed the number of inputs 
(Sherman, 2001). Thus, we excluded TC neurons that were observed to 
switch to burst firing mode; as evidenced by AP numbers greater than 
the number of RGC inputs. 

3.5. Neuronal morphology 

Following electrophysiological recording, slices were fixed in 4% 
PFA, permeabilised with 0.2% Triton-X at room temperature for 1–2 h 
and non-specific binding was blocked with 5% donkey serum in PBS. A 

1:200 dilution of streptavidin-Alexa555 (Invitrogen®, USA) was then 
conjugated to the biocytin and slices were washed in PBS and mounted 
in Vectashield® H-1000 (refractive index = 1.44). Individual neurons 
were imaged using a Zeiss LSM 510 CLSM microscope (Facility for Im-
aging by Light Microscopy, FILM, Imperial College), with a He–Ne 543 
nm laser and filter settings optimized for an Alexa-555 emission peak at 
565 nm. The numerical aperture of the 40× oil-immersion objective was 
1.3, the emission wavelength was 700 nm, and the refractive index was 
of our mounting medium was 1.516. Given these parameters, the optical 
section thickness was set at 1.02 μm. The confocal pinhole was set to one 
Airy unit and scan speeds were typically set to 9.3 s/slice with the 
photomultiplier gain adjusted to avoid saturation of the fluorescent 
signal. Optical sections were over-sampled in the x, y and z dimensions 
(0.1 μm, 0.1 μm, 0.49 μm) to satisfy the Nyquist theorem and each pixel 
intensity was recorded at 32-bit resolution to optimize dynamic range. 

Optical sections obtained following confocal imaging were imported 
into Reconstruct® (Fiala, 2005) where the x, y and z Cartesian co-
ordinates of each dendrite branch point and end point were normalized 
with respect to the soma centre and converted into spherical coordinates 
according to r =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
x2 + y2 + z2

√
, θ = arctan

( y
x
)
, and φ = arccos

( z
r
)
. A 

k-means cluster analysis was employed to negate the impact of cell 
orientation that could potentially influence the outcome of more con-
ventional Sholl analyses (Friedlander et al., 1981). The radial distribu-
tion of dendrites in Y-type thalamic relay neurons resulted in a low F 
value for the θ and φ angle distributions with no statistical evidence of 
two clusters. In contrast, the polar distribution of dendrites that char-
acterizes X-type thalamic relay neurons resulted in two clusters in the θ 
and φ angle distributions with a high F value that was considered sig-
nificant at P < 0.05 following analysis of variance (ANOVA). The size of 
the bubble in the scatter plots constructed from this analysis indicated 
the radial distance calculated for each point in the θ and φ angle dis-
tributions. The θ and φ angles for the data in each cluster could also be 
used to calculate the average distance between the two clusters. The 
asymmetry score was calculated from the ratio of counts in the highest 
and lowest density hemispheres with a value greater than 2 being 
considered asymmetrical. The polar score was calculated from the ratio 
of counts in the vertical and horizontal hemispheres. As shown in Fig. 1I, 
TC relay neurons were characterized into X, Y and W cell types based 
upon the results of the polar and asymmetry scores. X-type relay neurons 

Fig. 1. Slow-rising IPSCs are more prominent in TC neurons of the LGd. A, Full projection of two-photon imaging data obtained following automated block face 
imaging of the Sox14gfp/+ mouse brain. Each fluorescently labelled Sox14gfp/+ cell is colour-coded according to rostro-caudal location in accordance with the colour 
sequence key superimposed on the sagittal brain section in the bottom left-hand corner of the panel. Higher magnification images of the dataset concentrating on the 
dorsal lateral geniculate nucleus (LGd) region and the ventrobasal (VB) region of the thalamus are shown in panel i and ii. Note the high density of Sox14gfp/+ cells in 
the intergeniculate leaflet (IGL) and ventral portion of the lateral geniculate nucleus (LGv) and the much lower density of Sox14 cells in the adjacent VB. B, A 
continuous current trace obtained during a whole-cell voltage clamp recording showing GABAA receptor blockade in the presence of 10 μM SR95531. All point 
histograms (grey) were used to calculate the average holding current before and after GABAA receptor blockade. The change in holding current was subsequently 
used to estimate the tonic conductance in these cells. The initial brief section of the current shown below the full trace illustrates the location of transient events 
detected with our automated template fitting routine (grey circles). The single open circle illustrates a missed transient that was much faster than the template. C, 
Examples of transient events recorded in control conditions and during GABAA receptor blockade. Note the much faster kinetics of the transient events recorded in 
the presence of 10 μM SR95531. D, scatter plot of the sEPSC rates estimated in 9 cells during GABAA receptor blockade versus the putative sIPSC rates estimated from 
these same cells in control conditions. Note how the sIPSC rates are consistently greater than sEPSC rates in each cell. The plot on the right shows the tonic 
conductance estimates obtained from these same 9 cells (colour coded) with a violin plot in grey and a bar graph showing the 25% and 75% range and the median 
(white circle) and mean (white line) values. E, The scatter plots show the average sIPSC rate and average peak amplitude for sIPSCs calculated for 43 LGd relay 
neurons (red circles) and 32 VB relay neurons (blue circles) recorded in the presence of 1 mM kynurenate to block sEPSCs of the type shown in panel C. Note the use 
of a log scale for plotting sIPSC rates. F, Average sIPSC waveforms constructed from 445 sIPSCs recorded from an LGd relay neuron (red) compared to 462 sIPSCs 
recorded from a VB relay neuron (blue). The automated template fitting routine aligned events on the initial rising phase of the waveform as detected by a first 
derivative analysis. Note the faster monotonic rising phase of the VB waveform. The scatter plot below these traces indicates results from the entire population with 
43 LGd cells and 32 VB cells with histograms aligned on the axis with Gaussian fits to illustrate the underlying distributions for rise-time and decay estimates. G, 
Illustration of the variational Dirichlet process (DP) Gaussian mixture model that was used to perform cluster analysis. The bubble plot demonstrates the probability 
that any point is associated with the 3 identified clusters. H, A scatter plot of the centroid estimate for all clusters identified following DP analysis for TC neurons in 
the LGd and VB of Sox14gfp/+ mice. I, Scatter plot of morphological differences detected for thalamic relay neurons in the LGd. I, Examples of three Biocytin fills 
along with a graphical representation of the three different relay neuron morphologies. Dendrite branch points were quantified using a three-dimensional analysis of 
the x,y,z co-ordinates with the centre of the soma set as 0,0,0 co-ordinates. The plot of ɵ and ɸ angles demonstrates the presence of two clear clusters for X-type relay 
neuron, consistent with a bi-polar distribution. The size of each circle denotes the distance from the soma. J, Scatter plots comparing the three morphological classes 
identified in the LGd (left panel) along with an analysis of the weighted decay and 10–90% rise time estimates for a subset of cells that had been classified based upon 
their morphology (right panel). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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were symmetrical (Asymmetry score <2) with the presence of two 
distinct clusters (Polar score >2). Y type relay neurons were symmetrical 
(Asymmetry score <2) but non-polar (Polar score <2). W-type relay 
neurons were asymmetrical (Asymmetry score >2) and non-polar (Polar 
score <2). 

3.6. Statistical tests 

All average values represent the mean ± the standard error of the 
mean (SEM). Data distributions were compared using Origin 8.5 
(Microcal, Century City, CA) and functions were fitted to data distri-
butions using unconstrained least-squared fitting procedures. A k-means 
cluster analysis was also performed on the θ and φ angle distributions 
calculated from the x, y and z Cartesian coordinates of dendrite branch 
points and end points. Two significant clusters were considered to be 
present in the distribution when the F value associated with the analysis 
of variance (ANOVA) reached a P < 0.05. The custom code used can be 
found in the following GitHub directory: https://github.com/dd11 
9-ic/in-dlgn-paper. 

4. Results 

We have previously reported that slow-rising sIPSCs are mediated by 
γ1 subunit-containing GABAA receptors expressed at the dendro- 
dendritic F2-type synapses formed by local LGd interneurons (Ye 
et al., 2017). This suggestion was consistent with previous data 
demonstrating that calcium spikes in the dendrites of LGd interneurons 
result in delayed asynchronous GABA release at these dendro-dendritic 
synapses (Acuna-Goycolea et al., 2008). Given these observations, we 
predicted slow rising IPSCs would be less evident in the ventrobasal 
thalamus (VB) where interneuron density is known to be lower (see 
Fig. 1A). We first performed whole cell voltage-clamp recording (com-
mand voltage − 70mV) in presence of the GABAA receptor blocker 
SR95531 (Fig. 1B). The GABAA receptor block isolated the sEPSCs but 
also enabled the tonic conductance to be measured. At room tempera-
ture, the tonic conductance was 1.5 ± 0.3 nS (n = 9) with a similar range 
of values to those reported by our laboratory at physiological temper-
atures (Bright et al., 2011). This observation is intriguing given that we 
and others have shown that faster rates of deactivation/desensitization 
are a feature of high temperature recording (Houston et al., 2009; Bright 

Fig. 2. Interneurons are responsible for the slow-rising IPSCs onto TC neurons. A, Images showing qualitative comparison of Sox14Gfp/+ and Sox14Gfp/Gfp brain 
sections at AP -2.4. Sox14Gfp/Gfp (a genetic knockdown) shows decreased GFP expression across midbrain, thalamic and hypothalamic regions. Labels indicate 
ventrobasal complex (VB), lateral posterior nucleus (LP), dorsal lateral geniculate nucleus (LGd), and the intergeniculate leaflet (IGL). Scale bars are 100 μm in length 
B, Quantification of nearest neighbour distances for Sox14 cells in the LGd and VB regions of the thalamus and comparison to the LGd region in Sox14Gfp/Gfp mice. 
The histograms are probability density functions for the nearest neighbour distances calculated for the LGd (purple) and VB (blue) regions of the Sox14Gfp/+ brain 
with bin widths of 10 μm reflecting the minimum sampling resolution used for these imaging experiments. The bottom histogram is the quantification of Sox14 
neurons in the LGd of Sox14Gfp/Gfp mice (orange). C, Examples of detected sIPSCs recorded from TC relay neurons in the LGd of Sox14Gfp/+ (purple) and Sox14Gfp/Gfp 

(orange) mice recorded at a command voltage of − 70mV. D, Scatter plot comparing 10–90% rise time and weighted decay between Sox14Gfp/+ (purple) and 
Sox14Gfp/Gfp (orange) LGd relay neuron population. Each dot represents averaged 10–90% rise time and weighted decay values for a single recorded neuron. Note 
that the Sox14Gfp/+ population has significantly slower 10–90% rise time compared to Sox14Gfp/Gfp neurons, while there is no significant difference in weighted 
decay. E, Data from cluster analysis. The scatter plots show the average values for each cluster centre for all data gathered from the two strains. Note the absence of 
slow-rising clusters in the Sox14Gfp/Gfp (orange) data. F, Illustration of the strategy used to deliver ChR2 into LGd interneurons (LGd-INs) in the Sox14Cre/+ mouse line 
and optical stimulation in the acute slice preparation. The 470 nm LED output (blue trace) recorded from the water immersion objective lens that was used to excite 
ChR2-expressing LGd-INs. The morphology of a single LGd-INs recorded from the Sox14Cre/+ line is also shown. G, Example of current traces recorded from a TC 
neuron responding to LGd-INs excitation following brief light pulses at 1 Hz in control condition and in the presence of 1 μM TTX. Note the slower kinetics and onset 
of the eIPSC recorded in the presence of TTX. This is consistent with the reported properties of dendro-dendritic GABA release. The scatter plot shows the latency of 
eIPSCs to brief 1Hz light pulse stimulation in control condition and in the presence of TTX in the same neurons. The open circles denote the median values obtained 
for these skewed distributions. H, Example traces recorded from the same TC neuron at the end of the 1 Hz and 10 Hz stimulation protocols recorded in control 
conditions. Note the long latency of the eIPSCs recorded at the higher stimulation rate. The right-hand plot shows the change in eIPSC latency during LED stimulation 
rates of 1, 10, 20 and 30 Hz. The solid line is the average fit to data from five individual recordings and the shaded areas are the SEM of these fits. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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et al., 2011). Our automated detection protocol often failed to detect the 
very fast current transients that were present in control conditions 
(Fig. 1B, bottom trace). As shown in Fig. 1C, these fast EPSCs recorded in 
the presence of 10 μM SR95531 occurred at a low rate of 0.48 ± 0.28 s− 1 

(n = 9 cells). This compared to a rate of 12.0 ± 4.5 s− 1 for putative 
sIPSCs that were automatically detected in the same cells (see Fig. 1D). 
In these nine cells, the sEPSCs were characterized by a 10–90% rise time 
of 0.97 ± 0.16 ms, a peak amplitude of − 26.2 ± 4.9 pA and a weighted 
decay of 5.8 ± 0.9 ms. In all subsequent voltage-clamp experiments the 
detection of sIPSCs was performed in the presence of the broad-spectrum 
glutamate receptor antagonist kynurenate (1 mM). 

5. Slow-rising IPSCs are a feature of X- and W-type relay neurons 
of the LGd 

Whole-cell voltage-clamp recordings made at a command voltage of 
− 70mV in the presence of a broad-spectrum glutamate receptor blocker 
were obtained from 43 TC neurons in LGd and 32 TC neurons in VB 
(Fig. 1E). The kinetic properties of automatically detected sIPSCs were 
analysed in each cell with an average of 460 ± 64 sIPSCs detected in TC 
neurons from LGd and 403 ± 66 sIPSCs in VB. There was little difference 
in the average peak amplitude of sIPSC recorded in the two thalamic 
regions (− 47.6 ± 2.6 pA in LGd versus − 40.6 ± 4.0 pA in VB; t-Test, P =
0.14). The mean instantaneous rate of sIPSCs in the LGd was 6.5 ± 0.6 
s− 1 compared to 2.7 ± 0.7 s− 1 in VB (t-Test, P = 0.0001). From the 
scatter plots shown in Fig. 1E, the main difference between LGd and VB 
recordings was the greater variability in sIPSC rates observed in VB and 
an absence of cells with rates under 1 s− 1 in the LGd dataset. Also note 
how VB recordings did contain cells with high sIPSC rates of >10 s-1. 
Overall, the 10–90% rise time of the sIPSC waveforms (Fig. 1F) con-
structed from 43 dLGN relay neurons was 2.42 ± 0.13 ms compared to 
1.08 ± 0.07 ms for 32 relay neurons recorded from VB (t-Test, P <
0.005). However, the average sIPSC weighted decay was not signifi-
cantly different (t-Test, P = 0.49) between LGd (9.93 ± 0.66 ms) and VB 
(9.44 ± 0.3 ms). Scatter plots of the 10–90% rise time and weighted 
decay of all sIPSCs in each cell was constructed and a variational 
Dirichlet process (DP) gaussian mixture model used to estimate the 
centroids of each component cluster (Fig. 1G). Application of this non- 
parametric Bayesian technique to mixture modelling avoids a priori 
decisions on the number of clusters. The average number of distinct 
cluster types detected from DP analysis was 2.4 ± 0.2 for LGd recordings 
(21 cells) compared to 1.8 ± 0.5 in VB (30 cells) demonstrating a sig-
nificant reduction in the number of cluster types (un-paired t-Test p =
0.015 with Welch’s correction for unequal variance). When all detected 
clusters were pooled (51 clusters in LGd form 21 cells compared to 55 
clusters in VB from 30 cells) we can also see that the 10–90% rise times 
was significantly slower (un-paired t-Test p = 8.8E-5 with Welch’s 
correction) in the LGd (4.1 ± 0.6 ms) compared to VB (1.6 ± 0.2 ms). As 
expected from the previous analysis of the kinetics of average wave-
forms, the weighted decay of the DP detected clusters was not signifi-
cantly different (un-paired t-Test p = 0.98 with Welch correction) 
between LGd (9.61 ± 0.7 ms) and VB (9.63 ± 0.3 ms). However, it 
should be noted that the similar decay kinetics of sIPSCs recorded from 
TC neurons in LGd and VB (Fig. 1F) is contrary to a previous report 
(Yang et al., 2017). The reason for this discrepancy is not clear but the 
DP analysis provides an unbiased identification of heterogeneity within 
the sIPSC population. Based upon polar and asymmetry scores we 
classified 29 TC neurons within the LGd into 5 X-type, 10 Y-type and 14 
W-type TC neurons (Fig. 1I). X-type TC neurons exhibited bipolar 
dendrite distributions, with most dendrite branch points residing in one 
axis. Y-type TC neurons had radial symmetry of dendrites and no 
orientation preference. W-type TC neurons had most of their dendritic 
tree contained within one hemisphere with clear asymmetry and low 
polarity (Fig. 1J, left panel). When this quantitative morphological 
analysis was combined with DP-based sIPSC cluster analysis, it became 
clear that slow-rising IPSCs are a feature of both X and W-type TC 

neurons but are absent from Y-type TC neurons of the LGd (Fig. 1J, right 
panel). 

6. Local interneurons contribute to slow-rising IPSCs 

We have previously shown that reducing LGd interneuron numbers 
in the loss-of-function Sox14Gfp/Gfp mice was associated with a reduction 
in sIPSC rates (Jager et al., 2016). Automated cell counting following 
serial 2P imaging (Jager et al., 2021) was used to compare the Euclidian 
distance between interneurons in Sox14Gfp/+ and Sox14Gfp/Gfp mice 
(Fig. 2A). Nearest neighbour plots constructed from these 3D measure-
ments (Fig. 2B) indicated a maximum probability of 25 μm between 
interneurons in the LGd compared to 55 μm in the VB of Sox14Gfp/+

brains. No Sox14Gfp/+ cells were found further than 85 μm apart in the 
LGd compared to separations of >205 μm in VB (Fig. 2B). The distri-
bution of Sox14 cells in the brains of Sox14Gfp/Gfp mice exhibited a 
distribution that was more like the distribution observed in the VB of the 
Sox14Gfp/+ brains (Fig. 2B). The sIPSCs recorded from TC neurons can 
result from GABA release from reticular axons as well as local in-
terneurons. At present, we propose that the reduction in LGd inter-
neuron density in knockdown mice (Sox14Gfp/Gfp) is responsible for the 
reduction in the prevalence of slow rising sIPSCs. However, we cannot 
rule out the possibility that some form of developmental compensation 
has taken place in response to the reduction in local interneuron density 
that we have reported in the Sox14Gfp/Gfp mice. Whole-cell recordings 
from 15 TC neurons in the LGd of Sox14Gfp/Gfp mice were compared with 
data from 21 littermate Sox14Gfp/+ controls. Following automatic 
detection of sIPSCs there was a conspicuous lack of slow rising sIPSCs in 
Sox14Gfp/Gfp TC neurons recorded from the LGd (Fig. 2C) making this 
population qualitatively similar to data obtained from the VB (see 
Fig. 1F). Quantitatively, the 10–90% rise time in control Sox14Gfp/+ TC 
cells was significantly slower (2.16 ± 0.17 ms, n = 23) compared to data 
from Sox14Gfp/Gfp recordings (1.57 ± 0.11 ms, n = 14, t-Test, P < 0.05). 
In contrast, the average IPSC weighted decay estimates were not 
significantly different (9.11 ± 0.68 ms in control versus 8.63 ± 0.65 ms 
in the Sox14Gfp/Gfp recordings, t-Test, P = 0.65). The distribution of the 
average rise-time data collected in the control group was best described 
with the sum of two Gaussians suggesting two populations of relay 
neurons (Fig. 2D). In the Sox14Gfp/Gfp strain the distribution of rise-times 
were well described by a single Gaussian fit with a peak of 1.6 ms 
consistent with a lack of slow-rising sIPSCs. In contrast, the distribution 
of decay times was similar in the two strains with a single Gaussian fit of 
8.9 ms and 8.6 ms. Cluster analysis was once again applied to the sIPSC 
data recorded from individual relay neurons. In the littermate control 
strain (Sox14Gfp/+), all IPSC distributions were like those observed in the 
LGd of the previously analysed C57Bl6 strain. Four discreet IPSC clusters 
were detected in each distribution (n = 21) with clear evidence of a 
slow-rising sIPSC population (Fig. 2E). However, the knockout mice 
(Sox14Gfp/Gfp) most cells displayed only three clusters with an absence of 
the slow-rising sIPSC population, reminiscent of the relay neurons in VB 
thalamus (Fig. 2E). 

7. Optogenetic activation of GABA release from dLGN-INs 
generates fast and slow IPSCs 

Virally delivering Cre-dependent ChR2-YFP constructs into the LGd 
of the Sox14-Cre mouse enabled the optogenetic stimulation of GABA 
release from LGd interneurons that resulted in a postsynaptic response in 
adjacent TC neurons (Fig. 2F). As expected from a previous study using 
this approach (Jager et al., 2016), a ChR2 mediated conductance was 
present in LGd interneurons recorded 2–3 weeks after transfection (data 
not shown) and this excitatory conductance was sufficient to elicit 
robust non-accommodating APs at stimulation frequencies of up to 20 
Hz. While AP-induced depolarization can propagate globally to promote 
GABA release throughout the interneuron dendrites and axons, phar-
macological evidence suggests that local dendritic GABA release is 
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mediated through activation of L-type calcium channels in an 
AP-independent-manner (Acuna-Goycolea et al., 2008; Casale and 
McCormick, 2011; Crandall and Cox, 2012). By blocking AP-dependent 
GABA release from interneurons with 1 μM TTX, AP-independent eIPSCs 
with slow onset and rise time were unmasked in 5 out of 7 whole-cell 
voltage-clamp recordings at − 70mV (Fig. 2G). Based upon data from 
previous studies (Gioia et al., 2018), we consider it unlikely that the 
prevalence of slow IPSCs is due to the action of TTX on presynaptic ChR2 
channels. However, additional experiments would be required to 
directly rule out this possibility in the LGd interneurons. The remaining 
2 recordings did not show any eIPSCs in the presence of TTX (data not 
shown). At LED stimulation rate of 1 Hz the average latency of eIPSCs 
was 3.28 ± 0.39 ms (n = 5) in control condition. In the presence of 1 μM 
TTX, the average latency of unmasked dendro-dendritic eIPSCs was 
16.95 ± 3.03 ms (Fig. 2G). After characterizing interneuron mediated 
fast and slow IPSCs, we decided to look at the temporal pattern of phasic 
IPSCs evoked by brief light pulses at different frequencies. We have 
previously reported that the tonic current recorded following similar 
optogenetic stimulation at 10 and 20 Hz stimulus frequency is mediated 
by extrasynaptic δ-containing GABAARs (Jager et al., 2016). Here, we 
report a gradual increase of eIPSC latency at different stimulus fre-
quencies over 10 s of stimulation period (Fig. 2H). The average latency 
of eIPSCs did not change significantly at 1Hz stimulation rate. However, 
at LED stimulation rates of 20 Hz, the average latency increased from 3.4 
± 0.1 ms to 10.3 ± 0.8 ms (n = 5) during the 10 s stimulation period. 
The slow eIPSCs towards the end of 20 Hz stimulation was very similar 
to the slow eIPSCs recorded in the presence of TTX, suggesting fast 
eIPSCs originating from axons were fast depressing, while the slow 
dendritic eIPSCs remained at higher frequencies. 

8. TC neurons respond to different RGC patterns with similar 
input sensitivity while preserving AP output differences 

Dynamic-clamp (Fig. 3A) offers the ability to simulate the presence 
of excitatory and inhibitory synaptic conductance changes in ways that 
are not possible with other techniques. For example, the conductance 
change associated with optogenetic activation of ChR2 involves the 
opening of non-specific cation channels and, therefore, the I/V rela-
tionship of membrane permeability changes cannot be altered during an 
experiment. Using the dynamic-clamp approach we can vary the un-
derlying I/V relationship of the conductance change and specify the 
exact timing and underlying kinetics of this conductance change. 
Therefore, we can introduce precisely timed levels of excitation and 
inhibition to TC neurons to simulate the presence of visually driven 
feedforward inhibition and compare the influence of F1- and F2-type 
synapses on the gain of TC neurons as well as introduce a conductance 
to mimic the tonic conductance known to present on these TC neurons 
(Fig. 3A). 

The timing of EPSCs used to mimic retinogeniculate input onto TC 
neurons was based upon extracellular recordings of RGC firing patterns 
generated in response to a natural scene projected onto a mouse retinal 
preparation (Meytlis et al., 2012). The kinetics of the EPSCAMPA and 
EPSCNMDA waveforms (Fig. 3B) was based upon voltage-clamp data 
obtained at the retinogeniculate synapse (Blitz and Regehr, 2003). The 
peak amplitude of each EPSC was varied according to the properties of 
frequency-dependent depression previously described at the reti-
nogeniculate synapse (Chen et al., 2002). The AMPA to NMDA ratio was 
set such that each NMDA peak amplitude was 10% of the associated 
AMPA peak amplitude. During delivery of the EPSCAMPA waveform, the 
dynamic-clamp software calculated the injected current at a given 
voltage according to a simple Ohmic leak relationship, whereas a 
Boltzmann function was used to mimic the non-linear behavior of NMDA 
channels (see Fig. 3C). Once threshold was reached, injection of the 
summated current calculated from the combined EPSCAMPA and 
EPSCNMDA waveforms resulted in robust AP firing in all relay neurons 
examined. For the example shown in Fig. 3D, only 7 APs were elicited in 

response to the excitation dynamic-clamp protocol that was based upon 
the ON1 RGC firing pattern that contained 109 retinogeniculate EPSCs. 
In the example recording shown in Fig. 3D, the maximum EPSC 
conductance was only 10 nS. However, in Fig. 3E we show the same cell 
when the maximum conductance was raised to 100 nS. In this situation, 
a total of 116 APs were elicited in response to the 109 EPSC inputs. The 
excess APs reflected burst firing at the end of this protocol due to the 
prolonged membrane hyperpolarization that was observed in this cell. 
This behavior is likely to reflect the presence of a Ca2+-activated po-
tassium conductance triggered by sustained high frequency AP firing. 
We developed an experimental protocol that simulated the arrival of 10 
different RGC input patterns (Fig. 3F) at varying synaptic weights from a 
maximum synaptic conductance of 1 nS to 100 nS. A total of 110 
waveforms were randomly delivered to each TC neuron and the 
response to individual RGC patterns was extracted for subsequent 
analysis. For example, in the raster plot shown in Fig. 3G, we have 
isolated the TC neurons response to the OFF4 input pattern. From this 
data, we constructed I-O relationships for each RGC pattern and exam-
ined the relationship between the synaptic weighting and the AP firing 
rate (Fig. 3H). The resulting sigmoidal relationship was well described 
by a Boltzmann function from which we could extract the maximum AP 
firing (A2) for each TC neuron. The x0 and Dx values reflect the input 
sensitivity of each TC neuron to these RGC inputs. Specifically, the in-
flection point x0 indicates the synaptic weight that gives a 50% increase 
in AP firing rate while the slope coefficient Dx reports the change in 
synaptic weight that results in an e-fold change in AP firing rate. 
Therefore, the Boltzmann function was used to evaluate the output rate 
of each TC neuron to the 10 different RGC patterns as well as the input 
sensitivity of each TC neuron to these inputs (Fig. 3H). 

The A2 distributions from each TC neuron was used to rank the RGC 
input patterns from the lowest to the highest output and linear regres-
sion demonstrated that this ranking explained 90% of the variability in 
maximum AP firing rates (Fig. 3I). Not surprisingly, given that TC 
neurons encode visual information in the LGd, the AP firing rates in 
response to these RGC firing patterns were significantly different from 
one another; as evidenced by ANOVA followed by Bonferroni correction 
for repeated measures (Fig. 3I). In contrast, if a similar ranking of TC 
neurons was undertaken based on either x0 or Dx we saw very little 
difference between RGC input patterns (Fig. 3J). For example, based 
upon x0 values, only OFF8 was shown to be different to ON3,5 &9 and 
when considering Dx values, and only a TC neurons sensitivity to OFF7 
and ON3 differed significantly different. Furthermore, linear regression 
analysis demonstrated a lack of correlation between the ranking and 
variability in either x0 or Dx (results of fit not shown). These experi-
ments demonstrate that although the AP firing patterns of TC neurons 
robustly reflect differences in the timing of the RGC input patterns the 
input sensitivity of each TC neuron to these different RGC patterns is 
similar. This was an important consideration when interpreting subse-
quent data on the influence of inhibition on information transfer in 
response to different RGC patterns. 

9. Fast, slow and tonic inhibition are all capable of altering TC 
neuron excitability 

The dynamic-clamp approach was used to simulate the presence of 
F1-type and F2-type synaptic inhibition as well as the tonic inhibition 
resulting from the continuous activation of extra synaptic GABAA re-
ceptors. The current-voltage relationship chosen to calculate the injec-
ted current at the recorded membrane voltage was based upon the 
Goldman-Hodgkin-Katz (GHK) relationship to mimic the presence of a 
non-linear conductance of the type associated with the chloride ion flux 
through GABAA receptors (Fig. 3C). Based upon our voltage-clamp data, 
the slower rising and slower decaying F2-type IPSCs were generated 
with a 50% reduction in peak amplitude compared to the faster F1-type 
IPSCs. As shown in Fig. 3B, the timing of each IPSCF1-fast was delivered at 
the same time as the corresponding EPSCAMPA. This arrangement was 
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Fig. 3. TC neurons can distinguish between different RGC input patterns. A, Illustration of simultaneous voltage monitoring and current injection used to mimic 
the conductance changes associated with the thalamic circuitry. The retinogeniculate input pattern was used to control the conductance waveforms generated by the 
feedforward circuit associated with local interneurons at both axo-somatic F1 and dendro-dendritic F2 synapses. The final conductance waveform was designed to 
simulate the tonic conductance present on TC neurons. B, Time-varying conductance waveforms used to mimic the AMPA- and NMDA-type retinogeniculate synapses 
(EPSCAMPA and EPSCNMDA) are shown in the top 2 Gy traces, whereas the axo-somatic F1-type fast synapses (IPSCF1-fast), the dendro-dendritic F2-type slow synapses 
(IPSCF2-slow) and the persistent tonic conductance changes (Gtonic) are shown in blue. C, The upper I-V relationships were used to calculate the current injection at any 
given membrane voltage for the linear Ohmic relationship used to control the AMPA-type EPSC waveforms compared to the more complex Boltzmann function used 
to control the non-linear voltage-dependence of the NMDA-type EPSCs shown in B. The lower blue traces are the I-V plots of the GHK-type open rectification used to 
simulate the chloride ion flux through GABAA receptors. The shaded blue region depicts the range of I-V relationships used to control the IPSCF1-fast, IPSCF2-slow and 
Gtonic time varying conductance changes. D, Illustration of a dynamic-clamp experiment delivering an ON-type RGC input pattern (labelled ON1 in panel E) at a 
maximum conductance of 10 nS. The timing of the input pattern is shown with filled grey circles and the resulting time-varying conductance change used to mimic 
the retinogeniculate synapse onto this TC neuron is shown in with the light blue trace. The black trace is the membrane voltage recorded from the TC neuron during 
this stimulation pattern and the timing of each AP is shown with black circles below each trace. In this neuron, only 7 APs were elicited when the maximum 
excitatory conductance was delivered at 10 nS. E, The same cell shown in D, but the maximum excitatory conductance has been raised to 100 nS. An AP is now 
elicited in response to every EPSC. Note also how a prolonged membrane hyperpolarization was observed once this maximum excitation was removed (asterisk) that 
we assume reflects a Ca2+ activated potassium conductance triggered by sustained high frequency AP firing. F, Raster plot of the timings used to simulate the 10 
different RGC input patterns used in subsequent experiments. Each input pattern is colour coded. G, Raster plots illustrating all AP timings recorded from a single 
relay neuron in response to 5 s dynamic clamp protocols simulating 10 separate RGC timing patterns delivered at varying maximum conductance values. The solid 
black circles mark the timing of this neuron to a single pattern of RGC inputs named OFF4 at maximum conductance values ranging from 1 to 100 nS. H, Plot of the 
input-output relationship constructed from the AP firing of a single relay neuron in response to the OFF4 RGC input pattern. This data was fitted with the Boltzmann 
function shown in red from which the maximum AP firing rate (A2), the inflection point of the curve (x0) and the slope coefficient (Dx) was extracted. Below the I-O 
plot is a histogram showing the distribution of x0 values obtained for 15 relay neurons stimulated with the same ON1 type input pattern. I, The A2 values obtained 
from 9 TC neurons that received all 10 RGC input patterns are plotted as scatter and violin plots. The solid lines connect data obtained from individual relay neurons. 
Data in this plot were ranked according to the mean A2 values and ANOVA followed by Bonferroni correction was used to determine significance between response 
types. The red line is the result of a linear regression with a Pearson’s r of 0.9 indicating the ability of this ranking to explain much of the variability in the maximum 
firing rates. The shaded area around the regression line is the 95% confidence limits for this fit. J, Comparison of x0 and Dx distributions obtained for all 10 RGC input 
patterns delivered to the same 9 TC neurons in I. The RGC ranking was sorted based on either the mean x0 or mean Dx values and ANOVA demonstrated how few RGC 
patterns were significantly different from each other when considering either parameter. For example, based upon Dx values, only the TC neurons sensitivity to OFF7 
and ON3 were significantly different. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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chosen to simulate the presence of fast feedforward inhibition generated 
due to the retinogeniculate input onto LGd interneurons (Blitz and 
Regehr, 2005). Variability in the peak amplitude of IPSCs in the F1-type 
waveforms was calculated using the same relationship used to introduce 
peak amplitude variability into the EPSCAMPA waveforms. Therefore, we 
are assuming that relay neurons and LGd interneurons share excitatory 
input from overlapping RGC receptive fields and that the reti-
nogeniculate inputs to these two neuronal types have similar synaptic 
dynamics. In contrast, the unusual properties of dendro-dendritic GABA 
release from the slower F2-type inputs included a 5–10 ms delay before 
the injection of slow-rising and slow-decaying IPSCs with no reduction 
in the IPSC peak amplitudes at the different inter-event intervals. This 
behavior was based upon our observation on IPSC properties and the 
results of optogenetic stimulation of LGd interneurons (Fig. 2H). 

After determining x0 values for the excitatory drive (Fig. 3H) we 
systematically varied the maximum conductance of the three different 
types of inhibitory conductance (Fig. 4A) and then calculated the change 
in the average AP probability following delivery of all RGC input types 
(Fig. 4C). From this analysis, it was apparent that introduction of F1- 
type inhibition was the least effective in reducing the average AP 
probability and tonic inhibition was the most potent. The dynamic- 
clamp approach further enabled the AP probability to be calculated at 

each inter-event interval (Fig. 4D) to examine changes in the filtering 
characteristics of TC (Fig. 4D). The density of the shaded bars in the 
resulting AP probability histograms (Fig. 4D) indicate the number of 
events used to calculate the AP probability at each interval. This analysis 
demonstrates exactly how the low pass filtering characteristics of TC 
neurons was altered by the different types of inhibition. With excitation 
only the output IEI has a clear absence of events above 100 Hz even 
through these high frequency IEIs are present in the input histogram. 
This observation clearly illustrates the low pass filtering characteristics 
of TC neurons that were altered by the different types of inhibition. The 
introduction of F2-type inhibition had the most dramatic influence on 
low-pass filtering as evidenced by the loss of the briefer inter-event in-
tervals. Next, we examined how the input sensitivity of TC neurons was 
altered by the different types of inhibition delivered at equipotent 
conductance levels. All three types of inhibition reduced the input 
sensitivity of TC neurons to all of the RGC input patterns as shown by the 
rightwards shift in the distribution of x0 values following addition of all 
three types of inhibition (Fig. 4E). Therefore, across the entire popula-
tion a larger change in the synaptic conductance was required to in-
crease AP firing rates by 50%. However, the distribution of the slope 
coefficient (Dx) values was little changed by any type of inhibition 
(Fig. 4E). By analysing each RGC input pattern separately it was clear 

Fig. 4. Tonic inhibition alters TC neuron input sensitivity with greater potency than phasic inhibition. A, Series of membrane voltage recordings obtained in 
response to an ON-type RGC input pattern delivered at the previously determined X0 value for excitation. The top trace is recorded with no inhibition present 
(Excitation only) whereas the next three traces include F1 inhibition, F2 inhibition and tonic inhibition that was delivered at a maximum conductance of 100, 50 & 5 
nS respectively. B, The left-hand histogram is an inter-event interval (IEI) distribution constructed for all 10 RGC input patterns (grey bars). The input IEI distribution 
was well-described by the sum of three Gaussians (smooth grey line). The right-hand histogram is an IEI distribution constructed from all AP outputs recorded from a 
single TC neuron (black bars). This output IEI distribution was best fit with the sum of two Gaussians (smooth black line). The shaded blue region in each histogram 
denotes the high frequency region above 100 Hz. Note that for the output IEI there is a clear absence of events in this region even through these high frequency IEIs 
are present in the input histogram. This observation clearly illustrates the low pass filtering characteristics of TC neurons. C, Scatter plots comparing the effect of 
varying the maximum conductance of F1, F2 or tonic inhibition on the AP probability recorded for the cell shown in A. The solid lines are the results of exponential 
fits to the data. The dashed line illustrates our selection of equipotent levels of inhibition for use in subsequent experiments. D, Histogram of the AP probability 
calculated at all IEIs following delivery of all 10 RGC input patterns to a single TC neuron. The density of the shaded bars illustrates the number of events used to 
calculate the AP probability at each IEI. Similar plots were constructed following the delivery F1-type, F2-type and tonic inhibition at the equipotent levels of in-
hibition determined from panel C. E, X–Y error plots of the mean x0 and Dx values calculated from all TC neurons in response to each of the 10 different RGC patterns. 
For each RGC firing pattern, we show the input sensitivity with excitation alone and then in the presence of the equipotent levels of F1-type, F2-type and tonic 
inhibition that were determined in panel C. Note the consistent rightward shift in the x0 values that occurs with all types of inhibition is far more pronounced for 
tonic inhibition. However, the effect of inhibition on the slope coefficient, Dx, was far more variable and did not exhibit any obvious trends for any of the ON or OFF 
responses. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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that the inhibitory actions were not uniform in potency across all input 
types. The mechanisms underlying the large variability we observed in 
the change in excitability using different RGC input patterns was 
explored in subsequent experiments. The magnitude of the conductance 
used to compare the impact of F1, F2 and tonic inhibition on information 
transfer in subsequent experiments was based on the equipotent levels of 
inhibition identified in Fig. 4C. 

10. The latency to first AP and rate coding are influenced in 
different ways by the three types of inhibition 

For the next aspect of our analysis, we isolated individual clusters 
based upon the inter-event interval distributions of the RGC input pat-
terns (Fig. 5A) and examined the impact of equipotent levels of inhibi-
tion. Analysis of the latency to first AP within each cluster (Fig. 5B) 

demonstrated how F1-type and F2-type inhibition enhanced AP preci-
sion compared to excitation but tonic inhibition had little impact on this 
aspect of information transfer (Fig. 5C). In contrast, rate coding was 
shown to be more sensitive to the introduction of tonic inhibition 
compared to either F1-type or F2-type inhibition. The dynamic-clamp 
approach enabled the input sensitivity of each cluster to be estimated 
in the presence and absence of inhibition. As expected, all three types of 
inhibition tended to increase the synaptic conductance required to elicit 
APs in each cluster. However, tonic inhibition reduced sensitivity at all 
input cluster rates whereas F2-type inhibition tended not to alter the 
sensitivity at the lowest and highest input cluster rates (Fig. 5D). Tonic 
inhibition also had the greatest impact on the input-output frequency 
relationship of TC neurons (Fig. 5E) with AP output rates reduced across 
all input rates. In performing this analysis, it was noted that the clusters 
could be divided into two discreet populations containing low and high 

Fig. 5. Temporal precision and rate coding are sensitive to different types of inhibition. A, Histogram of the inter-event interval (IEI) distribution for an ON- 
type RGC input illustrating the method chosen for identifying clusters within the RGC input patterns. The mean IEI is used as the cut-off to identify each cluster shown 
on the conductance waveform below. In this example 13 clusters were identified. B, The top traces are conductance waveforms used to excite and inhibit the TC 
neurons. For illustrative purposes the inhibitory waveforms are reflected downwards. The voltage traces recorded from the TC neuron are shown below each set of 
conductance waveforms. In each case a single AP is initiated. The distribution of AP first latency measurements obtained for the first AP initiated in each cluster are 
shown in the histograms. Each TC neurons received excitation from all 10 RGC input patterns and first latency distributions were constructed with excitation alone 
(grey), and with F1-type (red), F2-type (purple) or tonic inhibition (green). C, Gaussian functions (smooth lines) were fitted to the resulting distributions obtained for 
each TC neuron. The scatter plot shows the mean values and SEM obtained for both the centre of each fitted Gaussian and the half-width for 5 TC neurons in each 
condition. D, Plot of the input sensitivity across all input cluster rates with excitation only (grey) and in the presence of F1-type (red), F2-type (purple) and tonic 
inhibition (green). E, Results of exponential fits to the relationship between input frequency and the output frequency for all clusters. The shaded areas are the 95% 
confidence limits for the fits. F, Histogram of the number of clusters at each input rate. The data has been fitted with the sum of two Gaussians. G, Input-output curves 
for two clusters at 8 s− 1 and 35 s− 1. The Boltzmann functions compares the sensitivity of these clusters to changing EPSC conductance with excitation only and in the 
presence of F2-type inhibition. H, Plot of the dynamic range across the input cluster rate for excitation only (grey) compared to addition of F1-type (red), F2-type 
(purple) and tonic inhibition (green). The dashed line indicates the division between low frequency and high frequency clusters as shown in F. I, Comparison of the 
mean dynamic range for the low and high frequency clusters for excitation only (grey) compared to addition of F1-type (red), F2-type (purple) and tonic inhibition 
(green). ANOVA followed by Bonferroni correction was used to determine significance between response types (p < 0.01: **; p < 0.001: ***; n.s.: not significant). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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frequency AP rates with a clear separation at 20 s− 1 (Fig. 5F). For each 
cluster the EPSC conductance required to elicit APs within the cluster 
was determined and the impact of introducing inhibition was assessed 
on the resulting I-O relationships (Fig. 5G). For high frequency clusters, 
there was a rightward shift in the I-O relationship such that a greater 
synaptic conductance was required to elicit APs. This change in gain was 
accompanied by a broader dynamic range as the slope coefficient was 
increased. In contrast, the action of inhibition on low frequency clusters 
was characterized by a leftward shift in the I-O relationship and the 
dynamic range became more restricted as the slope coefficient was 
reduced (Fig. 5H). This effect was observed for F1-type, F2-type and 
tonic inhibition (Fig. 5I) and this observation helps explain the diverse 
inhibitory actions we observed on Dx in earlier experiments. 

11. Information loss at the retinogeniculate synapse is 
minimised by tonic inhibition 

Next, we examined the impact of the different forms of inhibition on 
the complexity of the information conveyed by the ten different RGC 
input patterns. The complexity of each RGC firing pattern was assessed 
from the Coefficient of Variability (CVinput) and this measurement was 
used to assay changes in information content following AP firing in TC 
neurons. Ranking the input patterns based upon CVinput illustrated how 
the OFF-type inputs tended to be less complex than the ON-type RGC 
input patterns (Fig. 6A). A simple liner regression analysis (a slope of 
0.03 and a Pearson’s r = 0.08) revealed that the average event rate of 

each RGC input pattern was not the major determinant of the CVinput. 
However, the more complex the RGC input pattern the more we 
observed a change in the CV of the TC neuron AP firing (Fig. 6B). To 
examine the impact of inhibition on information loss we compared the 
inter-event interval distributions of the TC neuron AP output with the 
RGC input patterns. The difference between the input and output dis-
tributions could be assayed from the r2 values obtained by fitting the 
inter-event interval distribution of the RGC input to the AP output 
(Fig. 6C). This analysis was repeated at all synaptic weights for each RGC 
input pattern to monitor information loss at the retinogeniculate syn-
apse (Fig. 6D). As expected from the previous CV analysis, F2-type in-
hibition resulted in the largest degree of information loss for both ON 
and OFF-type RGC inputs. However, this analysis did illustrate that the 
information loss was less following the introduction of tonic inhibition. 
The information loss for individual RGC inputs was then extracted and 
the distributions analysed (Fig. 6E). From these distributions we can see 
that the information loss was greatest for the ON-type RGC input pat-
terns, but tonic inhibition resulted in the smallest amount of information 
loss across all inputs. In the final analysis, based upon information loss 
we determined the significant difference between RGC inputs and 
plotted the resulting p values as heat maps (Fig. 6F). In the presence of 
F1-type inhibition only two of the RGC inputs patterns resulted in AP 
outputs that were different from each other with ON9 showing signifi-
cant differences at the p > 0.05 level between both OFF2 and OFF7. F2- 
type inhibition was shown to maintain differences between four of the 
RGC input patterns while tonic inhibition was shown to maintain 

Fig. 6. Information loss is limited by tonic inhibition. A, Scatter plot illustrating the relationship between the RGC event rate and the coefficient of variability 
(CVinput) for each of the 10 input patterns used in this study. Linear regression analysis (not shown) indicated no relationship between these parameters with a slope 
of just 0.03 and a very low Pearson’s r of 0.08. B, Line series plot illustrating the change in variability produced by TC neuron AP firing (CVoutput) in response to the 
10 different RGC patterns following the delivery of F1, F2 and tonic inhibition at equipotent inhibition (as determined from Fig. 4C). Note how F2-type inhibition was 
most often associated with a greater change in variability compared to F1-type and tonic inhibition. C, Histograms of inter-event intervals obtained for a single RGC 
input pattern (blue) superimposed on the TC neuron AP output (black) at increasing synaptic drive. The difference between the input and the output distributions was 
used to quantify information loss in each case. D, Plots of information loss at increasing EPSC conductance. Information loss was reduced once AP threshold was 
reached by the synaptic conductance and the lowest degree of information loss was consistently observed when the EPSC conductance level was at a maximum value 
of 100 nS. Note how the OFF-type inputs were characterized by lower levels of information loss. Consistent with previous data on CV analysis, F2-type inhibition 
increased the information loss whereas tonic inhibition was associated with the lowest information loss for both ON- and Off-type RGC patterns. E, A series of violin 
plots showing information loss for each RGC input pattern. Note how the variability was greatest in the presence of F2-type inhibition but lower for the OFF-type RGC 
inputs (excepting OFF4). F, Heat maps showing the significant differences that were calculated between the RGC input patterns. Note how F1-type inhibition reduces 
the difference between RGC-types but tonic inhibition results in the greatest number of differences between RGC input patterns. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.) 
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differences between five of the RGC input patterns. Overall, tonic inhi-
bition provides potent gain control while maintaining information 
content and, therefore, preserving differences between sensory inputs to 
a greater extent than the other forms of gain control explored in this 
study. 

12. Discussion 

This study identified clear differences in the type of GABAA receptor 
mediated inhibition present on different TC neuron types. The X-, Y- and 
W-type TC neurons were first identified in the cat LGd according to the 
type of RGC input these morphologically distinct neurons received 
(Nassi and Callaway, 2009). Electron microscopy studies in the cat LGd 
further demonstrated that dendritic F2 terminals were presynaptic to 
X-type TC neurons, but F2-synapses were rarely observed onto Y-type TC 
neurons (Wilson et al., 1984; Sherman, 2004). A similar morphological 
classification of LGd neurons has been reported in mice (Krahe et al., 
2011) and we now present evidence that different types of inhibitory 
drive are associated with these TC neuron types (see Fig. 1). In a pre-
vious study, activation of mIPSCs by mGluRs was used to show that 
F2-positive relay neurons were associated with significantly slower 
mIPSCs, compared to F2-negative LGd relay neurons (Yang et al., 2017). 
In the current study, both averaged IPSC waveform analysis and cluster 
analysis revealed that reduction in interneuron density resulted in the 
loss of the slow-rising sIPSCs with little impact on decay times. We 
propose that the different clusters present in the sIPSC distributions 
reflect GABAA receptor diversity at F1- and F2-type synapses (Ye et al., 
2017). Combined with the morphological classification of TC neurons, 
our observations are consistent with the view that LGd interneuron 
dendrites are less likely to form F2 profiles with Y-type TC neurons 
(Famiglietti, 1970; Rafols and Valverde, 1973; Wilson et al., 1984; 
Hamos et al., 1985; Sherman, 2004) and confirm our previous reports 
that slow IPSCs were rarely observed onto Y-type TC neurons (Bright 
et al., 2011). Tonic inhibition has been described in many studies of TC 
neuron excitability (Belelli et al., 2005; Cope et al., 2005; Chandra et al., 
2006; Bright et al., 2007, 2011; Herd et al., 2013) and we have shown 
that tonic inhibition is a feature of both X- and Y-type TC neurons (Bright 
et al., 2007, 2011). The dynamic-clamp experiments employed in this 
study demonstrate how the different types of inhibition present in the 
thalamus have distinct influences on various aspects of information 
transfer by thalamocortical neurons. This work complements previous 
dynamic-clamp studies that have focused on the importance of vari-
ability in the synaptic weighing associated with excitatory inputs 
(Harsch and Robinson, 2000; Cathala et al., 2003). 

Our dynamic-clamp protocols were designed to mimic the fuzzy logic 
associated with RGC input onto TC neurons in the LGd (Morgan et al., 
2016; Rompani et al., 2017) while delivering equipotent levels (see 
Fig. 4C) of F1-type, F2-type, and tonic inhibition. This level of control 
would not have been feasible with pharmacological manipulations or 
any conceivable optogenetic approach. Using this approach, we were 
able to demonstrate how the input sensitivity of TC neurons to 10 
different RGC input patterns was remarkably similar in the absence of 
inhibition (see Fig. 3I). The input-output relationships revealed very 
similar x0 and Dx values in response to the 10 different RGC input pat-
terns. At the same time each TC neuron was able to convey the infor-
mation conveyed by these different RGC inputs as distinct AP output 
firing patterns (see Fig. 3H). This result demonstrates how a TC neuron 
can discriminate between the information conveyed by different RGC 
inputs independent of the weighing of each retinogeniculate synaptic 
input (Litvina and Chen, 2017). Importantly, we show how the syn-
chronous GABA release associated with F1-type inhibition degrades the 
ability of a TC neuron to distinguish between different RGC inputs to a 
much greater extent than the asynchronous GABA release associated 
with either F2-type or tonic inhibition (see Fig. 6F). These observations 
offer a compelling insight into why non-vesicular GABA release has 
evolved to become a dominant influence on TC excitability within a first 

order sensory thalamic region like the LGd where information contained 
within RGC firing patterns needs to be faithfully conveyed to the 
neocortex. It is intriguing to speculate that by varying the contribution 
of these three different types of inhibition the thalamus can alter input 
selectivity without the need to alter synaptic weighting of the reti-
nogeniculate input. Importantly, this computational flexibility will not 
be associated with the metabolic demands of altering synaptic 
weighting. 

One shortcoming of this study is our assumption that LGd in-
terneurons can faithfully convey the information arriving from the 
different RGC types into unique patterns of inhibition. Unfortunately, 
the efficacy of feed-forward phasic inhibition generated by the RGC-to- 
interneuron-to-TC circuit has yet to be adequately studied. However, 
calcium influx into the dendrites of LGd interneurons has been shown to 
elicit asynchronous GABA release onto TC neurons (Acuna-Goycolea 
et al., 2008) indicating how temporal information may be lost during 
feedforward inhibition of TC neurons. In our study, we have also shown 
that optogenetic GABA release from LGd interneurons generates delayed 
postsynaptic responses onto TC neurons (see Fig. 2). Notably, our pre-
vious studies failed to demonstrate reliable feedforward phasic inhibi-
tion during simultaneous recording from LGd interneurons and TC 
neurons (Jager et al., 2016). Similarly, in the somatosensory thalamus, 
simultaneous recording between 260 pairs of local interneurons and TC 
neurons resulted in only 9 clear examples of AP-dependent functional 
connectivity (Simko and Markram, 2021). It is worth considering that 
identification of functional connectivity in these paired recording 
studies was based upon the coincidence of presynaptic APs with post-
synaptic changes, and it is conceivable that a greater level of functional 
connectivity would have been reported if sub-threshold dendro-den-
dritic GABA release was assayed. Therefore, our future studies will focus 
on examining the importance of sub-threshold voltage changes in the 
dendrites of LGd interneurons, elicited by RGC input, for controlling the 
timing of TC inhibition. Another limitation of this study is our focus on a 
single RGC inputs ability to determine the pattern of inhibition gener-
ated by a local interneuron at F1- and F2-type synapses onto TC neurons. 
There is compelling evidence that a local LGd interneuron receives 
afferent input from multiple RGC inputs and that the inhibitory output 
onto TC neurons could, therefore, reflect summation from many RGC 
types (Morgan and Lichtman, 2020). This has been demonstrated 
functionally by recording from local interneurons during electrical 
stimulation of the optic tract (Seabrook et al., 2013). In future studies, 
we plan to generate patterns of inhibition that reflect different levels of 
RGC summation but at present the rules of this connectivity and the 
transformation properties of the local interneurons are far from clear. 

It has yet to be determined whether the lagged inhibition associated 
with F2-type dendro-dendritic synapses reflects (1) a noncanonical form 
of exocytosis (Kennedy and Ehlers, 2011) associated with GABA release 
from LGd interneuron dendrites (Acuna-Goycolea et al., 2008), (2) 
GABA spillover onto distant GABAA receptors located within a glomer-
ular structure (Rossi and Hamann, 1998), or (3) the presence of GABAA 
receptor types with particularly slow activation kinetics (Ye et al., 
2017). However, at this stage we cannot rule out the possibility that 
GABA release at F1-type inputs also contributes to these slow post-
synaptic responses. This is particularly important when interpreting the 
slow IPSCs evoked by optogenetics in the presence of TTX (Fig. 2G). 
Physiologically relevant experiments designed to study GABA release at 
F1 and F2 synapses, that do not rely on ChR2 activation, are needed 
before we can be confident that slow IPSCs specifically reflect GABA 
release at F2 synapses. Whatever the etiology of the slow-rising IPSCs it 
is clear from our dynamic-clamp experiments that what we have 
referred to as F2-type inhibition has a distinct influence on information 
transfer compared to the more conventional F1-type inhibition and the 
tonic inhibition that has been described many times in the visual thal-
amus. Although the experiments undertaken in this study were per-
formed at room temperature, we have previously described similar fast 
and slow IPSCS at physiological temperatures (Bright et al., 2007, 2011) 
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and the variability in the tonic inhibition that we have quantified at 
room temperature is similar to observations we have made at higher 
temperatures. Therefore, we believe the overall conclusions of this study 
will hold at physiological temperatures. For example, the experiments 
undertaken in this study demonstrate how both F1- and F2-type feed--
forward inhibition onto TC neurons will enhance temporal precision 
whereas all three types of inhibition have a similar influence on rate 
coding within the thalamus (see Fig. 5). 

We have previously reported how high interneuron AP firing rates 
generate tonic inhibition onto TC neurons due to the persistent activa-
tion of high-affinity extrasynaptic δ-GABAARs by ambient GABA levels 
in the extracellular space (Jager et al., 2016). The asynchronous and 
lagged response of dendro-dendritic F2-type inhibition will further 
contribute to the appearance of tonic inhibition onto TC neurons at high 
input frequencies. Raised ambient GABA levels are best explained by the 
stoichiometry of the GAT-1 transporter (Wu et al., 2007) but may also be 
associated with GABA release from astrocytes through bestrophin 
channels (Lee et al., 2010). Irrespective of the non-vesicular source of 
GABA, our results are consistent with observations made in the VB that 
tactile discrimination is improved by enhanced tonic inhibition (Kwak 
et al., 2020) and supports a long-standing biophysical model that has 
explained how tonic inhibition improves neuronal precision due to al-
terations in the membrane time constant (Semyanov et al., 2004). 

The hypothesis that increasing numbers of local GABAergic in-
terneurons within thalamic circuits reflects a requirement for more 
complex levels of neural processing was first proposed by Cajal (Cajal, 
1909; Cajal and Ramón-Moliner, 1966) and more recent immunocyto-
chemical data has shown how the proportion of these interneurons 
progressively increases in species associated with more complex 
behavior (Arcelli et al., 1997). Contrary to earlier studies (Barbaresi 
et al., 1986; Smith et al., 1987; Bentivoglio et al., 1991) it is now 
apparent that local interneurons are present in the thaalmocortical 
nuclei of both primates and rodents (Jager et al., 2021) but interneuron 
numbers are particularly enriched in the LGd of many mammalian 
species including rodents (Khan et al., 1994; Arcelli et al., 1997). The 
presence of local interneurons specifically within the rodent LGd could 
be a consequence of greater information content travelling through the 
visual thalamus or may reflect a requirement for additional types of 
sensory processing. It could be argued that the former may not require a 
change in the nature of the inhibitory control but the latter may intro-
duce a pressure to diversify the characteristics of inhibition. However, 
our study demonstrates that thalamic interneurons have the potential to 
influence sensory processing in unique and unexpected ways depending 
on the nature of GABAA receptor activation. The computational flexi-
bility afforded by altering input selectivity by simply varying the 
contribution of synchronous and asynchronous GABA release is a model 
that is likely to be observed beyond the visual thalamus. 
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