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ABSTRACT

Burst activity is a ubiquitous feature of thalamic neurons and is well documented for visual neurons in the lateral
geniculate nucleus (LGN). Although bursts are often associated with states of drowsiness, they are also known to
convey visual information to cortex and are particularly effective in evoking cortical responses. The occurrence
of thalamic bursts depends on (1) the inactivation gate of T-type Ca?" channels (T-channels), which become de-
inactivated following periods of increased membrane hyperpolarization, and (2) the opening of the T-channel
activation gate, which has voltage-threshold and rate-of-change (6v/5t) requirements. Given the time/voltage
relationship for the generation of Ca?* potentials that underlie burst events, it is reasonable to predict that
geniculate bursts are influenced by the luminance contrast of drifting grating stimuli, with the null phase of
higher contrast stimuli evoking greater hyperpolarization followed by a larger dv/dt than the null phase of lower
contrast stimuli. To determine the relationship between stimulus contrast and burst activity, we recorded the
spiking activity of cat LGN neurons while presenting drifting sine-wave gratings that varied in luminance
contrast. Results show that burst rate, reliability, and timing precision are significantly greater with higher
contrast stimuli compared with lower contrast stimuli. Additional analysis from simultaneous recordings of
synaptically connected retinal ganglion cells and LGN neurons further reveals the time/voltage dynamics un-
derlying burst activity. Together, these results support the hypothesis that stimulus contrast and the biophysical
properties underlying the state of T-type Ca?* channels interact to influence burst activity, presumably to
facilitate thalamocortical communication and stimulus detection.

1. Introduction

Visual information reaches the cerebral cortex primarily via the
retino-geniculo-cortical pathway. Neurons in the lateral geniculate nu-
cleus (LGN) of the thalamus receive direct input from retinal ganglion
cells and convey this information to target neurons in primary visual
cortex (V1). Although LGN projection neurons are often viewed as
passive relay cells, they are known to transform retinal signals in several
dynamic ways, including transformations in the temporal domain (Dan
et al., 1996; Usrey et al., 1998; Wang et al., 2007; Martinez et al., 2014;
Butts et al., 2016; Fisher et al., 2017; Alitto et al., 2019b). A prominent
example of such a transformation is the shift in LGN firing between tonic
spiking and burst spiking (reviewed in Sherman and Guillery, 2009;
Usrey and Alitto, 2015; Usrey and Sherman, 2022). Importantly, LGN
neurons switch between these two forms of spiking based on the

time/voltage history of their membrane potential (Jahnsen and Llinas,
1984). Thus, these two types of activity, tonic activity and burst activity,
could be differentially engaged by distinct patterns of visual stimulation
and, consequently, be used to differentially encode information about
stimuli being provided to cortex. This view is supported by past work
showing bursts can transmit visual information and occur reliably to
specific patterns of visual stimuli (Guido et al., 1995; Reinagel et al.,
1999; Rivadulla et al., 2003; Lesica and Stanley, 2004; Alitto et al.,
2005).

LGN projection neurons in tonic mode respond to excitatory inputs
with regularly spaced action potentials, generally in proportion to the
strength of the stimulus (Llinas and Jahnsen, 1982; Huguenard and
McCormick, 1992). In comparison, LGN projection neurons in burst
mode generate tight clusters of spikes, referred to as “bursts”. Whether
or not LGN neurons produce tonic or burst spikes depends on the state of
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their voltage-gated, T-type Ca®* channels (or T-channels). T-channels
have two gates, an inactivation gate and an activation gate (Tsien et al.,
1988; Crunelli et al.,, 2005). Once T-channels are de-inactivated
following a sufficient period of hyperpolarization, an appropriate
depolarizing stimulus can open the activation gate, thereby generating a
depolarizing Ca®" potential (or T-potential; McCormick and Huguenard,
1992 Huguenard and McCormick, 1992; Huguenard, 1996; Perez-Reyes,
2003). If the T-potential crosses the threshold to open voltage-gated Na™
channels, then a short train of high-frequency, Na'-based action po-
tentials, referred to as a burst, will result (Suzuki and Rogawski, 1989;
McCormick and Huguenard, 1992; Huguenard and McCormick, 1992;
Huguenard, 1996; Perez-Reyes, 2003). Notably, the magnitude of the
T-potential and the number of spikes in a burst depend on (1) the ratio of
T-channels in the de-inactivated vs. inactivated state, which depends, in
turn, on the depth and duration of hyperpolarization in the cell, and (2)
the subsequent rate of depolarizing voltage change (6v/5t) (Deschenes
et al., 1984; Destexhe and Sejnowski, 2002; Hong et al., 2014). If the
T-channels are primarily in the inactivated state or the depolarization is
too slow, then tonic spiking occurs. Although visually evoked bursts are
more common in anesthetized and drowsy animals than in alert animals,
visually evoked bursts occur across brain states (Weyand et al., 2001;
Bezdudnaya et al., 2006; Bereshpolova et al., 2011) and, when they
occur, burst spikes are particularly effective in evoking cortical re-
sponses (Swadlow and Gusev, 2001; see also Usrey et al., 1998) and
increase the timing precision and spatial focus of cortical responses
(Borden et al., 2022).

Across mammals, the majority of LGN neurons have either On-center
or Off-center receptive fields (Kuffler, 1953; Hubel and Wiesel, 1961),
the former being (i) depolarized by light increments over the center of
their receptive fields and (ii) hyperpolarized by light decrements over
the same region, and the latter showing the reverse pattern. With these
receptive-field properties in mind, a drifting grating stimulus should
evoke alternating periods of depolarization and hyperpolarization in
both types of cells, with the magnitude of hyperpolarization and depo-
larization and the rate of voltage change, being dictated by the contrast
and phase of the time varying stimulus (Wang et al., 2007). Based on
these properties and assumptions, we made single-unit recordings from
LGN neurons in the anesthetized cat to test the hypothesis that bursts are
affected by stimulus contrast, with burst activity being more frequent
and temporally precise with higher contrast stimuli compared with
lower contrast stimuli. We also performed simultaneous intraocular and
LGN recordings to examine the spiking patterns of synaptically con-
nected retinal ganglion cells and LGN neurons to compare the influence
of contrast on the relationship between interspike interval and reti-
nogeniculate communication and high-frequency responses in the LGN.
Results show that bursts occur more frequently with higher contrast
stimuli and more consistently with respect to the phase of the stimulus
cycle when compared to tonic spikes. These results support the view that
burst and tonic firing modes can differentially encode information about
visual stimuli and the external world.

2. Materials and methods
2.1. Animal preparation

Ten adult cats, both sexes, were used for this study. All experimental
procedures were conducted with the consent of the Animal Care and Use
Committee at the University of California, Davis and followed National
Institutes of Health guidelines. The analyses performed on spikes trains
for this study come from a combination of new unpublished data and
data that contributed to previous, but unrelated, studies on the reti-
nogeniculate pathway (Alitto et al., 2019b; Rathbun et al., 2010, 2016).

All surgical procedures were performed while animals were anes-
thetized. Surgical anesthesia was induced with ketamine (10 mg/kg, i.
m.) and xylazine/dexmedetomidine (1 mg/kg, i. m.) and maintained
with either thiopental sodium (20 mg/kg, i. v., supplemented as needed)
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or propofol (4-6 mg/kg/h, i. v., supplemented as needed) and sufentanil
citrate (0.1-25 pg/kg/h, i. v., supplemented as needed) along with iso-
flurane (0.5-1.5%) in a 2:1 mix of oxygen and nitrous oxide. Trache-
otomies were performed, and animals were placed in a stereotaxic
apparatus where they were mechanically ventilated and given atropine
(0.04 mg/kg, i. m.), dexamethasone (0.2 mg/kg, i. m.), and baytril (5
mg/kg, i. m.). Animals’ vitals were monitored throughout the experi-
ment, including the EEG, ECG, CO,, and temperature. If physiological
monitoring indicated a decreased level of anesthesia (increased heart
rate, CO,, and/or high-frequency activity in the EEG), additional thio-
pental sodium or propofol and sufentanil citrate was given, and the rate
of continuous infusion was increased. For each animal, a scalp incision
was made, and skin edges were infused with lidocaine (2%). A single
craniotomy was made over the LGN, the dura was removed, and the
craniotomy was filled with agarose to protect the underlying brain. Eyes
were fixed and adhered to metal posts, fitted with contact lenses, and
focused on a tangent screen located 172 cm in front of the animal.
Flurbiprofen sodium drops were administered (0.3%) to prevent miosis,
atropine drops were administered (1%) for pupil dilation, and phenyl-
ephrine drops (2.5%) were administered to retract the nictitating
membranes. Once all surgical procedures were complete, animals
remained anesthetized with maintenance doses of anesthetic agents
(either thiopental sodium, 2-3 mg/kg/h, i. v. Or propofol, 4-6 mg/kg/h,
i. v., and sufentanil citrate, 0.1-25 pg/kg/h, i. v., and isoflurane,
0.1-0.5% in a 2:1 mix of oxygen and nitrous oxide). Before adminis-
tering paralytic, animals were monitored for 1 h to ensure a stable plane
of anesthesia. Once a steady plane of maintenance anesthesia was
established, animals were paralyzed with vecuronium bromide (0.2 mg/
kg/h, i. v.). At the end of data collection, animals were euthanized with
Euthasol (100 mg/kg, i. v.).

2.2. Electrophysiological recording and visual stimuli

Single-unit extracellular recordings were made from LGN cells in
layers A and A1l using parylene-coated tungsten electrodes (AM systems,
Sequim, WA). In a subset of experiments, a second electrode was
inserted into the retina to provide simultaneous recordings from syn-
aptically connected retinal ganglion cells and LGN neurons (procedures
described in Alitto et al., 2019b; Rathbun et al., 2010, 2016). Neural
responses were amplified, filtered, and recorded to a computer equipped
with a Power 1401 data acquisition interface and Spike 2 software
package (Cambridge Electronic Design, Cambridge, UK). Spike isolation
was based upon waveform analysis and the presence of a refractory
period, assessed from the autocorrelogram.

Visual stimuli were generated using a VSG2/5 visual stimulus
generator (Cambridge Research Systems, Rochester, UK) and presented
on a gamma-calibrated Sony monitor running at 140 Hz. Mean lumi-
nance of the monitor was 38 cd/m?2. The visual responses of individual
LGN neurons were mapped and assessed using white-noise stimuli and
drifting sine-wave gratings. White-noise stimuli consisted of a 16 by 16
grid of black and white squares. Each square was temporally modulated
according to a 2'°-1 length m-sequence (Sutter, 1987; Reinagel et al.,
1999; Reinagel et al., 1999). Individual squares in the stimulus were
updated with each monitor frame (~4 min for a complete sequence).
Between 4 and 16 squares of the stimulus overlapped receptive field
centers of each individual neuron. White-noise stimuli were used to
quantify the spatiotemporal receptive field properties of each cell for
purposes of cell classification (Usrey et al., 1999). We also determined
each cell’s preferred size and spatial frequency using drifting sine-wave
gratings (4 Hz) centered over the cell’s receptive field. Once the
preferred location, size, and spatial frequency were determined, cells
were presented with multiple repeats of a drifting grating stimulus that
varied in contrast (2.5%, 5%, 10%, 20%, 40%, 60%, 80%, and 100%;
random order). With each repeat of the stimulus, gratings were shown
for 4 s and were interleaved with 4 s of mean gray.
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2.3. Identification of LGN burst and tonic spikes

We used two well-established criteria to identify bursts in the spike
trains of LGN neurons, (Lu et al., 1992; Swadlow and Gusev, 2001;
Weyand et al., 2001; Lesica and Stanley, 2004; Alitto et al., 2005, 2011,
2019b; Denning and Reinagel, 2005; Bezdudnaya et al., 2006; Beresh-
polova et al., 2011). These criteria were: (1) a preceding interspike in-
terval (ISI) of >100 ms, and (2) one or more subsequent spikes that
followed with ISIs of <4 ms (Fig. 1). Spikes that met these criteria were
labeled burst spikes, and all other spikes were labeled tonic spikes. The
first spike of a burst is referred to as the cardinal spike. Some of the
analyses used the cardinal spike of each burst to represent a burst
“event”, whereas others used all spikes within a burst (described below).
Throughout the paper, we use the terms long-ISI and high-frequency
events to refer to the first and second criteria for a burst, respectively.

2.4. Tonic vs. burst analysis: firing rate

Burst and tonic responses that occurred during low- and high-
contrast stimulation were compared. The cutoff for low- and high-
contrast stimuli was based each cell’s contrast response function,
where the low-contrast condition was any contrast value that elicited
<30% of maximum firing rate and the high-contrast condition was any
contrast value that elicited >75% of maximum firing rate of the cell. For
the high- and low-contrast conditions, we calculated the firing rate of
burst and tonic spikes as well as the average number of spikes within
each burst event. To quantify the contrast-dependent changes in tonic
and burst activity, we calculated a modulation index at each contrast
level. The modulation index for each cell was calculated as follows:

7fll’ll’lg rate(x) *ﬁ””g ratespz)maneaus

modulation index(x) =
( ) ﬁnng rate(x) +ﬁrlng rate.&/)(mluneous

Here, x = stimulus contrast. Tonic f1 was used for tonic firing rate,
while bursts/cycle was used for the burst firing rate (i.e., bursts per cycle
of the drifting grating). To compare the modulation indices across cells,
we computed the effective contrast:

_ firing rate(x)

effective contrast (x) =
o (x) max (firing rate)

For example, if the cell’s response was 20 spikes/s at 30% contrast,
with a maximum firing rate of 40 spikes/s, then the effective contrast

was 0.5.

2.5. Tonic vs. burst analysis: pairwise phase consistency

To assess response timing across the stimulus cycle, we calculated
Pairwise Phase Consistency (PPC) for tonic and burst spikes across

Burst Spikes
il

Pre ISI
> 100 ms
ISIs <4 ms

——— 3

Fig. 1. Identification of burst spikes using criteria established by Lu et al.
(1992). In this diagram, time is moving left to right and the vertical lines
indicate spikes. Bursts are defined as (i) a cardinal spike (indicated with red *)
that follows an ISI >100 ms, and (ii) subsequent spikes that occur with ISIs <4
ms. In this example, the burst spikes are shown in blue and the tonic spikes are

shown in gray. (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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different contrast conditions (Vinck et al., 2010). The phase for each
spike (burst or tonic, spike time relative to stimulus onset) at the drift
rate of the visual stimulus (4 Hz) was calculated as:

® =21 modulus(spike time;, cycle duration)

cycle duration

PPC was then calculated for each spiking category (burst vs tonic)
and each stimulus condition (low vs high contrast):

. cos @; * cos @; + sin d; * sin P;
PI’C—ZZ Sn(n—1)

i j<i

Here, n is the number of spikes in each category/condition. Low PPC
values near zero indicate no consistent relationship between the spike
timing and phase of the visual stimulus, whereas PPC values near 1.0
indicate that the spikes always occur at the same phase of the visual
stimulus.

2.6. Retinal spike efficacy

To quantify the influence of contrast-dependent bursting on reti-
nogeniculate communication, we measured the retinal efficacy (per-
centage of retinal spikes that evoked a postsynaptic spike or burst event)
for a subpopulation of the LGN cells (n = 14) in which simultaneous
recordings were made from one of their retinal inputs (via intraocular
recordings) as a function of ongoing LGN ISI during high- and low-
contrast conditions. Synaptic connectivity was assessed using cross-
correlation analysis, as described in Fisher et al. (2017). Changes in
retinal spike efficacy were assessed as a function of ongoing LGN ISI,
which is defined as the time since the previous LGN spike at the time of a
given retinal spike. For example, if a retinal spike occurred at 3.753 s
and the last LGN spike occurred at 3.750s, then the retinal spike is said to
occur during a 0.003 ongoing LGN ISI. We have previously shown that
ongoing LGN ISI can be used as a reliable proxy for burst probability
(Alitto et al.,, 2019b). In particular, (1) the probability of a
high-frequency LGN event increases as the LGN ISI increases beyond 50
ms, in a manner that cannot be explained by passive mechanisms,
indicating the likely involvement of T-Type Ca' channels, and (2)
coincident with the increase of high-frequency probability at long LGN
ISIs, there is an increase in retinal spike efficacy that is also difficult to
explain by passive mechanisms. To quantify the relationship between
contrast-dependent changes in retinal spike efficacy and
contrast-dependent changes in LGN burst rate at long LGN ISIs, we
modeled changes in retinal spike efficacy using generalized linear
mixed-effects model (fitglme, Matlab version R2021a, MathWorks) with
predictors of tonic f1, burst rate, and stimulus contrast. Cell identity was
used as a random variable.

2.7. Poisson expectation of thalamic burst rate

To address the possibility that changes in contrast-dependent burst
rates were simply a statistical consequence of overall changes in firing
rate, we estimated the frequency of burst events from a nonhomoge-
neous Poisson spiking model. Spike times were simulated based on a
time-varying sinusoidal function where firing rates were set by the cell’s
f1 and fO:

mean spike count (t) = fl1*sin(2*pi*t*f) + fO

Here, t = time, f = the drift frequency of the visual stimulus, f1 =
response at the frequency of the visual stimulus, and f0 = mean
response. The sinusoidal model was then rectified such that negative
spike counts were set to zero. For each LGN neuron, 100 trials were
simulated: 4s stimulus on, 4s stimulus off, to match how the experi-
mental data was collected. Simulated spike trains were analyzed similar
to the experimental data to quantify the amount of burst activity that
would be predicted to occur simply as a result of the cell’s firing rate. For
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each neuron, the mean and standard deviation of the simulated data
were estimated through bootstrap to determine if the neuron’s experi-
mental burst rate was significantly greater than that found in the
simulated data.

2.8. Statistical testing

All analyses were done in Matlab version 2021a. For significance
testing, t-tests were used for normally distributed variables (verified
with a Kolmogorov-Smirnov test); sign tests were used for non-normally
distributed variables (e.g., bounded indices).

3. Results

We recorded a total of 511,002 spikes (including 39,107 burst events
comprised of 90,068 burst spikes) from 21 LGN neurons (11 on-center
cells, 10 off-center cells; 6 X cells, 15 Y cells) in the anesthetized cat
during visual stimulation with drifting sinusoidal gratings that varied in
luminance contrast to determine the relationship between stimulus
contrast and burst versus tonic spiking. For the analyses described
below, there were not any statistically significant differences between
subtypes of LGN cells (on vs. off, X vs. Y). For a subset of the LGN cells (n
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= 14; 373,325 spikes, total) we also simultaneously recorded the spiking
activity of one of their retinal ganglion cell inputs (999,044 retinal
spikes, total) via a second electrode inserted into the eye. We were
particularly interested in determining whether high-contrast stimuli,
with presumably greater null phase hyperpolarization for priming T-
type Ca®" channels and a greater rate of depolarization (5v/8t) during
the transition from the null phase to the preferred phase, evoked more
geniculate bursts than low-contrast stimuli. Recordings were divided
into low- and high-contrast trials based on each cell’s contrast response
function (see Materials and Methods). Geniculate spikes were classified
as burst or tonic using previously established criteria (Lu et al., 1992),
whereby a burst has a sequence of two or more spikes, with the initial
spike having a preceding interspike interval (ISI) > 100 ms and subse-
quent spikes having ISIs < 4ms (Fig. 1). All non-burst spikes were
classified as tonic spikes.

3.1. Thalamic bursting is modulated by stimulus contrast

On average, bursting events were more common (>2x more
frequent) with high-contrast stimuli than they were with low-contrast
stimuli. This contrast-dependent increase in LGN bursting was clearly
observed in single-cell raster plots (Fig. 2A and B), PSTHs (Fig. 2C and

High contrast

W OB W & B

©
o

[2]
o

Trial Number
S
o

N
o

Burst spikes
Tonic spikes

[2]
o
T

N
o

Firing rate

N
o
T

Time (s)

— High contrast
-~ — - Low contrast

Tonic spikes

(2]
o

N
o

Firing rate
N
o

0 0.05 0.1 0.15 02 025
Time (ms)

Fig. 2. Burst and tonic responses from a representative LGN neuron during high- and low-contrast visual stimulation. A and B. Raster plots showing the neuron’s
spiking activity across 80 4-s trials of a 4 Hz drifting sinusoidal grating stimulus at low contrast (A) and high contrast (B; see Materials and Methods). Burst spikes
indicated in dark green; tonic spikes indicated in shades of gray. Note: at the time scale shown, the multiple spikes that occur during a single burst appear as a single
marker. C and D. PSTHs showing the firing rate of burst spikes (dark green) and tonic spikes (shades of gray) during stimulation with (C) low-contrast drifting
gratings and (D) high-contrast drifting gratings. E and F. Cycle histograms showing the relative timing and duration of burst spikes (E) and tonic spikes (F) with low-
contrast drifting gratings (dashed lines) and high-contrast drifting gratings (solid lines).
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D), and cycle histograms (Fig. 2E and F) and was robust across our
sample of LGN neurons (Fig. 3A; mean burst events per cycle: high
contrast = 0.27 + 0.01, low contrast = 0.12 + 0.01, p < 10’3, t-test).
There was also a small, but significant, increase in the number of spikes
within a burst with high-contrast stimuli compared to low-contrast
stimuli (Fig. 3B; mean spikes/burst: high contrast = 2.25 + 0.03, low
contrast = 2.15 + 0.03; p = 0.03, t-test). Across cells, the contrast
response function for burst spikes was similar in shape to the contrast
response function for tonic spikes (Fig. 3C); however, the influence of
contrast on bursting activity was weaker than the influence of contrast
on tonic spikes, particularly at high contrasts where tonic spikes have a
higher ceiling (limited by the action potential refractory periods) than
burst spikes (limited by the 100 ms ISI lockout period). This can be seen
by plotting the contrast modulation index as a function of effective
contrast (see Materials and Methods) for both tonic and burst spikes
across the sample of LGN neurons (Fig. 3C). Comparing the modulation
index for burst spikes and tonic spikes, the modulation index covaries for
both burst and tonic firing, and it is higher for tonic spikes compared to
bursts. This reflects the upper bound on the two categories of spikes;
bursts can only happen once per cycle (due to the 100ms lockout),
whereas tonic spikes can occur more than once. Overall, there was a
tight correlation between the modulation of tonic spiking and burst
spiking across all contrasts (Fig. 3D, r = 0.7, p < 107%).

Having found a positive relationship between stimulus contrast and
burst probability, we next asked whether stimulus contrast affected the
consistency of burst activity within the temporal domain. To address this
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question, we performed a Pairwise Phase Consistency (PPC) analysis to
quantify the consistency of the stimulus phase when bursts occurred (see
Materials and Methods). With this analysis, higher PPC values indicate
greater consistency of responses with respect to stimulus phase and
lower values indicate less consistency. On average, PPC values for burst
activity were significantly greater for high-contrast stimuli than for low-
contrast stimuli (Fig. 4A; high-contrast mean PPC = 0.67 + 0.06, low-
contrast mean PPC = 0.44 £+ 0.06; p = 7.29 X 1074, sign test. A
similar relationship was also found for tonic spikes (Fig. 4B; high
contrast mean PPC = 0.47 £ 0.05, low contrast mean PPC = 0.35 +
0.05; p = 0.002, sign test); however, across cells and contrast values,
PPC values were typically greater for bursts than for tonic spikes (Fig. 4C
and D; low-contrast: burst PPC vs. tonic PPC, p = 0.019, sign test; high
contrast: burst PPC vs. tonic PPC, p = 0.007, sign test). Thus, high-
contrast stimuli are more likely to evoke bursts than low-contrast
stimuli, and bursts under high-contrast conditions have greater phase
consistency. Both features are consistent with the notion that bursts can
carry contrast information to the cortex.

3.2. Changes in retinal spike efficacy can be partially explained by
contrast-dependent changes in bursting

Previous work has shown that the ability of retinal spikes to drive
spiking in the LGN (retinal spike efficacy) is modulated by bursting in
the LGN (Alitto et al., 2019b). Although this work did not directly
measure LGN Ca®" potentials, the relative arrival of retinal spikes to the

Fig. 3. Burst activity during high- and low-

contrast visual stimulation. A. Scatter plot

/ showing the average burst rate (burst events per

7 cycle of the drifting grating stimulus) for 21 LGN
J/ neurons stimulated with high- and low-contrast
/ gratings. Burst rate is significantly greater for

Y high-contrast stimuli compared to low-contrast

p stimuli (p < 1073, t-test). B. Scatterplot
, showing the average number of spikes per burst
for 21 neurons stimulated with high- and low-
contrast gratings. There was a small, but signifi-
cant, increase in the number of spikes per burst
with high-contrast stimuli compared to low-
contrast stimuli (p = 0.03, t-test). C. Modula-
tion index as a function of effective contrast (see
Materials and Methods). At each effective
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+0.10, 0.60+0.09 for 25%, 50%, 75%, and 100%
contrast, respectively). D. Scatterplot showing
the burst modulation index versus the tonic
modulation index. The modulation index was
significantly greater for tonic spikes than for

2.5 3

/ burst spikes (tonic: mean 0.638+ 0.032 ste;

burst: mean 0,483+ 0.047 ste, p = 0.0198 sign
test).
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Fig. 4. Scatterplots showing pairwise phase consistency (PPC) values for burst and tonic spikes when stimulated with low- and high-contrast gratings. A and B.
Comparison of PPC values from recordings with high-contrast and low-contrast stimulation for burst spikes (A) and tonic spikes (B). PPC values for burst spikes and
tonic spikes were significantly greater, on average, when cells were stimulated with high-contrast stimuli compared with low-contrast stimuli (p = 7.29 x 10~* and p
= 0.002, respectively; sign test). C and D. On average, PPC values were greater for burst spikes than for tonic spikes when cells were excited with low-contrast stimuli
(C, p = 0.019, sign test) and when excited with high-contrast stimuli (D; p = 0.007, sign test).

time since a previous LGN spike (ongoing LGN ISI, ISIongoing; see Mate-
rials and Methods) influenced several aspects of visual processing in the
LGN, including retinal spike efficacy, in a manner consistent with the
biophysics of T-type Ca®* channels. In this way, ISIongoing can be used to
infer the relative probability of thalamic burst mode in a manner that is
complementary to the traditional criteria.

To examine the relationship between retinal spike efficacy and burst
probability under low- and high-contrast conditions, we analyzed the
spike trains of synaptically connected retinal ganglion cells and LGN
neurons (see Materials and Methods). Fig. 5A1, 5B1, and 5C1 show the
relationship between ongoing ISI and retinal efficacy for 3 representa-
tive pairs of synaptically connected neurons. Also depicted in these
figures (gray shading) are 3 ranges of ongoing ISI that were used to
compare the probability of retinal evoked geniculate spikes under low-
and high-contrast conditions (Fig. 5A2-A4, B2-B4, C2-C4). Results from
these 3 examples and the entire sample of simultaneously recorded
neurons (Fig. 5D1) show that the relationship between retinal spike
efficacy and burst probability, as assessed by ISIsngoing, is highly
nonlinear. Specifically, when the ISIyngoing is short (<30ms; indicated
with black arrow in A1-D1) and Ca®" potentials are unlikely to occur,

there is a negative relationship between retinal efficacy and ISIpngoing.
Interestingly, in this region of the ISI-efficacy curve, low-contrast spikes
are more effective than high-contrast spikes in driving LGN activity,
particularly at the shortest ISIpngoing (<30ms, zone 2 in panels Al, B1,
and C1). This finding is consistent with LGN contrast gain control
mechanisms, similar to what has been previously reported (Alitto et al.,
2019a).

More importantly for the current study, our results reveal a contrast-
dependent increase in retinal spike efficacy as the ISIongoing increases
beyond 50ms and the probability of burst mode increases. To quantify
this contrast-dependent effect, we compared retinal spike efficacy found
during mid-duration ISIyngoing (30-60ms, zone 3 in panels Al, B1, and
C1) to long-duration ISIyngoing (>100ms, zone 4 in panels Al, B1, and
C1) (Fig. 5D2). These specific ranges were selected to exclude the short-
duration ISIpngoing Tange where temporal summation dominates ISI-
efficacy curves. Results show a significant increase in retinal spike ef-
ficacy during long-duration ISIyngoing relative to mid-duration ISIongoing
with both high- and low-contrast stimuli (high-contrast stimuli: retinal
efficacy with mid-duration ISI;pgoing = 0.053+0.012, with long-duration
ISTongoing = 0.16140.024, p = 9.76 x 1074; low-contrast stimuli: retinal
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efficacy with mid-duration ISI;g0ing = 0.053+0.015, with long-duration
ISIongoing = 0.092+0.023, p = 0.007, sign test); however, the effect was
significantly greater with high-contrast stimuli (p = 0.007, sign test),
and may include a component involving convergent input from other,
non-recorded, retinal ganglion cells.

To establish a more direct link between contrast-dependent changes
in ISI-efficacy curves and burst rate, we next created a generalized linear
mixed-effects model of the change in spike efficacy (A.g) using contrast,
burst rate, and the fundamental frequency (f1) of the spiking response.
This simple linear model did a good job at predicting A.¢ observed be-
tween mid-duration and long-duration ISIongoing (Fig. 5D3, explained
variance = 0.4). Both burst rate and f1 were significantly positive pre-
dictors of Aeff (Bpurst = 0.024, tstat = 2.24, p = 0.01; B¢ = 0.026, tstat =

2.59, p = 0.02), while contrast was not predictive of Aeff (Beon = —0.007,
tstat = 0.24, p = 0.81). This indicates an indirect relationship between
contrast and Agr. One parsimonious explanation of these results is that
changing contrast drives changes in burst rate, which is a reliable proxy
for an underlying neural mechanism, (e.g., state of the T-Type Ca®*
channels), that then drives the Agg. Mathematically, this indirect rela-
tionship between stimulus contrast and Aeff is supported by the finding
that contrast is a significant predictor when it is the only variable in the
model (Beon = 0.048, tstat = 3.43, p = 0.01).
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3.3. Measures of contrast-dependent changes in LGN burst rate are not a
trivial consequence of changes in firing rate

While the increase in burst rate with stimulus contrast is consistent
with the biophysical properties of T-type Ca®" channels, it is also
possible that the increase in burst rate is not related to the involvement
of T-type Ca?' channels, but rather is a trivial consequence of the
contrast-dependent changes in firing rate. As described above, when the
contrast of a drifting grating is increased, there is increased excitation
during the neuron’s preferred phase and increased inhibition during the
neuron’s null phase. Consequently, there is an increase in the absolute
number of high-frequency spikes (ISI <0.004s, Fig. 6A and C) and the
number of long-ISI spikes (ISI >0.1s, Fig. 6B and C), as well as the
probability of high-frequency spikes (Fig. 6D and F) and the probability
of long ISI spikes (Fig. 6E and F). This raises the possibility that the
increase in burst rate is a trivial consequence of the increased number of
high-frequency spikes and long-ISI spikes. This explanation for the
contrast-dependent increase in burst frequency assumes a Poisson dis-
tribution of LGN spike times; consequently, it can be accepted or ruled
out by an analysis of the interdependence of high-frequency events and
long-ISI spikes.

Under Poisson expectations, the probability of a high-frequency
event, the second component of a burst, does not depend on the pre-
ceding ISI. However, consistent with the involvement of T-type Ca®"
channels, results show that the probability of a high-frequency spike is
highly modulated by the preceding ISI for both low-contrast and high-
contrast conditions (Fig. 7A-D). As predicted by the time/voltage rela-
tionship for de-inactivating T-Type Ca®" channels (i.e., the greater the
hyperpolarization, the less time required) the modulation of high-
frequency probability was steeper and evident at shorter preceding
ISIs with high-contrast stimuli compared with low-contrast stimuli.
Importantly, this relationship was absent in the spike trains of retinal
ganglion cells, which also experience increased preferred phase excita-
tion and null-phase suppression, but do not exhibit bursting activity
(Fig. 7E).

The modulation of high-frequency event probability by the preced-
ing ISI clearly violates the assumption of Poisson distributions. How-
ever, it is possible that these non-Poisson spike interactions, including
contrast-dependent increases in thalamic burst rate, can be accounted
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for by a time-varying Poisson spiking model that accounts for the si-
nusoidal nature of LGN firing rates in response to drifting sine-wave
gratings. To examine this possibility, we simulated LGN spike rates
using a time-varying Poisson model where the spike rates were set by a
sinusoidal function and the neurons’ firing rates (see Materials and
Methods). In this way we quantified how the experimentally measured
burst rates compared to burst rates seen in the simulated spike trains. If
the contrast-dependent burst rate could be explained simply by the in-
crease in firing rate, then we should observe similar burst rates in the
experimental and simulated data.

Consistent with the involvement of T-type Ca?" channels, the
observed burst rate far exceeded the Poisson expectation during both
low-contrast (Fig. 8A, experimental = 0.125+0.025, simulated = 0.009
+0.0013, p < 0.0015, t-test) and high-contrast (Fig. 8B, experimental =
0.273+0.048, simulated = 0.0412+0.004, p < 0.0015, t-test) stimula-
tion, indicating the involvement of nonlinear processes such as the
voltage dependence of T-Type Ca>" channels. Lastly, after removing the
small, but present, “statistical” bursts (i.e., those occurring with Poisson
expectation) from the observed measure of bursts, there remained a
robust contrast-dependent increase in burst rate (Fig. 8C, low-contrast
adjusted burst rate = 0.116 +0.025, high-contrast adjusted burst rate
= 0.232 £0.048, p = 0.009, t-test).

4. Discussion

The goal of this study was to test the hypothesis that luminance
contrast can influence the response mode (burst vs. tonic spiking) of LGN
neurons. To explore the relationship between stimulus contrast and
response mode, we recorded the activity of LGN neurons in the anes-
thetized cat during visual stimulation with low-contrast and high-
contrast drifting sine-wave gratings. Fundamental to the reasoning
behind these experiments was knowledge about the biophysical prop-
erties of the T-type Ca®" channels that underlie bursts, assumptions
about the membrane potential dynamics of LGN cells during stimulation
with high- and low-contrast stimuli, and past work demonstrating bursts
are unique events in the LGN and largely absent in the retina (Weyand,
2007; Alitto et al., 2019b; but see Sincich et al., 2007).

T-type channels have two gates, an inactivation gate and an activa-
tion gate (Tsien et al., 1988; Crunelli et al., 2005). For calcium entry to

Fig. 6. Increasing stimulus contrast results
in an increase in the total number of long-
ISIs and high-frequency events. A. The
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A2. The probability of high-frequency events as a function of preceding ISL
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A, but for the entire sample of LGN neurons (green = spontaneous activity). E.
Similar to A, but for the entire sample of retinal ganglion cells (green =
spontaneous activity). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

occur, the inactivation gate must be in the de-inactivated state, a state
that requires a sufficient period and depth of hyperpolarization
(generally >100 ms and below a cell’s typical resting potential), and the
activation gate must be opened, a process that requires depolarization
with voltage/time (6v/6t) constraints (Jahnsen and Llinds, 1984; Suzuki
and Rogawski, 1989). Drifting gratings, with greater luminance modu-
lation (higher contrast) and presumably greater membrane potential
dynamics, would therefore seem better suited for opening T-type
channels compared with gratings with less luminance modulation
(lower contrast).

With opening of the T-type channels, Ca?* influx evokes a T-poten-
tial that brings the membrane potential of a cell toward the threshold for
activating voltage-gated Na' channels (Jahnsen and Llinds, 1984;
Suzuki and Rogawski, 1989). Because T-potentials last longer than the
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duration of an individual Na™* spike, a burst of Na™ spikes can ride on the
T-potential (Wang et al., 1991; McCormick and Huguenard, 1992
Huguenard and McCormick, 1992; Huguenard, 1996; Perez-Reyes,
2003). However, if the T-type channels are inactivated and/or the 6v/5t
of depolarization is insufficient to open their activation gate, then
depolarizing inputs to a cell will evoke tonic spikes without bursts,
generally in proportion to the strength of their excitatory inputs.
Consistent with these assumptions and predictions, we found the burst
frequency, the number of spikes in a burst, and the timing precision of
bursts were all significantly greater with higher contrast stimuli
compared with lower contrast stimuli.

4.1. Stimulus contrast affects the interspike interval (ISI) dynamics of
bursts

Based on results from intracellular recordings from which sub-
threshold T-potentials and suprathreshold bursts could be more clearly
ascertained, two criteria were established for identifying burst events in
extracellular recordings: (1) a preceding interspike interval (ISI) of
>100 ms and (2) subsequent ISIs <4 ms (Fig. 1; Lu et al., 1992). The first
criterion is believed to reflect the de-inactivation requirements of T-type
Ca®* channels; however, it is also known that the time/voltage rela-
tionship for de-inactivation is dynamic, with less time required for
greater hyperpolarization and more time required for less hyperpolar-
ization (McCormick and Huguenard, 1992; Huguenard and McCormick,
1992; Huguenard, 1996; Perez-Reyes, 2003). Consistent with this un-
derstanding, we found that high-frequency responses (ISIs < 4ms; the
second criterion for a burst) were associated with shorter preceding ISIs
(the first criterion for a burst) with higher contrast stimuli compared
with lower contrast stimuli. This indicates that at higher contrast values
(and presumably greater depth of hyperpolarization), the period of hy-
perpolarization (or ISI interval) needed to elicit a high-frequency burst is
shortened from the generally accepted value of 100 ms. With lower
contrast stimuli and in the absence of visual stimulation (i.e., sponta-
neous activity), the 100 ms criterion that is typically applied for iden-
tifying bursts was evident and seemed appropriate (Lu et al., 1992).
These findings suggest that greater hyperpolarization not only increases
the likelihood of a burst, but also shortens the time required to elicit a
burst event.

4.2. Contrast levels modulate the reliability of bursts

An analysis of the timing of bursts with respect to the phase of the
drifting grating revealed bursts occur more reliably and temporally
precise with higher contrast stimuli compared with lower contrast
stimuli. Moreover, at each contrast level (high or low) the timing of
burst spikes was more consistent compared with the timing of tonic
spikes. These findings likely also reflect the time-voltage relationship of
T-type Ca®"channels, with higher contrast stimuli having a greater 5v/5t
that results in a more reliable crossing of the T-channel threshold in a
noisy background. Consistent with this view, results from a study using
white-noise stimuli reported the suppressive phase of the spike-triggered
average was significantly greater in magnitude and duration for burst
spikes compared with tonic spikes (Alitto et al., 2005; see also Reinagel
et al., 1999; Kepecs et al., 2002; Lesica and Stanley, 2004; Lesica et al.,
2006; Zeldenrust et al., 2018; Mease et al., 2017). Similarly, previous
work examining the temporal-frequency tuning properties of LGN neu-
rons as a function of burstiness, reports LGN neurons shifting from
low-pass to band-pass filtering with increased burstiness.

4.3. Indirect inference of T-Type Ca®* potentials

Unlike studies using intracellular or whole-cell recording methods
where the involvement of T-type Ca?" channels in thalamic bursts can
be directly assessed, studies using extracellular recording methods have
relied on the criteria (preceding ISI >100 ms, subsequent ISIs <4 ms)
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established by Lu et al. (1992) to distinguish bursts. While these criteria
have been shown to do an extremely good job at identifying bursts that
rely on T-type Ca®* channels, it must be acknowledged that misclassi-
fication can occur and that a single set of criteria may not apply equally
well to different stimulus conditions and/or behavioral states. For
instance, because the time required to de-inactivate (prime) T-type Ca2*
channels decreases as cells are more deeply hyperpolarized, it is likely
that some thalamic bursts under these conditions with preceding ISIs
<100 ms will be incorrectly excluded. Consistent with this view, there
was an increase in high-frequency probability with high-contrast stimuli
(and presumably greater null-phase hyperpolarization) with preceding
ISIs <100 ms that was not seen with low-contrast stimuli (and pre-
sumably less null-phase hyperpolarization) (Fig. 7, panel D2; see also
Alitto et al., 2019b).

Perhaps a larger concern is the occurrence of “statistical bursts”,
events identified as bursts that are simply the result of the temporal
coincidence of a long preceding ISI followed by high-frequency spikes,
without the involvement of T-type Ca?" channels. This was a particular
concern for the current study, as the possibility that the contrast-
dependent increase in thalamic bursts might be a trivial consequence
of the increase in firing rate (i.e., more statistical bursts at higher
contrast). To address the possibility, we modeled LGN spiking using
Poisson spiking statistics. A defining feature of Poisson processes is that
each event occurs independent of every other event. Neuronal refractory
periods, both absolute and relative, are a clear violation of Poisson as-
sumptions; however, for the sake of simplicity, this biological inaccu-
racy was tolerated. A second violation of Poisson spiking relevant to this
study is the phase-dependent, sinusoidal nature of LGN responses to
drifting sine-wave gratings. This violation could not be ignored as it
clearly affects the distribution of both long ISIs and high-frequency
events. We therefore model LGN spiking as a sine function, with a
firing rate set by the observed mean and f1, as the best approximation of
LGN spiking that did not explicitly contain the non-Poisson character-
istics associated with the biophysical properties of T-type Ca®* channels.
For most cells in this study (15/21), but not for cells with very low burst
rates, results from this modeling effort indicate contrast-dependent
bursting cannot be explained by the statistics of having higher firing
rates. This finding, along with the small increase in the simulated burst
rate under high-contrast conditions, emphasizes the importance of
quantifying the possibility of statistical bursts in data collected in
different conditions.

4.4. Bursts and thalamocortical processing

Our results show that LGN bursts can be driven by specific patterns of
visual stimulation and that stimulus contrast affects burst frequency and
timing. Similar findings have been reported for higher order thalamic
neurons in the mouse whisker system (Mease et al., 2017), emphasizing
the generality and importance of thalamic bursts across sensory systems.
Moreover, all thalamic nuclei receive corticothalamic feedback from
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Fig. 8. Contrast-dependent changes in LGN
bursting activity cannot be explained by
changes in firing rate. A. Observed LGN
burst rate as a function of the Poisson
expectation during low-contrast visual
stimulation (p < 0.0015, t-test; gray circles
indicate no significant difference between
observed and simulated burst rate, black
circle indicate significant difference between
observed and simulated burst rate). B.
Similar to A, but for high-contrast stimula-
tion (p < 0.0015, t-test). C. Scatterplot
showing the adjusted burst rate (observed
minus Poisson expectation) for LGN cells
during high-contrast and low-contrast stim-
ulation (p = 0.009, t-test).
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pyramidal neurons in layer 6 (reviewed in Usrey and Sherman, 2019). As
this source of input can influence the membrane of thalamic neurons via
monosynaptic excitation and disynaptic inhibition, layer 6 neurons have
the opportunity to shift thalamic neurons between burst and tonic ac-
tivity modes (Hirai et al., 2018; Mease et al., 2014). Provided there exists
a cortical readout for bursts, bursts appear well suited for conveying
contrast information to the cortex. Like other feedforward synapses, it is
generally believed that thalamocortical synapses experience synaptic
depression (Stratford et al., 1996; Gil et al., 1999; Chung et al., 2002). If
so, then the long ISI that precedes a burst should reduce the amount of
depression and thereby increase thalamocortical burst efficacy. In
addition, the rapid train of spikes within a burst should evoke post-
synaptic temporal summation (see Usrey et al., 2000; Usrey, 2002) and
thereby lead to a similar increase in burst efficacy. Although direct
measures of burst effectiveness in driving responses in visual cortex have
yet to be performed, related studies have been performed in the so-
matosensory pathway of rabbits and mice where burst spikes are more
effective than tonic spikes in driving cortical responses (Swadlow and
Gusev, 2001) and increase the timing precision and spatial focus of
cortical responses (Borden et al., 2022), respectively. If LGN bursts are
similarly more effective at driving cortical responses, then visually
evoked bursts would seem to have the properties needed to represent a
distinct mode for processing and conveying visual information to the
cortex.
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